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Quantitative Analysis of Actin Patch Movement in Yeast
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ABSTRACT To investigate the mechanism of cortical actin patch movement in yeast, we implement a method for computer
tracking the motion of the patches. Digital images from fluorescence microscope movies of living cells are fed into an
image-processing program, which generates two-dimensional patch coordinates in the plane of focus for each movie frame
via an algorithm based on detection of rapid intensity variations. The patch coordinates in neighboring frames are connected
by a minimum-distance algorithm. The method is used to analyze control cells and cells treated with the actin-depolymerizing
agent latrunculin. The motion of the patches in both cases, as analyzed by mean-square patch displacements, is found to be
a random walk on average, with a much lower diffusion coefficient for the latrunculin-treated cells. The mean-squared patch
travel distances for all of the latrunculin-treated cells are lower than those for all of the control cells. The patches move
independently of one another. We develop a quantitative criterion for the presence of directed motion, and show that
numerous patches in the control cells display directed motion to a very high degree of certainty. A small number of patches

in the latrunculin-treated cells display directed motion.

INTRODUCTION

Actin polymerization is required for a wide range of cellular
processes, including crawling motion, establishment of po-
larity, and cell division. The underlying distribution of
F-actin is a crucial factor in understanding these processes.
Yeast cells are a convenient model system for studying the
static and dynamic distributions of F-actin. Studies using
fluorescence microscopy (Kilmartin and Adams, 1984) and
thin-section immunoelectron microscopy (Mulholland et al.,
1994) have shown that, in yeast cells, most F-actin is
concentrated in well-defined patches at the cortex of the
cell. Cortical patches of F-actin have also been found in
fluorescence microscopy studies (Schafer et al., 1998) of
vertebrate cells.

The structure and function of cortical actin patches in yeast
are not well understood. The patches are ~0.1-0.2 wm in
diameter, smaller than the resolving power of a fluorescence
microscope. Very little is known about their shape or internal
structure. They contain filamentous actin and a large number
of actin-binding proteins, such as unconventional myosin, cap-
ping protein, and fimbrin. Each cell contains on the order of
10—100 patches. As the cell grows, the number of patches
increases. When the cell divides, mother and daughter each
receive about half the total number.

The patches in yeast are polarized, and their polarization
is regulated through the cell cycle. They cluster at different
locations in the cell at different times during the cell cycle.
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In general, the patches cluster at positions of polarized
secretion, which is necessary for polarized growth of the
bud and the septation process that separates mother from
bud. However, the best evidence indicates that polarized
secretion depends on cytoplasmic actin cables, not patches
(Pruyne et al., 1998; Schott et al., 1999). The patches are
often associated with the ends of the cables (Karpova et al.,
1998; Pelham and Chang, 2001). The actin cables are also
polarized in the same direction as the patches, and secretory
vesicles and the late Golgi appear to target by myosin
(Myo2p) moving to the ends of actin cables (Rossanese et
al., 2001; Schott et al., 1999). Patches, in contrast, appear to
mediate endocytosis, which is presumably important to re-
cover and recycle membrane for use in continued secretion
and growth. In one study, patches were associated with invagi-
nations of the plasma membrane (Mulholland et al., 1994).
The cortical actin patches in budding yeast, Saccharomy-
ces cerevisiae, move laterally along the plasma membrane
(Doyle and Botstein, 1996; Waddle et al., 1996). All patches
show some movement, even ones that are clustered. The
mechanism of this movement is unknown, as is the reason
why it should exist. One would presume that patch move-
ment is important for the redistribution of patches into
clusters at different positions through the cell cycle. In
contrast, patches appear to be created at sites of clustering
(Smith et al., 2001), so controlled assembly and disassem-
bly of patches, not their movement, may account for cluster
formation and dispersal. The motion is rapid, and the
patches often move far enough to appear to pass through the
mother—bud neck. A continuous distribution of velocities
from 0 to 1.9 wm/s was measured in fluorescence-micros-
copy studies (Waddle et al., 1996), with an average of
0.28 = 0.28 wm/s. (These numbers were obtained from a set
of patches defined by their lifetime in a focal plane, which
yields a bias in favor of stationary patches. Another set of
patches, biased toward moving patches, gave a mean of
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0.49 £ 0.30 wm/s.) The patches move independently of
each other, suggesting that they are not passive objects
caught in the flow of surrounding materials (Doyle and
Botstein, 1996; Waddle et al., 1996). Qualitative observa-
tions of patch movement reveals some movements that are
long and linear, appearing to be directed, whereas most
motion appears random.

The closest analogs of the actin patches seen in Sa.
cerevisiae are those present in fission yeast, Schizosaccha-
romyces pombe. In Sc. pombe, the patches can move
through the central parts of the cell and along the plasma
membrane (Pelham and Chang, 2001). As in the case of Sa.
cerevisiae, some of the patches experience directed motion,
whereas most move randomly or are stationary. Typical
velocities for directed motion in Sc. pombe are 0.3 wm/s.
Cables are required for directed patch motion in this system,
and patches moving in a directed manner appear to move
along the cables.

