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The ultimate goal of cytokinesis is to establish a membrane barrier between daughter cells. The fission yeast Schizosac-
charomyces pombe utilizes an actomyosin-based division ring that is thought to provide physical force for the plasma
membrane invagination. Ring constriction occurs concomitantly with the assembly of a division septum that is eventually
cleaved. Membrane trafficking events such as targeting of secretory vesicles to the division site require a functional
actomyosin ring suggesting that it serves as a spatial landmark. However, the extent of polarization of the secretion
apparatus to the division site is presently unknown. We performed a survey of dynamics of several fluorophore-tagged
proteins that served as markers for various compartments of the secretory pathway. These included markers for the
endoplasmic reticulum, the COPII sites, and the early and late Golgi. The secretion machinery exhibited a marked
polarization to the division site. Specifically, we observed an enrichment of the transitional endoplasmic reticulum (tER)
accompanied by Golgi cisternae biogenesis. These processes required actomyosin ring assembly and the function of the
EFC-domain protein Cdc15p. Cdc15p overexpression was sufficient to induce tER polarization in interphase. Thus, fission
yeast polarizes its entire secretory machinery to the cell division site by utilizing molecular cues provided by the
actomyosin ring.

INTRODUCTION

Cell division is the final event in the cell cycle that results in
physical separation of two daughter cells. Despite being
studied for more than a hundred years, the underlying
molecular mechanisms and the cytological details of the
process are still emerging. Various organisms and cell types
have established multiple pathways to conduct cell division
that are regulated at both signaling and structural levels (for
review see Balasubramanian et al., 2004). In recent years, the
fission yeast Schizosaccharomyces pombe has emerged as an
attractive model for the study of cytokinesis because of its
fully sequenced genome (Wood et al., 2002), a cell size con-
venient for cytological studies and the availability of a large
set of conditional mutants compromised in various aspects
of cell division (Chang et al., 1996; Balasubramanian et al.,
1998).

On entry into mitosis, S. pombe assembles an actomyosin
ring that is thought to drive a binary cell fission through
constriction, similar to many other eukaryotes, including
nematodes, insects, and vertebrates (for review see Hales et
al., 1999). During early mitosis, actin is assembled into a ring
structure through the action of several actin nucleating and
bundling proteins and molecular motors. These include the
formin Cdc12p (Chang et al., 1997), profilin Cdc3p (Balasu-
bramanian et al., 1992), the extended Fer/CIP4 (EFC) do-
main protein Cdc15p (Fankhauser et al., 1995), and the my-
osin heavy chain Myo2p (Kitayama et al., 1997) together with
its light chains Cdc4p (McCollum et al., 1995; Naqvi et al.,

1999) and Rlc1p (Le Goff et al., 2000). It has been proposed
that activation of the signaling cascade referred to as the
septation initiation network (SIN) triggers actomyosin ring
constriction upon nuclear division (for review see Krapp et
al., 2004). Concomitantly with ring constriction, membrane
material is inserted at the division site and the septum is
synthesized (Jochova et al., 1991). Centripetal septum depo-
sition and ring constriction seem to be tightly linked. Indeed,
1,3-�-glucan-synthase loss-of-function mutants that cannot
form the septum are also incapable of ring constriction (Liu
et al., 2000). As septum biogenesis proceeds, actin reorga-
nizes to clusters of patches on both sides of the septum
(Marks and Hyams, 1985). Secondary septa are then formed
on either side of the primary one that is eventually dissolved
resulting in cell separation (Humbel et al., 2001).

Formation and remodeling of the cell wall depend on
action of enzymes such as the (1,3)-�-glucan-synthase and
the endo-�-1,3-glucanase that are involved in organizing the
(1,3)-�-glucan, the major constituent of the cell wall (Ribas et
al., 1991; Martin-Cuadrado et al., 2003). These proteins have
been shown to localize to the sites of active growth and their
localization depends on secretion (Cortes et al., 2002; Martin-
Cuadrado et al., 2003). Application of the drug brefeldin
A (BFA), which inhibits the exchange factor for the small
GTPase Arf, renders fission yeast cells incapable of localiz-
ing the (1,3)-�-glucan-synthase catalytic subunit Cps1p to
the division site, presumably because of a block in secretion
(Liu et al., 2002). Furthermore, the multiprotein complex
involved in the late steps of the exocytic pathway named
exocyst is essential for the proper localization of the endo-
�-1,3-glucanase, Eng1p (Martin-Cuadrado et al., 2005). In
fission yeast, the exocyst-mediated secretion is restricted to
the cellular growth regions including cell tips and the cell
division site (Wang et al., 2002).
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In exocytosis, vesicles originating from the secretory path-
way or endosomal recycling (Engstler et al., 2004) fuse with
the plasma membrane. The delivery of newly synthesized
proteins to the plasma membrane and cell surrounding de-
pends almost exclusively on the function of the secretory
pathway (for review see Mellman and Warren, 2000; Nickel,
2003). Proteins to be secreted are processed in the endoplas-
mic reticulum (ER) and the Golgi apparatus and then are
sorted into the post-Golgi vesicles that are delivered to the
plasma membrane (Alberts et al., 2002). Most published
work on the involvement of protein secretion during polar-
ity establishment has centered on targeting, localization, and
delivery of post-Golgi vesicles. For example, it was shown
that the early buds of the budding yeast Saccharomyces cer-
evisiae contain numerous secretory vesicles that are rarely
observed in the mother cell (Preuss et al., 1992). Such polar-
ized distribution depends on intact actin cables and type V
myosins (Johnston et al., 1991; Govindan et al., 1995). How-
ever, less is known about the spatial distribution of the early
secretory compartments. It was reported that the Golgi ap-
paratus also localized close to the bud site in S. cerevisiae
(Preuss et al., 1992). Similarly, Bevis et al., 2002 have sug-
gested that the Golgi elements in Pichia pastoris might pref-
erentially localize toward the budding site. During hyphal
growth in Candida albicans, cells assemble the vesicle-rich
Spitzenkörper structure at the tips of growing hyphae (Har-
ris et al., 2005). The intimate association between Spitzenkör-
per behavior and hyphal morphogenesis suggests that the
Spitzenkörper might function as a “Vesicle Supply Center,”
producing the secretory vesicles (Bartnicki-Garcia et al.,
1989). In fact, it was recently shown that most of the Golgi
apparatus is indeed localized near the growing hyphal tips
(Rida et al., 2006).

Considering the functional continuum of the secretory
pathway (for review see Guo and Novick, 2004), we were
interested in investigating the structural and spatial organi-
zation of the tER (transitional ER) and cis- and trans-Golgi
during polarized tip growth and cell division, which repre-
sent major aspects of cellular polarity in fission yeast.

