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After clathrin-mediated endocytosis, clathrin removal yields an uncoated vesicle population primed for fusion with the
early endosome. Here we present the first characterization of uncoated vesicles and show that myo6, an unconventional
myosin, functions to move these vesicles out of actin-rich regions found in epithelial cells. Time-lapse microscopy
revealed that myoé6-associated uncoated vesicles were motile and exhibited fusion and stretching events before endosome
delivery, processes that were dependent on myo6 motor activity. In the absence of myo6 motor activity, uncoated vesicles
remained trapped in the actin mesh, where they exhibited Brownian-like motion. Exit from the actin mesh occurred by
a slow diffusion-based mechanism, delaying transferrin trafficking to the early endosome. Expression of a myo6 mutant
that bound tightly to F-actin produced immobilized vesicles and blocked trafficking. Depolymerization of the actin
cytoskeleton rescued this block and specifically accelerated transferrin delivery to the early endosome without affecting
earlier steps in endocytosis. Therefore actin is a physical barrier impeding uncoated vesicle trafficking, and myo6 is

recruited to move the vesicles through this barrier for fusion with the early endosome.

INTRODUCTION

Clathrin-dependent receptor-mediated endocytosis is a mul-
tistep process resulting in the delivery of internalized li-
gand-receptor complexes to the early endosome. The first
step is clathrin-coated vesicle formation, a process that re-
quires the action of a growing array of accessory proteins
and the GTPase, dynamin (reviewed in Schmid, 1997). After
clathrin uncoating, Rab5, a series of Rab5 effectors, and
PI3-kinase are recruited to facilitate early endosome antigen
1 (EEAl)-mediated docking and uncoated vesicle fusion
with the early endosome (reviewed in Clague, 1998; Gruen-
berg, 2001). Although these budding and fusion processes
have been well characterized, the mechanism whereby the
short-lived uncoated vesicles are transported to the early
endosomes for fusion has received less attention.

Both clathrin-coated vesicle formation and uncoating oc-
cur immediately under the plasma membrane, where there
is a cortical actin cytoskeletal layer. Cortical actin filaments
are polarized with their plus ends at the plasma membrane
and their minus ends facing inward and are further cross-
linked into a meshwork by actin-binding proteins such as
spectrin and myosin II. In many cell types, the actin mesh-
work is sufficiently dense that it was predicted to be a barrier
to transport of the recently uncoated endocytic vesicles to-
ward the more centrally located early endosome (reviewed
in Qualmann et al., 2000; Qualmann and Kessels, 2002; Has-
son, 2003). However, it had not been possible to test this
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hypothesis directly because of the lack of a specific uncoated
vesicle marker.

Recently, an actin-based molecular motor, the unconven-
tional myosin myo6 has been shown to associate with un-
coated vesicles (Aschenbrenner et al., 2003). Unlike other
myosins, myob6 travels toward the minus end of actin fila-
ments (Wells et al., 1999). This directionality of movement
suggests that, if the actin cortex were a barrier to uncoated
vesicle trafficking, then myo6 could be used to overcome it.
Myo6 has three structural domains: an N-terminal con-
served motor domain which binds a single calmodulin light
chain, a coiled-coil region that mediates dimerization, and a
C-terminal globular domain that is the cargo-binding do-
main. This globular tail targets myo6 to uncoated endocytic
vesicles (Aschenbrenner et al., 2003).

Overexpression of the globular tail domain of myo6 dis-
places the endogenous myo6 from uncoated vesicles and
delays transferrin trafficking to the early endosome due to
an accumulation of uncoated vesicles in actin-rich cell pe-
ripheries (Aschenbrenner et al., 2003). These vesicles lacked
EEA1, suggesting that they were en route to the early endo-
some but had not yet fused with it. The vesicles appeared
competent for fusion, however, because they had recruited
the fusion factor Rab5 (Aschenbrenner et al., 2003). These
studies suggested that myo6 could be an accessory protein
recruited to the nascent uncoated endocytic vesicles to move
them out of the actin-rich cell peripheries or, alternatively,
that myo6 could be a regulator of uncoated vesicle fusion
with the early endosome.

Here we directly test myo6’s roles in vesicle trafficking by
characterizing the motile properties of uncoated vesicles
using GFP-tagged versions of myo6 as markers. We also test
the importance of F-actin in vesicle trafficking. We conclude
that actin is a barrier to inward endocytic vesicle movement

2253



L. Aschenbrenner et al.

and that myo6 is specifically recruited to the vesicle surface
to move vesicles through this barrier.

MATERIALS AND METHODS

Cell Culture and Transfection

ARPE-19 cells (Dunn et al., 1996) were grown at 37°C with 5% CO, in
DMEM-F12 with 10% FBS, fungizone, and glutamine and transfected with
GFP-tagged myo6 constructs as described (Aschenbrenner et al., 2003).

Antibodies

Antibodies used in this study were from the following sources: BD Trans-
duction Laboratories (Lexington, KY): anticlathrin heavy chain, anti-EEA1;
Sigma (St. Louis, MO): anti-human transferrin receptor (CD71); and Jackson
ImmunoResearch Laboratories (West Grove, PA): FITC- and rhodamine-
conjugated donkey anti-rabbit and anti-mouse antibodies. All were used at
concentrations the manufacturer recommended. Antibody to the clathrin
adapter AP-2 was generously provided by Dr. Sandra Schmid (The Scripps
Research Institute, La Jolla, CA). Affinity-purified rabbit anti-myo6 tail do-
main antibodies were as described (Hasson and Mooseker, 1994).

Myo6 GFP Constructs

The Quick Change XL site directed mutagenesis kit (Stratagene, La Jolla, CA)
was used to generate the myo6 motor domain mutant. GFP-M6(K157R) was
created from GFP-M6 (Aschenbrenner et al., 2003) using the primers p6-
K157R-sense (5'-caggagctggeagaacggaaaatac) and p6-K157R-antisense (5'-
gtattttccgttetgecagetectg). The mutation in the primer set is underlined. Iso-
lated clones were sequenced to verify that the point mutation was
incorporated and that no other mutations were introduced by PCR.

Immunofluorescence and Time-lapse Video Microscopy

Coverslip grown cells were processed for immunofluorescence in six-well
plates as described (Hasson and Mooseker, 1994). All fixed samples were
observed with a Leica DMR upright light microscope (Deerfield, IL) fitted
with a Hamamatsu ORCA 10-bit CCD digital camera (Bridgewater, NJ) as
described (Aschenbrenner et al., 2003).

