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While unconventional myosins interact with different stages of the endocytic pathway, they are

ascribed a transport function that is secondary to the protein complexes that control organelle

identity. Endosomes are subject to a dynamic, continuous flux of proteins that control their

characteristic properties, including their motility within the cell. Efforts to describe the changes

in identity of this compartment have largely focused on the adaptors present on the compart-

ment and not on the motile properties of the compartment itself. In this study, we use a combi-

nation of optogenetic and chemical-dimerization strategies to target exogenous myosin VI to

early endosomes, and probe its influence on organelle motility, morphology and identity. Our

analysis across timescales suggests a model wherein the artificial engagement of myosin VI

motility on early endosomes restricts microtubule-based motion, followed by morphological

changes characterized by the rapid condensation and disintegration of organelles, ultimately

leading to the enhanced overlap of markers that demarcate endosomal compartments. Together,

our findings show that synthetic engagement of myosin VI motility is sufficient to alter organelle

homeostasis in the endocytic pathway.
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1 | INTRODUCTION

Endocytosis is a dynamic process that relies on the continuous flux of

proteins through membrane compartments, on a timescale of tens of

minutes. While unconventional myosins have been implicated in

endocytosis,1 their motile function at different stages of the endocytic

pathway remains poorly understood.2 In contrast to microtubule-

based motors that drive super-diffusive movement within cells along

linear, unbranched microtubules, unconventional myosins navigate a

mesh-like actin cytoskeleton.3 Unconventional myosin motility is

therefore more conducive for short-range transport and occurs at

speeds that can be an order of magnitude slower than microtubule

traffic.4 Consequently, unconventional myosins are unlikely to serve

primarily as transporters in endocytosis. In fact, targeting myosins to

subcellular scaffolds has been shown to reduce their diffusive motion,

presumably by linking them to the surrounding actin cytoskeleton.5

Hence, this study is designed to address alternate roles for unconven-

tional myosin motility in cells.

Myosin VI is an unconventional myosin that is targeted by differ-

ent cargo adaptors to distinct stages of the endocytic pathway.6 In

addition, myosin VI is the only minus-end-directed actin-based

motor7,8 and therefore is uniquely positioned to direct the motion of

endocytic vesicles toward the cell interior within the polarized actin

cortex. Myosin VI can bind directly to clathrin9 and Dab210–12 leading

to its localization in clathrin-coated pits. Subsequently, myosin VI is

recruited to uncoated vesicles lacking clathrin through interactions

with the uncoated vesicle marker GIPC.13,14 Myosin VI localization

has been shown to persist through early endosomes,15 a compartment

demarcated by the presence of Rab5a.16 Myosin VI interaction with

LMTK2 on early endosomes is important for endosome recycling to

the plasma membrane.15 Despite the confirmed localization of myosin

VI to multiple stages of the endocytic pathway, a direct role for

myosin VI in membrane traffic remains poorly characterized, in part

due to the motility of endosomes within the cytosol being associated

primarily with the microtubule network.6 Hence, we focus here on
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elucidating the effects of myosin VI motility on the early endocytic

pathway using synthetic adaptors.

Two different approaches have been used to synthetically engage

molecular motors to subcellular scaffolds. The first utilizes the forma-

tion of chemically inducible dimers between FKBP and FRB upon the

addition of rapamycin or rapalogs.17–20 The second leverages the

well-established optogenetic pairs of (frequently, ePDZ1b and

LOV2—though others have been used21–23) to trigger reversible

dimerization using light stimulation.24,25 These techniques have been

extensively used to control organelle positioning and explore actin/

microtubule motor competition. However, the long-term conse-

quences of motor engagement and myosin biology on organelle

homeostasis are unclear. In this study, we use a combination of these

techniques to study the functional consequences of synthetic engage-

ment on cellular cargo.

Given the constant flux of proteins through distinct membrane

compartments during endocytosis, we anticipate that engagement of

myosins will lead to immediate changes in motility and localization

of vesicles that in turn can gradually shift the dynamic equilibrium of

constituents of the entire pathway. To examine the effects at multiple

timescales, we employ a combination of acute optogenetic engage-

ment (seconds-minutes) and a sustained chemical recruitment of myo-

sin VI to early endosomes (approximately hours) to link biophysical

measurements of myosin motility to functional redistribution of endo-

cytic traffic. Using optogenetic labeling, we observed that on short

and intermediate timescales (3-10 minutes), myosin VI was able to

influence the motile properties of endocytic traffic as well as the mor-

phology of individual organelles. Prolonged interaction (4-8 hours)

between myosin VI and endosomes was observed to dramatically

change both the morphology and identity of the compartment as

judged by colocalization with late endosomal and lysosomal markers.

In spite of the changes induced by myosin VI recruitment, the reorga-

nized compartment was still able to interact with the normal endocytic

pathway as demonstrated by transferrin uptake. Furthermore, the

extent of the observed change in morphology was found to be depen-

dent on the directionality of the motor. Together, our findings suggest

that the unique properties of unconventional myosin motility can alter

the progression of organelle homeostasis in the endocytic pathway

through synthetic coupling that, over time, changes the motility,

morphology and identity of these compartments.

