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Live Cell Imaging of Mitochondrial Movement
along Actin Cables in Budding Yeast

heritance is essential for cell division. Here, we visual-
ized membrane-cytoskeletal interactions that underlie
mitochondrial movement and inheritance in budding

Kammy L. Fehrenbacher, Hyeong-Cheol Yang,1

Anna Card Gay, Thomas M. Huckaba,
and Liza A. Pon*
Department of Anatomy and Cell Biology yeast. We also provide the first direct evidence that

mitochondria use actin cables, dynamic bundles of actinColumbia University
College of Physicians and Surgeons filaments, as tracks for movement during yeast cell divi-

sion, and additional evidence for a role of the Arp2/3New York, New York 10032
complex and the mitochore in this process.

Microtubules and microtubule-dependent motors have
been implicated in mitochondrial movements in cells,
including extraembryonic mouse cells, human kidneySummary
293T cells, extruded axioplasm of squid, and axons of
mammalian cells and Drosophila [2–7]. However, manyBackground: Mitochondrial inheritance is essential for

cell division. In budding yeast, mitochondrial movement cells use different approaches to drive mitochondrial
movement. For example, recent evidence indicates thatfrom mother to daughter requires (1) actin cables, F-actin

bundles that undergo retrograde movement during elon- mitochondrial movement in fission yeast is motor inde-
pendent and driven by microtubule polymerization [8],gation from buds into mother cells; (2) the mitochore,

a mitochondrial protein complex implicated in linking while mitochondria require both microtubules and mi-
crofilaments for axonal transport in cultured sympa-mitochondria to actin cables; and (3) Arp2/3 complex-

mediated force generation on mitochondria. thetic neurons [3, 9]. Finally, actin is required for mito-
chondrial movement and/or distribution in locustResults: We observed three new classes of mitochondrial

motility: anterograde movement at velocities of 0.2–0.33 photoreceptor cells, Aspergillus, and plants including
cultured protoblasts and tobacco cells [10–16].�m/s, retrograde movement at velocities of 0.26–0.51

�m/s, and no net anterograde or retrograde movement. In budding yeast, mitochondrial movement is depen-
dent upon the actin cytoskeleton but is not driven byIn all cases, motile mitochondria were associated with

actin cables undergoing retrograde flow at velocities motor molecules. Specifically, the forces for movement
are generated by Arp2/3 complex-stimulated actin poly-of 0.18–0.62 �m/s. Destabilization of actin cables or

mutations of the mitochore blocked all mitochondrial merization [11, 12, 17, 18]. Thus, mitochondrial move-
ment in budding yeast is similar to that of early endosomesmovements. In contrast, mutations in the Arp2/3 com-

plex affected anterograde but not retrograde mitochon- and bacterial pathogens including Listeria monocyto-
genesis and Shigella flexnuri [19].drial movements.

Conclusions: Actin cables are required for movement Although there are fundamental similarities between
Arp2/3 complex-driven intracellular movements and mi-of mitochondria, secretory vesicles, mRNA, and spindle

alignment elements in yeast. We provide the first direct tochondria motility in budding yeast, the latter is distinct
because it is also dependent upon actin tracks. In bud-evidence that one of the proposed cargos use actin

cables as tracks. In the case of mitochondrial inheri- ding yeast, actin patches and actin cables are the major
F-actin-containing structures that persist throughouttance, anterograde movement drives transfer of the or-

ganelle from mothers to buds, while retrograde move- the cell division cycle [20]. Actin patches are punctate,
cortical structures that contain F-actin, actin bindingment contributes to retention of the organelle in mother

cells. Interaction of mitochondria with actin cables is proteins, Arp2/3 complex and its activators, and pro-
teins implicated in endocytosis [21–26]. Recent studiesrequired for anterograde and retrograde movement. In

contrast, force generation on mitochondria is required indicate that these structures are early endosomes [27].
Actin cables are F-actin bundles that align along theonly for anterograde movement. Finally, we propose a

novel mechanism in which actin cables serve as “con- mother-bud axis [20] and have been implicated as tracks
for movement of secretory vesicles, mRNA, and spindleveyor belts” that drive retrograde organelle movement.
alignment elements from mother cells to developing
daughter cells during yeast cell division [28–34].Introduction

