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Summary

The faithful inheritance of organelles by daughter cells

is essential to maintain the benefits afforded to eukary-
otic cells by compartmentalization of biochemical

functions. In Saccharomyces cerevisiae, the class V

myosin, Myo2p, is involved in transporting different or-
ganelles, including the peroxisome, along actin cables

to the bud. We identified Inp2p as the peroxisome-
specific receptor for Myo2p. Cells lacking Inp2p fail to

partition peroxisomes to the bud but are unaffected
in the inheritance of other organelles. Inp2p is a perox-

isomal membrane protein, preferentially enriched in
peroxisomes delivered to the bud. Inp2p interacts

directly with the globular tail of Myo2p. Cells overpro-
ducing Inp2p often transfer their entire populations of

peroxisomes to buds. The levels of Inp2p oscillate
with the cell cycle. Organelle-specific receptors like

Inp2p explain how a single motor can move different
organelles in distinct and specific patterns. To our

knowledge, Inp2p is the first peroxisomal protein impli-
cated in the vectorial movement of peroxisomes.

Introduction

Organelles are faithfully inherited by daughter cells at
cell division. To ensure the accuracy of this process,
organelles use highly regulated and coordinated strate-
gies for partitioning that involve movement along micro-
tubules or actin driven by molecular motors (Warren and
Wickner, 1996). In most eukaryotic cells, the long-range
movements of organelles occur along microtubules,
while actin-based motility is favored for short-range
transport. Movement along actin is performed by
actin-based myosin motors, particularly members of
the class V myosins.

Class V myosins are present in most eukaryotic cells
and are ideally suited for organelle trafficking. The diver-
gent carboxy-terminal tail domains of these unconven-
tional myosins contain the information necessary for
their targeting to specific intracellular compartments
(Seabra and Coudrier, 2004). Class V myosins function
in the distribution of cellular components by interacting
with their cargoes and transporting them via their
amino-terminal motor domain along actin tracks. Many
myosin V cargoes have been identified in different cell
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types and within a single cell type. Thus, class V myosins
participate in a broad range of cellular functions, and
a given class V myosin can serve multiple functions
(Reck-Peterson et al., 2000; Wu et al., 2000).

The budding yeast Saccharomyces cerevisiae has
proven to be an excellent model system with which to
study organelle movement and inheritance. In contrast
to cells that divide by fission, S. cerevisiae must actively
and vectorially deliver its organelles to the growing bud
(Rossanese and Glick, 2001). To achieve this, cells stra-
tegically localize their formins, Bni1p and Bnr1p, at the
nascent bud site and bud neck (Pruyne et al. 2004).
These proteins are specially designed to assemble actin
filaments while holding onto their growing barbed ends
(Bretscher, 2003). The resulting polarized array of actin
cables is used as tracks by class V myosins to transport
organelles to the daughter cell, thereby ensuring their
proper segregation.

Myo2p and Myo4p are the myosin V actin-based mo-
tors responsible for the partitioning of intracellular com-
partments in budding yeast (for reviews see Bretscher,
2003; Pruyne et al., 2004). Myo4p is not essential and
is involved in the inheritance of cortical ER (Estrada
et al., 2003) and in the transport of several mRNAs (She-
pard et al., 2003). In contrast, Myo2p is an essential pro-
tein that moves a series of cargoes, including secretory
vesicles (Govindan et al., 1995; Schott et al., 1999), the
vacuole (Hill et al., 1996; Catlett et al., 2000), late com-
partments of the Golgi (Rossanese et al., 2001), and per-
oxisomes (Hoepfner et al., 2001). Myo2p is also required
for orientation of the mitotic spindle (Yin et al., 2000) and
appears to play a role in mitochondrial inheritance (Bol-
dogh et al., 2004; Itoh et al., 2004).

Interestingly, Myo2p-dependent delivery of the vacu-
ole and secretory vesicles can be dissected in the
Myo2p tail (Schott et al., 1999; Catlett et al., 2000).
Also, the time of movement and destination of each
Myo2p cargo are overlapping but not identical (Weis-
man, 2003). It has thus been proposed that each organ-
elle has its own Myo2p-specific receptor that binds to
different regions in the Myo2p tail. Given the large diver-
sity of myosin ligands and the deleterious effect of com-
petition among them, these organelle-specific factors
must be strictly regulated by the cell to act in coordina-
tion with cell cycle events. One example of this strict
regulation is provided by vacuole inheritance. The levels
of Vac17p, the vacuole-specific receptor for Myo2p, in-
crease at a specific time in the cell cycle (Tang et al.,
2003). The newly synthesized Vac17p in the mother
cell attaches to the vacuole membrane, providing
a link between Vac8p and Myo2p (Ishikawa et al.,
2003; Tang et al., 2003). This results in the delivery of
the attached vacuole membrane along actin tracks to
the bud. There, Vac17p is degraded in a PEST-depen-
dent manner, releasing Myo2p to perform other func-
tions and, at the same time, ensuring the vectorial trans-
port of the vacuole, which is thus delivered to its specific
destination (Bretscher, 2003; Tang et al., 2003). To date,
Vac17p represents the only identified receptor for
Myo2p of a membrane-bound organelle.
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Apart from its role in carrying membrane-bound or-
ganelles, Myo2p is also involved in orienting the intra-
nuclear mitotic spindle along the mother-bud axis
(Bretscher, 2003). Myo2p does this by associating with
the plus ends of cytoplasmic microtubules and actively
transporting them into the bud. The link between
Myo2p and the ends of microtubules is provided by
the Kar9p-Bim1p complex (Lee et al., 2000; Yin et al.,
2000). Interestingly, Kar9p decorates only those cyto-
plasmic microtubules that emanate from the spindle
pole body destined for the daughter cell (Liakopoulos
et al., 2003). This ensures that only one spindle pole
body is delivered to the bud and results in the proper
alignment of the mitotic spindle with the predetermined
cell division axis (Liakopoulos et al., 2003).

Peroxisome movement in budding yeast is also de-
pendent on Myo2p (Hoepfner et al., 2001). During cell
division, about half of peroxisomes are delivered to the
bud, while the remaining half is retained at the mother
cell cortex (Hoepfner et al., 2001; Fagarasanu et al.,
2005). The recently identified peroxisomal protein
Inp1p is essential for the retention of a subset of perox-
isomes at the cell periphery (Fagarasanu et al., 2005).
Since Inp1p has an intrinsic affinity for the cell cortex,
it may provide the link between peroxisomes and an
as of yet unidentified cortical anchor (Fagarasanu
et al., 2005). However, how peroxisomes capture
Myo2p for their transport to the bud remains unknown.
Here we identify and characterize Inp2p as a novel per-
oxisomal membrane protein that functions as the perox-
isome-specific receptor for Myo2p.

