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Three-dimensional nanometry of vesicle transport in living cells
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Abstract

Dual-focus imaging optics for three-dimensional tracking of individual quantum dots has been developed to study the molecular
mechanisms of motor proteins in cells. The new system has a high spatial and temporal precision, 2 nm in the x—y sample plane and
5 nm along the z-axis at a frame time of 2 ms. Three-dimensional positions of the vesicles labeled with quantum dots were detected
in living cells. Vesicles were transported on the microtubules using 8-nm steps towards the nucleus. The steps had fluctuation of
~20 nm which were perpendicular to the axis of the microtubule but with the constant distance from the microtubule. The most of per-
pendicular movement was not synchronized with the 8-nm steps, indicating that dynein moved on microtubules without changing the
protofilaments. When the vesicles changed their direction of movement toward the cell membrane, they moved perpendicular with
the constant distance from the microtubule. The present method is powerful tool to investigate three dimensional movement of molecules

in cells with nanometer and millisecond accuracy.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Nanotechnology; Step size; Dynein; 3D; Kinesin

Motor proteins such as dynein, kinesin, and myosin
play roles in cell motility such as vesicle transport, mito-
sis, and muscle contraction {1.2]. To describe the mecha-
nisms of motility at a molecular level, single molecule
studies including in vitro motility assay have been used
[3-7]. Despite all the in vitro measurements performed
using purified motor proteins in artificial solutions, it is
important to investigate the motility of these proteins
in living cells because physiological conditions in the cell
environment are very different to those in in vitro assays
[8 10).

In living cells, cytoplasmic dynein transports vesicles
bound to its tail domain via membrane associated
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! Present address: PREST, Japan Science and Technology Agency,
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proteins {l]. The single particle imaging and tracking
techniques using fluorescence dyes such as GFP or quan-
tum dots observed the behavior of the vesicles in cells
with nanometer and millisecond accuracies [7.9]. Dynein
and kinesin transport vesicles with successive 8 nm steps
in living cells [11-13] which is the same as that in vitro
[7.14). Many questions, however, have arisen about the
in vivo behaviors of the motor proteins. Is dynein respon-
sible for switching the protofilaments? Is the vesicle trans-
port obstructed by the cytoskeletal network {1.2]? Since
the motor proteins are arranged and work three-dimen-
sionally (3D) in cells, it was difficult to answer these ques-
tions from results obtained by measurements of the
movements viewed in two dimensions under a conven-
tional microscope.

In the previous works, 3D tracking of particle move-
ments has been constructed by moving the focal position
by changing the position of an objective [15 17]. However,
the method is not suitable for tracking fast biological pro-
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cesses that occur in a millisecond time scale because of the
limitations of the speed of moving the objective. To over-
come this problem, we developed a new optical method
of dual view optics, which allows us to visualize three-
dimensional biological processes with high temporal
(2ms) and spatial (2-5 nm) precisions without moving
the objective. Using this technique we observed the inward
transport of the membrane protein labeled with quantum
dots (QDs) presumably by dynein in living cells.

Materials and methods

DIO (dual-focus imaging optics) system. The optical system for DIO
consisted of an epi-fluorescent microscope (IX-71, Olympus), an EM
camera (Ixon DV860, Andor), and a Piezo actuator having a electro-
static sensor (FB010-C, Nanocontrol). An area ~10x 10 pmz was illu-
minated by a green laser (532 nm, 0.1 mW/um? for each specimen, Big
Sky laser) using diagonal irradiation (13). The fluorescence of the
quantum dots was filtered using a high-pass filter (transmission wave-
length >580 nm; Omega). The Piezo actuator moved the position of the
objective by the Piezo driver having a positional feedback loop (NC1100,
Nanocontrol). We analyzed the data in which root-mean-square noise
was <10 nm.

Preparation of anti-HER2-QDs and cells. HER2 (human epidermal
growth factor receptor 2) on the membrane was labeled with multiple
quantum dots via an anti-HER2 antibody according to the method
reported previously {13]. Human breast cancer cells, KPL-4 cells, were
cultured on a coverslip in DMEM (Gibco) containing 5% FBS (fetal
bovine serum, Gibco) at 37 °C in 5% CO,. Just prior to the experiment,
FBS was removed for an hour to starve the cells, and the quantum dot-
anti-HER2 antibodies were added to the cells [13] To observe steps
clearly, the experiments of 3D imaging were performed at low tem-
perature 16-18 °C under the epi-fluorescence microscope with DIO
system [13].