Several lines of evidence support a role for actin ca-
bles as tracks for mitochondrial movement in buddingDuring cell division in Saccharomyces cerevisiae, organ-
yeast. First, mitochondrial movement is linear and polar-elles and other cellular components are transferred from
ized, like other known track-dependent movements [11].mother to daughter cells prior to cytokinesis. Mitochon-
Second, mitochondria colocalize with actin cables indria, major sources of cellular ATP, are one of the first
fixed yeast cells [35]. Third, mutations that destabilizeorganelles to be inherited by the growing bud [1]. Since
actin cables, but have no effect on Arp2/3 complex activ-mitochondria are essential organelles that are produced
ity or actin patch polarity, block mitochondrial move-only from pre-existing mitochondria, mitochondrial in-
ments [12]. Previous studies indicate that the mitochore,
a protein complex consisting of the integral mitochon-*Correspondence: lap5@columbia.edu
drial membrane proteins Mmm1p, Mdm10p, and Mdm12p,1Present address: Department of Dental Biomaterials, Seoul Na-

tional University, Seoul, 110-749, Korea. links mitochondria to actin cables in budding yeast [36,
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37]. Thus, in contrast to other Arp2/3 complex-driven than previously realized (Figure 1). First, we find that
mitochondrial movement can be discontinuous; individ-intracellular movements, mitochondrial movement in

budding yeast is track dependent. ual organelles can pause as they undergo linear move-
ment. Second, mitochondrial movement is not alwaysAlthough actin cables have been implicated as tracks

for bud-directed, anterograde cargo movement, recent directed toward the bud. That is, although individual
organelles usually move only in one direction during thestudies indicate that actin cables undergo retrograde

movement, i.e., movement in the direction opposite that imaging period, mitochondria can move toward the bud
(i.e., in the anterograde direction) or away from the budof cargo movement [38]. Retrograde flow of actin cables

is driven by actin cable assembly [38], a process that (i.e., in the retrograde direction). Finally, mitochondria
appear to undergo fusion and fission concomitant withoccurs at the bud tip and bud neck and is mediated by

the formins (Bni1p and Bnr1p), which stimulate actin movement, under our imaging conditions (Supplemental
Data, including the movie corresponding to Figure 1,polymerization, and resident actin cable proteins, fim-

brin (Sac6p), tropomyosins (Tpm1p and Tpm2p), and can be found accompanying this article online).
We detect these new classes of mitochondrial move-an actin bundling protein (Abp140p) [30, 40–42]. During

retrograde flow, new material is incorporated into an ment because they occur at velocities over 12-fold
greater than those detected using previous imagingexisting actin cable at its assembly site and the growing

actin cable moves toward the distal tip of the mother methods [12]. The newly detected rapid movements oc-
cur at velocities ranging from 0.09 to 0.8 �m/s, with thecell at an average velocity of �0.29 � 0.11 �m/s [38].

Here, we provide the first direct evidence that one of most frequent velocities in the range of 0.1–0.3 �m/s
(Figure 2). In addition, by observing the slower classthe proposed actin cable cargos uses actin cables as

tracks for bud-directed movement in budding yeast. of movements (average velocity �25 nm/s) with higher
temporal resolution, we concluded that these move-Moreover, we find that actin cable dynamics and retro-

grade flow affect the velocity and direction of mitochon- ments were indeed the result of linear, consecutive, po-
larized movements of mitochondria and not simply thedrial movement. Finally, we provide additional evidence

for a role of the Arp2/3 complex and the mitochore in averaging of pauses or directional changes (data not
shown). Since slower movements described in previousmitochondrial motility. These data contribute to an over-

all knowledge of actin cable-based organelle motility studies and newly detected rapid movements occur in
the same cell during a single imaging period, we con-and distribution mechanisms and provides insight into

a yeast paradigm for retrograde actin flow. cluded that the same population of mitochondria have
the capacity to undergo vastly different rates and direc-
tions of linear movement.Results and Discussion

Visualization of cargo movement along actin cables in Mitochondria Require Actin Cables for All Classes
of Linear Movementliving yeast cells has been elusive for many reasons.