The movement of GFP-labeled vesicles in ARPE-19 cells was monitored at
25°C using the Leica DMR fitted with a Plan Apochromat 100X 1.4 NA oil
immersion objective. The transfected cells were mounted in a chamber in
imaging medium consisting of DMEM-F12 lacking phenol red and containing
35 mM HEPES and 10% FBS. Illumination was provided by a halogen lamp
with a green filter for phase-contrast observations, or a 50 W HBO mercury
arc lamp for fluorescence. To visualize the GFP fluorescence, the following
filters were used: excitation, BP 473/95, emission, BP 530/40. All images were
captured using the ORCA camera controlled by Openlab 3.1.4 software (Im-
provision, Lexington, MA). Exposure times varied from 250-ms to 3.5-s ex-
posure, depending on the GFP expression level. We found that a 10-s mini-
mum between exposures was necessary to minimize cell distress and cell
contraction. Therefore, images were captured at a rate of one frame every 15,
20, or 30 s depending on the exposure time and GFP-construct used. Openlab
software was used to control both the switch between GFP fluorescence and
phase contrast as well as the shutter limiting light exposure to the sample. All
cells were monitored for a minimum of 13 min, and cell health was checked
by phase-contrast microscopy. Any cells exhibiting contraction were elimi-
nated from the analysis.

Image Analysis

The position of distinct vesicles that were initially positioned within 10 um of
the cell edge was manually determined in successive frames using Openlab
measurements software. Two hundred fifty vesicles present for a 40-s mini-
mum (2 video frames) were tracked for each GFP-construct studied. Supple-
mentary vesicle tracking was undertaken in GFP-M6—-expressing cells to
quantify the number of vesicles with <40-s lifetimes, determining that 98.3%
of vesicles tracked were visible for 2 or more frames, whereas 1.6% was
present for a single frame (lifetime: 0-39 s). Each construct was analyzed in
2-5 separate experiments, and 7 cells minimum per experiment were re-
corded. For each experiment tracking cells expressing a mutated version of
myo6, a wild-type GFP-M6 control was also tracked to ensure cell health. The
Openlab software recorded the (x,y) coordinates of the fluorescent particles at
each given time, calculated vesicle trajectories, and calculated the instanta-
neous velocity (Ad/At). The displacement vector analysis, representing the
distance covered from the initial point of vesicle appearance to the final point
before disappearance, was plotted using Canvas 6.0 utilizing the x,jy coordi-
nates. Plots and statistical analyses of vesicle properties were generated with
Microscoft Excel 2000 (Redmond, WA).

To quantify vesicle stretching and fusion events, all vesicles present in
250-um? areas from two different transfected cells were monitored for more
than eight nonoverlapping 1-min time periods (~30 distinct vesicles at any
one time point; >180 vesicles). In GFP-Métail- and GFP-M6(K157R)-express-
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ing cells, this analysis was extended to 500 um? for the length of the movie to
monitor a statistically significant number of events.

Two-dimensional diffusion coefficients were calculated by plotting the
mean square displacement vs. the time interval as described by Abney et al.
(1999) using the equation (d?(t)) = 4Dt + v?t>. Here d is the displacement, ¢ the
time, D the diffusion coefficient, and v the vesicle velocity. We assumed
velocity to be constant as no active myo6 motor was associated with the
vesicles analyzed. Only vesicles exhibiting a linear plot (coefficient of deter-
mination >0.90) were used to calculate D.

Steady State Uptake Assay for Endocytosis

Steady state uptakes were undertaken and quantified as described (Aschen-
brenner et al., 2003). In some experiments after serum starvation cells were
further incubated for 30 min at 37°C in serum-free DMEM-F12 medium
containing 0.015 uM latrunculin A (DMEM-F12/LatA; LatA was purchased
from Biomol [Plymouth Meeting, PA] or Calbiochem [San Diego, CA] or its
solvent dimethylsulfoxide (DMEM-F12/DMSO). After starvation, the me-
dium was replaced with DMEM-F12 containing 25 ug/ml rhoda-
mine-conjugated transferrin (R-Tsfn; Molecular Probes, Eugene, OR), and
uptake was allowed to proceed at 37°C for 1-30 min.

Pulse-chase Uptake of R-Tsfn

Pulse-chase uptakes were undertaken as described (Aschenbrenner et al.,
2003). For pulse-chase experiments in the presence of DMSO or LatA, follow-
ing 1.5-h serum starvation, the cells were incubated for 30 min in DMEM-
F12/LatA or DMEM-F12/DMSO at 37°C. The cells were then incubated on ice
for 30 min in the appropriate media before an additional 1 h on ice with 25
pg/ml R-Tsfn in DMEM-F12/LatA or DMEM-F12/DMSO media. Cells were
washed at 4°C with DMEM-F12 to remove unbound transferrin, before trans-
ferring to 37°C for 1-30 min to allow uptake to proceed.

Quantification of Trafficking Using Fluorescence

Quantification of steady state R-Tsfn uptake to the pericentriolar endosome
and quantification of percent overlap between GFP-tagged constructs, R-Tsfn,
and endocytic markers was done as described (Aschenbrenner et al., 2003).

Published pulse-chase experiments in ARPE-19 cells have confirmed that
after exit from the myo6-positive uncoated vesicle compartment, R-Tsfn en-
ters peripheral early endosomes that are EEA1-positive (Aschenbrenner et al.,
2003). For experiments undertaken in the presence of DMSO or LatA, quan-
tification of this delivery was accomplished by using the fact that given longer
chase times in ARPE-19 cells, the EEA1-positive pericentriolar region receives
the endocytosed transferrin. Of note, at these later pulse-chase time points,
overlap between the endocytosed transferrin and myo6 is no longer seen
confirming complete delivery of the transferrin to the early endosome com-
partment (Aschenbrenner et al., 2003). Therefore to quantify delivery of trans-
ferrin from the uncoated vesicles to the early endosome in DMSO- or Lat
A-treated cell, the cells were scored as positive for delivery to the early
endosome if any pericentriolar R-Tsfn was evident. In some experiments, the
position of the early endosome was confirmed by staining for EEA1 during
quantification of early endosome delivery. Error bars represent the SD from
three experiments.