The molecular mechanisms underlying patch motion are
not clear. The observation of directed motion argues against
models based entirely on passive diffusion of patches.
Arp2/3 complex, which stimulates actin polymerization,
localizes to actin patches (Winter et al., 1997). Some Arp2/3
mutations have also been shown to stop patch motion (Win-
ter et al., 1997). These observations suggest that actin po-
lymerization is important for patch motion. Studies of the
effects of the toxin latrunculin, which inhibits actin poly-
merization, on the motion of patches in Sa. cerevisiae
(Lappalainen and Drubin, 1997) and Sc. pombe (Pelham and
Chang, 2001) have also been performed. The former study
found little effect. The latter found that latrunculin stops the
patch motion, supporting the hypothesis that actin polymer-
ization is important for patch motion.

One may hope to obtain a better understanding of the
mechanisms underlying patch motion by a detailed analysis
of their motion. However, quantitative studies of the patch
motion by automated tracking methods have not yet been
performed. This paper describes such a quantitative analysis
of actin patch motion in yeast. By a computer-based meth-
odology, we obtain coordinates for all patches in a cell over
the entire duration of a movie about a minute long. Having
this information at hand, we can evaluate mean-squared
travel distances over various time intervals. We also de-
velop a precise criterion for establishing the directed versus
random nature of the patch tracks. Tests of the methodol-
ogy, performed by comparing images generated from patch
coordinates with input images, show that it detects and
tracks patches reliably. This allows us to obtain quantitative
answers to questions that had previously been addressed via
manual tracking studies, such as the studies of the effects of
latrunculin on patch motion in Sa. cerevisiae (Lappalainen
and Drubin, 1997). We apply the method to a series of eight
control cells and eight cells treated with latrunculin. Our
main conclusions are that the motion of most of the patches
in both control and latrunculin-treated cells is diffusive,
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TABLE 1 Cell cycle stages of cells

Cell Number Control Cells Latrunculin Cells

1 Medium Small

2 Medium Medium

3 Small Medium

4 Unbudded Unbudded
5 Medium Large

6 Medium Large

7 Unbudded Small

8 Large Unbudded

Small, Medium, and Large denote sizes of buds.

latrunculin greatly inhibits the patch motion, the patches
move independently of one another, and numerous tracks in
the control cells display directed motion to a very high
degree of certainty.

MATERIALS AND METHODS

Sa. cerevisiae strain YJC 1453, a diploid carrying the probe GFP-Caplp to
tag the cortical actin patches, was used (Karpova et al., 2000). This probe
has been previously shown (Waddle et al., 1996) to identify cortical actin
patches. The genotype of YJC 1453 is MATa/a leu2/leu2 ura3/ura3
his3-A200/his3-A200 CAP1-GFP-HIS3/CAP1-GFP-HIS3. The strain was
produced by diploidization of a haploid strain YJC 1423, using HO
mating-type switching. Green fluorescent protein (GFP) is present at the
C-terminus of Caplp, introduced by recombination at the chromosomal
locus. The cell carries no other copies of CAP1, and Caplp-GFP functions
normally, based on rescue of the phenotype of polarization of the actin
cytoskeleton. Cells from a growing liquid culture were washed into non-
fluorescent medium (Waddle et al., 1996), placed on glass slides, and
covered with coverslips. The temperature in the microscope was main-
tained at 22°C. Eight cells were used as controls, and eight were treated
with 200 uM latrunculin A (supplied by Dr. Phil Crews, Univ. of Califor-
nia, Santa Cruz). The cell cycle stages are given in Table 1, which indicates
that all stages are sampled. Our data set, however, is not large enough to
establish correlations between the patch properties and the cell cycle stage.

The latrunculin treatment times are given in Table 2. The treatment
times and latrunculin concentration were chosen to obtain an intermediate
treatment in which patches are slowed or stopped, but do not disappear as
they do at high concentrations (Lappalainen and Drubin, 1997). Such a
treatment was used in the Sc. Pombe studies (Pelham and Chang, 2001)
mentioned above. To establish the appropriate latrunculin concentration
and treatment times, we examined a range of conditions. At higher latrun-
culin concentrations (I mM), we found that patches disappeared in 3-5
min. At 200 uM latrunculin, we performed observations at treatment times

TABLE 2 Treatment times and movie durations for
latrunculin-treated cells

Treatment Time Movie Duration

Cell Number (min:s) (s)
1 25:0 23.8
2 26:30 38.5
3 35:40 42.5
4 37:30 353
5 39:30 37.8
6 42:0 31.5
7 43:0 30.25
8 45:0 28.8
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ranging from 4 to 45 min. At long treatment times, the patches appear to
stop but do not disassemble. Their distribution also loses polarization. At
shorter treatment times, patches are seen that are similar to those seen both
in the control cells and in those treated for longer times. They seem to
move more than those in the longer treatments. We presume that the
GFP-Caplp probe correctly identifies actin patches under these treatment
conditions because the shorter-time studies showed that the patch struc-
tures evolved continuously from the control conditions to the conditions
used for the tracking studies.