First, until recently, actin cables could not be visualized As described above, previous studies support a role
for actin cables in linear, bud-directed mitochondrialin living yeast cells. Second, many methods for high-

resolution, two-color time-lapse fluorescence imaging movement [12, 17, 43]. Here, we studied the effect of
selective destabilization of actin cables on newly de-do not offer the temporal resolution needed to follow

the rapid movement of actin cables and their cargos. tected rapid mitochondrial movements. To do so, we
took advantage of the finding that short-term incubationFinally, extended imaging on a simple glass slide and

coverslip can damage the fluorophore-labeled actin ca- of a conditional formin mutant (bni1-11 bnr1�) at restric-
tive temperature selectively destabilizes actin cablesbles and mitochondria. Here, we took advantage of (1)

our previous findings that Abp140p-GFP and mitochon- [40]. First, we confirmed previous findings that incuba-
tion of the bni1-11 bnr1� mutant at 34�C for 2 min re-dria-targeted HcRed labeled actin cables and mitochon-

dria in living yeast cells [38, 18]; (2) an optical beam sulted in the loss of all detectable actin cables, without
affecting the integrity or polarity of actin patches. Undersplitter and cooled CCD camera, which provide high-

resolution, rapid, simultaneous imaging of two fluoro- these conditions, there were no detectable linear mito-
phores; and (3) a sealed, nutrient-rich imaging chamber chondrial movements. In contrast, an average of 55%
that preserves yeast viability in order to study the mem- of all cells examined (n � 30) at permissive temperature
brane-cytoskeletal interactions underlying mitochon- exhibited a linear mitochondrial movement during the
drial movement and inheritance in living yeast cells. 60 s imaging period (Figures 3C and 3D). In addition,

at restrictive temperature and in the absence of actin
cables, mitochondria were no longer extended tubularDetection of New Classes

of Mitochondrial Movements membranes, but rather small, round structures (Figures
3A and 3B). Since small, round, nontubular yet motileOur previous studies revealed that yeast mitochondria

undergo linear movement with a velocity of 25 nm/s and mitochondria could sometimes be detected in cells at
permissive temperature, the motility defect at restrictivethat all detectable linear mitochondrial movement was

directed toward the bud [12]. In wild-type cells express- temperature cannot be attributed to aberrant morphol-
ogy alone. Rather, our findings indicate that actin cablesing mitochondria-targeted GFP fusion protein (Table 1),

we observed mitochondrial movements similar to those are required for all forms of linear mitochondrial move-
ment, i.e., movements that were low-speed, rapid, an-described previously. In addition, with the increased

temporal and spatial resolution offered by our imaging terograde, or retrograde.
In light of these findings, we carried out two-colorsystem, we find that mitochondria are more dynamic
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Table 1. Yeast Strains Used for This Study

Strains Genotype Source

KFY206 MATa his3�1 leu2�0 ura3�0 met15�0 [pCIT1:GFP-URA]
KFY210 MATa his3�1 leu2�0 ura3�0 met15�0 abp140:GFP-kanMX4 [pOLI1-HcRed]
THY143 MATa his3�1 leu2�0 ura3�0 met15�0 bni1-11::URA bnr1::kanMX6 [pGAL-OLI1-dsRed] 1
KFY216 MAT� ade2 his3 leu2 lys2 trp1 ura3 [pCIT1:GFP-URA] 2
KFY217 MAT� mmm1-1 leu2 trp1 his3 ura3 ade2 [pCIT1:GFP-URA] 2
AGY004 MAT� his3 leu2 ura3 [pCIT1:GFP-URA] 3
AGY005 MAT� mdm10::URA ura3 leu2 his3 [pCIT1:GFP-LEU] 3
KFY219 MATa ade2-101 his3-�200 leu2-�1 lys2-801 trp1-�63 ura3-52 [pCIT1:GFP-URA] 4
KFY218 MATa arp2-H330L ade2-101 his3-�200 leu2-�1 lys2-801 trp1-�63 ura3-52 [pCIT1:GFP-URA] 4
KFY212 MATa trp1 lys2 his3 ura3 leu2 [pCIT1:GFP-URA] 5
KFY209 MATa trp1 his3 leu2 arp2::TRP1 [pCIT1:GFP-LEU] 5
KFY208 MATa trp1 his3 leu2 trp1 ura3 arc15::TRP1 [pCIT1:GFP-URA] 5