Quantification of Transferrin Endocytosis Using an ELISA
Assay

ARPE-19 cells were serum-starved as described above and incubated for an
additional 30 min at 37°C in DMEM-F12/LatA or DMEM-F12/DMSO. The
cells were chilled on ice for 20 min, and the medium was replaced with
ice-cold DMEM-F12/LatA or DMEM-F12/DMSO containing 25 ug/ml hu-
man biotinylated transferrin (Sigma) and incubated on ice for an additional
1 h to label surface receptors. Cells were washed twice with 0.5% BSA in PBS
at 4°C before placing the cells back at 37°C for 0-15 min with the appropriate
DMEM-F12 medium.

To quantify transferrin endocytosis, transferrin still bound to the cell sur-
face was stripped by washing twice for 30 s each with 10 mM HCI + 150 mM
NaCl. Cells were then washed with PBS before removal from the culture dish
using PBS containing 5 mM EDTA. Cells were lysed in PBS containing 1%
TX-100, and protein concentrations were determined using a BCA assay
(Pierce Chemical Co., Rockford, IL). The amount of transferrin taken up by
each cell culture was quantified using an ELISA-based assay as described
(Smythe et al., 1992). A 1:10,000 dilution of rabbit antitransferrin antibody
(United States Biological, Swampscott, MA) was used to coat the ELISA
plates. Streptavidin-HRP (Molecular Probes) was used at 1 pg/ml. After color
development, the absorbance at 492 nm read using a Versamax tunable
microplate reader (VersaLogic, Eugene, OR).

Online Supplemental Material

Time-lapse videos that accompany Figures 2, 3, and 5 are available online.
These include Movies 1 and 2: GFP-M6; Movies 3 and 4: GFP-Métail; Movies
5 and 6: GFP-M6(K157R). Three figures and associated text characterizing the
properties of GFP-M6(K157R)-associated vesicles are also available. These
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Myo6 Moves Uncoated Vesicles

A. GFP-M6(K1 571|z)
GFP-M6 | cFrp | Motor coiled-Coil [T
GFP-M6tail | cre

Figure 1. Myo6 and GFP-tagged myo6 con-
structs localize to peripheral uncoated vesi-
cles. (A) Schematic of GFP-myo6 constructs.
The motor domain point mutation, K157R, is C
indicated. (B) Staining of ARPE-19 cells using -
rabbit anti-myo6 antibodies (endogenous M6)
or cells transfected with the GFP fusion con-
structs, counterstained for F-actin with rhoda-
mine-conjugated phalloidin. Arrows point
out myo6-associated peripheral vesicles. (C)
Double-labeled images visualizing endoge-
nous myo6 or GFP-myo6 fusion constructs
(green) and the early endosome marker EEA1
(red). Scale bars, 10 um.

include Supplementary Figure 1: GFP-M6(K157R), like wild-type myo6, tar-
gets to uncoated vesicles. Supplementary Figure 2: Overexpression of the
myo6 motor domain mutant, GFP-M6(K157R), blocks trafficking of transferrin
to the early endosome. Supplementary Figure 3. Overexpression GFP-
M6(K157R) blocks trafficking of transferrin at the uncoated vesicle stage.

RESULTS

In cultured ARPE-19 epithelial cells, myo6 is found associ-
ated with uncoated endocytic vesicles located in peripheral
actin-rich regions (Aschenbrenner ef al., 2003). These vesicles
lack both clathrin and the early endosome marker, EEA1
(Figure 1, B and C; Aschenbrenner et al., 2003). GFP-tagged
myo6 (GFP-M6; Figure 1A) targets to these uncoated vesicles
(Figure 1, B and C), which were monitored by time-lapse
fluorescence digital microscopy at 25°C (Figure 2; Supple-
mentary Movies 1 and 2).

GFP-M6-decorated vesicles exhibited complex trajecto-
ries within cell peripheries, with combinations of long uni-
directional movements either laterally or toward more cen-
tral regions interspersed with pauses (Figure 2, A and B).
Vesicle velocity was variable over time (Figure 2C). Statisti-
cal analysis of >250 vesicles revealed that the distribution of
instantaneous velocities was broad, averaging 38.4 * 16.6
nm/s (Figure 3A). Although the GFP-Mé6-associated vesi-
cles appeared to take a very circuitous route through cell
peripheries (Figures 2, Ad and B), vector analysis, which
compared the start and end points of vesicle tracks, revealed
that all vesicles tracked exhibited a net vector inward into
the cell (Figure 2D). The average net distance traveled was
1.8 * 1.4 um (Figure 3B), with distances ranging between 0.3
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and 5.5 um. This variation was expected, as the distance
required for transport would differ depending on the vesi-
cle’s initial position and the position of the presumed des-
tination early endosome. Overall, the distance traveled was
consistent with the width of the actin mesh seen in ARPE-19
cells (Figure 1B) and suggests that myo6 was recruited to
move vesicles out of actin-rich regions and not further into
the cell.

Pulse-chase experiments following transferrin trafficking
had revealed a 2-10-min delay between formation of a new
clathrin-coated vesicle and delivery of the vesicle contents to
the endosome (Hopkins, 1983; Hanover et al., 1984; Eskeli-
nen et al., 1991; Trischler et al., 1999). Although the actual
time varied between cell lines, these results suggested that
uncoated vesicles in all cell types had a relatively short
lifetime of a few minutes. We calculated the lifetime of >250
GFP-M6—-decorated vesicles by comparing the timing of
their first appearance within the cell (when GFP-M6 was
recruited upon vesicle uncoating) to their disappearance
(when GFP-M6 departs, an event we correlate with fusion
with the early endosome as myo6 is not present on this
destination compartment). Taking into account vesicles with
short lifetimes (<40 s) and the fact that the final movement
of each uncoated vesicle, which culminated in fusion with
the early endosome, was missed in our analysis, we calcu-
lated an average lifetime of 4.5 £ 2.7 min (Figure 3C). This
lifetime is consistent with their identity as uncoated vesicles.