In this study we observed an enrichment of tER that was
accompanied by the biogenesis of Golgi cisternae at the
division site. These processes required assembly of a func-
tional actomyosin ring and, in particular, the function of the
EFC domain protein, Cdc15p. Interestingly, overexpression
of Cdc15p in interphase was sufficient to induce the equa-
torial accumulation of the tER. Thus, fission yeast cells po-
larize the entire secretory machinery to the cell division site
by utilizing molecular cues provided by the actomyosin
ring.

MATERIALS AND METHODS

S. pombe Strains, Reagents, and Constructs
S. pombe strains used in this study and their genotypes are listed in Supple-
mentary Table 1. Media for vegetative growth (EMM2 or YES) and genetic
methods were as described in Moreno et al. (1991). Genetic crosses and
sporulation were performed on YPD agar plates. The homologous recombi-
nation-based method was used to tag endogenous proteins with green fluo-
rescent protein (GFP) or mCherry at their C termini. The candidate proteins
were selected based on their homologies to proteins characterized in other
yeast systems (accession numbers: SPBC1734.04 [Anp1p], SPAC27F1.07
[Ost1p], SPAC22F8.08 [Sec24p], SPBC36B7.03 [Sec63p], and SPAC30.01c
[Sec72p]). Plasmids were constructed using standard molecular biology tech-
niques. Latrunculin A (LatA), a drug that prevents actin polymerization, was
purchased from Biomol International LP (Plymouth Meeting, PA). DNA
fluorescent stain 4�,6-diamidino-2-phenylindole (DAPI) and the microtubule
depolymerizing drug methyl-1-(butylcarbamoyl)-2-benzimidazole-carbamate
(carbendazime; MBC) were obtained from Sigma-Aldrich (St. Louis, MO). The
F-actin stain Alexa Fuor 593 phalloidin was obtained from Invitrogen
(Karlsruhe, Germany).

Microscopy
Epifluorescence still images were collected using mercury lamp as an illumi-
nation source with appropriate sets of filters on a Zeiss Axiovert 200M (Plan
Apochromat NA 1.4 objective, Göttingen, Germany) microscope equipped
with CoolSnap camera (Photometrics, Tucson, AZ) and Uniblitz shutter
driver (Photonics, Rochester, NY) under the control of Metamorph software
package (Universal Imaging, Sunnyvale, CA). Typically, we acquired image
stacks that consisted of nine sections of 0.5-�m spacing. Presented are the
z-stack maximum projection images obtained by using Metamorph built-in
module (Universal Imaging, West Chester, PA).

Scanning confocal microscopy was performed on a Leica DMI6000B micro-
scope (HCX Plan NA � 1.35 objective) equipped with SP5 confocal system
(Leica Microsystems, Mannheim, Germany) controlled by the proprietary
software package. Z-stack images were taken with 0.5-�m spacing and re-
constructed in three dimensions using the projection module. Imaging was
performed on S. pombe cells placed in sealed growth chambers containing 2%
agarose YES medium.

Time-lapse fluorescent microscopy images were generated on a Zeiss Ax-
iovert 200M (Plan Apochromat NA 1.4 objective) microscope equipped with
UltraView RS-3 confocal system: CSU21 confocal optical scanner, 12 bit digital
cooled Hamamatsu Orca-ER camera (OPELCO, Sterling, VA) and krypton-
argon triple line laser illumination source (488, 568, and 647 nm) under the
control of UltraView software package (PerkinElmer, Boston, MA). Typically,
we acquired image stacks that consisted of nine 0.5-�m–spaced sections.
Presented are the z-stack maximum projection images obtained by using
ImageJ software package (http://rsb.info.nih.gov/ij/; National Institutes of
Health, Bethesda, MD). Imaging was performed on S. pombe cells placed in
sealed growth chambers containing 2% agarose YES medium.

Image Analysis
Single-cell maximum projection images obtained by epifluorescence micros-
copy were analyzed using customized CellProfiler image analysis software
(Carpenter et al., 2006). CellProfiler object processing modules were used to
identify S. pombe cells. Longitudinal cell axes were approximated by linear
regression of cell boundaries. Images were rotated by the angle of inclination
of the cell axes to the x-axis, thus orienting cells horizontally. Next, images
were cropped to cell boundaries. Using nearest-neighbor interpolation, image
width was resized to the nearest multiple of 20 pixels and image height to the
nearest multiple of 10 pixels. The average intensity of an image field com-
prising one-twentieth of the width and one-tenth of the height of this image
was represented as a single pixel, thus resulting in a 20 � 10-pixel image.
Intensities were normalized and averaged over 50 images. Furthermore, we
calculated intensities along longitudinal cell axes from mean column intensi-
ties of the 20 � 10 images. As above, these were averaged over 50 images and
graphed. We determined the statistical significance of differences in fluores-
cence levels between two axial positions using the Kolmogorov-Smirnov test
to calculate the p values. The critical p value (p � 0.05) was adjusted for
multiple comparisons using Bonferroni correction.

Three-dimensional reconstructions were performed using Volocity soft-
ware package (Perkin Elmer-Cetus, Waltham, MA).

Integrated intensity measurements were performed on maximum projec-
tion images obtained by time-lapse spinning disk confocal microscopy using
the Metamorph built-in module. The measurements were performed over
three equal areas corresponding to cell tips and the cell middle. The fluores-
cence intensities were adjusted for bleaching using interphase cells fluores-
cence intensities (n � 4 cells), assuming that the marker protein levels did not
change during this time. Obtained values are presented as a time sequence of
values relative to average intensity at cell tips and the moving average (n �
3) time sequence.

RESULTS

Organization of the Early Secretory Pathway in S. pombe
To investigate the organization of the early secretory com-
partments including the COPII-positive compartments and
both cis- and trans-Golgi, we constructed S. pombe strains
expressing a number of distinct marker proteins C-termi-
nally tagged with GFP or mCherry at their genomic loci. The
candidate proteins were selected based on their homologies
to known secretory pathway markers reported in other yeast
(see Materials and Methods). Tagging of these proteins did not
adversely affect their essential functions judging by the nor-
mal cell morphology and division patterns.