Results

Peroxisome Dynamics in Wild-Type
S. cerevisiae Cells

We use three-dimensional time-lapse (4D) confocal
video microscopy (Hammond and Glick, 2000) of S. cer-
evisiae cells expressing a genomically integrated chime-
ric gene, POT1-GFP, encoding peroxisomal thiolase
tagged at its carboxyl terminus with GFP (Pot1p-GFP)
to examine the dynamics of peroxisomes (Fagarasanu
et al., 2005). In wild-type cells, most peroxisomes are
immobile at the cell periphery (Figures 1A and 1B;
Supplemental Movies S1 and S2). During bud growth,
peroxisomes are recruited one by one from these static
positions and transported toward the bud (Figure 1C;
Movie S3). The velocities of these mobile peroxisomes
vary, with a maximal observed velocity of approximately
0.45mm/s (Figure 1D; Figure S1). Interestingly, peroxi-
somes in the bud concentrate at sites of polarized cell
growth, initially clustering at the bud tip. During cyto-
kinesis, subsets of peroxisomes in the bud and in the
mother cell relocate to the bud-neck region, while the re-
maining peroxisomes remain immobile at the bud and
mother cell cortices (Figure 1A; Movie S1).

Identification of Inp2p
The partitioning of peroxisomes to buds has been
shown to be dependent on Myo2p (Hoepfner et al.,
2001). The interaction of Myo2p with organelles is mod-
ulated by receptors that recognize Myo2p and are pos-
tulated to be specific for individual types of organelles.
We initially set out to identify the peroxisome-specific
receptor for Myo2p by screening haploid yeast strains
deleted for nonessential genes and that could exhibit
compromised peroxisome inheritance. To reduce the
overall number of strains to be screened, we stipulated
that the peroxisome-specific receptor for Myo2p should
satisfy two criteria. First, such a receptor must be local-
ized to peroxisomes. In addition to the known peroxi-
somal proteins, we were interested in proteins exhibiting
a ‘‘punctate composite’’ distribution as defined in the
study reporting a global analysis of protein localization
in S. cerevisiae (Huh et al., 2003). We also focused on
proteins predicted to contain coiled-coil domains, since
these domains have been found in other proteins that
directly interact with the globular tail of class V myosins
(Nagashima et al., 2002; Estrada et al., 2003; Ishikawa
et al., 2003; Itoh et al., 2004).

To identify strains defective in peroxisome inheri-
tance, cells of individual deletion strains expressing
POT1-GFP were scored using a stringent all-or-none cri-
terion for the presence of peroxisomal fluorescence
within buds (see Supplemental Experimental Proce-
dures). Analysis of approximately 250 deletion mutant
strains yielded one strain that was dramatically affected
in peroxisome inheritance. This strain was deleted for
the open reading frame YMR163c, encoding a protein
of unknown function, Ymr163p (Saccharomyces Ge-
nome Database, http://www.yeastgenome.org/). Ymr163p
satisfies both of our a priori selection criteria for a perox-
isomal receptor for Myo2p. Its GFP chimera yields a
‘‘punctate composite’’ fluorescence pattern (Huh et al.,
2003). Ymr163p is predicted to be 705 amino acids in
length and to have two coiled-coiled domains (amino
acids 477–504 and 618–646). Because of its role in per-
oxisome inheritance (see below), we have designated
YMR163c as INP2 for inheritance of peroxisomes gene
2 and its encoded protein as Inp2p.

Cells Lacking Inp2p Exhibit a Specific Impairment
in Peroxisome Inheritance

Budded cells of the inp2D strain displayed an increase in
the percentage of buds devoid of peroxisomes as com-
pared to wild-type cells (Figure 2A). Quantification
showed that when the bud volume reached 0%–12%
of the mother cell volume (Category I), only 3.7% of the
buds of the inp2D strain contained at least one peroxi-
some. In contrast, 90% of Category I buds of wild-type
cells had peroxisomes. Overall, inp2D cells exhibited
less buds containing at least one peroxisome than
wild-type cells at all bud sizes. For inp2D cells, only
21%, 26%, and 30% of buds of Categories II, III, and
IV, respectively, displayed peroxisomal fluorescence,
while essentially 100% of wild-type buds in each of
these categories contained peroxisomes (Figure 2A).
In addition, we observed that whereas wild-type cells
contained a fairly equal number of peroxisomes per
cell, inp2D cells displayed heterogeneity in their number
of peroxisomes. Some inp2D cells exhibited increased
numbers of peroxisomes, while others exhibited few or
even no peroxisomes.

The impairment in peroxisome segregation observed
in cells lacking Inp2p could be due theoretically to gen-
eralized defects in cell polarity or acto-myosin function.
To test if Inp2p is required specifically for peroxisome
inheritance, we examined the partitioning of other
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Peroxisome-Specific Receptor for Myo2p
589
Figure 1. Peroxisome Dynamics in Wild-Type S. cerevisiae Cells

(A) Arrowheads point to peroxisomes labeled with Pot1p-GFP that clustered at sites of polarized growth. At 4 min, the cell at left underwent

cytokinesis, and subsets of peroxisomes from both mother cell and bud relocated to the mother-bud neck region (red arrowheads). As soon

as a new bud was visible (150), peroxisomes within the mother cell lost their fixed positions and were inserted into the bud, where they clustered

at the growing bud tip (yellow arrowhead). A cluster of peroxisomes localized to the bud tip is also visible in the bud at right (orange arrowhead).

Asterisks mark some immobile peroxisomes in mother cells (Movie S1). Bar, 1 mm.

(B) Immobile peroxisomes are cortically localized. Three-dimensional reconstruction of a frame taken from Movie S1 (60’), when all peroxisomes

in mother cells were immobile. Peroxisomes were marked by red spheres using Imaris 4.1. In three dimensions (right), all peroxisomes within

mother cells clearly localize to the cell periphery. Asterisks mark cortical peroxisomes that appear in the middle of cells in 2-dimensional images

(Movie S2). Bar, 1 mm.