Our analysis of individual myo6-associated uncoated
vesicles illuminated several types of membrane dynamics
not previously described for this compartment. The most

GFP- M6 GFP- M6tail
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A. GFP-M6

3:16

=
g
A

2 27
3:36

29,

3:56 3:16

O

,'_' ! —1__
;,f E!-:;.' v ¥ 41; =
- S
N
\ | T
~
RN
\a v &
movie 1
Sum

Sum | % movie 2

- GFP-M6 ves#2
(8] » - -
3 20 7 - .
E 10 - =, Y -
c o
£ 50 *
- * . GFP-M6 ves#27

commonly visualized event was fusion between GFP-M6—
associated vesicles. Fusion was characterized by the ap-
parent meeting of two vesicles, producing a single vesicle
with approximately twice the apparent fluorescent inten-
sity that remained as a single entity for the remainder of
the vesicle’s lifetime (Figure 2A; Movies 1 and 2). In a
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Figure 2. GFP-M6-associated vesicles are motile and
exhibit fusion and stretching. (A) A GFP-M6-express-
ing ARPE-19 cell analyzed by time-lapse videomicros-
copy presented as a phase contrast (a) and a fluores-
cence image (b). The larger box corresponds to the
second frame of Supplementary Movie 1. Scale bar for a
and b, 10 um. (c) Isolated time-lapse images of the small
region boxed in panel b. The cell edge is at the left. The
relative timing of each image is presented on each panel.
Individual vesicles are numbered to allow tracking be-
tween frames. Vesicle fusion events are demarcated
with arrows. (d) Schematic showing the tracks of num-
bered vesicles monitored in panel ¢ (boxed area), with
the starting point (green dot) and end point (red dot)
emphasized. A dotted gray line depicts the cell border.
Scale bar for ¢ and d, 2.5 um. (e) Isolated time-lapse
images showing three examples of vesicle fusion. Scale
bar, 2.5 um. (B) Representative tracks of GFP-M6-dec-
orated vesicles, numbered in A, panel c. Each arrow is a
20-s interval. The start point is demarcated with an “o,”
the end point with a line perpendicular to the direction
of the arrow. The total lifetime of the vesicle tracked is
in min:sec. (C) Plots showing the change in the instan-
taneous velocity of individual vesicles tracked over
time. The vesicle number corresponds to those shown in
A and B. (D) Line-drawing showing a representative
subset of distinct GFP-M6-associated vesicles evident
during a 13-min (Movie 1) or a 16-min window (Movie
2). Each displacement vector shows the position of the
vesicle, the direction traveled, and the distance covered
over the vesicle’s lifetime. The outline of the cell border
is a dotted gray line. (E) Isolated time-lapse images
showing vesicle stretching. The relative timing is pre-
sented on each panel. Scale bar, 1 um.

250-pum? area an average of 1.4 * 1.3 fusion events were
observed per min, with the number of vesicle fusions
ranging from 0 to 4 events per min. Overall, approxi-
mately 1 in 10 vesicles participated in a fusion event,
suggesting that myo6-based transport serves two pur-
poses: not only does it allow transport through actin-rich
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Figure 3. Uncoated vesicles exhibit significant movement and a
short lifetime only when associated with functional myo6. Two
hundred fifty vesicles were tracked in cells expressing either
GFP-M6 (gray bars), GFP-Métail (black bars), or GFP-M6(K157R)
(white bars). (A) Histogram showing the maximum instantaneous
velocity in nm/s for each vesicle tracked. (B) Histogram showing
net distance in micrometers traveled by each vesicle. (C) Histogram
of the total lifetime in minutes exhibited by each vesicle. (D) Histo-
gram of the diffusion coefficients obtained from tracking vesicles.
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regions, but it also uses its association with the actin
cytoskeleton to enable vesicle fusion.

Vesicle separation or fission events were not seen; how-
ever, we noted multiple occurrences of vesicle stretching,
characterized by pulling of a vesicle to produce an elongated
shape, followed by what appeared to be separation into two
less-fluorescent daughter vesicles (Figure 2E). In all cases
these fission events were unsuccessful, and the stretched
vesicle returned to its original shape (Figure 2E). An average
of 0.75 = 0.5 stretching events were seen per min within a
250-pum? area.

Uncoated Vesicle Movement Requires myo6 Motor
Activity
In all cells analyzed by time lapse, GFP-M6—-decorated ves-
icles appeared, exhibited movements and then disappeared
(see Supplementary Movies 1 and 2). We hypothesized that
the observed movements were due to myo6 motor activity.
To test this we used a construct that fused GFP to the
globular cargo-binding tail of myo6 but lacked a motor
domain (GFP-Métail; Figure 1A). When expressed in
ARPE-19 epithelial cells, GFP-Mé6tail targeted to peripher-
ally located vesicles (Figure 1, B and C). Time-lapse micros-
copy revealed that the GFP-Mé6tail-associated vesicles ex-
hibited short, slow movements interspersed with pauses
(Figure 4A-C; Supplementary Movies 3 and 4). The lack of
directionality suggested that the vesicles were exhibiting
Brownian-like motion. Quantitation of 250 vesicles revealed
an average maximal instantaneous velocity of 13.3 = 6.9
nm/s (Figure 3A) with an average of 0.7 = 0.5 um traveled
(Figure 3B), both significantly depressed from that seen for
GFP-M6-expressing cells (p < 0.001). Therefore, myo6 mo-
tor activity is important for uncoated vesicle movement.
The vesicle stretching events noted in GFP-M6—-express-
ing cells, were not detected in GFP-M6tail-expressing cells,
confirming that myo6 motors and not other motor proteins,
are generating force during these events. When vesicle fu-
sion was evaluated in GFP-Mé6tail-expressing cells, how-
ever, it was evident that, although trapped in cell peripher-
ies, the uncoated vesicles did still exhibit fusion (Figure 4A).
To quantify these events, we monitored ~120 vesicles over a
13.3-min period and 16.6% of the GFP-Métail-associated
vesicles exhibited vesicle fusion; however, this high percent-
age is misleading because of the long vesicle lifetime (see
below). The overall fusion rate was 0.37 fusion events per
min per 250 um?, a level significantly lower than that seen in
GFP-M6-expressing cells, suggesting that myo6 motor ac-
tivity modulates or accelerates the fusion rate.