Movies of the GFP fluorescence intensity were taken with an ISIT
camera (Dage-MTI, Michigan City, IN). The analog video signal at 30
frames per second was fed into a DSP-2000 processor, which produced a
rolling average of 8 frames per second. The plane of focus was near the top
of the cell, allowing a relatively large portion of the cell’s surface to be in
focus. Data were collected only from the plane of focus. The movie
durations are 50 s for the control cells. For the latrunculin-treated cells, the
durations are given in Table 2. The analog video signal was collected with
a Scion LG-3 frame grabber in a Power Macintosh computer, using the
NIH Image program. Four frames per second were stored as data files (TIF
format). These TIF files were digitally cropped into pieces so that each
piece contained a single cell. The resulting files were then converted to
plain-text files and ported to a Compaq XP1000 workstation running Unix,
where the tracking procedure was performed.

The observed patches in both the control cells and the latrunculin-
treated cells corresponded to pixel intensities (at patch centers) ranging
from ~100 to 230 on a scale of 0 to 255. The regions well removed from
patches had intensities ranging from 1 to 90. Although the intensity itself
thus could be used to identify two-dimensional patch coordinates in the
plane of focus, we have used a more reliable gradient-based method
implemented in the TRACK package developed at the Developmental
Resource for Biological Imaging and Optoelectronics at Cornell Univer-
sity. This package operates on a set of consecutively numbered input files
containing images stored as non-negative grayscale values. The algorithm
(Ghosh and Webb, 1994) first treats the images one-by-one, and finds the
patches in each image according to precisely defined criteria. The patches
are associated with abrupt intensity variations. These are identified by a
three-step procedure. First, a derivative image is created that is the numer-
ical Laplacian (second derivative) of the starting image. In the derivative
image, maxima and minima correspond to regions of rapid variation in the
original image. Second, the derivative image is transformed into a
smoothed derivative image by application of a low-frequency pass spatial
filter. This step eliminates high-frequency artifacts. In the third step, the
patch coordinates are found by a thresholding procedure applied to the
smoothed derivative image. A user-determined threshold value is used to
create a black-and-white image from the smoothed-derivative image. In the
black-and-white image, the black pixels are those in which the pixel values
of the smoothed derivative image exceed the threshold value. The black
pixels are aggregated into regions corresponding to patches. To eliminate
excessively small patch regions (less than 3 by 3 pixels), an erosion process
is applied that removes pixels from the edges of patch regions. As a result
of this process, the smallest patch regions disappear. A dilation process is
then performed to bring the patch regions up to their original size. The
coordinates of a patch are then defined as the coordinates of the intensity-
averaged centroid of its patch region. The intensity of a patch is obtained
by integrating the intensity of the original image over the patch region. The
choice of 3 by 3 pixels as the minimum patch size, and the use of the
dilation process for bringing the particles back to size, are not based on a
priori analysis, but rather on the satisfactory agreement, described below,
between the patch coordinates found by the program and those obtained by
visual examination of the images.

Once the patch coordinates for individual frames are obtained, they are
joined into time tracks by comparison of the patch coordinates in succes-
sive frames. First, for each patch in the current frame, the program looks
for a corresponding patch in the previous frame, according to a criterion
based on a user-defined maximum distance d,,,, that a patch can travel

max

between frames. The first patch that is found is tentatively identified as a
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match with the patch in the current frame, and a link is established between
the two patches. This is done for all the patches in the current frame.

After this, patches are “forward tracked” from the previous frame to the
current frame using a similar d,,,, criterion. An evaluation of all possible
matches is made, and the final match is the one that minimizes the number
of unmatched patches between the two frames.

The main user-defined parameters of the code are thus d,,, and the
threshold intensity /,. /, was evaluated by checking repeatedly that the
measured patch coordinates correspond to the coordinates of physically
visible patches and that as many as possible of the visually established
patches are found by the program. A suitable value was found to be 129,
for our eight-bit images. (Note that this value is not directly connected with
an image intensity, because the threshold value is applied to the smoothed
derivative image rather than the image itself). For /, = 128, spurious
patches were obtained, which appeared visually to correspond to random
intensity fluctuations rather than true patches. For 7, = 130, a substantial
fraction (25% or more) of the patches were not found by the program. We
emphasize that the value of /, used here is appropriate for the images
studied here, and that other types of images may require different values of
I,. Our choice of d,,,,, was obtained as a compromise between two goals.
The first is to avoid long tracks being broken into two pieces because
individual steps in the track have length greater than d,,,. The second is to
avoid two separate tracks being incorrectly joined into a longer track
because they happen to be within a distance d,,,,, of each other. We find
that it is not possible to completely avoid both of these artifacts at the same
time. There are numerous instances of patches moving more than two
pixels between frames, but very few cases of patches moving more than
three pixels (the pixel size is 0.106 wm). We thus choose d,,,,, to be three
pixels for the statistical averages over cells. (For comparison, the typical
patch sizes mentioned above are one to two pixels). We have performed
backup calculations for values of d,,,, as small as 1.4 pixels, for which a
substantial number of the paths with more rapid velocities are eliminated.
For these cases, we find that the diffusion coefficients of the patches are
decreased noticeably by an amount roughly proportional to 2. The
change in the diffusion coefficients of the patches in the latrunculin-treated
cells is not as large, about 20%. Nevertheless, even in this treatment, which
underestimates the amount of motion in the control cells, the average
control-cell diffusion constant exceeds that of the latrunculin-treated cells
by nearly an order of magnitude. For the analysis in which we establish
directed motion of individual tracks, we use a conservative d,,,, value of
1.4 pixels, corresponding to the center-to-center distance of two diagonal-
neighbor pixels. At this value, visual inspection revealed no indications of
spurious track connections.