(C) Peroxisome insertion into buds. Tracked peroxisomes were marked by blue spheres and other peroxisomes by green spheres using Imaris

4.1. A peroxisome detaches from the cortex and initially moves to the bud neck. Shortly after, it travels to the bud tip where it joins other inherited

peroxisomes. The peroxisome shown here also divided following inheritance (Movie S3). Bar, 1 mm.

(D) Scatter plot of velocities of peroxisomes observed in Movie S1. Maximal velocity achieved by individual peroxisomes is presented.
organelles in wild-type and inp2D cells. The distribution
of vacuoles was studied using the vacuole-specific
fluorophore, FM4-64. The rates of vacuole inheritance in
inp2D cells were essentially the same as those observed
in wild-type cells (Figure 2B). The rates of inheritance of
mitochondria, labeled by Sdh2p-GFP, were also un-
changed in inp2D cells (Figure 2C). The orientation of
mitotic spindles, labeled by GFP-Tub1p, was unim-
paired in cells lacking Inp2p (Figure 2D).

We also analyzed the organization of the actin cyto-
skeleton in wild-type cells and cells lacking Inp2p. Actin
was detected by staining with rhodamine-phalloidin. In
wild-type and inp2D cells, actin showed normal polar-
ized structures, with patches at sites of growth and dis-
tinct cables within mother cells (Figure 2E). Moreover,
since inp2D cells displayed no growth defects on rich
YPD medium (Figure 2F), Inp2p is not required for the
polarized distribution of secretory vesicles. These find-
ings collectively indicate that Inp2p is required specifi-
cally for peroxisome inheritance.
Inp2p Is a Peroxisomal Integral Membrane Protein

Whose Levels Vary with the Cell Cycle
We used confocal fluorescence microscopy to determine
the subcellular localization of a genomically encoded
fluorescent chimera of Inp2p and GFP (Inp2p-GFP).
Peroxisomes were visualized with a plasmid-encoded
fluorescent chimera (mRFP-SKL) of monomeric red
fluorescent protein (mRFP) and the peroxisome targeting
signal 1, Ser-Lys-Leu. Inp2p-GFP colocalized with mRFP-
SKL to punctate structures characteristic of peroxisomes
(Figure 3A). Interestingly, the levels of Inp2p in individual
peroxisomes varied dramatically, with peroxisomes in
daughter cells having a much stronger Inp2p-GFP signal
than peroxisomes inmother cells. Therefore, Inp2pseems
to bepreferentially enriched in peroxisomes that are deliv-
ered to the bud.

Subcellular fractionation also showed Inp2p to be per-
oxisomal. Similar to the peroxisomal matrix protein thio-
lase, a genomically encoded TAP chimera of Inp2p,
Inp2p-TAP, localized preferentially to the organellar
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Figure 2. Deletion of the INP2 Gene Affects Specifically Peroxisome Inheritance

(A) Wild-type and inp2D cells expressing POT1-GFP were incubated in SCIM for 16 hr. Fluorescent images of randomly chosen fields of cells

were acquired as a stack by confocal microscopy. Buds were sized according to four categories relative to the volume of the mother cell

(see Supplemental Experimental Procedures). The percentages of buds containing peroxisomes at each size category were plotted. Quantifica-

tion was performed on at least 25 budded cells from each category. Bar, 1 mm.

(B) Vacuole inheritance is unaffected in inp2D cells. Vacuoles of wild-type and inp2D cells grown in YPD medium were labeled with the fluoro-

phore FM4-64, and confocal images were captured. Quantification was performed as in (A). Bar, 1 mm.
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Figure 3. Inp2p Is a Peroxisomal Integral

Membrane Protein Whose Levels Vary with

the Cell Cycle

(A) Inp2p-GFP colocalizes with mRFP-SKL to

punctate structures characteristic of peroxi-

somes by confocal microscopy. The panel

at right presents the merged image of the

left and middle panels. The weak Inp2p-GFP

fluorescent signal in mother cells is indicated

by arrowheads. Bar, 1 mm.

(B) Inp2p-TAP localizes to the peroxisome-

enriched 20KgP subcellular fraction. Immu-

noblot analysis of equivalent portions of the

20KgS and 20KgP subcellular fractions from

cells expressing Inp2p-TAP was performed

with antibodies to the peroxisomal matrix en-

zyme, thiolase.

(C) Inp2p-TAP cofractionates with peroxi-

somes. Organelles in the 20KgP fraction

were separated by isopycnic centrifugation

on a discontinuous Nycodenz gradient. Frac-

tions were collected from the bottom of the

gradient, and equal portions of each fraction

were analyzed by immunoblotting. Fractions

enriched for peroxisomes and mitochondria

were identified by immunodetection of thio-

lase and Sdh2p, respectively.

(D) Peroxisomes in a postnuclear superna-

tant fraction were ruptured by treatment

with Ti8 buffer and subjected to ultracentrifu-

gation to obtain a supernatant fraction (Ti8S)

enriched for matrix proteins and a pellet frac-

tion (Ti8P) enriched for membrane proteins.

The Ti8P fraction was treated further with

alkali Na2CO3 and separated by ultracentrifu-

gation into a supernatant fraction (CO3S) en-

riched for peripheral membrane proteins

and a pellet fraction (CO3P) enriched for inte-

gral membrane proteins. Equivalent portions

of each fraction were analyzed by immuno-

blotting. Immunodetection of thiolase,

Pex3p, and Pex27p marked the fractionation

profiles of a peroxisomal matrix, integral

membrane, and peripheral membrane pro-

tein, respectively.

(E) Cells expressing TAP-tagged Inp2p were

grown for 16 hr in YPD medium and synchro-

nized in G1 by addition of a factor. After

removal of a factor, cells were incubated at

23ºC in YPD medium. Samples were collected at the times indicated, and total cell lysates were analyzed by immunoblotting with antibodies

directed against the TAP tag, the cyclin Clb2p, or Gsp1p (Ran). Clb2p levels monitor the progression of synchronized cells through the cell cycle.

Gsp1p serves as a control for protein loading.