The general ER markers such as the component of the
protein translocation complex Sec63p-GFP (Deshaies et al.,
1991) and the predicted oligosaccharide transferase Ost1p-
GFP (Silberstein et al., 1995) exhibited both cortical and
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nuclear envelope (NE) localization (Supplementary Figure
1A), consistent with previously published work (Pidoux and
Armstrong, 1993; Broughton et al., 1997). The COPII vesicle
coat protein Sec24p-GFP (Barlowe et al., 1994) localized to
punctate structures (Figure 1A, left panel) of various sizes.
We observed 80 � 9 such entities in interphase cells and
106 � 11 of those in dividing cells (n � 10 cells; Figure 1C).
To explore the organization of COPII structures and cis-
Golgi with respect to each other, we simultaneously ob-
served the localization of Sec24p-GFP and the component of
the Golgi mannosyltransferase complex Anp1p-mCherry
(Jungmann and Munro, 1998) that served as a cis-Golgi
marker protein (Figure 1A, center panel). Because of the
large number of the COPII structures, it was difficult to
determine the fraction of adjacent COPII-positive membranes
and cis-Golgi compartments, although we did observe such
instances (Figure 1A, right panel).

We further analyzed the relative distribution of the cis-
Golgi marker Anp1p-mCherry (Figure 1B, center panel) and
the Arf GEF Sec72p-GFP (Figure 1B, left panel), a homologue
of S. cerevisiae Sec7p (Franzusoff et al., 1991) that localizes to
the late Golgi compartments in budding yeast. We found
that these proteins localized to several punctate structures
(18 � 3 cis- and 22 � 3 trans-Golgi compartments during
interphase and 23 � 3 cis- and 26 � 2 trans-Golgi compart-
ments in dividing cells, n � 10 cells). These two markers
often partially overlapped or were found adjacent to each
other, consistent with their localization to distinct cisternae
within Golgi stacks (Figure 1, B, right panel, and C). We also
observed instances of several cis-Golgi cisternae adjacent to
a single trans-Golgi structure. Individual cisternae were
present, albeit at a lower frequency (�10% of early and
�13% of late Golgi compartments, n � 10 cells). Thus, the
Golgi apparatus in S. pombe cells exists as multiple entities
comprising mainly stacks of few cisternae and some indi-
vidual cisternae.

We investigated the dynamics of the early secretory path-
way compartments using time-lapse microscopy. By per-
forming epifluorescence microscopy of single planes ac-
quired every 5 s in cells expressing Sec24p-GFP and the
nuclear envelope marker Uch2p-mCherry (Li et al., 2000), we
found that COPII entities were stable for periods extending
5 min during both cell growth and division (Figure 1D and
Supplementary Movie 1). Considering that the protein coat
is rapidly disassembled after COPII vesicles have budded
(Antonny et al., 2001), we concluded that in fission yeast
Sec24p-GFP marks the sites of COPII vesicles production,
the tER (for review see Mancias and Goldberg, 2005). We
were not able to determine the average tER site lifespan
because of technical limitations and the large number of
these sites.

Using the spinning disk confocal time-lapse microscopy,
we observed instances of early Golgi biogenesis without
visible contribution from pre-existing cisternae, as judged by
Anp1p-mCherry dynamics (Figure 1, E and F, and Supple-
mentary Movie 2). Moreover, we observed instances of cis-
ternal identity change when Anp1p-mCherry positive struc-
tures became predominantly occupied by Sec72p-GFP
(Figure 1G and Supplementary Movie 3), in concordance
with the Golgi cisternal progression model (for review see
Malhotra and Mayor, 2006). The quantification of the fluo-
rescence signals associated with single cisternae maturation
(Figure 1H) suggested that this conversion occurred with the
fluorescence ratio doubling time of �30 � 7 s (n � 12
maturation events).

Early Secretory Pathway Compartments Accumulate at
the Division Site
Although both tER and Golgi compartments exhibited a
seemingly random distribution in interphase cells, they were
clearly polarized during cell division (Figure 1, A and B). To
explore this matter further, we performed epifluorescence
microscopy analyses of live fission yeast cells expressing
GFP-tagged secretory pathway markers together with the
actomyosin ring marker Rlc1p fused to monomeric red flu-
orescent protein (mRFP) (Le Goff et al., 2000). We confirmed
that both tER and Golgi apparatus did not exhibit a clearly
polarized distribution of the marker proteins during inter-
phase (Figure 2). However, pronounced recruitment of secre-
tory compartments to the cell division site became notice-
able at the time of actomyosin ring formation. Notably,
although the tER exhibited the highest levels of accumula-
tion at this time (Figure 2A), the Golgi apparatus appeared
only moderately polarized toward the future division site
(Figure 2, B and C). As cells progressed through septation,
all marker proteins attained maximum polarization levels. It
should be noted that tER showed a fairly narrow region of
intense accumulation, �10% of mother cell length, whereas
the Golgi marker proteins were enriched in the medial 30%
of mother cell length. Thus, for further analyses cells exhib-
iting such accumulation of both tER and Golgi markers were
considered polarized. Because polarization of the tER could
be consequential to accumulation of the entire ER in the
vicinity of the division site, we investigated the spatial dis-
tribution of general ER marker Ost1p-GFP throughout the
cell cycle (Supplementary Figure 1A). We did not observe a
pronounced accumulation of ER in the central region of
dividing cells. We confirmed that the tER polarization did
not reflect the general ER localization by performing epiflu-
orescence microscopy on cells simultaneously expressing
Sec24p-GFP and Ost1p-mCherry (Supplementary Figure
1B). Quantification of the fluorescence levels of tER and
Golgi marker proteins suggested that their accumulation at
the site of division was statistically significant (Supplemen-
tary Figure 2, n � 50 cells per marker per cell cycle stage; see
Materials and Methods for details).