2 | RESULTS

2.1 | Optogenetic engagement of myosin VI to early
endosomes alters both motility and morphology

To examine the immediate effects of myosin VI motility on endocytic

vesicle morphology and function, we utilized a previously character-

ized optogenetic system (ePDZb1/LOV)24,26 to label target cargo with

myosin VI-green fluorescent protein (GFP) fusion constructs in a light-

dependent manner (Figure 1A). This myosin VI is artificially dimerized

by a leucine zipper-containing GCN4 motif and contains the light-

activated LOV domain in place of the cargo-binding domains of myo-

sin VI. Upon light activation, myosin VI is targeted to cargo by a fusion

protein that contains the binding partner for the optogenetic system

(ePDZb1) and a localization motif for Rab5 early endosomes. After

light stimulus, we observed labeling of the early endosome compart-

ment immediately after light activation that subsequently stabilizes on

the order of seconds (Figure 1B, representative data).

Individual endosomes were tracked before and after light stimula-

tion, and changes in the profiles of the time-correlated mean-squared

displacement (MSD) of each endosome were measured (Figure 1C,D,

representative data). Time-correlated MSDs are plotted relative to the

time at which each endosome is first observed (as opposed to a “delay

time” normalized to zero) allowing differences over time to be

explored. To understand the effect of myosin engagement on the

movement of organelles, we compared the average slope of individual

traces before (pre) and after (post) stimulation to cells not exposed to

light stimulation (pre and post are determined by the halfway point of

each movie). The heterogeneity in movement across endosomes

necessitated a pairwise comparison of the pre and post segments of

individual endosomes. Therefore, only trajectories that appear before

stimulation and persist after stimulation were selected for quantitative

analysis. Trajectories were classified into 2 categories based on either

an increase (positive slope change) or decrease (negative slope

change) in the average slope of their MSD trace following stimulation

(Figure 1C,D, representative data). Traces with decreasing (negative)

slopes are “slowing down” as compared to traces with increasing (pos-

itive) slopes. Given the broad distribution of average slope of the

MSD profile of individual traces, cumulative distribution functions

(CDFs) were used to evaluate changes across the endosome popula-

tion (Figure 1E, n ≥ 6 cells per condition). Particularly evident was a

decrease in the overall number of traces with high average slopes

after light stimulation (as compared to cells not stimulated with light

over the same amount of time) (Figure 1F, green lines). Comparing the

fraction of MSD traces per cell that experience a decrease in their

slopes after stimulation, cells that are stimulated have a significantly

higher proportion of endosomes that are slowing down after stimula-

tion (Figure 1G, combined data, n ≥ 6 cells per condition). Localization

of a truncated myosin VI, containing only the motor's lever arm, was

unable to cause similar changes (Figure S1 in File S1, Supporting

Information).

This apparent slowdown in motility was also observed over inter-

mediate timescales (Figure 2, Movies S1 and S2). Representative

sequential 60-second time-lapses of cells are displayed in Figure 2A,C

using a temporal color code (scale shown in Figure 2A). Motility

before light stimulation looked similar to motility in cells which were

not stimulated (Figure 2C, red box). However, after stimulation, parti-

cles in stimulated cells lose the strong linear directed motion evident

in cells not stimulated with light (compare: Figure 2B,D). In addition,

some endosomes in stimulated cells were observed to change mor-

phology (condensation and disintegration of individual puncta) as

compared to endosomes in cells that were not stimulated with light

(Figure 2C, cyan circle; Movies S1 and S2).

While we have been observing actin-based motors' effects on

endocytosis, endocytic traffic is predominantly observed on the

microtubule network27 (Figure S2A-C in File S1). To test whether the

changes in organelle morphology and identity that we have observed

are due to combined effects of microtubule motors and myosin VI, we
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treated cells with nocodazole to depolymerize the microtubule net-

work. The toxicity of depolymerizing the microtubule network pre-

vents observing long-term (approximately hours) changes in organelle

morphology. Therefore, we characterize the short-term (approxi-

mately minutes) changes in motility using the optogenetic system. In

nocodazole-treated cells prior to stimulation, endosomes were largely

FIGURE 1 Optogenetic control of cargo-motor interaction alters cargo motility. (A) Schematic of elements used in experiments. Two sets of

coupling partners (ePDZb1/LOV—short timescales; FKBP/FRB—long timescales) are used to monitor the effects of motor engagement to
vesicular organelles over time using confocal fluorescence microscopy in cells. (B) Time-lapse series of representative images showing
optogenetic localization of Rab5-mKate2 labeled early endosome compartments with myosin VI-GCN4-GFP in HeLa cells. Optogenetic
stimulation with 488 nm laser at the indicated time point (Stim) drives rapid myosin VI recruitment to Rab5 endosomes that increases toward
saturation on a scale of seconds. (C-F) MSD plots of Rab5 early endosome motion for a region of interest from representative stimulated (C), and
not stimulated (D) cells. These plots have been adjusted for time correlation so that profiles are plotted relative to the time that they are first
observed. MSD plots are separated by whether there is a negative change (C, D—left panel) or a positive change (C, D—right panel) in the average
slope of each MSD trace after stimulation. Vertical black lines denote the start of light stimulation. For cells that were not stimulated with light, an
arbitrary frame corresponding to the same amount of time is chosen for the purpose of analysis denoted by the vertical dashed lines. (E) Plot of
the CDF of the average slope of the MSD traces before (red) and after (green) stimulation (n ≥ 6 cells per condition, >10 MSD trace slopes per
cell, total number of traces indicated in key). Schematic shows time course of experiment and indicates how data are grouped. (F) Callout from
CDF presented in (E). (G) Box and whisker plots comparing the average fraction of trajectories with decreasing slopes after stimulation (n ≥ 6 cells
per condition). Top and bottom hashes are 95th and 5th percentiles, box is 75th and 25th percentiles, line is median and middle spot is mean.