(F) Cells synthesizing mRFP-SKL and Inp2p-GFP were treated as in (E). Fluorescent images of cells at different times after removal of a factor

were captured with a spinning disk confocal microscope. The images represent projections of z-stacks of 14 optical sections spaced 0.4 mm

apart. Arrowheads point to colocalization of Inp2p-GFP with peroxisomes at sites of growth. After removal of a factor (0 min), cells display mating

projections (shmoos). At later time points, cells that formed buds at shmoo tips are shown. Bar, 1 mm.
pellet fraction (20KgP) enriched for peroxisomes and
mitochondria (Figure 3B). Isopycnic density gradient
centrifugation of the 20KgP fraction showed that Inp2p-
TAP coenriched with thiolase but not with the mitochon-
drial protein Sdh2p (Figure 3C).
Organelle extraction showed Inp2p to be an integral
membrane protein of peroxisomes. Similar to the perox-
isomal integral membrane protein Pex3p and peripheral
membrane protein Pex27p, Inp2p-TAP localized prefer-
entially to the Ti8P fraction enriched for membrane
(C) Mitochondrial segregation is unaffected in inp2D cells. Wild-type and inp2D cells expressing SDH2-GFP were grown in YPD medium, and

confocal images were captured. Quantification was performed as in (A). Bar, 1 mm.

(D) inp2D cells have properly oriented mitotic spindles. Wild-type, inp2D and kar9D cells genomically encoding a fluorescent chimera of a-tu-

bulin, GFP-Tub1p, were grown as described (Adames et al., 2001) and visualized by confocal microscopy. The orientation of the mitotic spindle

was analyzed in pre-anaphase cells as described (see Supplemental Experimental Procedures). Quantification was performed on at least 100

pre-anaphase budded cells of each strain. Bar, 1 mm.

(E) inp2D cells display a normal polarized actin cytoskeleton. Wild-type and inp2D cells were grown in YPD medium, and actin was detected with

rhodamine-phalloidin and visualized by epifluorescence microscopy. Bar, 1 mm.

(F) Wild-type and inp2D cells show similar growth on glucose-containing medium. Strains were grown to mid-log phase in liquid YPD medium,

and equal amounts of cells were serially diluted ten-fold onto YPD agar and incubated at 30ºC.
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proteins (Figure 3D). Upon extraction of the Ti8P fraction
with alkali Na2CO3, Inp2p-TAP cofractionated with
Pex3p to the CO3P fraction enriched for integral mem-
brane proteins.

The levels of mRNA coding for Inp2p have been
reported to fluctuate with the cell cycle (Spellman
et al., 1998). The observed enrichment of Inp2p in perox-
isomes found in the bud raised the possibility that the
levels of Inp2p itself might fluctuate with the cell cycle.
To test this, we analyzed the levels of Inp2p-TAP in cells
subjected to and released from a factor-induced G1
arrest. Inp2p-TAP levels did vary with the cell cycle,
increasing 40 min after and decreasing 80 min after a
factor release (Figure 3E).

We investigated the dynamics of Inp2p during the cell
cycle further by analyzing the levels and localization of
Inp2p-GFP in cells released from a factor-induced G1
arrest (Figure 3F). The Inp2p-GFP signal is below the
threshold of detection immediately after removal of
a factor (Figure 3F, 0 min), and only cytoplasmic auto-
fluorescence is seen. In small budded cells (Figure 3F,
30 min), Inp2p-GFP fluorescence becomes detectable
and colocalizes with peroxisomes delivered to the buds,
which, at this stage, are concentrated at bud tips.
Inp2p-GFP fluorescence is significantly increased in
large budded cells and is present on those peroxisomes
that congregate at bud tips (Figure 3F, 60 min). Some
peroxisomes in mother cells also contain detectable
levels of Inp2p-GFP. The Inp2p-GFP signal is weak at
cytokinesis and concentrated in those peroxisomes
from the bud and mother cell that relocate to the
mother-bud neck region (Figure 3F, 90 min).

Inp2p Interacts Directly with the Globular Tail
of Myo2p

We performed yeast two-hybrid analysis to test the abil-
ity of Inp2p to interact with the carboxy-terminal globu-
lar domain of Myo2p (amino acids 1113-1574). A strong
interaction was detected between Inp2p and the Myo2p
globular domain (Figure 4A). We also confirmed a known
interaction between Inp2p and Pex19p (Ito et al., 2001).
Pex19p has been shown to be involved in the targeting/
stabilization of proteins to/in the peroxisomal mem-
brane (Schliebs and Kunau, 2004). No interaction was
detected between Inp2p and Inp1p.

To define regions of Inp2p involved in binding the
Myo2p tail, we generated Inp2p deletion mutants and
tested them in the two-hybrid system (Figure 4B). The
region between the two coiled-coil domains of Inp2p
(amino acids 504-618) interacted weakly with the Myo2p
tail. In contrast, the entire portion of Inp2p carboxy-
terminal to the predicted transmembrane domain
(amino acids 240-705) bound Myo2p as strongly as
full-length Inp2p, suggesting that other regions within
this fragment are important for the interaction between
Inp2p and the Myo2p tail.

If Inp2p is the bona fide peroxisomal receptor for
Myo2p, we expect it to interact directly with Myo2p.
Since yeast two-hybrid analysis does not differentiate
between direct and bridged protein interactions, we per-
formed a GST pull-down assay using recombinant Inp2p
and Myo2p tail made in Escherichia coli (Figure 4C). To
improve the solubility of the maltose binding protein
(MBP) fusion with Inp2p (MBP-Inp2p), only amino acids
241–705 of Inp2p were fused to MBP, thereby excluding
the hydrophobic region of Inp2p (amino acids 211-239)
but still preserving the region between amino acids
240 and 705 capable of interacting with Myo2p (Fig-
re 4B). MBP-Inp2p was pulled down by GST-Myo2p
but not GST alone (Figure 4C). Also, MBP alone or
MBP fused to either Inp1p or Vam2p, proteins whose
functions are unrelated to Myo2p, did not show an inter-
action with GST-Myo2p or GST alone. These results
show that Inp2p binds directly that part of Myo2p spe-
cialized in cargo association.