Actomyosin Ring Assembly Is Required for Secretory
Machinery Recruitment to the Division Site
Given that we observed the initial medial accumulation of
both tER and Golgi compartments occurring concomitantly
with actomyosin ring formation (Figure 2), we hypothesized
that the ring itself might serve as a determinant for the early
secretory pathway polarization. To explore this question, we
introduced the fluorescent markers of the secretory pathway
into the cdc12-112 temperature-sensitive genetic background.
The essential S. pombe formin Cdc12p plays a crucial role in
actomyosin ring formation, and fission yeast cells are incapable
of ring assembly when Cdc12p function is compromised
(Chang et al., 1997). When grown at the restrictive temperature
of 36°C, cdc12-112 mutant cells are not capable of cytokinesis
but undergo the nuclear division (Arai and Mabuchi, 2002). We
synchronized exponentially growing cell cultures in early G2
phase of the cell cycle by elutriation. Immediately upon elu-
triation cells were released into a fresh medium and grown at
either permissive or restrictive temperatures. As judged by
visualization of the Uch2p-mCherry, anaphase cell popula-
tion peaked at �75 and 90 min after elutriation for cultures
grown at 24 and 36°C, respectively. Samples were taken,
fixed, and stained for actin and DNA to confirm that cells
were unable to form rings at the restrictive temperature
(data not shown). By analyzing the spatial distribution of the
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Figure 1. Characterization of the early the secretory pathway in S. pombe. (A) 3D reconstruction of scanning confocal microscopy images of
S. pombe cells expressing COPII vesicle marker Sec24p-GFP (green, left panel) and cis-Golgi marker Anp1p-mCherry (red, center panel).
Numerous punctate COPII entities and multiple separate cis-Golgi cisternae could be visualized, some of which were adjacent or partially
overlapping with each other (overlay, right panel). Arrows indicate the spatial orientation of objects in respect to x, y, and z-axis (green, red,
and blue, respectively). (B) 3D reconstruction of scanning confocal microscopy images of S. pombe cells expressing cis-Golgi marker
Anp1p-mCherry (red, center panel) and trans-Golgi marker Sec72p-GFP (green, left panel). The trans-Golgi localized as multiple separate
cisternae that were in most cases partially overlapping or adjacent to the cis-Golgi cisternae (overlay, right panel). Arrows indicate the spatial
orientation of objects in respect to x, y, and z-axis (green, red, and blue, respectively). (C) Quantification of the number of individual COPII
entities and individual and adjacent cis- and trans-Golgi cisternae in fission yeast interphase and post-anaphase cells as visualized by scanning
confocal imaging of Sec24p-GFP, Anp1p-mCherry, and Sec72p-GFP, respectively (n � 10 cells per compartment). SP, secretory pathway. (D)
Representative frames from Supplementary Movie 1. Shown is the single focus plane images obtained by time-lapse epifluorescent
microscopy of cells expressing Sec24p-GFP and Uch2p-mCherry. The arrows indicate COPII-positive membranes that persisted throughout
the course of the experiment. (E) Representative frames corresponding to Supplementary Movie 2. Shown is the maximum projection image
of the z-stack obtained by time-lapse spinning disk confocal imaging. Numbers refer to the time, in minutes (�) and seconds (�). The encircled area
indicates the site of cis-Golgi cisterna (Anp1p-mCherry, red) biogenesis as visualized by time-lapse spinning disk confocal imaging.
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secretory pathway marker proteins, we noticed a strikingly
reduced medial accumulation of tER and Golgi cisternae
(Figure 3, A–D). Under permissive conditions �90 and
�80% of cells exhibited tER and Golgi polarization, whereas
only �10 and �25% of cells, respectively, polarized these
compartments under restrictive conditions. We confirmed
that the actomyosin ring structure was important for polar-
ization of the early secretory compartments by examining
the spatial distribution of the tER and Golgi compartments
in cells with compromised function of the myosin light-
chain Cdc4p (McCollum et al., 1995, Supplementary Figure
3). Thus, the establishment of early secretory pathway po-
larization during mitosis depends on actomyosin ring for-
mation.

Maintenance of a Polarized State of the Early Secretory
Pathway Compartments Requires an Intact Actin
Cytoskeleton
Our observations indicated that the establishment of the
polarized distribution of the early secretory pathway com-
partments required actomyosin ring assembly. However,
the polarized state persisted throughout septation at the
time when the ring is disassembled. Thus it was possible
that other factors could be used for maintenance of the
polarized tER and Golgi distribution. Because actin patches
localize at the site of septation after ring constriction, we
probed the importance of an intact actin cytoskeleton for this
phenomenon. To this end, we analyzed the behavior of the
early secretory pathway marker proteins in asynchronously
growing cell cultures treated with latrunculin A (LatA), a
drug that prevents actin polymerization. LatA at 10 �M has
been shown to cause a rapid depolymerization of the actin
cytoskeleton in S. pombe (Karagiannis et al., 2005), and we
confirmed that both division rings and interphase actin
structures were eliminated by staining the fixed cells sam-
ples with phalloidin and DAPI (Supplementary Figure 4).
We observed that cells treated with LatA for 15 min under-
went a significant decrease in polarization of all secretory
pathway compartments (Figure 3, E–H). The binucleate mi-
totic cells treated with LatA did not show any degree of
either tER or Golgi accumulation, likely because of their
inability to assemble the actomyosin ring. Although some
septating cells exhibited polarization 15 min after drug ap-
plication, 30 min of LatA treatment completely abolished the
medial accumulation of the secretory pathway compart-
ments. These data confirmed that the actomyosin ring was
essential for the establishment of tER and Golgi compart-
ments polarization and suggested that an intact actin cy-
toskeleton was required for its maintenance during septa-
tion.

The Septation Initiation Network Is Required for
Maintenance But Not for the Initial Recruitment of the
Early Secretory Pathway Compartments at the Division
Site
To determine whether accumulation of the secretory com-
partments to the division site depended on the cell cycle
stage, we analyzed the behavior of both the tER and the
Golgi apparatus in the cdc16-116 temperature-sensitive ge-
netic background. Cdc16p is a module of the two-compo-
nent GTPase-activating protein for the small GTPase Spg1p
and thus serves as a negative regulator of the SIN pathway
(Furge et al., 1998). Loss-of-function of Cdc16p untimely
activates the SIN pathway resulting in successive rounds of
septum depositions at any stage of the cell cycle (Minet et al.,
1979). Asynchronously growing cdc16-116 cells expressing
GFP fusions with the early secretory pathway markers were
shifted to the restrictive temperature of 36°C and imaged 1 h
after the temperature shift-up. We found that Sec24p-GFP,
Anp1p-GFP, and Sec72p-GFP, which represent tER and
early and late Golgi compartments, respectively, accumu-
lated in the vicinity of most ectopic septa (Figure 4, A–C).
Considering that some cells simultaneously exhibited more
than one ectopic septum, we quantified the number of ec-
topic septa that recruited the secretory compartments rather
than the proportion of cells showing such accumulation
(Figure 4D). We concluded that early secretory pathway
accumulation spatially and temporally coincided with con-
tractile ring and septum formation independently of the cell
cycle.