Strains were generous gifts from:
1. A. Bretscher (Cornell University, Ithaca, NY)
2. R. Jensen (Johns Hopkins University, Baltimore, MD)
3. M. Yaffe (University of California, San Diego, CA)
4. B. Winsor (C.N.R.S. Strasbourg, France)
5. R. Li (Harvard University, Cambridge, MA)

time-lapse imaging of mitochondria and actin cables in
living yeast cells. Using Abp140p-GFP to visualize actin
cables [38] and mitochondria-targeted HcRed to visual-
ize mitochondria [18], we found that mitochondria en-
gage with and move along actin cables in living yeast
cells (Figure 4). We found that mitochondria that exhib-
ited all forms of linear movement did so in association
with actin cables. In the example shown, a mitochon-
drion colocalizes with an actin cable as it undergoes
rapid, linear, anterograde movement. This is the first
direct experimental evidence that any of the proposed
actin cable cargos actually use actin cables as tracks
for bud-directed movement in yeast.

Effect of Actin Cable Dynamics
on Mitochondrial Motility
Actin cables undergo retrograde flow as they elongate
from their assembly sites in the bud tip and bud neck

Figure 1. Mitochondria Exhibit Linear, Bidirectional Movements
In Vivo

Yeast cells (KFY206) expressing a fusion protein consisting of the
mitochondrial signal sequence of citrate synthase fused to GFP
(pCIT1-GFP) were grown to mid-log phase and visualized using
epifluorescence microscopy. Z-sections through the cell over time
were collected, deconvolved, and reconstructed into 3D volumes.
The individual images shown are 2D projections of the reconstructed

Figure 2. Net Rates and Frequencies of Rapid Mitochondrial Move-3D volumes at the times indicated. Arrows point to the tip of a
mentsmitochondrial tubule undergoing two separate anterograde move-

ments (t � 0–10 s and t � 15–25 s). The asterisk marks a fusion Yeast cells (KFY206) expressing pCIT1-GFP were grown to mid-
log phase and visualized using epifluorescence microscopy. Bothevent that occurs concomitant with an anterograde mitochondrial

movement. Arrowheads point to the tip of a mitochondrial tubule anterograde and retrograde movements in a single focal plane were
recorded as described in Experimental Procedures and graphed asundergoing a retrograde movement (t � 110–120 s). Scale bar equals

1 �m. a function of frequency within distinct velocity categories (n � 100).
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strated that bright spots of Abp140p-GFP could be used
as fiduciary marks to analyze actin cable dynamics in
living yeast cells [38].

Here, we monitored movement of either Abp140p-
GFP fiduciary marks on actin cables or the tip of the
actin cable to evaluate the direction and velocity of actin
cable movement. We found that all detectable actin ca-
bles were motile and displayed the same pattern of
movement; that is, they underwent retrograde flow at
similar rates. Moreover, we studied the effect of retro-
grade actin cable flow on mitochondrial motility and
inheritance. In this study, motile or nonmotile mitochon-
dria were defined as actin cable-associated if they (1)
colocalized with actin cables along their entire length,
(2) colocalized and moved with actin cables as they
underwent lateral movements in the cytosol, and/or (3)
moved along the trajectory of an actin cable.

