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ABSTRACT In fission yeast cells cortical nodes containing the protein Blt1p and several ki-
nases appear early in G2, mature into cytokinetic nodes by adding anillin Mid1p, myosin-Il,
formin Cdc12p, and other proteins, and condense into a contractile ring by movements that
depend on actin and myosin-Il. Previous studies concluded that cells without Mid1p lack cy-
tokinetic nodes and assemble rings unreliably from myosin-Il strands but left open questions.
Why do strands form outside the equatorial region? Why is ring assembly unreliable without
Mid1p? We found in Amid1 cells that Cdc12p accumulates in cytokinetic nodes scattered in
the cortex and produces actin filaments that associate with myosin-Il, Rng2p, and Cdc15p to
form strands located between the nodes. Strands incorporate nodes, and in ~67% of cells,
strands slowly close into rings that constrict without the normal ~25-min maturation period.
Ring assembly is unreliable and slow without Mid1p because the scattered Cdc12p nodes
generate strands spread widely beyond the equator, and growing strands depend on random
encounters to merge with other strands into a ring. We conclude that orderly assembly of the
contractile ring in wild-type cells depends on Mid1p to recruit myosin-Il, Rng2p, and Cdc15p
to nodes and to place cytokinetic nodes around the cell equator.
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INTRODUCTION

The fission yeast, Schizosaccharomyces pombe, like many other
fungi and animals, undergoes cytokinesis by assembling and con-
stricting a contractile ring of actin filaments and myosin-Il (Pollard
and Wu, 2010). The product of the fission yeast mid1* gene (Chang
et al, 1996; Paoletti and Chang, 2000; Sohrmann et al., 1996,
Celton-Morizur et al., 2004) is similar to animal anillins (Field and
Alberts, 1995) and helps to position the contractile ring. During in-
terphase, most Mid1p associates with the nucleus, but some Mid1p
localizes in punctate cortical structures called interphase nodes
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containing protein kinases Cdr1p, Cdr2p, and Wee1p, the putative
RhoGEF Gef2p, and the uncharacterized protein Blt1p (Morrell
et al., 2004; Martin and Berthelot-Grosjean, 2009; Moseley et al.,
2009). As cells enter mitosis, the interphase nodes mature into cy-
tokinetic nodes by accumulating cytokinesis proteins at specific
times, starting with Mid1p, IQGAP protein Rng2p, conventional
myosin-Il (hereafter called Myo2, consisting of heavy chain Myo2p
and light chains Cdc4p and Rlc1p), F-BAR protein Cdc15p and fi-
nally formin Cdc12p (Wu et al., 2003, 2006). Mid1p helps to recruit
these proteins to cytokinetic nodes through two pathways linked to
Rng2p and Myo2, and to Cdc15p. Both pathways help recruit
Cdc12p (Almonacid et al., 2011; Laporte et al., 2011; Padmanabhan
et al., 2011). Actin filaments generated by formin Cdc12p (Kovar
et al., 2003) interact with Myo2, as cytokinetic nodes condense into
a continuous ring around the equator (Vavylonis et al., 2008).
Fission yeast cells lacking Mid1p are viable, but cytokinesis is
unreliable, with most contractile rings off-center and/or oriented
obliquely (Sohrmann et al., 1996; Paoletti and Chang, 2000). Con-
tractile ring assembly in cells lacking Mid1p depends on a signaling
pathway called the septation initiation network (SIN), which nor-
mally contributes to compaction of the contractile ring and later to
constriction of the ring (Hachet and Simanis, 2008). Researchers
generally view this SIN-dependent pathway in cells lacking Mid1p
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as mechanistically distinct from the normal pathway and often state
that Mid1p is required to assemble both nodes and contractile rings
(Chang et al., 1996; Paoletti and Chang, 2000; Sohrmann et al.,
1996, Wu et al., 2003, 2006; Celton-Morizur et al., 2004; Motegi
et al., 2004; Clifford et al., 2008; Hachet and Simanis, 2008; Huang
et al., 2008; Almonacid et al., 2011), but remarkably little is known
about how Mid1p contributes to the high fidelity of contractile ring
assembly and cytokinesis. Previous studies (Chang et al., 1996;
Sohrmann et al., 1996, Motegi et al., 2004; Hachet and Simanis,
2008; Huang et al., 2008) on cells lacking Mid1p or expressing
Mid1p mutants reported that contractile rings assemble from
strands of myosin-Il and actin filaments but left open questions
about the contribution of nodes to ring assembly, why strands often
form outside the equatorial region in these cells, how strands ac-
cumulate other precursors of the contractile ring, and why the pro-
cess of ring assembly is unreliable in the absence of Mid1p.