To explore the possibility that the SIN pathway was di-
rectly responsible for the polarization of the early secretory
compartments, we observed the spatial distribution of the
tER and Golgi marker proteins in the sid2-250 temperature-
sensitive mutant background. Sid2p is the downstream ef-
fector kinase of SIN signaling (Balasubramanian et al., 1998;
Sparks et al., 1999), and loss of its activity leads to septation
failure. Using elutriation, we synchronized cells in the man-
ner described above and observed the localization of Sec24p-
GFP, Anp1p-GFP, and Sec72p-GFP in anaphase cells (Figure
4, E, F, and G, respectively) also expressing the nuclear
envelope marker, Uch2p-mCherry, at both 24 and 36°C. As
indicated by the marker proteins, in mitotic cells all three
compartments, including the tER, cis-Golgi, and trans-Golgi,
accumulated medially regardless of whether or not the SIN
function was compromised (Figure 4H). It should be noted
that medial accumulation of the tER and Golgi compart-
ments did decrease upon longer incubation at the restrictive
temperature. This might be attributed to the fact that SIN
functions in maintaining the actomyosin ring throughout
anaphase and cytokinesis (Balasubramanian et al., 1998;
Sparks et al., 1999) and therefore is essential for ensuring the
continuous localization of the secretory compartments to the
site of septation. To confirm that the SIN pathway activity
was not essential for the initial secretory machinery recruit-
ment but was required for the maintenance of its polariza-
tion state, we performed the time-lapse imaging of sid2-250
mutant cells expressing GFP-tagged secretory pathway
marker proteins and Uch2p-mCherry, growing either at the
permissive temperature of 24°C or after a 1-h shift to the
restrictive temperature of 36°C (Supplementary Figure 5).
We found that anaphase cells (as indicated by the nuclear
envelope marker Uch2p-mCherry) incubated at both 24 and
36°C exhibited initial medial accumulation of the secretory
compartments. Although this accumulation persisted in
cells grown at 24°C (7/8, 5/6, and 5/5 cells for tER, cis-
Golgi, and trans-Golgi, respectively), it was abolished at

Figure 1 (cont). (F) Quantification of Anp1p-mCherry fluorescence
intensity (red line) associated with cis-Golgi cisternae biogenesis
event indicated in E and the fluorescence profile averaged over six
biogenesis events (black line). The horizontal axis indicates time in
seconds, and the vertical axis indicates fluorescence intensity as
percentage of the maximal intensity observed. Error bars, SD. (G)
Representative frames corresponding to Supplementary Movie 3.
Shown is the single focus plane image sampled from the z-stack
obtained by time-lapse spinning disk confocal imaging. Numbers
refer to the time, in minutes (�) and seconds (�). Encircled areas
indicate the single Golgi cisternae maturing from a cis-Golgi
(Anp1p-mCherry, red) to trans-Golgi identity (Sec72p-GFP, green).
(H) Quantification of intensity of Anp1p-mCherry (red) and Sec72p-
GFP (green) fluorescence associated with a Golgi cisterna matura-
tion event indicated in (G, arrow). Data are graphed as in F.
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Figure 2. Spatial distribution of the early secretory pathway throughout the cell cycle. (A) tER localization marked by Sec24p-GFP (top row
of images) in interphase (first column), mitosis (second column), and early and late septation (third and fourth column). The cell cycle stage
was deduced by the morphology of the actomyosin ring marker Rlc1p-mRFP (second row from the top) and the DIC image (not shown).
Shown is the maximum projection image of the z-stack obtained by epifluorescence imaging. Epifluorescence maximum projection images
of z-stacks of 50 individual cells at the same stage of the cell cycle expressing Sec24p-GFP were standardized and compared with produce
an averaged image (third row from the top, for details see Materials and Methods). The horizontal axis indicates position along the cell axis

A. Vjestica et al.

Molecular Biology of the Cell1130



36°C (only 2/8, 0/4, and 0/4 cells exhibited some residual
accumulation in case of tER, cis-Golgi, and trans-Golgi, re-
spectively). In conclusion, our findings implied that the
medial recruitment of the early secretory pathway was SIN

independent, whereas its maintenance did rely on SIN reg-
ulated cellular processes.

The EFC Domain Protein Cdc15p Is Required for tER
Recruitment to the Division Site
Our results showed that the actomyosin ring is required for
the tER and Golgi polarization during mitosis. Cdc15p is a
component of the actomyosin ring and is the member of the
EFC domain family characterized by an EFC domain at
the N-terminus (Tsujita et al., 2006) and an SH3-domain at
the C-terminus (Fankhauser et al., 1995). It has been sug-

Figure 2 (cont). in percentages of cell length and the vertical axis
indicates fluorescence intensity in arbitrary units. (B) cis-Golgi lo-
calization marked by Anp1p-GFP; imaging and analysis as in A. (C)
trans-Golgi localization marked by Sec72p-GFP; imaging and anal-
ysis as in A.

Figure 3. Actomyosin ring assembly is re-
quired for secretory pathway recruitment to
the division site and maintenance of the po-
larized state requires an intact actin cytoskel-
eton. (A) Temperature-sensitive cdc12-112
mutant cells expressing Sec24p-GFP (top row)
and the nuclear marker Uch2p-mCherry (bot-
tom row) were imaged upon entry into an-
aphase after previously being synchronized in
G2 by elutriation, transferred into fresh me-
dium, and allowed to grow at 36°C (left col-
umn) and 24°C (right column). Shown is the
maximum projection image of the z-stack
obtained by epifluorescence imaging. (B)
Temperature-sensitive cdc12-112 mutant cells
expressing Anp1p-GFP (top row) and the nu-
clear marker Uch2p-mCherry (bottom row)
were treated as in A. (C) Temperature-sensi-
tive cdc12-112 mutant cells expressing Sec72p-
GFP (top row) and the nuclear marker Uch2p-
mCherry (bottom row) were treated as in A.
(D) Quantitation of Sec24p-GFP, Anp1p-GFP
and Sec72p-GFP polarization under experi-
mental conditions described in A (n � 250
cells per sample). (E) Cells expressing Sec24p-
GFP (top row) and Uch2p-mCherry (bottom
row) were treated with 10 �M LatA (left col-
umn) or DMSO (right column) for 30 min.
Shown is the maximum projection image of the
z-stack obtained by epifluorescence imaging. (F)
Cells expressing Anp1p-GFP (top row) and
Uch2p-mCherry (bottom row) were treated as
in E. (G) Cells expressing Sec72p-GFP (top row)
and Uch2p-mCherry (bottom row) were treated
as in E. (H) Graph quantifying the proportion of
cells exhibiting Sec24p-GFP, Anp1p-GFP and
Sec72p-GFP polarization under experimental
conditions described in E (n � 250 cells per
sample).
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gested that Cdc15p functions downstream of SIN in regu-
lating septum assembly (Marks et al., 1992; Wachtler et al.,
2006). Interestingly, the EFC protein family members were
shown to couple membrane deformation to the actin cy-
toskeleton (Tsujita et al., 2006), providing a potential link to
COPII vesicle biogenesis (Lee et al., 2005). Thus, we set out to
investigate whether Cdc15p functioned during establish-
ment of the polarized state of tER and Golgi during cell
division.