Because Abp140p-GFP fiduciary marks are rare and
difficult to resolve, the frequency of detecting a mito-
chondrion that moved along an actin cable, which con-
tained a resolved Abp140p-GFP fiduciary mark, was low.
Nonetheless, we observed examples of mitochondria
undergoing anterograde, retrograde, and no net move-
ment in association with actin cables that are undergo-
ing retrograde flow. In instances of anterograde mito-
chondrial movement, mitochondria moved toward the
bud with an apparent velocity of 0.2–0.33 �m/s while
their associated actin cables exhibited retrograde flow

Figure 3. Actin Cables Are Required for Polarized, Linear Mitochon-
at a velocity of 0.18–0.62 �m/s (n � 9; Figure 5). Sincedrial Movements
mitochondria undergoing anterograde movement mustbni1-11 bnr1� yeast cells expressing pGAL-OLI1-dsRed (THY143)
generate forces sufficient to overcome the opposingwere grown to mid-log phase and visualized at both 23�C and 34�C
force of the retrograde actin cable flow, the actual veloc-using time-lapse fluorescence imaging. The number of movements

per cell during the 60 s imaging time was recorded for the strain at ity of these anterograde mitochondrial movements must
both permissive and restrictive temperature. Images shown are still be 0.36–0.86 �m/s.
frames from a time-lapse series that illustrate changes in mitochon- In addition, we found that retrograde flow of actin
drial morphology in the presence (A) or absence (B) of actin cables.

cables can block net anterograde movement or produceTracings, which illustrate the pattern of mitochondrial movement in
retrograde mitochondrial movement. For example, wethe presence (C) or absence (D) of actin cables, are shown. At

permissive temperature, 55% of the cells exhibited at least one detected mitochondria that were associated with elon-
mitochondrial movement, while at restrictive temperature, that num- gating actin cables and exhibited no net anterograde or
ber was reduced to 0% (n � 30). Scale bar equals 1 �m. retrograde movement during the time of imaging (Figure

6; n � 7). It is possible that this class of mitochondria
is undergoing the low-speed anterograde movements[38]. In light of this, any particle that is transported from
detected in previous studies. Within the time frame ofmother cells to developing daughter cells using actin
this imaging period, however, it appears that the forcecables as tracks must move against the opposing force
for anterograde movement of these apparently station-of an elongating cable. Previously, we showed that the
ary mitochondria was equal and opposite to that of theintensity of fluorescence from Abp140p-GFP was not
retrograde flow of their associated actin cables. We sus-uniform along actin cables and that the amount of
pect that the mitochondria undergoing no net movementAbp140p-GFP in actin cables was proportional to the

amount of F-actin in cables. Moreover, we demon- were primarily associated to an actin cable, rather than

Figure 4. Linear, Polarized Mitochondrial Movements Occur along Actin Cables

Yeast cells (KFY210) containing Abp140p-GFP-labeled actin cables (green) and pOLI1-HcRed-labeled mitochondria (red) were grown to mid-
log phase and visualized by time-lapse fluorescence microscopy. The individual panels shown are still frames from a time-lapse series. Arrows
point to the tip of a mitochondrial tubule undergoing anterograde movement, while associated with an actin cable, over 4 s of real time. Scale
bar equals 1 �m.
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Role of the Mitochore and Arp2/3 Complex
in Mitochondrial Movement
These observations indicate that association of mito-
chondria with actin cables and anterograde force gener-
ation on mitochondria that are associated with actin
cables are two distinct activities. Consistent with this,
previous studies revealed a role for the mitochore com-
plex in linking mitochondria to actin cables and a role
for the Arp2/3 complex in force generation on the mito-
chondrial surface [12, 36, 37]. In light of these results,
we propose that mitochondria undergoing anterograde
or no net movement on actin cables undergoing retro-
grade flow are generating forces for movement in the
anterograde direction that are either greater than or
equal to the opposing force of retrograde actin cable
flow. Moreover, we propose that mitochondria undergo-
ing retrograde movement bind to actin cables undergo-
ing retrograde flow but do not generate any anterograde
force for movement.