Significance assessed by Student's t test: **P < .01
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stationary (Figure 3A, red box, Movie S3). However, after light stimu-

lation, endosomes began to move (Figure 3A, green box, Movie S3;

Figure 3B). This increase in motility after stimulation was evident by

comparing the average MSD of the endosomes in a cell before and

after light stimulation (Figure 3C, representative data). Comparing the

average slopes of MSDs of cells that were not light stimulated to

those of stimulated cells before and after stimulation (or an equivalent

amount of time in cells that were not stimulated) revealed an increase

in the population of MSD traces with a high rate of change in stimu-

lated cells as compared to cells that were not stimulated (Figure 3D).

Comparing nocodazole-treated cells after stimulation to untreated

cells after stimulation, the population of slopes was not substantially

different, suggesting that the motility observed was largely indepen-

dent of the activity of microtubule motors. In fact, by observing endo-

somes on longer timescales, similar changes in motility and

morphology are observed following nocodazole treatment (Figure 3B),

as was seen in untreated cells (Figures 2D and 3D, bottom). This sug-

gests that dynamic reshaping of the endocytic compartment can be

caused by the motile properties of myosin VI independently of

microtubule-based motors.

2.2 | Long-term engagement of myosin VI to
organelles changes their cellular organization

While optogenetics allows us to observe the influence of myosin

motility on organelle morphology over a period of minutes, an orthog-

onal approach is necessary to investigate the influence of myosin

engagement over longer timescales (approximately hours). To over-

come this, our fusion proteins were adapted to use the FKBP-FRB

rapamycin-inducible dimerization system in place of optogenetic

FIGURE 2 Optogenetically labeled endosome cargo displays changes in motility over intermediate timescales. (A, C) Temporal color code of

60-second time-lapses of Rab5 endosomes in a region of interest in cells that were not stimulated (A; Movie S1) and optogenetically stimulated
(C; Movie S2) HeLa cells. After stimulation (C, green box), motility loses the strong directional movement observed in (A) and in prestimulated
cells (C, red box). A representative endosome in each image series is marked by a cyan circle. (B, D) Trajectories of labeled endosomes in an
8 × 8 μm region of interest from 3 individual cells after light stimulation (duration: ~8 minutes) (D) or for an equivalent amount of time in cells
that were not stimulated (B)

4 RITT AND SIVARAMAKRISHNAN



triggering (Figure 1A). To test the efficacy of this system, we first uti-

lized this system with peroxisomes (a non-native, but stable and trac-

table organelle) as cargo, as has been reported by other

groups.17–20,24,25 Labeling of peroxisomes was observed within 1 hour

of rapamycin (100 nM) addition (Figure 4A,B). Over the course of

4 hours, rapamycin-triggered myosin VI labeling of peroxisomes

increased significantly compared to untreated cells, with a further

slight increase after 4 more hours (8 hours total, Figure 4C).

While it has been observed that both monomers and dimers of

myosin VI are capable of interacting with cargo in vitro, the physiolog-

ical roles of these 2 states are unclear. To help address this, we

labeled peroxisomes with either monomeric or dimeric (GCN4) myosin

VI and observed the resulting morphology of the cargo (Figure 4D-G).

While both monomeric and dimeric myosin VI label peroxisomes

effectively, dimeric myosin VI caused a dramatic decrease in the

apparent number of peroxisomes whereas monomeric myosin

VI causes a statistically insignificant average decrease (Figure 4H). In

addition, looking at the total population of peroxisomes across all

cells, there was an increase in the number of very large or tightly clus-

tered peroxisomes in cells where peroxisomes were labeled with

dimeric myosin VI as compared to untreated cells (Figure 4I). Further-

more, this shift in apparent size was not observed for cells with

FIGURE 3 The microtubule network is not necessary for the altered motility directed by myosin VI. (A) Temporal color code of 60-second time-

lapses of Rab5 endosomes in nocodazole-treated HeLa cells before (red box; Movie S3) and after (green box; Movie S3) optogenetic stimulation.
Motility is not observed before stimulation. A representative endosome is marked by a cyan circle. (B) Trajectories of endosomes in an 8 × 8 μm
regions of interest in 3 different cells treated with nocodazole, without stimulation (top) or after light stimulation (bottom) (duration: ~8 minutes).
(C) Representative average MSD plot for the nocodazole-treated cell depicted in (A) before (red) and after (green) stimulation. (D) CDF of the
slopes of MSD traces of nocodazole-treated cells before and after stimulation. Cells that were not stimulated (dashed lines) are not exposed to
light, instead an arbitrary frame corresponding to the same amount of time is chosen for the purpose of analysis. Inset: percentage of traces per
cell before and after stimulation that have an average slope greater than 0.1 μm2/s (n = 4 cells per condition). (E) The indicated region of the CDF
plot in (D) is displayed below the full plot and displays the CDF for poststimulation slopes in nocodazole-treated cells (green), untreated cells
without stimulation (black dashed) and untreated cells with stimulation (black). (n ≥ 4 cells per condition; total number of traces analyzed
indicated in figure key). For box and whisker plots: top and bottom hashes are 95th and 5th percentiles, box is 75th and 25th percentiles, line is
median and middle spot is mean. Significance assessed by Tukey's range test. *P < .05
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peroxisomes labeled with monomeric myosin VI. The combination of