Peroxisome Inheritance Is Abolished or Delayed
in Cells Lacking Inp2p

4D video microscopy showed that peroxisome inheri-
tance in cells lacking Inp2p was either abolished or sig-
nificantly delayed (Figure 5; Movies S4–S7). During bud
growth, peroxisomes appeared immobile at cortical
locations within the mother cell and generally failed to
be transferred to the bud (Figure 5A; Movie S4). In other
cases, a subset of peroxisomes within the mother cell
exhibited random movement but still failed to be effi-
ciently localized to the bud (Figures 5B and 5C; Movies
S5 and S6). Overall, peroxisomes in cells lacking Inp2p
moved more slowly and in a less directed manner com-
pared to peroxisomes in wild-type cells (Figure S1).
Consistent with our quantification of peroxisome inher-
itance (see Figure 2), we also observed peroxisomes
being transferred to buds. Interestingly, in most cases,
only one peroxisome would be delivered to the bud,
and this event would take place with significant delay af-
ter emergence of the bud (Figures 5C and 5D; Movies S6
and S7). Notably, upon cytokinesis, we never observed
relocation of peroxisomes from mother cells or buds to
the mother-bud neck region (Figures 5A–5C; Movies
S4–S6). Moreover, after peroxisomes reached the buds
of inp2D cells, they did not show a preference for sites
of polarized growth (Figures 5B–5D; Movies S5–S7).
Quantification showed that only 23% of inp2D buds
containing peroxisomes displayed peroxisomal fluores-
cence at bud tips compared to 78% of buds of wild-type
cells (Figure 5E).

Peroxisome Movements within Buds of inp2D Cells
Are Not Dependent on the Acto-Myosin System

The inability of peroxisomes to localize to bud tips in
inp2D cells might result from their failure to associate
with the acto-myosin system. Many yeast organelles
are translocated to the bud by Myo2p along actin cables
that extend to the bud tip (Rossanese et al., 2001;
Ishikawa et al., 2003). Moreover, the congregation of
organelles at the bud tip is also dependent on Myo2p
(Rossanese et al., 2001; Boldogh et al., 2004), which pre-
sumably tethers them to actin structures localized at the
bud tip.

We investigated whether the acto-myosin system
plays a similar role in peroxisome movement within
buds. We first analyzed the movements of peroxisomes
in bni1D cells, which have significantly less actin cables
inside buds (Pruyne et al., 2004). 4D video microscopy
showed that peroxisomes in bni1D cells were recruited
from the mother cell but tended to accumulate at the
mother-bud neck (Figure 5F; Movie S8). On occasion,
peroxisomes associated with the bud cortex but never
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Figure 4. Inp2p Interacts Directly with the Globular Tail of Myo2p

(A) S. cerevisiae SFY526 cells synthesizing both Gal4-AD and Gal4-BD protein fusions to Inp2p, the tail of Myo2p (amino acids 1113-1574),

Pex19p, and Inp1p were tested for their ability to interact with each other by a b-galactosidase filter detection assay. A positive interaction is

detected by the production of blue color. The color intensities of controls for the presence (+) or absence (2) of a protein interaction are pre-

sented at bottom, left. No construct is auto-activating, since no b-galactosidase activity is detected for cells synthesizing only one fusion protein

(right).

(B) Two hybrid analysis was performed as in (A) to test the ability of the indicated regions of Inp2p to interact with the globular tail of Myo2p. TM =

predicted transmembrane region. CC = predicted coiled-coil region. No construct is auto-activating (AD). A strong interaction is denoted by two

plus signs (++), while a weak interaction is denoted by one plus sign (+). The absence of an interaction is denoted by a minus sign (2).

(C) Glutathione sepharose beads containing either GST fused to the cargo binding tail of Myo2p (GST-Myo2p) or GST alone were incubated with

extracts of E. coli synthesizing MBP, MBP-Inp1p, MBP-Inp2p, or MBP-Vam2p. Bound proteins, as well as 10% of input proteins, were analyzed

by immunoblotting with anti-MBP antibodies (upper panel). Arrowheads highlight full-length MBP or MBP fusion proteins. Total GST-Myo2p or

GST protein levels were visualized by immunoblotting with anti-GST antibodies (lower panel).
clustered at bud tips. In fact, bud tips were frequently
devoid of peroxisomes. Only 20% of bni1D cells dis-
played peroxisomes at bud tips as compared to 78%
of wild-type cells (Figure 5H). Actin cables are therefore
required for targeting peroxisomes to bud tips.

myo2-66 cells carry a conditional mutation in the
Myo2p motor domain. These cells exhibit severe defects
in the inheritance of vacuoles (Hill et al., 1996), late Golgi
(Rossanese et al., 2001), and peroxisomes (unpublished
data) even at room temperature. Video microscopy of
myo2-66 cells at 24ºC (Figure 5G; Movie S9) showed
a significant delay in the insertion of peroxisomes into
buds, consistent with the role for Myo2p in the move-
ment of peroxisomes (Hoepfner et al., 2001). After per-
oxisomes reached the bud tips, they usually did not re-
main there and sometimes returned to mother cells.
Quantification showed that only 38% of myo2-66 buds
containing peroxisomes displayed peroxisomes at bud
tips (Figure 5H). Irrespective of mechanism, these data
collectively suggest that the acto-myosin system func-
tions in both targeting peroxisomes to sites of growth
and maintaining them at these sites. Therefore, the
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Figure 5. Peroxisome Dynamics in inp2D, bni1D, and myo2-66 Cells

(A and B) Abolished peroxisome inheritance in inp2D cells.

(A) In this movie, the bud does not receive peroxisomes before cytokinesis. The next bud shares the same fate as the first and does not receive

peroxisomes (67’ -1020). All peroxisomes in the mother cell retain fixed positions. (Movie S4).

(B) At the beginning of this movie (0’), the bud at top is devoid of peroxisomes, while there is a single peroxisome in the bud at bottom. This per-

oxisome will return to the mother cell (9’). During bud growth, no peroxisome is inserted into either bud. Some peroxisomes in the mother cells

perform chaotic movements (Movie S5).

(C and D) Delayed peroxisome inheritance in inp2D cells. A few peroxisomes are delivered to the buds with significant delay. These peroxisomes

do not show a preference for bud tips (Movies S6 and S7). Arrowheads point to bud tips devoid of peroxisomes.

(E) Quantification of peroxisomes at bud tips. Wild-type and inp2D cells expressing POT1-GFP were incubated for 16 hr in SCIM. Only buds con-

taining peroxisomes were analyzed. The percentages of buds containing peroxisomes at the bud tips were calculated.

(F–H) Peroxisome movements within buds are dependent on the acto-myosin system.

(F) Peroxisome dynamics in bni1D cells. Peroxisomes tend to accumulate at the bud neck, as seen in the cell and its associated bud at top, right

(320-920). Peroxisomes can also sometimes enter the bud and associate along the bud cortex, as seen in the cell and its associated bud at bottom,

right (19’-920). Arrowheads indicate bud tips devoid of peroxisomes (Movie S8).
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observed chaotic movements of peroxisomes within the
buds of cells lacking Inp2p most likely reflect their lack
of attachment to the acto-myosin system, which is unal-
tered in this mutant.