To test this model, we studied mitochondrial move-
ment patterns in cells carrying mutation in the Arp2/3Figure 5. Anterograde Mitochondrial Movements Occur in a Direc-
complex and the mitochore (Figure 8). In four wild-typetion Opposite that of Elongating Actin Cables
genetic backgrounds, the majority of mitochondrialYeast cells (KFY210) containing pOLI1-HcRed-labeled mitochondria

(top) and Abp140p-GFP-labeled actin cables (bottom) were grown movements detected were anterograde. Specifically,
to mid-log phase and visualized using epifluorescence microscopy. 45% of the mitochondria underwent anterograde move-
Time-lapse images were acquired at 0.8 s intervals over 60 s of ments, 35% of the mitochondria underwent no net
real time. Arrows in the top panel point to the leading edge of movement, and only 20% of the mitochondria under-
a mitochondrial tubule undergoing anterograde movement. White

went retrograde movement. Deletion or mutation of sub-arrowheads in the bottom panel point to the edge of an actin cable
units of the Arp2/3 complex [21, 39] resulted in defectsfidicuary mark, moving in a retrograde manner. Gray arrowheads in

the bottom panel represent the start point of the fiduciary mark. in anterograde movement but had no effect on the fre-
Scale bar equals 1 �m. quency of retrograde mitochondrial movement. Finally,

deletion or mutation of subunits of the mitochore [36, 37]
resulted in defects in both anterograde and retrograde

the cortex, as their subtle lateral movements mimicked
mitochondrial movement. Although all mitochore mu-

that of the associated actin cable.
tants displayed defects in movement, the temperature-

Finally, we observed instances in which mitochondria
sensitive mmm1 mutant showed more severe defects

and their associated actin cables both underwent retro-
compared to the mdm10 deletion mutant. This differ-

grade movement (Figure 7; n � 4). The motility event
ence in severity may be due to compensatory mutations

shown in Figure 7 represents a tip-to-tip association of
in the deletion mutant that do not exist in the conditional

a mitochondrion and an actin cable; however, lateral
mutant.

associations of mitochondria, undergoing retrograde
movement, along the length of an actin cable were also
commonly observed in this study. In all cases, the veloci- Conclusion

Previous studies revealed a series of cell cycle-linkedties of retrograde movement of mitochondria (0.26–0.51
�m/s) and their associated actin cables (0.3–0.55 �m/s) motility events that contribute to equal distribution of

mitochondria during cell division in budding yeast [12].were similar. The velocities of retrograde flow in these
double-label experiments were similar to those ob- During S phase of the cell cycle, mitochondria undergo

linear movement from mother cells to developing daugh-served for retrograde movement of mitochondria or ac-
tin cables observed in single-label experiments. ter cells. In addition, we found that normal mitochondrial

Figure 6. Mitochondria Can Associate to Elongating Actin Cables, for an Extended Time, without Exhibiting Net Movement

Yeast cells (KFY210) containing pOLI1-HcRed-labeled mitochondria (red) and Abp140p-GFP-labeled actin cables (green) were grown to mid-
log phase and visualized using epifluorescence microscopy. Time-lapse images were acquired at 0.5 s intervals over 60 s of real time. White
arrowheads indicate the trailing edge of a fiduciary mark on an elongating actin cable, which is moving in a retrograde manner. Gray arrows
indicate the edge of a nonmotile mitochondrion tubule. The fidicuary mark changes position, while the associated mitochondrion stays in the
same position in the cell. Scale bar equals 1 �m.
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Figure 7. Retrograde Mitochondrial Move-
ments Occur by Passive Association to Elon-
gating Actin Cables

Yeast cells (KFY210) containing pOLI1-HcRed-
labeled mitochondria (red) and Abp140p-
GFP-labeled actin cables (green) were grown
to mid-log phase and visualized using epiflu-
orescence microscopy. Time-lapse images
were acquired at 1 s intervals over 60 s of
real time. Arrows in the top panel point to
the leading edge of a mitochondrial tubule
undergoing retrograde movement. Arrow-
heads in the bottom panel point to the tip of
an actin cable moving in a retrograde manner
at approximately the same rate as its associ-
ated mitochondrion. Scale bar equals 1 �m.