Disruption of myo6 Motor Function Increases the
Uncoated Vesicle Lifetime

Previous studies had shown that overexpression of GFP-
Métail led to a 15-min delay in transferrin trafficking to the
early endosome (Aschenbrenner ef al., 2003). Consistent with
this delay, GFP-Métail-associated vesicles monitored by
time-lapse microscopy exhibited a dramatic increase in ves-
icle lifetime, averaging 15.4 * 5.6 min (Figure 3C). No dif-
ference in lifetime was noted based on vesicle position
within the cell (unpublished data). This lifetime is likely an
underestimate because cells were recorded for 20-22 min,
and of 250 vesicles monitored the majority (65-85%) were
still present at the movie’s end. Therefore only a small
percentage of vesicles disappeared as a result of early endo-
some fusion, suggesting that the defect in trafficking to the
early endosome increases the apparent vesicle lifetime.
Vector analysis monitoring the start and end position of
each vesicle confirmed that the GFP-Métail-associated ves-

2257



L. Aschenbrenner et al.
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Figure 4. Analysis of GFP-Métail-associated vesi-
cles reveals a requirement for the myo6 motor do-
main for vesicle movement. (A) Images of a GFP-

Métail-expressing ARPE-19 cell monitored by time
lapse, presented as a phase contrast (a) and a fluo-
; rescence image (b). The boxed region corresponds to
o Supplementary Movie 3 and is enlarged and rotated
counterclockwise in panel (c). (d) Isolated images
from the time-lapse movie of the cell portion boxed
. in panel (c). The cell edge is at the left of the panel

and the relative timing of each image is indicated.
Representative individual vesicles are numbered in
R panels (c) and (d). Vesicle fusion events evident in
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icles were not moving great distances (Figure 4D). However,
analysis of many cells revealed that over the long vesicle
lifetime there was a trend of net movement inward for many
vesicles tracked. Inspection of phase-contrast images sug-
gested that this was not due to general cell contraction.
GFP-Métail expression in epithelial cells causes a delay, not
a block, in transferrin trafficking; given 30 min, the contents
of the uncoated vesicles can be delivered to the early endo-
some (Aschenbrenner et al., 2003). We therefore hypothe-
sized that the inward movement of GFP-Métail-associated
uncoated vesicles could reflect an alternate mechanism for
slow vesicle trafficking in the absence of myo6.

Uncoated Vesicle Movement Is Not Linked to Retrograde
Actin Flow

One explanation for the apparent slow inward movement of
GFP-Métail-associated vesicles could be the action of resid-
ual endogenous myo6 associated with these vesicles. How-
ever, previous studies have shown that this construct effec-
tively displaces endogenous myo6 off of the surface
uncoated vesicles, even when expressed at low levels (As-
chenbrenner et al., 2003). As all GFP-Mé6tail-expressing cells
analyzed, regardless of expression level, exhibited this slow
inward flow, this simple explanation seemed insufficient to
explain this trend.
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(c) and (d), and tracks are as described for Figure 2.
(C) Plots showing the change in the instantaneous
velocity of individual vesicles tracked over time. (D)
Line drawing depicting the direction and distance
traveled for a series of distinct GFP-Mé6tail-associ-
ated vesicles present simultaneously over a 20-min
period in two cells (Supplementary Movies 3 and 4;
see legend for Figure 2D).

The GFP-Métail-associated vesicles exhibited Brownian-
like motion, with periods of nonmovement interspersed
with short randomly oriented ~10-nm/s movements (Fig-
ure 4, B and C), suggesting some freedom of motion. There-
fore, the net vesicle movement could be due to diffusion
coupled to endosome capture. We theorized that any vesicle
that exited the actin meshwork would immediately fuse
with an early endosome because these endosomes are abun-
dant outside the actin mesh. Therefore, this fusion event
could serve as a mechanism to bias diffusion thereby pro-
ducing a net inward vesicle flow.

Alternatively, because the cell region that accumulated
uncoated vesicles in GFP-Métail-expressing cells was
highly actin-rich, we hypothesized that the slow net vesicle
influx could be due to vesicle coupling to retrograde actin
flow. Retrograde actin flow describes the process whereby
actin polymerization at the plasma membrane is coupled to
myosin II-dependent force production, resulting in a net
inward flow of actin and associated components (reviewed
in Cramer, 1997). Retrograde actin flow is not commonly
observed in nonmotile epithelial cells, but retrograde flow in
motile fibroblasts and nerves can generate inward transport
of actin-associated components at a rate of 1-7 um/min
(16-116 nm/s; Cramer, 1997). This rate is similar to the
maximal velocity of GFP-Métail-associated vesicles, making
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Figure 5. Analysis of GFP-M6(K157R)-asso-
ciated vesicles reveals no movement, suggest-
ing this mutation causes tight binding to the
actin cytoskeleton. (A) Phase contrast (a) and
fluorescence images (b) of a GFP-M6(K157R)-
expressing ARPE-19 cell monitored by time-

Myo6 Moves Uncoated Vesicles

lapse video. Boxed region corresponds to
Supplementary Movie 5 and is enlarged and
rotated clockwise in panel (c). (d) Isolated
images from the time-lapse movie of the cell
portion boxed in panel (c). The cell edge is at

11:15][11:15

11:15)| 11:15 s d

the left of the panel and the relative timing of
each image is presented on each panel. Indi-
vidual vesicles are numbered. The scale bars
are as in Figure 4. (B) Representative tracks s0 -
showing the movements of GFP-M6(K157R)- a0
decorated vesicles. The numbers correspond
to the vesicles circled in A, panels (c) and (d),
and tracks are as described for Figure 2. (C)
Plots showing the change in the instanta-

o
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neous velocity of individual vesicles tracked
over time. (D) Line-drawing depicting the di-
rection and distance traveled for a series of
distinct GFP-M6(K157R)-associated vesicles 2
present simultaneously during a 20-min pe-

velocity in nm/sec
=3

oy GFP-M6(K157R) ves#9

riod in two cells (Supplementary Movies 5 0 100
and 6; see legend for Figure 2D).

retrograde flow a reasonable explanation for the apparent
inward movement.

To distinguish between these two theories, retrograde
flow vs. vesicle diffusion and capture, we created a myo6
mutant predicted to bind irreversibly to F-actin. GFP-
M6(K157R), contains a point mutation in the ATP-binding
site (Figure 1A). The K157R mutation is homologous to the
P-loop K185R mutation shown in the Dictyostelium myosin II
system to fail to complement myosin II null mutations (Rup-
pel and Spudich, 1996). In myosin II, the K185R mutation
caused a defect in myosin ATP binding. Furthermore, the
mutated myosin exhibited no ATPase activity and was de-
fective in actin filament sliding due to rigor-like actin bind-
ing (Ruppel and Spudich, 1996). We predicted that by intro-
ducing the K157R mutation into myo6, cells expressing this
mutated version would exhibit actin-bound uncoated endo-
cytic vesicles, allowing us to evaluate the importance of
retrograde flow and free diffusion on vesicle trafficking.