Overexpression of INP2 Leads to the Depletion

of Peroxisomes from Mother Cells
We showed that peroxisomes in buds have more Inp2p
than peroxisomes in mother cells (Figure 3A). This asym-
metric distribution of Inp2p could reflect a relationship
between the quantity of Inp2p on an individual peroxi-
some and its ability to be transferred to the bud by
Myo2p. Such a scenario leads to the prediction that
overproducing Inp2p should enable an increased num-
ber of peroxisomes to be transported to the bud. We
determined whether this was the case by overexpress-
ing INP2 from the multicopy plasmid YEp13 in wild-
type cells synthesizing Pot1p-GFP.

As predicted, budded cells of the strain overproduc-
ing Inp2p had most of their peroxisomes localized to
the buds (Figure 6A). Moreover, a significant percentage
of mother cells were devoid of peroxisomes. This asym-
metric distribution of peroxisomes, with the entire per-
oxisomal population present in the bud, was never
observed in wild-type cells containing the parental plas-
mid YEp13 alone (Figure 6A). Quantification showed that
cells overproducing Inp2p exhibited an increased
percentage of mother cells without peroxisomes with
increasing bud size, with 9% of mother cells with the
smallest buds (Category I) and 32% of mother cells
with the largest bud (Category IV) lacking peroxisomes
(Figure 6A).

4D video microscopy showed that in a cell over-
producing Inp2p, the entire population of peroxisomes
was found concentrated at the site of polarized growth.
As soon as the bud was visible, most of the peroxisomes
accumulated at the site of bud emergence and were
then inserted into the bud (Figure 6B; Movie S10). The
few cortically anchored peroxisomes in the mother
cell were also recruited and transferred to the bud,
thereby depleting the mother cell of peroxisomes.
Once in the bud, all peroxisomes clustered at the bud
tip. In contrast to wild-type cells, all peroxisomes relo-
cated en masse from the bud tip to the bud-neck region
upon cytokinesis.

Colocalization studies between peroxisomes and
Myo2p showed that in wild-type cells, only a small num-
ber of peroxisomes colocalized with Myo2p at sites of
polarized growth, while the majority of peroxisomes
were found within the mother cell (Figure 6C, upper
panels). In contrast, in cells overproducing Inp2p, the
entire population of peroxisomes associated with
Myo2p at sites of polarized growth, sometimes as
soon as bud formation was apparent (Figure 6C, lower
panels).

The segregation of vacuoles and mitochondria was
unaffected in cells overproducing Inp2p (Figures 6D
and 6E). Mitotic spindles were also oriented properly in
cells overproducing Inp2p (Figure 6F).
The Interplay between Inp2p and Inp1p

The transfer of all peroxisomes from mother cell to bud
has also been observed in cells lacking Inp1p, a protein
that anchors peroxisomes to the mother cell cortex
(Fagarasanu et al., 2005). Overproducing Inp2p in cells
lacking Inp1p led to the more rapid appearance of per-
oxisomes in buds than in inp1D cells or wild-type cells
overproducing Inp2p (Figure 7A). The opposite was
observed in inp2D cells overexpressing INP1, as the per-
centage of buds lacking peroxisomes was greater at all
bud size categories in these cells than in either inp2D

cells or wild-type cells overexpressing INP1 (Figure 7B).
Therefore, the effect of overproducing either of these
two apparently counteracting proteins is enhanced by
the absence of the other protein.

To gain further insight into the interplay between
Inp1p and Inp2p, we constructed cells deleted for both
INP1 and INP2. We observed a large number of buds
of inp1D/inp2D cells that lacked peroxisomes. However,
the percentages of budded cells lacking peroxisomes
within buds were lower than those observed for cells
lacking Inp2p alone but still greater than those observed
for wild-type cells (Figure 7C). Notably, no inp1D/inp2D

budded cell was observed that had its entire comple-
ment of peroxisomes within its bud, a feature character-
istic of inp1D cells.

Discussion

Given the many different types of membrane-bound
organelles in a eukaryotic cell, ensuring their correct de-
livery to a specific destination at a specific time requires
a tightly regulated transport system. The intracellular
transport of organelles is supported by either microtu-
bule or actin networks and powered by motor proteins
that associate with these networks. How motor proteins
recognize their target organelles and what the molecular
basis is for the temporal and spatial regulation of this
recognition are important questions in cell biology.

Class V myosins are the most effective and processive
members of the myosin superfamily that participate in
actin-mediated organelle motility (Rief et al., 2000).
These unconventional myosins have medical impor-
tance. Mutations in the myosin Va gene cause Griscelli
syndrome type I (Pastural et al., 1997), an ultimately le-
thal condition characterized by hypopigmentation and
central nervous system dysfunction. Class V myosins at-
tach to their cargoes by interacting with adaptor ‘‘recep-
tor’’ molecules on the surface of a target organelle. Only
two such receptors, both residing on organelles of the
lysosome family, have been characterized: melanophilin
on melanosomes (Wu et al., 2002) and Vac17p on the
yeast vacuole (Ishikawa et al., 2003).

In S. cerevisiae, the movement of each organelle
during the cell cycle has specific temporal and spatial
characteristics, despite the fact that most of these or-
ganelles are carried by the same motor protein, the class
V myosin Myo2p. This promiscuity in organelle move-
ment by Myo2p has been explained by the existence of
(G) Peroxisome dynamics in myo2-66 cells. Peroxisomes remain anchored at the cortex of the mother cell. After significant delay (48’), one per-

oxisome is transported to the bud. This peroxisome is initially correctly localized to the bud tip (arrowhead) but subsequently leaves the bud (530)

(Movie S9).

(H) Quantification of the presence of peroxisomes at bud tips was performed as described in the legend to panel (E).
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Figure 6. Overproduction of Inp2p Alters the Partitioning of Peroxisomes without Affecting the Segregation of Other Organelles

(A) Wild-type and INP2-overexpressing cells synthesizing Pot1p-GFP were incubated in SCIM and examined by confocal microscopy as

described in the legend to Figure 2. Scoring for the presence or absence of peroxisomes in buds of different sizes and in mother cells was

performed on at least 25 budded cells from each category of bud size. Bar, 1 mm.