inheritance was also dependent upon two immobiliza- but not abolished in the Arp2/3 complex mutants. This
remaining anterograde movement may reflect residualtion events: immobilization of mitochondria in the bud

tip and in the tip of the mother cell distal to the bud [18, Arp2/3 complex activity or compensatory mutations in
the mutants employed. However, we cannot rule out44]. We propose that these immobilization events serve

to retain newly inherited mitochondria in the bud and the possibility that other Arp2/3 complex-independent
mechanisms also contribute to mitochondrial motility insome mitochondria in the mother cell, effectively in-

creasing the efficiency of mitochondrial inheritance and budding yeast.
In light of these observations, we propose that retro-insuring equal distribution of mitochondria between

mother and daughter cells. grade flow of actin cables can drive retrograde mito-
chondrial movement. That is, mitochondria can pas-These studies (1) further characterize the motility

events that contribute to mitochondrial inheritance, (2) sively move in the retrograde direction using forces that
drive assembly and retrograde movement of actin ca-reveal a role for actin cables in all forms of linear mito-

chondrial movement, (3) document the effect of actin bles. In this scenario, actin cables serve as “conveyor
belts” for retrograde mitochondrial movement. In con-cable dynamics on mitochondrial motility and inheri-

tance, and (4) provide additional evidence for a role trast, mitochondria undergoing anterograde movement
must do so against the opposing force of retrogradeof the Arp2/3 complex and mitochore in mitochondrial

motility. First, we find that mitochondria display linear actin cable flow. Therefore, mitochondria must recruit
a robust anterograde force generating machinery, in-movements that are both directed toward (anterograde)

and away from (retrograde) the bud. Within the context cluding the Arp2/3 complex, to be transferred into devel-
oping daughter cells, and the observed membrane-of mitochondrial inheritance, anterograde mitochondrial

movements serve to physically transfer the organelle cytoskeletal dynamic favors inheritance of mitochondria
that are most effective in anterograde force generation.from mother to daughter cells. Moreover, newly identi-

fied retrograde movements may contribute to retention Within the context of establishment of yeast cell polar-
ity, actin cables have been implicated as tracks for theof some mitochondria in the mother cell. Second, we find

that all linear mitochondrial movements require actin movement of vacuoles, secretory vesicles, mRNA, and
spindle alignment elements from mother cells to budscables and occur along dynamic actin cables that are

undergoing retrograde flow. Third, we find that the mito- in dividing yeast. This is the first direct observation that
any of the proposed cargos for actin cables actually usechore is required for anterograde and retrograde mito-

chondrial movement, while the Arp2/3 complex is re- these cytoskeletal structures as tracks for movement.
Moreover, since all detectable actin cables are undergo-quired exclusively for anterograde mitochondrial

movement. Anterograde movement was compromised ing retrograde flow, it is likely that actin cable dynamics

Figure 8. Role of the Arp2/3 Complex and Mi-
tochore in Mitochondrial Motility

Yeast cells (strains indicated on the x axes)
containing pOLI1-dsRed- or pCIT1-GFP-
labeled mitochondria were grown to mid-log
phase and visualized using epifluorescence
microscopy. Mitochondria undergoing an-
terograde and retrograde movement were
scored in a single focal plane, recorded as
described in Experimental Procedures, and
graphed as a percentage of total movements
(n � 100).
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agarose in synthetic complete medium. Coverslips were placed onwill have an impact on movement and polarization of
the surface of the medium pad and sealed with Valap (1:1:1, Vaseline,many organelles and particles in budding yeast.
petroleum:lanolin:paraffin) for long-term viewing without drying, andFinally, the retrograde actin cable movement ob-
cells were visualized by fluorescence microscopy as described

served in yeast may parallel retrograde flow of F-actin below.
in other cell types. For example, in migrating cells in
culture, a meshwork of actin polymerizes at the leading Light Microscopy
edge of the broad lamellipodia and bundles of F-actin Images were collected with a Nikon E600 microscope (Nikon USA,