In addition to these parameters, there are parameters defining the
maximum intensity change A/ of a patch between frames and the minimum
number of frames through which a patch must be tracked to be considered
a track. We use A/ = 50%, a value that accounts for the possibility of
patches partly moving out of the plane of focus. We found no indications
that this led to spurious track connections. For smaller values of A/, a
substantial number of visually identified tracks disappeared from the
movies, whereas larger values of A/ did not greatly increase the number of
tracks that were found. The minimum number of frames in a track is chosen
to be ten, to reduce potential contributions from random intensity fluctu-
ations and to avoid cluttering the visual display of the patch tracks with a
large number of very short tracks.

As an indication of the validity of the patch-finding program, Fig. 1
presents four images from one of the control cells (panel 4) at fifty-frame
spacings, and four images (panel B) computer generated from the patch
coordinates found by the program. In the computer-generated images, the
spots are represented by Gaussian intensity distributions centered on the
patch coordinates, having total weights proportional to the measured patch
intensities. Comparison of panels 4 and B indicates a very close corre-
spondence between the patches that are seen “by eye” in the fluorescence
images and those found by the patch-finding program. Essentially, every
patch found by the program corresponds to a patch seen in the images, and
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(4) Fluorescence images of control cell 8. Times of images (in seconds) given in Figure. Scale bar is 5 wm. (B) Computer-generated images

made from patch coordinates obtained by tracking program as described under Materials and Methods.

vice versa. This demonstrates the reliability of the program in finding patch
coordinates.

The reliability of the tracking part of the code was evaluated by
comparison of visually identified patch tracks in manually viewed movies
with the tracks obtained by the code. It was found that the tracks found by
the code always corresponded to tracks seen visually. The main discrep-
ancy between the results of the code and the visual examination was that
the code, in several cases, gave two tracks where visual examination
yielded one, because the code disconnected two pieces of one track.

RESULTS
Statistically averaged quantities

We begin with typical examples of the tracks in control and
latrunculin-treated cells. Figure 2 A displays tracks for control
cell 8, which has a patch mobility roughly equal to the control
cell average. The picture shows all the tracks that were found
to be of duration at least 2.5 s. Each dot corresponds to a
particular patch coordinate in a particular frame. The tracks are
color coded, so that neighboring points of similar color come
from the same track. The patch tracks are accumulated into two
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fairly separate regions because the cell is budded; the smaller
region is the bud. This plot shows that some patches are
stationary, and others move substantial distances, in numerous
cases over 1 um. The actual lengths may be longer, because
patches can move out of the plane of focus. In addition, some
instances of two tracks in close proximity to each other may, in
fact, be two different pieces of one track, which are interpreted
as two tracks because the patch temporarily moved out of the
plane of focus.

Our primary vehicle for analyzing the motion of the
patches is analysis of the mean-squared distance covered by
the patches in the image plane over a given time interval.
The mean-squared distance is proportional to time for ran-
dom-walk motion. In a plot of mean-squared distance versus
time, corrections to linearity will then indicate deviations
from random behavior. We remind the reader that we ob-
serve motion only in the plane of the microscope. Motion
perpendicular to this plane would increase the mean-
squared distance, but we have no way of evaluating this
effect. However, patch movement is restricted to the cell
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FIGURE 2 (A4) Spatial extent of tracks found in control cell 8. (B) Spatial
extent of tracks found in latrunculin-treated cell 8. Each point corresponds
to a patch found in a particular frame, and different tracks are indicated by
different colors.

cortex (Karpova et al.,, 1998; Doyle and Botstein, 1996;
Waddle et al., 1996), and our plane of focus is chosen to
include a large part of the cortex.