When expressed in ARPE-19 cells, GFP-M6(K157R) tar-
geted to peripherally located vesicles distinct from early
endosomes, a subset of which contained the transferrin re-
ceptor (Figure 1, B and C; Supplemental Figure 1A). These
vesicles were uncoated, as they did not contain clathrin
(percent overlap 4.4 + 0.4%; Supplemental Figure 1B). This
localization to uncoated vesicles was expected, as the tail
domain, and not the motor domain, is required for targeting
(Aschenbrenner et al., 2003).
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Time-lapse video microscopy revealed that GFP-
M6(K157R)-associated uncoated vesicles displayed essen-
tially no movement (Figure 5, A-C; Supplementary Movies
5 and 6). These vesicles also exhibited no fusion events (200
vesicles monitored), nor was vesicle stretching seen in GFP-
M6(K157R)-expressing cells (Movies 5 and 6). Analysis of
250 vesicles revealed few instances of directional movement
as judged by velocity measurements (average maximal ve-
locity = 10.6 = 10.9 nm/s; Figure 3A) and the average
distance traveled was 0.5 = 0.4 um. (Figure 3B). Both mea-
surements are statistically lower than that seen for GFP-
Meétail-associated vesicles (p < 0.001), suggesting that the
K157R mutation produced vesicles with rigor-like strong
attachment to the peripheral actin.

To directly evaluate the effects of GFP-M6(K157R) expres-
sion on vesicle diffusion, we computed the mean squared
displacement (MSD) for GFP-Métail- and GFP-M6(K157R)-
associated vesicles and plotted them as a function of time to
determine the apparent two-dimensional diffusion coeffi-
cients associated with these vesicle populations (200 vesicles
analyzed). In both cases, the majority of the vesicles exhib-
ited plots with a downward curved parabolic curve, indi-
cating confined motion. Seventy-one vesicles for both con-
structs exhibited a more linear correspondence between
MSD and time, allowing us to calculate their apparent dif-
fusion coefficients (Figure 3D). GFP-Mé6tail-associated vesi-
cles had a diffusion coefficient of 1.42 * 1.24 X 10~'? cm?
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Figure 6. Expression GFP-M6(K157R) blocks transferrin trafficking
and it cannot be rescued by extending uptake time. GFP-, GFP-M6-,
GFP-Métail-, and GFP-M6(K157R)-transfected cultures were incu-
bated with rhodamine-conjugated transferrin (R-Tsfn). The histogram
shows the percentage of transfected and untransfected cells exhibiting
labeling of the pericentriolar endosomes with the endocytosed R-Tsfn
after 15 min (black bars) or 30 min (white bars). See Supplementary
Figure 2 for primary data. More than 300 cells were counted per time
point and the data are representative of three experiments.

s~1, a value similar to the three-dimensional diffusion coef-
ficient described for chromaffin granules docked on the actin
cytoskeleton (Oheim and Stuhmer, 2000). GFP-M6(K157R)-
associated vesicles exhibited a significantly depressed diffu-
sion coefficient (p < 0.001) of 0.76 = 0.65 X 10~'2 cm? s~ 1.
Therefore, GFP-M6(K157R)-associated vesicles exhibited an
apparent decrease in two-dimensional diffusion.

We predicted that if retrograde flow was a mechanism for
vesicle influx, then the actin bound GFP-M6(K157R)-associ-
ated vesicles should exhibit an inward flow similar to that
seen for GFP-Mé6tail-expressing cells. Remarkably, vector
analysis of the GFP-M6(K157R)-associated vesicles over
their lifetime revealed no net inward vesicle flow (Figure
5D). Therefore retrograde actin flow does not serve as a
mechanism for vesicle influx, supporting the model that
diffusion followed by endosome capture is responsible for
the vesicle movements seen in GFP-Mé6tail-expressing cells.

GFP-M6(K157R)-associated vesicles exhibited long life-
times in our time-lapse analysis (average lifetime = 16.4 =
5.6 min; Figure 3C). Essentially all vesicles were still present
at the movie’s end (85-92%; see Supplementary Movies 5
and 6, movie lengths 20-22 min), making 16 min an under-
estimate. Therefore tight association with the peripheral ac-
tin also lengthened vesicle lifetime, suggesting a block in
trafficking.

An Actin-bound myo6 Motor Mutant Blocks Transferrin
Trafficking to the Early Endosome at the Uncoated Vesicle
Stage

The block in transferrin trafficking seen in GFP-Mé6tail-ex-
pressing cells can be overcome by extending the incubation
time to 30 min (Figure 6; Supplementary Figure 2; Aschen-
brenner et al., 2003). We theorized that, if rescue was due to
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diffusion of GFP-Mé6tail-associated vesicles followed by
their early endosome capture, then GFP-M6(K157R)-ex-
pressing cells, with their actin-bound vesicles, would not be
sensitive to this type of rescue.

ARPE-19 cells were transfected with the GFP constructs
shown in Figure 1A, incubated with rhodamine-conjugated
transferrin (R-Tsfn) for 15 or 30 min and then scored for
transferrin accumulation in the pericentriolar early endo-
some compartment. Seventy to 80% of control transfected
and untransfected cells exhibited a prominent pericentriolar
accumulation of R-Tsfn after 15-min uptake (Figure 6, Sup-
plementary Figure 2; Aschenbrenner et al., 2003). In contrast,
GFP-M6(K157R) overexpression caused a drastic decrease in
steady state R-Tsfn uptake at 15 min, with only 19.6 = 3.3%
of cells exhibiting a pericentriolar accumulation (Figure 6;
Supplementary Figure 2). These results are similar to those
reported for cells expressing GFP-Mé6tail (22.0 + 2.3%), con-
firming that GFP-M6(K157R) expression disrupts transferrin
trafficking. Pulse-chase experiments comparing the location
of the endocytosed R-Tsfn to GFP-M6(K157R) confirmed
that the block in trafficking was at the uncoated vesicle stage
(Supplementary Figure 3 and associated text). As predicted,
the block in trafficking was not rescued by extending the
time period; 25.6 = 1.2% of GFP-M6(K157R)-transfected
cells exhibited a pericentriolar accumulation of R-Tsfn after
30-min uptake (Figure 6; Supplementary Figure 2). This
lends further support to the diffusion and capture model for
vesicle trafficking out of the actin mesh in the absence of
myo6 motor activity.