Melville, NY) using a Plan-Apochromat 100�, 1.4 NA objective lens,filaments then flow in a retrograde manner toward the
and a cooled CCD camera (Orca-ER, Hamamatsu, Bridgewater, NJ).cell body [45]. This F-actin movement, if coupled to
Illumination with a 100W mercury arc lamp was controlled with aadhesion substrates in the plane of the membrane, is
MAC5000 shutter controller and Ludl filter wheel (Ludl Electronic

thought to facilitate lamellipodial retraction during cell Products, Ltd., Hawthorne, NY). Ludl filter wheels or a Dual View
migration. Moreover, particles on the cell surface and image splitter (Optical Insights, Santa Fe, NM) were used for two-
within cells, including microtubules, can be transported color imaging. Hardware control and image enhancement were per-

formed using Openlab software (Improvision Inc., Coventry, UK).in a retrograde manner via this kind of rearward flow
For 4D analysis of mitochondrial movements, 25 z-sections wereof cytoplasm and actin bundles in mammalian cells,

obtained at 0.2 �m intervals through the entire cell over multipleEntamoeba, and Dictyostelium [46–53]. Thus, the ob-
time points. The time interval between each z-series acquisition was

served passive retrograde distribution of mitochondria 5 s. Z-sectioning for 3D imaging was carried out using a piezo-
that is mediated by rearward flow of actin cables in electric focus motor mounted on the objective lens of the micro-
budding yeast may mirror a process in larger eukaryotic scope (Polytech PI, Auburn, MA). Out-of-focus light was removed

by iterative deconvolution of each image section, and each seriescells.
of deconvolved images was projected and rendered using Volocity
software (Improvision).Experimental Procedures

Yeast Cell Manipulations Quantitation of Mitochondrial Movement In Vivo
Yeast cell growth and manipulations were carried out according to Mitochondria were defined as motile if they displayed linear move-
[54]. Yeast strains used in this study are shown (Table 1). ment along the mother-bud axis for three consecutive frames. In

all cases, the only portion of the organelle that was evaluated for
Tagging of ABP140 movement was the tip of the organelle. For any given cell, mitochon-
To visualize actin cables in living cells, the C terminus of Abp140p drial movement was evaluated only in a single optical plane. Fre-
was tagged with GFP (S65T) using PCR-based insertion of the GFP quency of movement was defined as the number of linear move-
gene into the chromosomal copy of ABP140 as described previously ments per cell per imaging period (1 min) and expressed as a
[36]. Yeast cells were transformed with the PCR products using the percentage of the respective wild-type strains.
lithium acetate method [55]. Transformants, positive for integration The velocities of motile mitochondria were determined by measur-
at the target locus, were validated by PCR, analyzed for protein ing the change in position of the tip of each moving mitochondrion
expression using Western blots, and analyzed for expression and as a function of time in time-lapse series recorded at 0.5–1 s intervals
localization of GFP-tagged protein using fluorescence microscopy over 1 min of real time. Only velocities of organelles undergoing
(see below). The tag had no obvious effect on cell growth, actin linear movement for at least three consecutive frames were mea-
organization, mitochondrial structure, or respiration. sured. For all velocity measurements, ImageJ (public domain, http://

rsb.info.nih.gov/ij) was used to determine the change in position
Visualization of Mitochondria in Living Cells (x-y coordinates) of mitochondria per unit time, and these were
In double-label experiments, mitochondria were visualized using a averaged to obtain a mean velocity for all mitochondria in a strain.
fusion protein consisting of the red-emitting fluorescent protein,
HcRed, fused to the signal sequence of subunit 9 of F0-ATP syn- Supplemental Data
thase (pOLI1-HcRed). To create this construct, HcRed sequence A Supplemental Movie corresponding to Figure 1 is available online
was amplified by PCR using the pHcRed1 vector (Clontech, Palo at http://www.current-biology.com/cgi/content/full/14/22/1996/DC1.
Alto, CA) as a template. The forward and reverse primers used for
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