the decrease in number and the increase in size or clustering observed

with dimeric myosin VI suggests, at least superficially, that myosin VI

motility may be causing peroxisomes to merge or associate closely,

although other mechanisms may be possible.28

To probe whether there were similar effects on the more dynamic

endocytic compartment, we returned to Rab5-labeled endosomes

with the rapamycin-induced FKBP/FRB dimerization system

(Figure 5A-D). Similar to the labeling of peroxisomes, we observed

strong labeling of endosomes with myosin VI within 4 hours

(Figure 5E). However, dimeric myosin VI showed a much greater vari-

ability in labeling as compared to monomeric myosin VI. Both endo-

somes labeled with dimeric myosin VI and those labeled with the

monomer showed a decrease in the total area of the endocytic com-

partment (Figure 5F). Unlike similar changes for peroxisomes, the

changes in endosome morphology do not depend on myosin oligo-

meric state. However, this observation may be influenced by the effi-

ciency of labeling, as the more processive dimeric myosin VI did not

label as efficiently as the monomeric myosin VI. As such, the molecu-

lar basis for the differential sensitivity of peroxisomes and early endo-

somes to the myosin oligomeric state remains unclear.

If the observed phenotypes resulted simply from increased motil-

ity, conjugation of cargo to a motor that walks in the opposite direc-

tion of myosin VI, but has largely similar motile properties, should

have similar effects on cargo morphology. Myosin V, a motor which

has been shown to roughly meet these specifications29 was initially

used to investigate this possibility. However, rapamycin-induced myo-

sin V recruitment was comparatively poor and myosin V appeared to

be primarily localized to the cell periphery, further complicating the

analysis (Figure S3 in File S1). Instead, a myosin chimera previously

characterized by Park et al30 was used. This chimera (referred to here

as myosin 6/5) fuses the motor domain of myosin VI to the lever arm

of myosin V, preserving the motility of myosin VI, but with the direc-

tionality of myosin V. As with myosin VI, rapamycin treatment

recruited the dimeric chimera robustly to endosomes (Figure 5G-I).

However, labeling of Rab5 endocytic vesicles with myosin 6/5 did not

result in a significant decrease in the total area of Rab5 (Figure 5J),

suggesting that the minus-end-directed movement of myosin VI is

essential for the changes in morphology. This finding is consistent

with the role of myosin VI in several stages of the endocytic

pathway.31,32

FIGURE 4 FKBP/FRB-mediated cargo-motor interaction allows changes in morphology to be monitored over long timescales. (A, B) Rapamycin-

triggered localization of myosin VI-GCN4-GFP-FRB to peroxisomes labeled with PEX3-mKate2-FKBP in HeLa cells. Prior to treatment (A), myosin
VI-GCN4-GFP localization is diffuse; however, after 1 hour of treatment, (B) colocalization of myosin with peroxisomes is observed. (C) Box and
whisker plots of the fraction of peroxisomes co-labeled with either myosin VI-GCN4-GFP-FRB or myosin VI-monomer-GFP-FRB and
PEX3-mKate2-FKBP after 100 nM rapamycin treatment at the indicated times (n ≥ 3 repeats of at least 12 cells per condition). (D-G) Effects of
myosin VI labeling on peroxisome morphology after 8 hours when labeled with a monomeric myosin VI (D, E) or a dimeric (GCN4) myosin VI (F,
G). (H) Box and whisker plots of the apparent number of peroxisomes observed per cell in the indicated conditions. (I) CDF of the sizes of all
detected peroxisomes in each of the conditions in (H). Insets are the top portion of the main CDF separated by myosin VI oligomeric state. Image
insets are ×1.3 magnified and are presented at the same brightness contrast settings as the image from which they are taken. For box and
whisker plots: top and bottom hashes are 95th and 5th percentiles, box is 75th and 25th percentiles, line is median and middle spot is mean.
Significance assessed by Tukey's range test. *P < .05; **P < .01
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2.3 | Myosin VI engagement alters the functional
identity of early endosomes

To test whether the rearrangement of the endocytic compartment was

still a functional part of the endocytic pathway, we monitored transfer-

rin uptake by rapamycin-treated and untreated cells. In untreated cells

after 10 minutes of transferrin uptake, transferrin is located within the

early endocytic Rab5-labeled compartment (Figure S4A in File S1). Simi-

larly, in spite of the observed decrease in total endocytic area, there is

not a significant change in the amount of colocalization between trans-

ferrin and Rab5 in rapamycin-treated cells (Figure S4B,C in File S1), sug-

gesting that the reorganized early endocytic compartment was still able

to accept cargo. The recycling pathway containing Rab11,33 however,

was substantially altered by rapamycin treatment (Figure S4D-F in File

S1). Because the cell is experiencing continual uptake of transferrin

while in serum media, even during rapamycin treatment, it would be

expected that if transferrin receptors were unable to traffic properly,

they would deplete on the cell surface, and no further uptake would be

possible. Contrary to this possibility, transferrin uptake is observed and

can be seen to colocalize with Rab5 (Figure S4B in File S1) as well as

Rab11 (Figure S4G,H in File S1, representative data). Based on this

uptake, as well as the functional timescale of the reorganization

(Figure S4I in File S1), we believe these reorganized endocytic compart-

ments to be still functional.