Figure 3 (solid line) shows the mean-squared distance
(R?) versus time interval Az for the control series of cells.
This plot is generated as follows. For each value of A, we
find all tracks that survive for at least a time A¢. Then within
each track, the time interval is translated along the track
until its endpoint reaches the end of the track. For each
position of the sliding time interval, a contribution is made
to (R?). At the longest times, the results are not statistically
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FIGURE 3 Average square displacement of patches found by computer-
tracking program as a function of time interval for control (solid line) and
latrunculin-treated (dashed line) series of cells. Averages are taken over all
intervals in tracks of sufficient length.

significant because only a few tracks contribute. For exam-
ple, for times greater than 25 s, only one track contributes,
and this one has more rapid motion than the average. We
can reasonably expect roughly 20% accuracy if there are 25
or more tracks contributing (because 1/V25 = 0.2). This is
the case for Ar < 152 s. It is seen that (R?) is linear as
function of Az up to this value, with a correlation coefficient
of 0.9950. The linear behavior suggests that the patches
move randomly. This correlation coefficient would suggest
that the motion is a random walk to a very high degree of
accuracy. However, as will be shown below, the mean-
squared displacement is not a rigorous indicator of random
motion, and a more sophisticated analysis method demon-
strates that a substantial fraction of tracks display directed
motion. The slope of the mean-square displacement curve is
proportional to the two-dimensional diffusion coefficient
describing the motion, which has the value 0.0051 um?/s.
We believe that the diffusion coefficient for three-dimen-
sional motion is of the same order of magnitude as this one.
Previous studies (Waddle et al., 1996) of patch motion in
planes closer to the center of the cell, where radial motion
can be detected better, have indicated that radial motion is
greatly suppressed relative to motion along the cortex.
The patches give the visual impression of moving inde-
pendently. To confirm this assertion, we have developed a
numerical assay of the independence of the motion. This
assay is based on the following mathematical quantities,
which quantify the correlation of the patch velocities:

5= Swo). m

i

S, = Z Z [vi(t) %, (2)

5= 3| S ®
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Here, the sums are over frames (at times ) and patches 7. If
the patches move completely randomly and independently,
then expansion of the sums above setting cross averages
equal to zero shows that S; = S, on average. This also
follows from the standard result (Hogg, 1988) of probability
theory that the variance of the sum of a collection of random
variables is equal to the sum of the variances; here the
random variables are the patch velocities, and the variances
are proportional to the sums of squares. In contrast, if all the
patches at a given time have the same velocity, as they
would if they were simply flowing with the cytoplasm, then
all of the terms in the same i-sum in Eq. 1 have the same
sign, and S; = S;. We have evaluated these quantities for all
of the control cells. We divide each cell into square regions
of size 2.5 wm, and evaluate the sums for each region to
ascertain whether concerted motion within regions is im-
portant. Subsequently, averaging over regions, we find that
(S,) = 0.90(S,), whereas (S;) = 2.09(S;). Thus the average
motion is much closer to the independent limit than that of
concerted patch motion. We cannot rule out the possibility
that patches in some regions of some cells move together,
but this seems to be a small part of the whole picture.

To determine whether actin polymerization is important
for patch movement, we perform similar studies for cells
treated with 200 uM latrunculin. Figure 2 B shows the
tracks for cell 8, which is typical of the latrunculin set. Here
the patches are essentially frozen; most of them move only
a few tenths of a micrometer or less over their lifetimes.
However, a few of the patches move farther than this and
give a visual impression of directed motion. In the histo-
grams to be presented later of patch motion, these patches
correspond to a small contribution at the tail of the distri-
bution. The main result is that latrunculin very effectively
stops patch motion. The dashed curve in Fig. 3 shows the
squared displacement versus time curve for the latrunculin
cells. The curve is linear from 0.5 to 24.5 s (the value of At
at which the number of contributing tracks becomes less
than 25), as for the control cells; the correlation coefficient
is 0.9981. However, the diffusion coefficient extracted from
this curve is 0.00027 wm?/s, about twenty times smaller
than that for the control set. This result confirms the inhi-
bition of patch motion by latrunculin treatment. The bump
at the end of the plot is a contribution from a single track
that moves more rapidly than average.

In the case of latrunculin-treated cells, because actin
polymerization is inhibited, it is very possible that the
patches are moving by passive diffusion. To ascertain the
implications of the measured diffusion coefficients, we
evaluate the diffusion coefficient D for a sphere of diameter
d equal to that of a typical patch (Mulholland et al., 1994),
about 0.15 wm. As mentioned above, little is known about
the patches’ shape, and choosing a spherical shape is the
simplest assumption. In addition, even a substantial change
in the shape would leave our conclusions intact. We obtain
D using the Stokes relation (Berg, 1993) D = kgT/37mnd,
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FIGURE 4 Root-mean-square displacements at time interval of 5 s for
individual cells. (4) Control cells. (B) Latrunculin-treated cells. Averages
are taken over all 5-s intervals in tracks of length 5 s or more.

where kg is Boltzmann’s constant and 7 is the viscosity of
cytoplasm. We estimate n = 0.0015—0.003 kg/m-s by using
the measured diffusion coefficient of 3—6 um?/s for actin
monomers in cytoplasm (McGrath et al., 1998), and treating
the monomers as spheres of radius 5 nm. This gives D =
0.1-0.15 um?/s for the patches. The measured diffusion
coefficients of the patches in latrunculin-treated cells are
roughly 400 times smaller than these values. A possible
explanation of this result is that the motion of the patches is
restricted by a low density of intracellular fibers or other
obstacles that do not affect smaller diffusing objects. Also,
the plasma membrane contains some immobile peripheral
and integral membrane proteins (Heil-Chapdelaine et al.,
2000; Young et al., 2001; Longtine et al., 1996). These
proteins could impede the movement of the patches.