Although not essential for actomyosin ring formation in
metaphase, Cdc15p is necessary for its maintenance upon
SIN activation (Wachtler et al., 2006). Thus, to assess the
specific contribution of Cdc15p independently from the ac-
tomyosin ring, we observed the spatial distribution of the
secretory pathway proteins in wild-type and temperature-
sensitive cdc15-140 mutant cells arrested in metaphase by
overexpressing the spindle assembly checkpoint component
Mad2p (He et al., 1997) under the nmt1 promoter (Maun-
drell, 1990). Briefly, Mad2p overexpression was induced for
20 h at the permissive temperature of 24°C followed by a
temperature shift-up for 4 h at 36°C. Samples were taken
from cell cultures and stained by phalloidin and DAPI,
indicating that under the experimental conditions described
�38% of cells contained actomyosin ring, with �85% of
these appearing arrested in metaphase. We analyzed the

distribution of the early secretory pathway markers in live
cells exhibiting Rlc1p-mRFP rings. We observed a marginal
difference in the spatial distribution of cis- and the trans-
Golgi compartments between wild-type and cdc15-140 mu-
tant cells at both 24 and 36°C, with �50 and 55% cells
exhibiting polarization of early and late Golgi elements,
respectively (Figure 5, B and C, respectively). On the other
hand, the tER marker protein Sec24p-GFP exhibited a more
complex distribution (Figure 5A). In wild-type cells, at both
24 and 36°C, �80% of cells displaying Rlc1p-mRFP ring
exhibited a clear recruitment of Sec24p-GFP to the narrow
medial band, whereas �10% of these cells showed some
degree of accumulation in a broader, less-defined medial
region (Figure 5A, center panel). Sec24p-GFP appeared non-
polarized in �10% of cells. We observed a striking reduction
in the number of cells exhibiting clear polarization of the tER
in cdc15-140 cells already at the permissive temperature of
24°C (Figure 5A, bottom panel), suggesting that under these
circumstances the mutant Cdc15p protein might be partially
inactivated already at 24°C. Among cdc15-140 cells grown at
24°C and displaying the Rlc1p-RFP, 40, 40, and 20% exhib-
ited the polarized, marginally polarized, and unpolarized
localization of Sec24p-GFP, respectively. On the temperature
shift-up to 36°C, the distribution of cdc15-140 mutant cells
with Rlc1p-mRFP rings showing polarized, marginally po-

Figure 4. The Septation Initiation Network
(SIN) is required for maintenance but not for the
initial recruitment of the early secretory path-
way compartments at the division site, yet hy-
peractivation of the SIN pathway results in cell
cycle–independent formation of ectopic septa
that were accompanied by the tER and cis- and
trans-Golgi recruitment to its vicinity. (A) Epi-
fluorescence and DIC images (top and bottom,
respectively) of temperature-sensitive cdc16-116
mutant cells expressing Sec24p-GFP grown at
36°C. Shown is the maximum projection image
of the z-stack obtained by epifluorescence imag-
ing. (B) Epifluorescence and DIC images (top
and left column, respectively) of temperature-
sensitive cdc16-116 mutant cells expressing
Anp1p-GFP grown at 36°C. (C) Epifluorescence
and DIC images (top and left column, respec-
tively) of temperature-sensitive cdc16-116 mu-
tant cells expressing Sec72p-GFP grown at 36°C.
(D) Quantitation of Sec24p-GFP, Anp1p-GFP,
and Sec72p-GFP polarization under experimen-
tal conditions described in A above (n � 250
ectopic septa per sample). (E) Temperature-sen-
sitive sid2-250 mutant cells expressing Sec24p-
GFP (top row) and the nuclear marker Uch2p-
mCherry (bottom row) were imaged upon entry
into anaphase after previously being synchro-
nized in G2 by elutriation, transferred into fresh
medium, and allowed to grow at 36 (left col-
umn) and 24°C (right column). Shown is the
maximum projection image of the z-stack ob-
tained by epifluorescence imaging. (F) Temper-
ature-sensitive sid2-250 mutant cells expressing
Anp1p-GFP (top row) and the nuclear marker
Uch2p-mCherry (bottom row) were treated as
in E. (G) Temperature-sensitive sid2-250 mutant
cells expressing Sec72p-GFP (top row) and the
nuclear marker Uch2p-mCherry (bottom row)
were treated as in E. (H) Graph quantifying the
proportion of cells exhibiting Sec24p-GFP,
Anp1p-GFP, and Sec72p-GFP polarization un-
der experimental conditions described in E (n �
250 cells per sample).
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Figure 5. The EFC domain protein Cdc15p was required for the recruitment of the tER to the division site. (A) pREP1-mad2� cells
coexpressing Sec24p-GFP and Rlc1p-mRFP in wild-type or cdc15-140 mutant background were grown for 20 h in the absence of thiamine to
induce metaphase arrest by overproduction of Mad2p and additionally allowed to grow for 4 h at either 24 or 36°C. In each sample, cells
displaying Rlc1p-mRFP rings (second row from the top) exhibited three distinct phenotypes of Sec24p-GFP localization (top row of images).
Shown is the maximum projection image of the z-stack obtained by epifluorescence imaging. Quantitation of Sec24p-GFP localization profiles
under experimental conditions described is presented in the graph (n � 250 cells per sample). (B) pREP1-mad2� cells coexpressing
Anp1p-GFP and Rlc1p-mRFP in wild-type or cdc15-140 mutant background were treated as in A. In each sample, cells displaying Rlc1p-mRFP
rings (second row from the top) exhibited distinct phenotypes of Anp1p-GFP localization (top row of images). Shown is the maximum
projection image of the z-stack obtained by epifluorescence imaging. Quantitation of Anp1p-GFP localization profiles under experimental
conditions described are presented in the graph (n � 250 cells per sample). (C) pREP1-mad2� cells coexpressing Sec72p-GFP and Rlc1p-mRFP
in wild-type or cdc15-140 mutant background were treated as in A. In each sample, cells displaying Rlc1p-mRFP rings (second row from the
top) exhibited distinct phenotypes of Sec72p-GFP localization (top row of images). Shown is the maximum projection image of the z-stack
obtained by epifluorescence imaging. Quantitation of Sec72p-GFP localization profiles under experimental conditions described are pre-
sented in the graph (n � 250 cells per sample). (D) Wild-type cells expressing Sec24p-GFP (green) and Rlc1p-mCherry (red) were grown
overnight at 24°C and shifted to 36°C for 1 h before imaging. Shown is the maximum projection image of the z-stack obtained by time-lapse
spinning disk confocal imaging. (E) cdc15-140 mutant cells expressing Sec24p-GFP (green) and Rlc1p-mCherry (red) were grown overnight
at 24°C and shifted to 36°C for 1 h before imaging. Shown is the maximum projection image of the z-stack obtained by time-lapse spinning
disk confocal imaging.
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larized and unpolarized Sec24p-GFP localization changed to
�20, �40, and �40%, respectively. We concluded that
Sec24p-GFP accumulation at the division site was impaired
in metaphase-arrested cdc15-140 cells despite their ability to
assemble actomyosin rings, implicating Cdc15p in tER po-
larization during cell division.