Actin Is a Barrier to Uncoated Vesicle Trafficking

Our analysis of myo6 mutants suggested that actin was a
barrier slowing uncoated vesicle trafficking to the early
endosome. If this were the case, we predicted that actin
depolymerization should accelerate the rate of transferrin
delivery to the early endosome. We used the F-actin-
depolymerizing drug latrunculin A (LatA) (Spector et al.,
1983), which sequester G-actin monomers. Titration ex-
periments revealed that nanomolar LatA concentrations
were sufficient to remove the peripheral actin meshwork
from ARPE-19 epithelial cells without significantly alter-
ing cell attachment or cell shape (Figure 7A). Treatment
with 0.015 uM LatA had no effect on the transferrin en-
docytosis rate in ARPE-19 cells, as judged by an ELISA-
based assay that quantified biotinylated transferrin up-
take (Figure 7B). In addition, pulse-chase experiments
following R-Tsfn and comparing its location to clathrin
confirmed that treatment with LatA had no effect on the
rate of transferrin exit from clathrin-coated pits and ves-
icles (Figure 7C). Therefore, depolymerizing the periph-
eral actin cytoskeleton had no effect clathrin-coated vesi-
cle formation or uncoating, allowing us to directly test the
effects of LatA on the next step, the delivery of compo-
nents to the early endosome.

To determine early endosome delivery kinetics, we al-
lowed cells treated with DMSO or LatA to endocytose R-
Tsfn for fixed time periods ranging from 1 to 15 min at 37°C
and then quantified the percent of cells where R-Tsfn had
reached the pericentriolar early endosome (see MATERIALS
AND METHODS). In DMSO-treated cells, R-Tsfn maximally
reached the early endosome after 5-7 min (Figure 7D). In
LatA-treated cells, R-Tsfn delivery to the early endosome
was accelerated, reaching the pericentriolar region within
2-3 min (p < 0.001). A similar acceleration was observed in
LatA-treated cells when the location of endocytosed trans-
ferrin was compared with the early endosome marker, EEA1
(unpublished data). This acceleration suggests that actin is a
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Figure 7. Removal of the actin barrier in
ARPE-19 cells accelerates trafficking to
the early endosome and rescues the traf-
ficking defects seen upon GFP-Mé6tail and
GFP-M6(K157R) expression. (A) Fluores-
cence staining of F-actin in cells treated
for 30 min with DMSO or 0.015 uM la-
trunculin A. Scale bars, 10 um. (B and C)
Kinetics of transferrin endocytosis and
transferrin exit from clathrin-coated vesi- B
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barrier to uncoated vesicle trafficking to the early endosome
and that actin’s presence causes a 3-5-min delay in endo-
some delivery equivalent to the normal uncoated vesicle
lifetime.

Transferrin-containing vesicles accumulate in peripheral
actin-rich regions of GFP-Métail- and GFP-M6(K157R)-ex-
pressing cells, thereby blocking delivery to the early endo-
some. We hypothesized that F-actin depolymerization
should rescue this phenotype. We first evaluated the effects
of actin depolymerization on cells transfected with GFP and
GFP-M6. These control experiments revealed that the pres-
ence of DMSO coupled with the exposure to transfection
reagent resulted in a slower net rate of steady state trans-
ferrin uptake compared with untransfected controls. After
15 min of uptake in the presence of DMSO or LatA, 60-75%
of GFP- or GFP-M6-transfected cells exhibited a pericent-
riolar R-Tsfn accumulation, a number significantly less than
the ~95% seen for untransfected cells after 15 min (Figure
7D). Although trafficking was slower, in the presence of
DMSO, cells transfected with GFP-Mé6tail and GFP-
M6(K157R) still exhibited a significant block in transferrin
trafficking, with only 32.7 = 7.1 and 34.1 = 4.5% of cells
exhibiting a pericentriolar accumulation, respectively. After
treatment with LatA, however, 57.0 = 7.3% of GFP-Mé6tail-
transfected cells and 57.9 * 7.3% of GFP-M6(K157R)-trans-
fected cells exhibited pericentriolar transferrin accumula-
tion, levels equivalent to those seen in controls. Therefore
the block in trafficking seen upon GFP-Mé6tail and GFP-
M6(K157R) overexpression is due to trapping in the actin
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cytoskeleton, and this block can be released by removing the
F-actin barrier.

DISCUSSION

Previous studies using pulse-chase methods in cultured cell
lines had suggested that there was a short-lived uncoated
vesicle population found near the plasma membrane that
ultimately fused with the early endosome (Hopkins, 1983;
Hanover et al., 1984; Eskelinen et al., 1991; Trischler et al.,
1999). In this study we present the first characterization of
these nascent uncoated endocytic vesicles, showing that they
are motile, exhibiting net movement into the cell. A myosin,
myob, is responsible for their movement. In the absence of a
myo6 motor, only slow diffusion-based vesicle movement to
the early endosome is evident, a movement that was not due
to retrograde actin flow. Actin instead is a physical barrier to
uncoated vesicle trafficking. Accelerated vesicle movement
out of the actin mesh is due to myo6 motor activity and
results in a short vesicle lifetime. Therefore the molecular
motor myo6 is specifically recruited to extricate nascent
vesicles from the actin mesh to allow for timely early endo-
some fusion.

An important question is whether GFP-tagged myo6 is a
good tracer for uncoated vesicle trafficking. A number of
proteins are transiently found as uncoated vesicle compo-
nents. For example, both the small GTPase Rab5 and the
transferrin receptor, can be detected on uncoated vesicles,
but in both cases this reflects only a small fraction of the total
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cell population. The majority of Rabb is either cytoplasmic,
in a guanine-nucleotide dissociation inhibitor (GDI)-com-
plexed form (Pfeffer et al., 1995) or is associated with early
endosomes (Gorvel et al., 1991); reviewed in Zerial and
McBride, 2001), whereas the transferrin receptor is evident
in the membrane of all endocytic and exocytic compart-
ments with an enrichment in the recycling endosome (Hop-
kins, 1983; Hanover et al., 1984; Eskelinen et al., 1991;
Trischler ef al., 1999; reviewed in Mukherjee ef al., 1997). A
similar heterogeneous distribution exists for GIPC, an
adapter protein, which is also evident on coated vesicles, the
Golgi, and on other small vesicles found throughout the cell
cytoplasm (De Vries et al., 1998; Liu et al., 2001; Aschenbren-
ner et al., 2003). Myo6 is the only protein identified to date
that specifically marks the position of uncoated vesicles and
does not remain with it after delivery to the early endosome.
The GFP-M6 construct used in this study exhibits a location
essentially identical to the endogenous myo6, specifically
targeting to endocytic vesicles that uncoat in actin-rich cell
peripheries (Aschenbrenner et al., 2003). Therefore, GFP-M6
is a good tracer for trafficking of this specific type of nascent
endocytic vesicles.