Results and discussion

DIO (dual-focus imaging optics) system and 3D single
particle tracking

In order to track the 3D movement of single fluorescent
particles, we developed a new optical system that two sep-
arated images at distinct focal positions were taken with an
EM-CCD camera, called DIO (Fig. 1A). A narrow image
of a sample on an epi-fluorescence microscope went
through a slit positioned at the imaging surface (“Slit” in
Fig. 1A). The optical pathway was split into two pathways
by a half mirror (HM in Fig. 1A). Moving either L3 or L4
along the optical axis produced a difference between the
two pathlengths. The difference in the optical lengths
resulted in the difference in the focuses and magnification
of the two images on the camera (an inset image in
Fig. 1A). The distance between the two focal positions
was set to ~1 pm in the present study and the ratio of mag-
nification of the two pathways was ~0.96 (Supplement 1),
The two images of a quantum dot were fitted to 2D Gauss-
ian functions [13]. The difference in the fluorescence inten-
sities at the centroid of the functions fit to was plotted as
the function of z-position of the quantum dots (Fig. 1C).
This curve was taken before every experiment as a calibra-
tion curve (Fig. 1C). The x—y position of a quantum dot
was determined by fitting the images with 2D Gaussian
functions as previously reported [6.7.9.13]. The spatial res-
olution was highly dependent on the number of photons
emitted from a fluorophore [18]. Quantum dots were used
in this study because of their superior fluorescence durabil-

05 1.0'”1.5 20
Z position (um)

Fig. 1. Three-dimensional single particle tracking. (A) Schematic drawing of an optical set up for dual-focus imaging (DIO). A Piezo actuator bound to
the objective. L, lens; M, mirror; DM, dichroic mirror; HM, half mirror cube. An inset panel shows an image of a test pattern of a square lattice (10 pm).
Upper image is an image just in focus. (B) Fluorescent images at two distinct focus positions (path | and path 2). Quantum dot is located between the two
focusing positions. An objective was moved along the optical axis (z-axis). (C) Calibration curve of z-position vs difference of the fluorescent intensities.
The fluorescent intensities were recorded as the quantum dots moved along the z-axis. The division of the difference between the intensities in the two
pathways and the addition of them was represented as (path 1 — path 2)/(path 1 + path 2). When quantum dots were moved in cells, z-position in the
calibration curve was multiplied by the refractive index ratio, 0.88, of water, 1.33 to oil, 1.52. (D) Accuracy of the present methods. Quantum dot(s) fixed
on a coverslip were moved by 10 nm steps using a Piezo actuator. The position of the Quantum dot(s) was determined with a temporal resolution of 2 ms

with noise of 2.0 nm (x-axis and y-axis) and 5.3 nm (z-axis).
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ity {7.13.19.20]. The spatial precisions of the dots fixed on a
coverslip using the 3D tracking system were 2.2, 1.5, and
5.3 nm on the x, y, and z directions, respectively, with time
resolution of 2 ms (Fig. 1D).

3D vesicle transport in living cells

In order to observe 3D movements of vesicles in living
cells, quantum dots -coated with anti-HER2 antibodies
(human epidermal growth factor receptor 2) were mixed
with breast cancer cells, KLP-4, which overexpresses
HER2 on the cell membrane. Microtubule-based trans-
port of the vesicles labeled with quantum dots (QD-vesi-
cles) in the cytosol were visualized using diagonal
illumination (Fig. 2A) [13). The QD-vesicles moved in
one direction i.e. towards the nucleus (Fig. 2B and Movie
S1), and occasionally moved away from the nucleus to the
cell membrane. The fluorescence intensity in dual images
changed with time (Fig. 2B); for example, intensities on
the left panels in Fig. 2B were low at 0 and 3 s and high
at 1.2's. These indicate the movement of z direction. QD-
vesicles moved on GFP-microtubules as observed by con-
focal microscopy (Movie S2), confirming that the vesicles
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were indeed transported by a microtubule-based motor,
either dynein or kinesin. Movements of QD-vesicles
presumably by dynein from the cell membrane to the
peri-nuclear region were also recorded. The moving
QD-vesicles transported in 3D space were successfully
monitored for a precision of a few nanometers on
xy-plane and several nm on z-axis with 2 ms resolution
using the DIO system (Fig. 2C and D).