To test whether the functional labeling of the early endocytic

pathway had changed, we looked for markers for late endosomes

(Rab7) and lysosomes (Lamp1) using fluorescent antibody staining.

While there is a significant colocalization between early and late

endosome markers in untreated cells, Rab7 showed a significant

increase in colocalization in rapamycin-treated cells (Figure 6A-C).

Similarly, the lysosomal marker Lamp1 showed increased colocaliza-

tion with Rab5 after treatment with rapamycin (Figure 6D-F). The

incorporation of later stage endocytic pathway markers suggests

that the maturation of the reorganized endocytic pathway is being

affected. This may be caused by an increase in merger events (simi-

lar to peroxisomes, Figure 4), a change in the motile characteristics

of the compartment (as observed on short timescales with optoge-

netic stimulation, Figure 1), or another mechanism. Rapamycin treat-

ment alone was demonstrated to not be sufficient to increase

colocalization between these markers (Figure S2D-I in File S1).

However, consistent with previous results, the myosin 6/5 chimera

FIGURE 5 Rab5 early endosomes undergo a dramatic organizational shift when coupled to myosin VI but not a plus-end-directed myosin

chimera. (A-D) Effects of myosin VI labeling on Rab5 early endosome morphology in HeLa cells after 8 hours of rapamycin treatment when
labeled with a monomeric (A, B) or dimeric (C, D) myosin VI. (E) Fraction of Rab5 early endosomes labeled with either myosin VI-GCN4-GFP-FRB
or myosin VI-monomer-GFP-FRB after 100 nM rapamycin treatment for the indicated times (n ≥ 3 repeats of at least 12 cells each per condition).
(F) Box and whisker plots of the total area of Rab5 endosomes per cell in the indicated conditions with myosin VI. (G, H) Effects of myosin 6/5
chimera-GCN4-GFP-FRB labeling on Rab5 early endosome morphology in untreated (G) and rapamycin-treated (H) HeLa cells after 8 hours.
(I) Fraction of Rab5 early endosomes labeled with myosin 6/5 chimera-GCN4-GFP-FRB in untreated and 100 nM rapamycin-treated HeLa cells
after 8 hours (n ≥ 3 repeats of at least 12 cells each per condition). (J) Box and whisker plots of the total area of Rab5 endosomes per cell in the
indicated conditions. Image insets are ×1.3 magnified and are presented at the same brightness contrast settings as the image from which they
are taken. For box and whisker plots: top and bottom hashes are 95th and 5th percentiles, box is 75th and 25th percentiles, line is median and
middle spot is mean. Significance assessed by Tukey's range test, *P < .05; ***P < .001; n.s., not significant
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was unable to affect these changes for Rab7 (Figure 6G-I) and actu-

ally caused a decrease in Lamp1 colocalization (Figure 6J-L), further

supporting that directionality is an important factor in this

phenomenon.

3 | DISCUSSION

The endocytic pathway is in a constant state of flux characterized by

the gradual interchange of Rab GTPases and adaptor proteins during

the maturation and differentiation of distinct compartments.34 While

Rabs are known to recruit both microtubule- and actin-based

molecular motors to endocytic cargo,35–37 motor activity has thus far

been examined only as a transport function that does not influence

compartment identity. This study demonstrates that the synthetic

engagement of myosin VI motility on endosomes can influence their

functional identity. While previous studies have demonstrated a link

between Rab5 activity and microtubule-based motor activity,35 this

study links observations on myosin motility in cells25,32 with the func-

tional consequences of myosin engagement.31

FIGURE 6 Reorganized endosomes show enhanced overlap with distinct functional markers for later stage endocytic compartments. (A, B)