(B) Peroxisome dynamics in cells overproducing Inp2p. Arrowheads point to peroxisomes clustered at sites of polarized growth. Imaging was ini-

tiated after all peroxisomes had been delivered to the bud. The peroxisomes in the bud form a cluster at the bud tip (0’). At cytokinesis (220), all per-

oxisomes move en masse to the mother-bud neck region (arrowhead). Later in the cell cycle, peroxisomes detach from one another and are found

scattered in the former bud (106’). As soon as the cell containing peroxisomes forms a new bud (139’), peroxisomes relocate to the presumptive bud

site (arrowhead) and are then inserted into the bud (166’), where they localize to the bud tip (arrowhead). One small peroxisome (arrow) remains

anchored at the mother cell cortex for about 20 min. This peroxisome will be recruited from its fixed position (166’) and move into the bud (Movie S10).
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organelle-specific receptors for Myo2p that are regu-
lated according to cell cycle cues. Vac17p was the first
such receptor identified, functioning as the vacuole-spe-
cific receptor for Myo2p (Ishikawa et al., 2003). Following
this reasoning, we set out to identify the Myo2p receptor
on peroxisomes. We found that Inp2p possesses the at-
tributes of a peroxisome-specific receptor for Myo2p.

Inp2p is a peroxisomal membrane protein that inter-
acts directly with the cargo binding globular tail of
Myo2p and is essential for the segregation of peroxi-
somes to growing buds. The segregation of other organ-
elles is unaffected by deletion of the INP2 gene, eliminat-
ing the possibility of a role for Inp2p in cell polarity or in
organization of the actin cytoskeleton. The levels of
Inp2p oscillate with the cell cycle in a pattern that corre-
sponds to the dynamics of peroxisomes. Moreover, the
localization of Inp2p changes with the cell cycle, prefer-
entially marking those peroxisomes that are distributed
to sites of growth by Myo2p. In addition, upon overpro-
duction of Inp2p, the entire peroxisome population be-
comes concentrated at those intracellular sites at which
Myo2p normally accumulates. All these findings
strongly suggest Inp2p as the link between peroxisomes
and Myo2p. The discovery of Inp2p as the peroxisome-
specific receptor for Myo2p supports the proposition
that different organelles have different specific Myo2p
receptors.

Inp2p was enriched preferentially in peroxisomes that
were transferred to the bud. Since Inp2p is essential for
the directed movement of peroxisomes, its asymmetric
distribution could indicate that Myo2p selectively trans-
ports those peroxisomes with increased amounts of
Inp2p, effectively establishing an Inp2p gradient along
the mother-bud axis. We propose that the attainment
of a certain level of Inp2 on a given peroxisome enables
the Inp2p-Myo2p transport complex to displace that
peroxisome from its attachment site at the mother cell
cortex and move it rapidly to the bud (Figure 7D).

Inp2p exhibits the characteristics of an integral mem-
brane protein of peroxisomes and is predicted to con-
tain one membrane-spanning region at amino acids
211-239. This distinguishes Inp2p from the two myosin
V receptors, melanophilin and Vac17p, which are pe-
ripheral membrane proteins that require an additional
membrane protein to mediate their attachment to the or-
ganelle membrane (Wu et al., 2002; Tang et al., 2003).
However, Inp2p and Vac17p share common features
that could be used as criteria to screen for class V myo-
sin receptors on other yeast organelles, including corti-
cal ER (Estrada et al., 2003), late Golgi elements (Rossa-
nese et al., 2001) and secretory vesicles (Schott et al.,
1999). Both Inp2p and Vac17p have two coiled-coil
domains that are each about 30 amino acid residues in
length. Tandem coiled-coil domains of about the same
size are also found in melanophilin (Nagashima et al.,
2002) and may represent a common feature of all organ-
elle receptors for class V myosins. The levels of Inp2p
and Vac17p, and those of their corresponding mRNAs,
oscillate during the cell cycle in a pattern that parallels
the dynamics of yeast organelles (Tang et al., 2003),
strongly suggesting that the amount of class V myosin
receptor associated with an organelle at each point of
the cell cycle is crucial to the regulation of the movement
of that organelle.

We observed that a number of buds in the inp2D strain
contained peroxisomes. One possibility for this obser-
vation is that even in the absence of Inp2p, peroxisomes
retain some affinity for Myo2p, which, on occasion,
enables a few peroxisomes to be inserted into the bud.
However, these peroxisomes do not exhibit the
Myo2p-dependent movements exhibited by peroxi-
somes in buds of the wild-type strain. A second possibil-
ity is that peroxisomes are carried into the buds of inp2D

cells by the efflux of other organelles.
We also analyzed peroxisome dynamics in inp2D

mother cells. While the majority of peroxisomes were
static, some peroxisomes did move. However, much of
this movement was chaotic, as opposed to the fast, di-
rected, vectorial movements of peroxisomes observed
in wild-type cells. The velocities of wild-type per-
oxisomes in their Myo2p-driven transit in mother cells
varied widely, with a maximal observed velocity of
0.45 mm/s. Interestingly, Myo2p moves vacuoles at a ve-
locity of 0.1–0.2 mm/s (Weisman, 2003), secretory vesi-
cles at 3 mm/s (Schott et al., 2002), and microtubule
ends at 1.22 mm/s (Hwang et al., 2003). These differ-
ences in the velocities with which Myo2p carries various
cargoes most probably reflect the different drags asso-
ciated with the transport of cargoes of different shapes
and sizes (Weisman, 2003). While no homolog of Inp2p
apparently exists in higher eukaryotes, understanding
the Myo2p-Inp2p interaction and how it is regulated
will enable the development of testable predictions re-
garding motor-cargo interactions in general.

What is the relationship of Inp2p to Inp1p, the previ-
ously characterized peroxisomal protein involved in per-
oxisome inheritance? Inp1p and Inp2p are two key reg-
ulators of peroxisome inheritance with apparently
antagonistic functions. In wild-type cells, about half of
the peroxisomes is retained within the mother cell, a pro-
cess dependent on Inp1p (Fagarasanu et al., 2005),
while the other half is transported to the bud in an
(C) Overproduction of Inp2p leads to enhanced recruitment of peroxisomes to sites of polarized growth. Wild-type cells overexpressing INP2 (YEp13-

INP2) or containing the parental plasmid (YEp13) and synthesizing Pot1p-GFP were incubated in SCIM. Cells were processed for immunofluores-

cence microscopy with antibody to Myo2p. Primary anti-Myo2p antibody was detected with rhodamine-conjugated secondary antibody. Panels at

right show the merge of signals from GFP and rhodamine. Bar, 1 mm.