We have also attempted to establish how the effect of
latrunculin on actin patch movement varies among individ-
ual cells. With this goal in mind, Fig. 4 presents root-mean-
square displacement data over a 5-s time window for the
control and latrunculin-treated cells. It is seen that there are
large fluctuations, with a range of about a factor of two in
each group. Nevertheless, the values for the control group
all exceed 0.19 um, whereas those in the latrunculin group
are all less than 0.16 wm. Thus, a clean separation is
obtained even on a cell-by-cell basis.
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The patch lifetimes are important data for establishing the
mechanisms underlying their formation and motion and for
comparing patches in Sa. cerevisiae to those in Sc. pombe.
The average lifetimes of the patches that survived more than
10 frames (2.5 s) are 6.7 and 10.2 s for the control and
latrunculin groups, respectively. (The distributions are
roughly exponential, so it would not be meaningful to give
uncertainties.) The shorter lifetimes obtained for the control
group may reflect the possibility of patches moving out of
the plane of focus of the microscope. The maximum life-
times are 36 s for the control group, and 40 s for the
latrunculin group. Because these values are close to the
lengths of the movies, the true maximum lifetimes are
probably longer. The average patch lifetimes that we obtain
are commensurate with the value of 10.9 s found in other
studies (Smith et al., 2001) of Sa. cerevisiae. However, they
are considerably shorter than those obtained for Sc. pombe
(Pelham and Chang, 2001), where numerous patches were
found with lifetimes greater than 2 min.

Directed motion of individual tracks

The above analysis has shown that latrunculin treatment has
a very pronounced effect on actin patch movement. We now
turn to a more subtle issue, namely, whether the motion of
individual patches is directed or random, and how this is
affected by latrunculin treatment. This is an important issue
that relates to the mechanism of motion of actin patches in
cells. Proposed mechanisms differ in whether they can
account for directed motion or not.

As mentioned above, the mean-squared displacements,
averaged over all patch tracks and cells, are described quite
well by a random-walk model. However, a number of the
tracks give a strong visual sense of directed motion. Figure
5 compares four such tracks (panels A—D) from control cells
with a computer-generated random walk track (panel E).
The random-walk data is obtained by a simulation using
steps with random orientation and magnitude, with its ra-
dius of gyration (root-mean-square distance of points from
the average position of the points in the track) correspond-
ing to that of Fig. 5 4. The visual impression given by
panels B and D is that the patch is nearly stationary for a
time, begins to move in a fairly well-defined direction at a
certain point, and then disappears. We note that analogous
behavior has been observed in studies of the actin-based
motion of ActA-coated beads in cell extracts (Cameron et
al., 1999). In panel A, the direction of motion reverses and
the patch appears to retrace its steps. The patch in panel C,
rather than starting off stationary, begins in what appears to
be an oscillating state of motion before the directed motion
appears. Identifying the regions of directed motion in these
plots by hand, we obtain patch velocities ranging from 0.28
to 0.41 um/s for these four tracks. These values are similar
to the value of 0.49 £ 0.30 wm/s found in Sa. cerevisiae
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(Waddle et al., 1996) and of 0.32 = 0.17 wm/s found in Sc.
pombe (Pelham and Chang, 2001).

We now describe a method for quantifying the difference
between Fig. 5 A-D and Fig. 5 E that differs from the
standard method (Hong et al., 1991) of looking for linear
(random motion) or quadratic (directed motion) behavior in
a plot of squared displacement R* versus time. Figure 6
shows a plot of R? versus time for the tracks of Fig. 5, A-D.
It is seen that the patches remain stationary, and then “take
off”; no clear linear or quadratic behavior is present. The
alternative method developed here is based on the amount
of area filled by a track. The patch tracks in Fig. 5, A-D
appear more one-dimensional than that in Fig. 5 E£. This
means that they should fill up less area than random-walk
tracks having the same radius of gyration. We capture this
effect by covering each point along a track with a disk of
radius 7. We then evaluate the total area A4, covered by
disks. The patch tracks should give a smaller value of 4.,
than the random-walk tracks because they have more over-
lap. To see this, compare a random and directed track
having the same number of points and the same radius of
gyration. The directed track will have a smaller spacing
between points, and thus more overlap. To establish the
statistical significance of the A,,, values that are obtained,
we evaluate the probability of obtaining similar values in a
computer-simulated random-walk model using 10,000 ran-
dom walks. This calculation evaluates the probability P of a
random walk, with radius of gyration equal to that of the
patch track, having an area equal to or less than that found
in the patch track. A patch track having a small value of P
is then viewed as having at least partly directed motion. We
use the value 74 = 0.017 wm. At this radius, a straight-line
path (entirely directed) of gyration equal to that of the paths
studied would have a spacing roughly equal to 74, so that
there would be a great deal of disk overlap. In contrast, a
random path with this radius of gyration would have an
average spacing greater than 37, and would thus have
little disk overlap. Thus, this choice of 74y should be
suitable for detecting directionality of motion.