How does dynein walk on a microtubule three-dimen-
sionally with nanometer accuracy while transporting a ves-
icle? Smooth traces of the displacements were produced by
averaging 100 points over a 200 ms period to follow the
overall pathways of the QD-vesicles roughly. All of the
smooth traces (n = 57) were then fitted approximately to
the planes. Thirty-eight traces (67%) could be well fitted
to a single plane with the standard deviation of the distance
between the traces and the fitted plane being <10 nm
(mean = 4.6 nm) (Fig. 3A). If artificial random traces were
fitted to a plane (Supplement 2A), the standard deviation
of the distance was not less than 10 nm (# = 100, Supple-
ment 2B). Thus, the planar movements were not part of
the random movements. Twelve traces (21%) could not
be fitted by a single plane, but were well fitted to two or
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Fig. 2. Three-dimensional tracking of a moving vesicle in a living cell. (A) A bright field image (upper) and fluorescence images (lower) obtained using
DIO. The red rectangle indicates the fluorescent imaging area. The fluorescent images of vesicles labeled with quantum dots were in the cell at two distinct
focus positions. Yellow arrowheads indicate the vesicle being transported towards the nucleus. Calibration bars were 10 pm in a upper panel and 5 pm in a
lower one. (B) Time course of the fluorescent images of the moving vesicle indicated by the yellow arrowheads in (A). The vesicle moved to the right, which
is the direction towards the peri-nuclear region. (C) 3D movements of the transport of the QD-vesicle towards the peri-nuclear region. Six colors from blue
to green indicate the running time from 0 to 3 s (0.5 s each color). (D) The time courses of x (red), y (blue), and z-positions {green) in (C).
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Fig. 3. Movement of the vesicle transport by dynein in living cells. (A) Typical traces of the movements in the different planes. The traces were well fitted
with a primary plane surface (f{x,,2) = ax + by + ¢z +d; a, b, ¢, and d are the fitting parameters (cyan line). (B) Typical trace when QD-vesicle transfers
from one microtubule to another microtubule. The trace was fitted well to two planes. Cyan lines indicate the data have been fitted by two planes. (C) A
typical trace of the directional switching by most likely dynein and kinesin. (D) Vertical-horizontal plots of the 3D traces. The graph shows the typical
three traces (red, blue, and green). Plots and bars indicate the average values taken every 5 nm along the horizontal axis and the standard deviations,
respectively. Traces were fitted with a circle. Cyan arrows in (A), (B), and (C) indicate the direction of movement of the vesicles. (E) Histogram of the
radius of the cylindrical surfaces. The distribution followed to a Gaussian distribution with a peak of 107 + 49 nm (red line, n = 38). (F) Possible models to
explain the cylindrical movements of the vesicle during transportation. The left panel shows the model where dynein transfers from one protofilament to
another on a microtubule. The right panel shows the model that dynein did not transfer but fluctuate around the binding site of dynein and tubulin.

three planes with standard deviations <10 nm (Fig. 3B).
The remaining seven traces could not be distinguished from
random movement because of the large standard devia-
tions (>10 nm). Helical type movements were not observed
in any of the traces.

An abrupt change in the direction of movement of the
vesicles was observed in three traces (5%) which are fitted

to one plane. In all cases, the QD-vesicles moved by 30-
50 nm in the horizontal direction in a stepwise fashion
when the direction of movement suddenly changed to the
opposite direction (Fig. 3C and Fig. 3S). Kinesin is a motor
that moves vesicles to the plus-end of a microtubule and is
thought to be involved in this process by directly compet-
ing with dynein [12].
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Three-dimensional nanometry of vesicle transport
To examine the systematic displacement of quantum
dots from the planes, the vertical position displaced from

the plane and horizontal positions perpendicular to moving
direction were repotted (Fig. 3D). These plots could be well
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fitted to arcs, a part of a circle. The mean radius of the arcs
was determined to be 107 nm (Fig. 3E). The arcs indicate
the distance between the center of a microtubule and the
center of quantum dots because the distance, 107 nm, is
consistence with the distance estimated from the radius of
a microtubule (13 nm), the length of the dynein (50-
80 nm), the length of the membrane protein and antibody
complex (10-20 nm) and the radius of a quantum dot
(~12 nm) (Fig. 3F) {21.22]. The approximately planar or
exactly arc movements suggest that vesicles were trans-
ported on single microtubules. The traces which fitted to
two or three planes suggest that vesicles can switch from
one microtubule to another during vesicle transport.