To address these important questions, we tracked in live Amid1
cells the contractile ring proteins Blt1p, Myo2, Rng2p, Cdc15p, and
Cdc12p as they appeared in the cortex and cells attempted to as-
semble a contractile ring. Previous studies on cells lacking Mid1p
did not explain how Blt1p in interphase nodes is incorporated into
contractile rings (Moseley et al., 2009) in the absence of cytokinetic
nodes (Huang et al., 2008), and the localization of Rng2p, Cdc15p,
and Cdc12p in mitosis was unclear. Our detailed analysis focusing
on the critical steps of structural assembly during cytokinesis re-
vealed that two defects suffice to explain the slow and unreliable
assembly of the contractile ring in the absence of Mid1p: ring pre-
cursors are separated in either nodes or strands, and these precur-
sors spread out more broadly from the equator than in wild-type
cells. Our results establish that Mid1p is not required for accumula-
tion of formin Cdc12p in cytokinetic nodes, but Mid1p is essential
for restriction of cytokinetic nodes to a narrow zone around the
equator in wild-type cells, and that this role of Mid1p is essential for
the high fidelity of cytokinesis.

RESULTS

Normal pathway of contractile ring assembly

We reevaluated cytokinesis in wild-type fission yeast cells to better
understand how cells use precursors formed during interphase for
cytokinesis and to appreciate the phenotypes of cells lacking anillin
Mid1p (this article) or depending on deletion constructs of Mid1p
(see companion article, Saha and Pollard, 2012). Cortical nodes con-
taining Cdr2p, Cdr1p, Wee1p, and Blt1p regulate entry into mitosis
and accumulate Mid1p, the earliest marker of cytokinetic nodes (Wu
et al., 2003; Morrell et al., 2004; Martin and Berthelot-Grosjean,
2009; Moseley et al., 2009). We examined the composition of these
nodes as cells entered mitosis and studied the behavior of these
nodes during contractile ring assembly.

Localization of interphase nodes. We tracked cortical nodes
during interphase with fluorescent tags on Cdr2p and Blt1p using
cell length to approximate time (Figures 1, A and B, and 2A). Wild-
type cells grew in length from 7 to 9 pm at birth to 13 to 16 um
before cytokinesis. Nodes containing Cdr2p concentrated in a
broad band around the equator as cells grew from 7 to 13 pm long
(Figure 1A, star), whereas nodes containing Blt1p initially clustered
close to the new pole and later dispersed in the cortex (Figure 1B,
arrowhead) before clustering in a broad equatorial band well after
Cdr2p nodes (Figures 1B, star, and 2A). Cdr2p organizes other node
proteins during interphase (Martin and Berthelot-Grosjean, 2009;
Moseley et al., 2009), but this kinase disappeared from the equator
before cytokinesis in nonseptate cells >13 um long (Figure 2A).
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Maturation ofinterphase nodes into cytokineticnodes. Interphase
nodes containing Blt1p matured by accumulating Mid1p, followed
by other precursors of the contractile ring. During ~10-20 min
before spindle pole body (SPB) division at length 13.6 £ 0.9 pm
(Figure 2A), Myo2 marked with regulatory light chain RlcTp moved
from a diffuse cytoplasmic pool to concentrate in equatorial nodes
(Wu et al., 2003; Laporte et al., 2011) that also contained Blt1p
(Figures 1C and 3A). During the 10 min after SPB division, formin
Cdc12p relocated from a diffuse cytoplasmic pool and tiny
cytoplasmic speckles (Coffman et al., 2009) to nodes containing
Myo2 (Supplemental Video S1; Wu et al., 2003; Laporte et al., 2011)
and Blt1p (Figures 1D and 3A).

During mitosis most cytokinetic nodes with Blt1p were located
close to the equator, with only a small fraction persisting close to the
poles. Defining the middle of the cell as position 0 and the ends as
+0.5, we found that observations with three markers all gave the
mean positions = SD of cytokinetic nodes close to 0: 0.05 + 0.15 for
nodes marked with Blt1p; 0.02 + 0.07 for Rlc1p; and 0.01 £ 0.03 for
Cdc12p (Figure 4).

Colocalization of pairs of fluorescent fusion proteins showed that
cytokinetic nodes were heterogeneous. During contractile ring as-
sembly, movements dependent on actin filaments normally bring
nodes close together and make it difficult to resolve signals from
adjacent nodes. Therefore we treated cells with latrunculin A for
30 min to stop the movements and accumulate well-separated cy-
tokinetic nodes around the equator of mitotic cells (Supplemental
Figure S1, A and B). Two-thirds of these cytokinetic nodes contained
both Blt1p and Rlc1p, but we detected no Rlc1p in 19% of Blt1p
nodes and no Blt1p in 14% of Rlc1p nodes (Supplemental Figure
S1C). Two-thirds of the nodes in these mitotic cells contained both
Blt1p and formin Cdc12p, but 16% of Cdc12p-positive nodes lacked
a BltTp signal and 19% of Blt1p-positive nodes lacked a Cdc12p
signal (Supplemental Figure S1D). These observations agree with
the ~70% extent of colocalization of other pairs of ring proteins in
cytokinetic nodes (Wu et al., 2006; Coffman et al., 2009).