To further explore the role of Cdc15p in polarization of the
tER at the level of individual cells, we performed the time-
lapse analyses of either wild-type or cdc15-140 cells express-
ing Sec24p-GFP and Rlc1p-mCherry grown overnight at
24°C and shifted to 36°C for 1 h (Figure 5, D and E). The
wild-type cells entered mitosis and formed an actomyosin
ring that persisted and eventually constricted. We observed
a marked and persistent recruitment of tER occurring con-
comitantly with the actomyosin ring assembly (8/8 cells).
The cdc15-140 cells could form actomyosin rings upon entry
into mitosis, but these rings neither persisted nor con-
stricted. Formation of the actomyosin ring in cdc15-140 cells
did not induce pronounced Sec24p-GFP polarization (Figure
5E, 5/8 cells). Incomplete inactivation of Cdc15p tempera-
ture-sensitive protein could be a reason for the weak and
transient Sec24p-GFP accumulation detected in the remain-
ing cells.

Cdc15p could be involved in targeting the preexisting
COPII-positive membranes to the division site. Alterna-
tively, Cdc15p might directly promote tER biogenesis in the
vicinity of the actomyosin ring. We assessed whether the
COPII structures in dividing cells exhibited the net centrip-
etal movement toward the actomyosin ring by dual color
image analyses of Sec24p-GFP and Rlc1p-mCherry (Figure
6A). Measurements of integrated fluorescence intensities of
Sec24p-GFP in areas representing both cell tips and cell
middle (see Materials and Methods) throughout cell division
showed that COPII-positive structures accumulated at the
division site concurrently with the actomyosin ring forma-
tion (Figure 6B, red line). At the same time, the fluorescence
intensity of Sec24p-GFP did not change at cell tips (Figure
6B, green and blue lines; see also Figure 6C, n � 5 cells).
Importantly, Sec24p-GFP accumulated at the division site in
cells lacking both type V myosins, Myo4p and Myo5p
(Motegi et al., 2004), suggesting that medial accumulation of
tER did not require actin cable–directed transport (Supple-
mentary Figure 6, 70% cells exhibited medial accumulation
of tER compartments, n � 150 cells). Taken together, our
data favor the model that Cdc15p could promote tER bio-
genesis at the division site.

Figure 6. Polarization of tER does not depend on net centripetal movement of pre-exsisting COPII-positive membranes. (A) Shown is the
maximum projection images of the z-stacks obtained by time-lapse spinning disk confocal imaging of cells expressing Sec24p-GFP (top row)
and Rlc1p-mCherry (bottom row) grown at 24°C. (B) Quantitation of the relative integrated fluorescence intensities of Sec24p-GFP in tips
(green, blue) and the center (red) of the cell presented in A. Dots indicate the measured values at distinct time points, and the graph lines
represent the moving average values (for details see Material and Methods). (C) Quantitation of the relative integrated fluorescence intensities
of Sec24p-GFP in tips (green, blue) and the center (red) of five cells. y-axis is scaled relative to average intensity at cell tips. The graph lines
represent the moving average values and error bars correspond to the SE (for details see Material and Methods).
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It has been shown that overexpression of Cdc15p causes
actin relocalization to the equatorial region in interphase
cells (Fankhauser et al., 1995). To assess whether this is
sufficient for the early secretory pathway compartments po-
larization, we overexpressed Cdc15p under the nmt1 pro-
moter in cells arrested in interphase by the use of cdc25-22
genetic background (Gould and Nurse, 1989). When we
induced Cdc15p overexpression for a total of 16 h (12 h at
24°C and 4 h at 36°C), �35% of interphase-arrested cells
relocalized actin to the cell middle, as judged by DAPI and
phalloidin staining, whereas few of these formed an orga-
nized ring as judged by localization of Rlc1p-mRFP. We did
not observe medial accumulation of either cis- and trans-
Golgi compartments (data not shown). Interestingly, a total
of 37 � 4% interphase-arrested cells showed a marked ac-
cumulation of tER at the medial region, a number that
corresponded to the percentage of cells that relocalized actin
(Figure 7, A and B). Most cells exhibiting the tER polariza-
tion did not assemble the Rlc1p-mRFP–positive actomyosin
ring structures (Figure 7A, bottom panel). Taken together,
our experiments imply that the EFC domain protein Cdc15p
is specifically required for the COP II vesicle polarization at
the division site.

DISCUSSION

Here we have shown that in fission yeast the entire early
secretory machinery becomes polarized during cell division
in an actomyosin ring–dependent manner and relies on the
EFC domain protein Cdc15p function.

Organization of the Early Secretory Pathway
Compartments in Fission Yeast
As indicated by the tER marker Sec24p-GFP (Figure 1A; and
Sec13p-GFP, our unpublished data), the tER of S. pombe is
not organized as several discrete structures in P. pastoris but
resemble the delocalized tER of budding yeast (Rossanese et
al., 1999). On the other hand, the colocalization studies of
two different Golgi compartments, marked by Anp1p and
Sec72p (Figure 1, B and C), support the electron microscopy
evidence (Johnson et al., 1973; Ayscough et al., 1993) of the
Golgi apparatus in fission yeast being predominantly orga-
nized as adjacent stacks of few cisternae. In the view of
Rossanese and colleagues, the difference in Golgi organiza-
tion between two budding yeast species could arise from the
difference in tER structure. Thus, the stable tER structure of
P. pastoris would consecutively produce the novel cis-Golgi
cisternae at a fixed location and maturation of these cister-
nae will give rise to a stacked Golgi apparatus structure.

Absence of the long-lived, discrete tER sites in S. cerevisiae
would cause the formation of novel Golgi cisternae at ran-
dom locations, yielding dispersed Golgi entities. Our results
suggest that in fission yeast a relatively disorganized and yet
stable tER is present as multiple entities that are accompa-
nied by considerably fewer coherent Golgi stacks (Figure 1,
A–C). Such structural organization of the early secretory
pathway might reflect the possible involvement of the Golgi
matrix (for review see Barr and Short, 2003) or tether (Cai et
al., 2007) proteins in maintaining attachment between Golgi
cisternae, a function that was lost in S. cerevisiae but is
present in fission yeast.