Movement in the horizontal axis (~20 nm in S.D.) was
much larger than movement in the vertical axis (~4 nm)
(Fig. 3D). There are two possibilities that could explain
the large movements in the horizontal plane. One is that
dynein steps onto the neighboring protofilaments
(Fig. 3F, left) [22]. This is suggested from studies that
recombinant yeast dynein was shown to step to neighbor-
ing protofilaments in the in vitro assays [14]. In this model,
the horizontal movement should occur at steps in travel
direction. The other possibility is that the flexible linker,
stalk or tail, in dynein allows the quantum dot to fluctuate
around the linker (Fig. 3F, right) [23 25}, In this model, the
horizontal movement does not need to occur at the direc-
tional steps.

To distinguish between these two possibilities, the step
sizes of the QD-vesicles in directional, horizontal, and ver-
tical movements were analyzed (Fig. 4). Steps were
detected in the directional and the horizontal orientation
using our computing algorithm (Fig. 4A, red and blue
lines) [13], while steps in the vertical orientation was within
a few nanometers which is not distinguished from the
noise. The histogram of the step sizes in the directional ori-
entation showed three distinct Gaussian distributions with
the main peak occurring at 8.1 nm and minor peaks at 16
and —8 nm (Fig. 4B). The histogram of the pairwise dis-
tances also confirmed that 8 nm steps occurred in the direc-
tional movement (Fig. 4C) [3]. The 8 nm unitary steps were

<

Fig. 4. Three-dimensional nanometry of a moving vesicle. (A) The typical
time courses in the directional, horizontal, and vertical axes. Data points
of the displacements were analyzed at 2 ms intervals (Gray lines). Five '
points were then averaged to smoothen the traces as shown by black
squares and lines. A step size larger than 4 nm was detected here by the
computer algorithm {13]. Broken lines indicate the moments where the
8 nm steps occured along the directional axis. Yellow arrowheads indicate
the steps are not in synchronization with the directional 8 nm steps. (B)
Histogram of the step size in the directional axis. The graph was fitted with
multiple Gaussian functions. The peaks + widths are 8.1 £1.5am at
forward steps and —7.6 + 1.4 nm at backward steps. (C) Histogram of the
all pair wise distance analysis [3](40 ms interval) of the trace in directional
axis shown in (A). (D) Histogram of the step size in the horizontal axis.
The graph was fitted with a Gaussian function with the peak of 0.5 nm and
a width of 8.2 nm. (E) Histogram of the step size in the horizontal axis
when horizontal steps were in synchronization with the directional 8 nm
steps. Dotted line indicates the Gaussian curve the same as that in (D).
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consistent with the value previously determined in two
dimensions in living cells [7.11 14].

Some of horizontal steps synchronized with the direc-
tional 8 nm steps (Fig. 4A, blue arrowheads), but many
of them did not (yellow arrowheads). The sizes of both syn-
chronized and non-synchronized steps were fitted to a
Gaussian distribution with the peak at 0.5 nm and a stan-
dard deviation of 8.2 nm (Fig. 4D and E). The horizontal
step sizes of 8.2 nm were much smaller than ~50 nm which
was estimated from the model that describes dynein chang-
ing the protofilaments during movement. These results sug-
gest that dynein primarily moves on certain protofilaments
in the microtubules with small fluctuation around the
microtubule. In a living cell, there are many obstacles such
as other vesicles, organelles, and the cytoskeletal meshwork
that will prevent vesicle transport from moving in a straight
line along a protofilament on a microtubule. Dynein may
be able to subtly change the structure of the flexible linker
to encounter obstacles (Fig. 3F, right).

The horizontal step size of 30-50 nm in Fig. 3C (Supple-
ment 3) was comparable to the horizontal step size of
~50 nm predicted from Fig. 3F (left), suggesting that these
two motors, presumably dynein and kinesin, move on dis-
tinct protofilaments or bound to a vesicle separatedly.

Here, we successfully observed vesicle transport in three
dimensions in living cells with nanometer and millisecond
accuracy using the DIO system. We found that dynein pri-
marily walks in straight lines on a protofilament of a micro-
tubule and changes protofilaments minor. The lateral
displacement of QD-vesicles can be explained by the flexi-
ble linker region in the dynein molecule, and this would
contribute to the robustness of the dynein-based vesicle
transport through the cytoskeletal meshwork filled with
organelles and other vesicles without having to switch to
other protofilaments. The present method is powerful tool
to investigate many kinds of 3D movement of molecules in
cells with nanometer and millisecond accuracy.
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