The tracks shown in Fig. 5, A-D, according to this
criterion, all have values of 4, for which P = 0.001. This
suggests very strongly that the motion is directed, but,
because we are choosing a few among many tracks, we need
to establish whether these tracks could be occurring by
chance. We thus evaluate the distribution of P values for all
of the tracks. Figure 7 shows the results for the 90 control-
cell tracks and 187 latrunculin-cell tracks of length at least
30 that were found. We place tracks with P values less than
0.001 in the P = 0.001 bin (—log(P) = 3), because these
values are evaluated with less statistical accuracy by our
sampling scheme. For the random-walk case, the number of
tracks with probability less than P should be proportional to
P, which would correspond to an exponential decay in the
plots because of the logarithmic P axis. This behavior is
seen in the latrunculin-treated cell results (panel B), except
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FIGURE 5 (4-D) Plots of motion of individual patch tracks, and (£) computer generated random-walk track. Each small circle corresponds to a patch
coordinate at a particular time, and the arrows in (4-D) indicate direction of motion. Larger circles indicate starting and ending points of tracks.

Biophysical Journal 82(5) 2333-2343



Analysis of Actin Patch Movement

~ 10 . . :
=
2
c
@
£
3
& 05 ;
o
2
o
o
o
©
s , ‘
0.0 e - :
0 0 5 10 15
Time (sec)

FIGURE 6 Plot of squared displacement versus time for tracks of Fig.
5 A4 (solid line), 5 B (dashed line), 5 C (dotted line), and 5 D (dash-dot
line).

for a few tracks at values of P less than 0.001. These tracks
may correspond to a remnant of directed motion (cf. Fig.
2 B) that resists the latrunculin treatment. The number of
tracks with P values less than 0.05 is 7 out of 187, well
within expected statistical error. However, in the control-
cell results (panel A), the decay is much slower than expo-
nential, and there are 24 tracks out of 90 with P values less
than 0.05. The probability of such a large number of tracks
with small P values in a random-walk scenario is

66

. {90
> (0.05)2“'(0.95)66—'(24 . l.> =5%X10"2  (4)
i=0

Thus the tracks in the control cells cannot be described by
a random-walk model. The finding of directed motion in
certain patch tracks may be somewhat surprising given the
average random-walk motion discussed in the preceding
section. However, most of the patch tracks even in the
control cells give no strong indication of directed motion. In
addition, the criterion developed here is more detailed than
the linearity of the mean-squared displacement plot. Finally,
most of the patch tracks displaying directed motion have
large intervals of random motion. Therefore, it is likely that
the statistical averages over all tracks are dominated by the
random components. Thus, the differences in diffusion con-
stants between control and latrunculin-treated cells, pointed
out above, are not due to the presence of directed motion in
the control cells, but rather reflect differences in the random
parts of the motion. It would be desirable to select out the
directed components of each track and study the random
and directed components separately. At present, we see no
statistically valid way of doing this.

If the motion were along cytoplasmic actin cables, one
would expect a preference for motion parallel to the moth-
er—bud axis. We have searched for such a preference by
identifying all of the tracks for each cell with P values of
less than 0.05. Visual examination of the directions of these
tracks in plots of the type given in Fig. 2 4 shows that their
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FIGURE 7 Histogram of probabilities P of a random-walk model giving
areas equal to or less than those of patch tracks. For each track, its area (as
described under Directed Motion of Individual Tracks) is computed, and
the corresponding probability is calculated. Increasing values of —log(P)
correspond to decreasing probabilities. For random motion, rapid exponen-
tial decay would be observed. (4) Control cells. (B) Latrunculin-treated
cells.

directions are fairly random, and do not correlate strongly
with the mother—bud axis. We have performed a similar
examination of the larger set of tracks which appear visually
to have directed motion, with similar results. Thus, there is
no evidence for preferential motion along the mother—bud
axis.

DISCUSSION

The main results of our analysis are that: 1) latrunculin,
which inhibits actin polymerization, greatly reduces actin
patch motion; 2) although most patch motion is random,
numerous patches in the control series of cells display
directed motion to a high degree of certainty; and 3) the
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patches move independently of one another. The results
obtained here are more rigorous than those of earlier fluo-
rescence microscopy studies of actin patch motion, for two
reasons. First, rather than selecting patches by hand and
tracking them manually, we use an automated computer-
tracking system to track nearly all the patches in a movie.
This eliminates bias in patch track selection. Second, we use
a statistically rigorous mathematical procedure to identify
directed motion.

Our results are significant for the mechanisms of actin-
patch movement. Several possible such mechanisms can be
envisioned, including passive diffusion, motion by floating
along with flowing cytoplasm, actin-propelled motion anal-
ogous to that of Listeria monocytogenes, and motion along
actin cables. Our establishment of directed motion by sta-
tistical means firmly rules out passive diffusion as the sole
mechanism of patch motion. This conclusion is consistent
with earlier qualitative studies of patch motion both in Sa.
cerevisiae (Doyle and Botstein, 1996; Waddle et al., 1996)
and Sc. pombe (Pelham and Chang, 2001). In these studies,
visual observations indicated motion that was mainly ran-
dom, with a few patches moving in a directed fashion. The
model of patches floating along with moving cytoplasm is
also ruled out by our observation that patches move inde-
pendently of one another. Our visual examinations of the
movies also indicate that moving and stationary patches
coexist in close spatial proximity. Independence of patch
movements has been found by visual examination in pre-
ceding studies (Doyle and Botstein, 1996; Waddle et al.,
1996; Winter et al., 1997).