Recent advances in high-speed microscopy have allowed
the study of Golgi biogenesis and maturation (for review see
Hammond and Glick, 2000). Our data provide further evi-
dence supporting the cisternal progression model of Golgi
maturation (Figure 1G and Supplementary Movie 3). Time
required for Golgi cisternae identity change in fission yeast
(Figure 1F) was consistent with maturation dynamics re-
ported previously in S. cerevisiae (Losev et al., 2006; Mat-
suura-Tokita et al., 2006). As judged by the dynamics of the
early Golgi marker protein, Anp1p-mCherry, cis-Golgi cis-
ternae could also arise de novo (Figure 1, E and F, and
Supplementary Movie 2), but the relationship of these bio-
genesis events to tER was more difficult to establish because
of the large number of Sec24p-GFP entities.

Polarization of the Secretory Pathway to the Division
Site
The secretory pathway is a major player during cell polar-
ization in many organisms including epithelial polarization
in Drosophila embryos (Lecuit and Wieschaus, 2000), axon
outgrowth in cultured rat embryonic neurons (Bradke and
Dotti, 1997) and bud development in S. cerevisiae (for review
see Finger and Novick, 1998). However, polarized secretion
has been mainly studied with respect to the most down-
stream elements of the secretory pathway, such as the exo-
cytotic machinery and the secretory vesicles. By observing
the spatial distribution of the fluorescently tagged proteins
specific to distinct early secretory pathway compartments
during the cell cycle, we found that the tER and both the cis-
and trans-Golgi established preferential localization to the
division site. Surprisingly, although we did not observe the
relocalization of the general ER to the site of septation as
judged by Ost1p-GFP (Supplementary Figure 1), we found a
marked accumulation of tER (Figure 2A). Thus it would be
of interest to investigate the manner of tER distribution in
other instances where Golgi accumulation at the growth
sites was reported (Rida et al., 2006). Interestingly, the Golgi

Figure 7. Overexpression of Cdc15p is suffi-
cient to induce medial tER accumulation in in-
terphase. (A) cdc25–22 pREP1-cdc15� cells ex-
pressing Sec24p-GFP (top row) and Rlc1mRFP
(bottom row) were grown for 12 h at 24°C and
for 4 h at 36° in the absence or presence of
thiamine (left and right column, respectively).
Shown is the maximum projection image of the
z-stack obtained by epifluorescence imaging. (B)
Quantitation of Sec24p-GFP polarization under
experimental conditions described above (n �
250 cells per sample).
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and the secretory vesicles accumulated at the sites of cell
wall formation as judged by three-dimensional (3D) recon-
struction of reverting S. pombe protoplasts (Osumi et al.,
1998). The importance of ER recruitment has been recently
reported in a study on the role of the gene jagunal in Dro-
sophila oocyte development (Lee and Cooley, 2007). This
study highlighted the importance of ER reorganization to
the subcortical clusters as essential for increased exocytotic
membrane traffic that is vital for oocyte development. How-
ever, in these cells concordant relocalization of the Golgi
compartments was not investigated. We propose that al-
though different organisms could undergo polarization of
the secretory pathway at various stages of its biogenesis, the
common feature of the examples available in the published
literature could be a necessity for a rapid increase in cell
surface area. It is conceivable that such intense events might
require massive trafficking that could be achieved by con-
centrating the entire secretory machinery to the proximity of
the secretion site, rather than relying on a long-range deliv-
ery of post-Golgi vesicles. Interestingly, fission yeast cells
lacking functional exocyst components still form complete
septa, although they are defective in septum cleavage (Wang
et al., 2002).

How could such polarization be achieved? One obvious
solution is the recruitment of the secretion machinery by
cytoskeletal elements. In S. cerevisiae, compromised function
of actin cytoskeleton components abolishes polarized secre-
tion (for review see Finger and Novick, 1998). In particular,
polarized secretion at the bud requires intact actin cables
and the type V myosin Myo2 (Govindan et al., 1995). In S.
pombe, both actin cables (Feierbach and Chang, 2001) and the
type V myosin Myo4p (Motegi et al., 2001) are necessary for
the establishment of proper cell morphology. Thus, our re-
sults on the requirement of the actomyosin ring for the
establishment and of an intact actin cytoskeleton for the
maintenance of the polarized early secretory pathway are in
agreement with the previously reported roles for the actin
cytoskeleton in polarized secretion. Again, the tight cou-
pling of ring formation and secretory pathway polarization
could be necessary for fission yeast to timely prime the site
for intense secretion that is associated with building a sep-
tum across the cylindrical cell.

The SIN pathway has been shown to be vital for targeted
secretion because its inactivation hinders secretion of the
septum material at the division site (Liu et al., 2002). Our
data show that the early secretory pathway polarization
occurs before SIN activation and does not require its func-
tion (Figure 4 and Supplementary Figure 5), therefore sug-
gesting that recruitment of the early secretory machinery
and post-Golgi secretion are differentially regulated. Thus it
seems that SIN functions in activating most downstream
secretion events, such as post-Golgi vesicle trafficking.

Our results are consistent with the possibility that the EFC
domain protein Cdc15p might function as the actomyosin
ring component recruiting the tER to the site of division. Lee
et al. (2005) have shown that the COPII coat proteins alone
were defective in forming COPII vesicles in vitro and re-
quired Sar1p function to vesiculate lipid membranes. They
suggested that the formation of membrane curvature by
components other than COPII vesicle proteins might be vital
to the formation of the vesicles. They also suggested that
factors such as the microtubule-driven membrane deforma-
tion characteristic of mammalian cells could generate curva-
ture that could be subsequently acted upon by the cytosolic
coat proteins. Cdc15p possesses an EFC domain that has
been shown to induce membrane tubulation in other pro-
teins (Tsujita et al., 2006). As we neither observed any net

movement of COPII-positive membranes toward the divi-
sion site (Figure 6) nor involvement of type V myosins
(Supplementary Figure 6) in this phenomenon, an exciting
possibility is that Cdc15p might be involved in generating
membrane curvature and thus promote tER formation in the
vicinity of the actomyosin ring. We found that Cdc15p was
necessary and sufficient for the medial accumulation of the
tER (Figures 5 and 7). Overexpression of the Cdc15p EFC
domain alone or of Cdc15p lacking the EFC domain was not
sufficient for the induction of tER recruitment to the equa-
torial region in interphase cells (our unpublished data).
Cdc15p was not required for localization of Golgi cisternae,
suggesting that the recruitment of tER and Golgi to the
division site may occur through different mechanisms. Our
experiments together with the published research suggest
that actin structures could possibly act as a delivery or
anchor system for Golgi apparatus.

In conclusion, our work identifies the fission yeast S.
pombe as an interesting system for studying the phenomena
of secretion and polarity establishment. We propose that the
polarization of both tER and Golgi might fulfill the need for
massive vesicle trafficking events occurring at the division
site. It would be interesting to gain a better understanding of
the role of Cdc15p and to identify additional molecular
determinants of the process in future.
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