After recruitment of myo6, uncoated vesicles exhibited net
movement toward the cell interior. The motile properties of
myo6 have been characterized using baculovirus-expressed
fragments containing either a single head (motor) domain or
a heavy meromyosin-like fragment containing two heads
bridged by the coiled-coil domain. The observed velocities at
25°C in the in vitro actin-filament sliding assays ranged from
60 nm/s for a singled-headed construct (Wells ef al., 1999) to
300 nm/s for the double-headed constructs (Homma et al.,
2001; Rock ef al., 2001; Yoshimura et al., 2001).

Myo6 is a processive motor, but the average processive
run length was only 226 nm, suggesting a maximum of 1 s of
movement before pausing or falling off the actin filament
(Rock et al., 2001). The velocity of the GFP-M6-decorated
uncoated vesicles at 25°C was much lower than the in vitro
rates for myo6, at 38.4 nm/s, although velocities of up to 80
nm/s were detected. These “instantaneous” velocity calcu-
lations actually reflected an average velocity over the 20-s
interval between video frames, a much less-frequent sam-
pling than that used for sliding filament assays. If myo6
exhibited one processive run of 226 nm during the 20-s
interval, a net velocity of 11.3 nm/s would have been evi-
dent in our system, a velocity that was easily detectible.
Because our velocities were at least three times this rate,
GFP-M6 made on average 3-5 productive runs during each
20-s interval. Based on our observations of vesicle stretching,
there are multiple myo6 motors on each vesicle exerting
opposing forces, a process that would also decrease net
velocity. Ultimately, as expression of myo6 mutants pro-
duced vesicles with no movement, we conclude that the
movements we did see for GFP-M6-associated vesicles was
due to the intrinsic motor activity of myo6 and that no other
actin-based motor was associated with these vesicles. This is
the first example of myo6-based movement in vivo.

The GFP-M6-decorated uncoated vesicles commonly ex-
hibited homotypic fusion events. These events were not seen
in GFP-M6(K157R)-expressing cells, suggesting that free-
dom of movement was important for fusion to occur and
that anchoring to the actin cytoskeleton was not sufficient.
All the vesicle fusion events appeared to occur before early
endosome fusion, based on both the vesicle position and the
presence of myo6. This fusion could be evidence of receptor
sorting events before endosome delivery.

On exit from the actin-rich peripheries, GFP-M6-associ-
ated vesicles disappeared from view. The signal that triggers
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myo6 departure after endosome fusion remains to be iden-
tified; however, motor activity is important for myo6 release.
A peripheral subpopulation of small EEAl-positive endo-
somes can contain myo6, and these endosomes were exten-
sively labeled with the GFP-Métail construct (Aschenbren-
ner ef al., 2003). The presence of this endosome population
supports a model whereby myo6 is present during fusion
but is released after fusion is complete, perhaps through the
pulling action of its motor domain. Our study does not rule
out an additional role in regulating endosomal fusion. After
myo6 departure, the movement of early endosomes further
along the endocytic pathway is mediated by microtubule
motors under Rab5 regulation (Goodson et al., 1997; Nielsen
et al., 1999).

Uncoated vesicles are universally present in all cells as an
intermediate in endocytic trafficking between clathrin-
coated vesicles and the early endosome. In some cell types,
such as polarized epithelial cells with a terminal web do-
main, actin would serve as a barrier to uncoated vesicle
delivery. Therefore we would propose that epithelia present
in Snell’s waltzer mice, which lack myo6, must utilize vesicle
diffusion followed by endosome capture as the major mech-
anism for delivery to the early endosome. In other cell types,
such as fibroblasts, which lack dense actin-rich regions, there
would not be a barrier, and endosome delivery could occur
unimpeded. Indeed, we have found that expression of myo6
mutants has no effect on trafficking in fibroblasts, confirming
that myo6 is specifically involved in trafficking through
actin-rich regions only (our unpublished results).

In secretory cell types, the actin cortical network is a
barrier to exocytosis at the plasma membrane (reviewed in
Eitzen, 2003). In these systems, actin serves a scaffolding role
and is required to anchor secretory vesicles as a readily
releasable pool (Sankaranarayanan et al., 2003). In some
cases, this anchoring requires a myosin (Rose et al., 2002;
Rudolf et al., 2002), whereas in other cases, such as GLUT4
delivery to the adipocyte plasma membrane, a plus-end-
directed unconventional myosin, myolC, may play a role in
vesicle delivery across the barrier toward the plasma mem-
brane (Bose et al., 2002). In peripheral regions there is a
higher percentage of plus ends facing outward so a plus-
end-directed myosin would be appropriate for vesicle traf-
ficking outward for exocytosis. As a minus-end-directed
motor, myo6 is suited to play the opposite role, moving
uncoated vesicles inward away from the plasma membrane
for fusion with the early endosome.

The uncoated vesicles analyzed in our time-lapse studies
took a circuitous route to exit the actin-rich periphery. They
did not appear to move along one specific actin track to exit
the actin mesh nor did the vesicles in each area appear to
have preset endosomal destinations. Instead, the uncoated
vesicles apparently switched between actin tracks. This type
of motility is consistent with the kinetic analysis of myo6
movement in vitro, which predicted short processive runs
interspersed with pauses (Rock et al., 2001) and also with
modeling of motor-assisted transport of particles in situa-
tions of mixed filament polarities and a minus-end-directed
motor (Smith and Simmons, 2001). Because actin at the
plasma membrane is biased with minus-ends inward, this
start-and-stop motility by myo6 would eventually lead to
vesicle exit from the actin mesh. Therefore, actin is a barrier
to vesicle trafficking, but myo6 as a minus-end-directed
motor takes advantage of the features of this barrier to
transport uncoated vesicles to the early endosome for fusion.
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