(D) Vacuole segregation is unaffected by overproduction of Inp2p. Wild-type and INP2-overexpressing cells synthesizing Pot1p-GFP were incubated

in SCIM. Vacuoles were labeled with FM4-64, and cells were analyzed by confocal microscopy. The panels at right show the merge of signals from

GFP and FM4-64. Quantification was performed on at least 25 budded cells from each category of bud size. Bar, 1 mm.

(E) Mitochondria segregation is unaffected by overproduction of Inp2p. Wild-type and INP2-overexpressing cells synthesizing Pot1p-mRFP and

Sdh2p-GFP were incubated in SCIM and analyzed by confocal microscopy. The panels at right show the merge of signals from mRFP and GFP.

Quantification was performed on at least 25 budded cells from each category of bud size. Bar, 1 mm.

(F) Orientation of the mitotic spindle is unaffected by overproduction of Inp2p. Pre-anaphase wild-type, INP2 overexpressing, and kar9D cells syn-

thesizing GFP-Tub1p were analyzed for orientation of the mitotic spindle as described in the legend to Figure 2D. Quantification was performed on at

least 100 pre-anaphase budded cells of each strain. Bar, 1 mm.
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Figure 7. Interplay between Inp1p and Inp2p

(A–C) The indicated strains were incubated and subjected to quantification of peroxisome inheritance as described in the legend to Figure 2A.

Bar, 1 mm.

(D) A model for Inp2p function in peroxisome inheritance. At a point in the cell cycle, Inp2p is synthesized and loaded onto peroxisomes. The

increased levels of Inp2p on some peroxisomes result in the formation of Inp2p-Myo2p transport complexes that can dislodge these peroxi-

somes from their fixed cortical positions. The Inp2p-Myo2p complexes move the attached peroxisomes along polarized actin cables. Once

in the bud, the Inp2p-Myo2p complexes are long-lived and responsible for localizing peroxisomes to sites of active growth, where Myo2p is

concentrated. The regulated turnover of Inp2p later in the cell cycle results in detachment of peroxisomes from the Myo2p motor. As a result,

only a subset of peroxisomes follows Myo2p to the mother-bud neck at cytokinesis. To prepare the bud for the ensuing cell cycle, peroxisomes

become anchored at the bud cortex, a process dependent on Inp1p (not depicted).
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Inp2p-dependent manner. Some insight into the inter-
play between Inp1p and Inp2p can be gained by study-
ing the behavior of peroxisomes in cells overproducing
or lacking one of these two key regulators of peroxisome
inheritance. In cells overproducing Inp1p, all peroxi-
somes assume static cortical positions within the
mother cell, even though the cells contain Inp2p (Fagar-
asanu et al., 2005). In contrast, overproduction of Inp2p
in the presence of Inp1p leads to the Myo2p-dependent
targeting of all peroxisomes to the bud and depletion
of the peroxisome population in the mother cell. Thus,
the overproduction of one of these proteins negates
the function of the other. Moreover, the effects caused
by overexpression of either INP1 or INP2 are enhanced
by the lack of the other gene.

These scenarios suggest that there is a tug-of-war for
peroxisomes between Inp1p, which acts to anchor per-
oxisomes in cells, and Inp2p-Myo2p, which moves per-
oxisomes, to determine the fate of individual peroxi-
somes during the cell cycle. Regulatory mechanisms
therefore ultimately act to balance these molecular
‘‘contests of strength’’ to ensure that approximately
half of the peroxisome population dissociates from the
mother cell cortex to be transported to the bud
(Figure 7D).

Interestingly, in inp1D cells, no peroxisomes had fixed
positions at the mother cell cortex, which often resulted
in the complete transfer of the peroxisome population to
the daughter cell (Fagarasanu et al., 2005). It can be
assumed that each peroxisome in inp1D cells has suffi-
cient Inp2p to recruit Myo2p and promote its directed
movement to the bud in the absence of an opposing
force. In inp1D/inp2D cells, peroxisomes are left without
any means of anchoring to the cell cortex and any pos-
sibility of attaching to the translocation machinery,
which probably leads to a random distribution of perox-
isomes. The presence, under these conditions, of buds
devoid of peroxisomes probably reflects the inefficiency
of stochastic segregation of peroxisomes in a cell that
divides by budding.

In closing, we have shown that the peroxisomal mem-
brane protein Inp2p is directly involved in the Myo2p-
driven transport of peroxisomes to the bud during cell
division in S. cerevisiae and exhibits the hallmarks of
a peroxisome-specific receptor for the class V myosin,
Myo2p.

Experimental Procedures

Strains and Culture Conditions

S. cerevisiae strains used in this study are listed in Table S1. Strains

were cultured at 30ºC, unless otherwise indicated. Strains contain-

ing plasmids were cultured either in synthetic minimal (SM) medium

or, if induction of peroxisomes was needed, in SCIM without leucine.

Media components were YPD, 1% yeast extract, 2% peptone, 2%

glucose; SCIM, 0.67% yeast nitrogen base without amino acids,

0.5% yeast extract, 0.5% peptone, 3.3% Brij 35, 0.1% glucose,

0.1% oleic acid, 13complete supplement mixture (Bio 101) with or

without leucine; YPBO, 0.3% yeast extract, 0.5% peptone, 0.5%

K2HPO4, 0.5% KH2PO4, 3.3% Brij 35, 1% oleic acid; SM, 0.67% yeast

nitrogen base without amino acids, 2% glucose, 13 complete sup-

plement mixture without uracil or leucine.

Microscopy

Unless otherwise indicated, strains viewed by fluorescence micros-

copy were grown to mid-log phase in YPD or SM medium and then
incubated in SCIM for 16 hr. Images were captured with a Plan-

Apochromat 633/1.4 NA oil DIC objective and an Axiovert 200

microscope equipped with either a LSM 510 META confocal scanner

(Carl Zeiss) or, in the case of GFP-Tub1p and Inp2p-GFP, an Ultra-

view ERS spinning disc confocal imager (Perkin Elmer) and an

ORCA-ER camera (Hamamatsu). Actin structures were visualized

using a Model BX50 epifluorescence microscope (Olympus) equip-

ped with a digital fluorescence camera (Spot Diagnostic Instru-

ments).

Supplemental Data

Supplemental data including a supplemental figure, a supplemental

table, additional Experimental Procedures, and ten supplemental

movies are available at http://www.developmentalcell.com/cgi/

content/full/10/5/587/DC1/.
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