Colocalization of an anti-Rab7 antibody with Rab5 in untreated (A) and rapamycin-treated (B) cells co-transfected with myosin VI-GCN4-GFP-
FRB. (C) Quantification of colocalization of an anti-Rab7 antibody with Rab5 (n ≥ 3 repeats of at least 12 cells each per condition). (D, E)
Colocalization of an anti-Lamp1 antibody with Rab5 in untreated (D) and rapamycin-treated (E) cells co-transfected with myosin VI-GCN4-GFP-
FRB. (F) Quantification of colocalization of an anti-Lamp1 antibody with Rab5 (n ≥ 3 repeats of at least 12 cells each per condition). (G, H)
Colocalization of an anti-Rab7 antibody with Rab5 in untreated (G) and rapamycin-treated (H) cells co-transfected with myosin 6/5 chimera-
GCN4-GFP-FRB after 8 hours. (I) Quantification of colocalization of an anti-Rab7 antibody with Rab5 early endosomes (n ≥ 3 repeats of at least
12 cells each per condition). (J, K) Colocalization of an anti-Lamp1 antibody with Rab5 in untreated (J) and rapamycin-treated (K) cells co-
transfected with myosin 6/5 chimera-GCN4-GFP-FRB. (L) Quantification of colocalization of an anti-Lamp1 antibody with Rab5 (n ≥ 3 repeats of
at least 12 cells each per condition). Image insets are ×1.3 magnified and are presented at the same brightness contrast settings as the image from
which they are taken. For box and whisker plots: top and bottom hashes are 95th and 5th percentiles, box is 75th and 25th percentiles, line is
median and middle spot is mean. Significance assessed by Student's t test, *P < .05; **P < .01; ***P < .001; n.s., not significant
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We find that synthetic recruitment of myosin VI to early endo-

somes is sufficient to alter the process of early endosome (Rab5) mat-

uration by increasing the association of later stage endocytic markers

like Rab7 (late endosome) and Lamp1 (lysosome). In contrast to the

previous reports that have solely examined the motile properties of

subcellular compartments following motor recruitment, here we have

combined optogenetic and chemical recruitment strategies to map the

temporal influence of motor activity on organelle motility (seconds),

morphology (minutes) and identity (hours). Our analysis across time-

scales suggests a model wherein the artificial engagement of a minus-

end-directed myosin on early endosomes restricts microtubule-based

motion, followed by the rapid condensation and disintegration of

organelles, ultimately leading to reorganization of the compartment

and overlap of markers that demarcate distinct endosomal compart-

ments (Figure 7). The large number of adaptor proteins that target

myosin VI to the endocytic pathway, combined with the unique motile

properties of this unconventional myosin strongly suggest that it is

uniquely poised to influence organelle homeostasis in the endogenous

endocytic pathway. While this system is ultimately a synthetic one,

relying on overexpressed proteins and exogenous localization stimuli,

the broader cellular context in which the motors function is

preserved.

Despite extensive evidence linking Rab GTPases to cytoskeletal

motors, a direct link between myosin motors and organelle identity

has remained elusive. There are several examples of Rab-mediated

recruitment of myosins to organelles. Active Rab27a (GTP-bound)

interacts with melanophilin to recruit myosin Va to melanosomes.38

Rab11 and Rab11-FIP2 together interface myosin Vb to recycling

endosomes, thereby controlling recycling of endocytic components to

the membrane.39 Myosin VI interacts with optineurin on the Golgi

network, an interaction influenced by Rab8.40,41 For microtubule-

based motors, Rab5 activity has been shown to increase the vesicle

association with the cellular microtubule network, and to stimulate

the motility of endosomes in a reconstituted system.35 In parallel, Rab

activity is known to influence organelle morphology and identity in

the early endosome compartment. Mutations increasing Rab5 activity,

as well as constitutively active mutants of proteins upstream of Rab5

increase homotypic endosomal fusion resulting in large vesicles with

markers for late endosomal and lysosomal compartments.34,42–46

However, the effects of Rab activity on organelle morphology and

identity have not been suggested to proceed through motor activity.

In part, this is because maturation of endosomes can be achieved,

albeit more slowly, when the microtubule network is depolymerized.34

Furthermore, Rab localization during maturation depends on the activ-

ity of Rab-GEFs, independent of motor activity. In contrast, we show

here that myosin VI engagement alters organelle identity independent

of any direct effects on Rab activity.

Given that cytoskeletal motors are responsible for directed trans-

port within the cell; motor engagement can be expected to enhance

the motion of organelles. In turn, enhanced motility can spatially repo-

sition organelles in cells, providing access to protein and membrane

components that progress maturation. However, our data, in agree-

ment with the observations of other groups, show that myosin VI

engagement competitively suppresses directed diffusion on microtu-

bules within seconds.5 This competition between actin- and

microtubule-based motility is accompanied by changes in organelle

plasticity, reflected in the rapid condensation and disintegration of

vesicles. Our data suggest that these changes in morphology lead to

enhanced intermixing of organelle markers, thereby tuning the degree

of overlap between different functional stages of the endocytic path-

way. While the precise molecular mechanisms that link motor activity

to identity are beyond the scope of this study, our findings clearly

demonstrate an effect of cytoskeletal motor activity on shaping

organelle identity, at least in an engineered system. This role may be

either independent of or regulatory to the existing Rab maturation

pathway.