Our results are, however, consistent with models in which
actin polymerization is necessary for patch movement. The
polymerization process could be that which forms the actin
patches and prevents their disappearance by depolymeriza-
tion. In these models, latrunculin would inhibit patch mo-
tion by preventing polymerization, which would also likely
lead to internal changes in the structure of the patches. Thus,
the inhibition of patch motion by latrunculin, even in the
absence of gross patch disassembly, argues in favor of actin
polymerization being essential for patch movement. This
connection is also supported by several previous studies. In
Sa. cerevisiae, Arp2/3 complex, an important factor for
actin polymerization in animal cells, colocalizes with the
patches, and Arp3 gene mutations, which should inhibit
Arp2/3 activity, inhibit patch motion (Winter et al., 1997).
Fluorescence microscopy studies of Sc. pombe (Pelham and
Chang, 2001) have evaluated the effects of latrunculin,
Arp2/3 gene mutations, and profilin gene mutations on
patch motion. Profilin enhances actin polymerization. The
studies showed that all three interventions inhibited patch
motion, further supporting the importance of actin polymer-
ization for patch motion. A previous study (Lappalainen and
Drubin, 1997) of Sa. cerevisiae found that neither high
concentrations of latrunculin nor cofilin mutations slow the
rate of actin-patch motion. In the present experiments, we
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confirmed that, at high latrunculin concentrations, patches
disappear but continue to move as they disappear. However,
inspired by recent work on Sc. pombe (Pelham and Chang,
2001), we examined the effects of intermediate concentra-
tions and found one where the patches stopped moving but
did not disappear for a long time. Our results were obtained
with this concentration.

The details of why actin polymerization is needed for
patch movement are unclear. A simple model would be one
in which actin on one side of a patch is polymerizing while
the other side is depolymerizing. Because latrunculin does
not inhibit depolymerization, this model would lead to dis-
appearance of the patches under latrunculin treatment, in-
consistent with our observations. More complex models in
the same vein could describe the observed phenomena. For
example, there could be two populations of actin filaments
in the patches, a small population of filaments that turn over
rapidly, and a larger population that turn over more slowly.
If the filaments with rapid turnover were essential for patch
motion, and latrunculin affected these filaments with a
much shorter time constant than the other population, one
would obtain the observed phenomena of patch motion
ceasing without disassembly. However, we note that the
observed patch velocities of up to 2 um/s substantially
exceed the maximum velocities inferred from the apparent
low free-monomer concentration (Karpova et al., 1995), and
also exceed expected pointed-end disassembly rates. Thus,
it is necessary to incorporate additional factors, such as local
enhancements of the free-monomer or cofilin concentra-
tions, or effects of myosins, to explain the observed veloc-
ities. Another possible mechanism for high velocities could
result from a ring of actin filament barbed ends exerting
inward radial forces on the patch. Elastic analysis (Gerbal et
al., 2000) has shown that such radial forces can result in
motion of intracellular pathogens at velocities exceeding the
filament-polymerization velocity, in a mechanism analo-
gous to that of squirting a watermelon seed between two
fingers. However, this mechanism gives rise to transient
bursts of motion, which are not seen in the present results
for actin patches. We are not aware of data supporting any
of these mechanisms.

Our finding that directed patch motion in Sa. cerevisiae is
not predominantly parallel to the mother—bud axis suggests
that the patches are not moving mainly along cytoplasmic
cables. In Sc. pombe, the directed movement of patches
appears to be along actin cables, on the basis of several lines
of evidence (Pelham and Chang, 2001). Other observations
support our finding that Sa. cerevisiae differs from Sc.
pombe 1in this regard. Cables are located in the cytoplasm;
only their ends are at the cortex (Karpova et al., 1998).
Patches often colocalize with the ends of cables, but are
essentially never found deeper in the cell, away from the
cortex, along the length of cables (Karpova et al., 1998). In
contrast, the nucleus and vacuole can occupy a large frac-
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tion of the central volume of a yeast cell, forcing the cables
close to the cortex, where they might interact with patches.

The methodology described here provides a promising
route for quantifying the effects of various interventions on
the dynamics of the actin cytoskeleton. For example, mu-
tations in myosin genes and several other actin-binding
protein genes have no gross effect on patch movement
(Doyle and Botstein, 1996; Waddle et al., 1996). In the
future, we will use the methods developed here to perform
a quantitative analysis of patch movement on these and
other mutants, searching for subtle quantitative effects that
provide additional information about the mechanism of
patch movement.

We are grateful to Elliot Elson for informative conversations.
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