Previous studies investigating myosin VI's participation in the

endocytic pathway have utilized dominant negative myosin VI (cargo-

binding domain) or genetic knockdowns to demonstrate the involve-

ment of the motor at several stages of the endocytic pathway.10,12,47

However, because of the dynamic nature of the endocytic pathway,

investigating factors that influence organelle homeostasis requires

FIGURE 7 Myosin VI influences motility, morphology and identity at

different timescales. (A) Endocytic motility occurs primarily on the
microtubule network and features fast, bi-directional movement.
(B) Upon artificial engagement of myosin VI, motility slows down and
becomes less directional on a scale of seconds. (C) Over a course of
minutes, myosin VI-engaged organelles begin to display altered
morphology, characterized by the condensation and disintegration of
vesicles. (D) After hours of myosin VI engagement, reorganization of
markers conferring organelle identity is observed

RITT AND SIVARAMAKRISHNAN 9



spatial and temporal control over motor activity that cannot be

assessed from the complete knockdown of either motor or its cargo

adaptor. Several studies have used a combination of chemical dimer-

ization and optogenetic approaches to target motor proteins to sub-

cellular organelles.17–25 In this study, we have leveraged these

approaches to probe the functional outcomes of myosin VI engage-

ment in the endocytic pathway. We employ truncated versions of the

myosin that should interact only with actin and the compartment-

targeted dimerization partner (either FKBP or ePDZb1), thereby

bypassing the native regulation of myosin VI through interactions

between cargo adaptors and distinct splice variants. This strategy also

controls the oligomeric state of the motor, since both monomers and

dimers of myosin VI have been observed in cells.48,49 We observed a

significant rearrangement of peroxisomal cargo in cells expressing an

artificially dimerized myosin construct that was less pronounced with

monomeric myosin (Figure 4). Given the increased processivity of

myosin dimers,50 we reaffirm the functional importance of regulating

oligomerization state in organelle homeostasis. Importantly, substan-

tial differences in morphology based on oligomerization state were

only observed for the non-native peroxisome cargo, suggesting that

some cargoes may be more resilient to motile perturbations than

others. Accordingly, the oligomerization state of myosin VI in distinct

subcellular compartments is influenced by the unique structural regu-

lation of the motor through the motor-cargo interaction.48,49 Hence,

while individual adaptors likely influence myosin motility through dif-

ferent mechanisms, our findings are not limited to a particular

isoform-cargo adaptor interface. Future studies are needed to delin-

eate the mechanisms employed by distinct myosin-cargo interfaces to

influence organelle homeostasis.

4 | METHODS

4.1 | DNA constructs

Plasmids containing PEX3 (clone ID: FLH131234.01L) and Rab5a

(clone ID: FLH179952.01X) were purchased from DNASU.51 Plasmids

containing mKate2 were a kind gift from Dr Daniel Schmidt

(University of Minnesota). pDS275 (LOV2 domain) and pDS221

(ePDZb1) were gifts from Dr Michael Glotzer (Addgene plasmids

#34972 and #34981, respectively).26 Full-length human myosin VI

containing the long insert was used as a template. Briefly, constructs

were generated using restriction cloning into pcDNA5/FRT

(ThermoFisher) as described below from N- to C-terminus. Myosin VI-

mono-GFP-FRB contains the motor and lever-arm domains of human

myosin VI (residues 1-984) followed by eGFP and FRB with 2X

Gly-Ser-Gly repeats separating the domains for rotational flexibility.

Myosin VI-GCN4-GFP-FRB has the same construction with addition

of a GCN4 leucine zipper in between myosin VI and eGFP. Myosin

V-GCN4-GFP-FRB consists of human myosin V residues M1-V1107

followed by the domains listed above in the same manner. The myosin

6/5 chimera consists of residues M1-K771 of myosin VI (comprising

the motor domain, but lacking the unique insert) fused directly to resi-

dues A765-K908 of myosin V (comprising the lever arm). This con-

struct was previously reported by Park et al30 Variants containing the

LOV2 domain are identical, however, the FRB domain has been

replaced by LOV2. The myosin VI lever arm construct is the myosin VI

lever arm-GCN4-GFP-LOV2 and consists of residues 814-984 con-

taining the IQ and single alpha-helix domains of myosin VI. PEX-

mKate2-FKBP consists of residues 1 to 42 of human PEX3 (sufficient

for targeting52) followed by mKate2 and FKBP12 with no linkers

between. Rab5a-mKate2-FKBP consists of FKBP12, mKate2 and full-

length Rab5a. Variants containing ePDZb1 are identical; however,

FKBP12 has been replaced by ePDZb1.

4.2 | Cell culture and transfection

HeLa cells (American Type Culture Collection) were cultured in

DMEM supplemented with 10% FBS, 4.5 g/L D-glucose, 1% Glutamax

and 20 mM HEPES, pH 7.5 and grown at 37�C, 5% CO2. For experi-

mental procedures, cells were plated on coverslips or glass-bottom

dishes (Mattek) prior to transfection. Constructs were transfected

using Lipofectamine 2000 (ThermoFisher).

4.3 | Microscopy

All images were acquired on a Nikon A1Rsi laser scanning confocal

microscope with temperature, atmosphere and humidity controls

(University Imaging Center). Images were acquired using a ×60 oil

immersion objective (Nikon).

4.4 | Live cell imaging

Transfected cells were washed with and imaged in HEPES buffered

saline (HBS, 20 mM HEPES [pH 7.4], 5 mM KCl, 14.5 mM NaCl,

2 mM CaCl2, 1 mM MgCl2) supplemented with 0.2% dextrose, 1 mM

ascorbic acid and 1% ITS-G (Insulin, Transferrin, Selenium; Thermo-

Fisher). Dishes were maintained at 37�C, 5% CO2 and the appropriate

relative humidity for the duration of imaging using a Tokai Hit stage

top incubator. For the rapamycin labeling time course, cells were

imaged immediately prior to addition of an equal volume of buffer

containing 200 nM rapamycin (final concentration 100 nM) and

images were acquired once every 15 minutes. For experiments using

optogenetic stimulation, cells were protected from light until immedi-

ately prior to imaging. Cells of interest were located using mKate2

fluorescence to avoid activation of the LOV2 domain. Data were

recorded in AVI record mode at 0.5 frames per second. Stimulation

was triggered manually by activation of a 488 nm laser which also

excites GFP, allowing GFP signal to be recorded. For nocodazole

treatment, cells were treated with 20 μM nocodazole (1:500 dilution

of dimethyl sulphoxide (DMSO) solvent, Sigma-Aldrich) for ~25 to

30 minutes at 37�C prior to imaging. Cells were imaged up to 1 hour

after addition of nocodazole.

4.5 | Rapamycin treatment

Cells were washed with media and then incubated under normal cul-

ture conditions either in plain media or media-containing rapamycin

(100 nM, 1:10000 dilution of DMSO solvent, Tocris). At the appropri-

ate time point, cells were washed 3 times with phosphate buffered

saline (PBS, ThermoFisher), incubated for 10 minutes with 4%
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formaldehyde/PBS (ThermoFisher) at room temperature and then

washed 3 times with fresh PBS. Coverslips were then mounted on

slides using Prolong Diamond Anti-fade (ThermoFisher) and allowed

to cure overnight at room temperature, protected from light. Slides

were sealed next day with valap (Vaseline/lanolin/paraffin) and stored

at 4�C when not in use. In general, slides were imaged within 1 week

of fixation.

4.6 | Transferrin

Transferrin signaling was probed using Alexa-647 conjugated transfer-

rin (ThermoFisher). Control cells and cells treated with rapamycin for

7 hours were washed with serum-free media with or without rapamy-

cin. Cells were serum starved in this media for 1 hour. Dishes were

then transferred to ice for 15 minutes. Ice-cold serum-free media con-

taining 25 μg/mL transferrin was then added and incubated on ice for

30 minutes. Transferrin media was removed, and cells were washed

with ice-cold PBS. Cells were incubated with warm serum-free media

at 37�C for 10 minutes, and harvested and fixed as described above.

4.7 | Antibody labeling

Fixed cells were stored in PBS at 4�C overnight and permeabilized

with 1% IGEPAL/PBS for 30 minutes at room temperature the next

morning. This solution was then washed off with fresh PBS and cover-

slips were blocked using 1.5% normal goat serum (NGS, Thermo-

Fisher) in PBS for 20 minutes at 37�C. Coverslips were then labeled

with 1:100 Lamp1 (rabbit monoclonal, #9091S, Cell Signaling Technol-

ogy) primary antibody, 1:50 Rab7 (rabbit monoclonal, #9367S, Cell

Signaling Technology) primary antibody, 1:100 Rab11 (rabbit poly-

clonal, #715300, ThermoFisher) or 1:100 myosin VI (H-215, rabbit

polyclonal, SC-50461) in PBS containing 1.5% NGS for 25 minutes at

37�C. Coverslips were dip-washed 3 times in PBS containing 0.05%

TWEEN-20 (Sigma-Aldrich). Coverslips were then labeled with either

1:400 (Lamp1) or 1:200 (Rab7, Rab11, myosin VI) Alexa-647 anti-

rabbit secondary F(ab’)2 (#4414, Cell Signaling Technology) for

25 minutes at 37�C. For co-labeling with transferrin, Rab11 was

labeled with 1:200 Alexa-405 goat anti-rabbit secondary (#A31556,

ThermoFisher). Coverslips were then dip-washed as above and

mounted on slides as described above.

4.8 | Data analysis

Basic image analysis was done using ImageJ53 and FIJI.54 Particle

tracking was performed in FIJI using TrackMate55 and analysis was

carried out using custom MATLAB (Mathworks) code integrating ele-

ments from the @msdanalyzer package.56 Fixed-cell images were cap-

tured as Z-stacks and compressed to single image maximum

projections. Spot size and overlap analysis were carried out using cus-

tom MATLAB code. Briefly, images of cells of interest were isolated in

each channel by cropping out background regions in ImageJ. Cropped

images were then automatically thresholded in MATLAB using Otsu's

method to derive a threshold level as follows: Threshold = Otsu + (1-

Otsu)/3. This was found to give reliable results comparable (though

slightly more conservative) to hand thresholding each image.

Overlapping pixels from the thresholded binary images were then

counted and quantified. For spot detection, images were further ana-

lyzed by detecting the number of thresholded pixels with connectivity

≤4 and then doing a sequential addition process whereby each

detected spot pixel has the value of its neighbors summed and stored

as the new value for that pixel. This was iterated 10 times. Any

remaining spots that had multiple centroids (eg, peroxisomes too close

due to diffraction limit, projection artifacts, symmetric patterns, etc.)

were then labeled by hand for each cell.

4.9 | Statistical analysis

Statistical values are presented wherever practical in figure legends.

Briefly, Student's t test was only used when there were only 2 values

calculated. All other instances use Tukey's range test for multiple com-

parisons with the Tukey-Kramer correction for sample sizes. Within

any given data set, the single highest and lowest values are considered

to be outliers and are not included in further statistical analysis.
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