Condensation of nodes into rings. Like nodes marked with myosin
light chain Rlc1p (Vavylonis et al., 2008), nodes marked with Cdc12p
or Blt1p moved intermittently as they condensed over ~15 min into
contractile rings (Supplemental Videos S1-S3). Movies of cells
expressing pairs of fluorescently tagged proteins (Supplemental
Videos S1-S3) confirmed that these condensing nodes were
heterogeneous, including nodes with signals from only Blt1p, only
Myo2, only Cdc12p, both Blt1p and Myo2, both Blt1p and Cdc12p,
or both Myo2 and Cdc12p. Additional speckles of Cdc12p joined
the cell equator during ring assembly from nodes (Supplemental
Video S1). Latrunculin A stopped contractile ring formation but not
therandom, rapid movements of cytoplasmicspeckles (Supplemental
Video S4A), and so movements of Cdc12p nodes but not speckles
depend on actin filaments. Completed rings contained Blt1p, Myo2,
Cdc12p, and actin filaments (tracked with the calponin-homology
domain [CHD] of Rng2p) (Figure 1, C-E) but not Cdr1p-3GFP. Some
cells had a trace of Cdr2p-monomeric enhanced green fluorescent
protein (MEGFP) around the equator but not in contractile rings
(Figure 1A, arrowhead).

Contractile ring constriction and septation. During contractile
ring constriction, cells laid down septa in cleavage furrows (Figure
1F). Septa were oriented with high fidelity perpendicular to the long
axis of the cell (mean tilt angle, 3.2°; SD = 2.9°) precisely in the
middle of the cell (mean fractional offset, 0.02; SD = 0.02; Figure 1,
G and H).
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FIGURE 1: Contractile ring assembly in wild-type cells. (A, B) Differential interference contrast
(DIC) and maximum-intensity projections of negative-contrast fluorescence micrographs. Top,
fields of unsynchronized cells. Rows 2-6 show individual cells of different lengths representing
successive stages of the cell cycle. Regions outside the cells are masked in the fluorescence
micrographs in rows 2-6. (A) Cdr2p-mEGFP concentrates in nodes that form a broad band in
short cells (star) and a faint band in the middle of some long cells (arrowhead). (B) Nodes
marked with Blt1p-mEGFP cluster close to the new pole just after division and then disperse in
the cortex (arrowhead) and form a broad equatorial band in mitosis (star) that subsequently
coalesces into contractile ring (arrow). (C, D) Two-dimensional projections of fluorescence
micrographs of parts of different wild-type cells showing (C) Blt1p-mEGFP and Rlc1p-mCherry
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Cytokinesis defects in cells lacking
anillin Mid1p

Strains with a deletion mutation of mid1+
are viable but suffer from cytokinesis de-
fects (Sohrmann et al., 1996; Paoletti and
Chang, 2000; Motegi et al., 2004; Hachet
and Simanis, 2008; Huang et al., 2008).
Many cells without Mid1p formed contrac-
tile rings containing Blt1p, IQGAP Rng2p,
Myo2, F-BAR Cdc15p, formin Cdc12p, and
actin filaments, tracked with the CHD of
Rng2p (Figures 5, A(e), C, F, and H, and
6A), but, as observed previously (Sohrmann
et al., 1996; Paoletti and Chang, 2000),
most septa were misplaced from the cell
center (mean fractional offset, 0.16; SD =
0.12) and oriented obliquely (mean tilt an-
gle, 28.9° SD = 22.6°; Figure 1H and Sup-
plemental Video S5). It is striking that the
standard deviations of both parameters
were at least sixfold larger in Amid1 cells
than in wild-type cells. Due to asymmetric
cytokinesis, the lengths of Amid1 daughter
cells (3-15 pm; n = 25) varied much more
than did those of wild-type cells (7-9 pm;
n=20), and this heterogeneity persisted, so
at the time of SPB division the lengths of
Amid1 cells varied from 8 to >16 pm,
whereas wild-type cells were 12-16 pm long
(Figure 2, A and B).

Cytokinetic nodes in cells lacking
anillin Mid1p

Previous work concluded that Amid1 cells
lack nodes altogether (Huang et al., 2008),
but close examination of contractile ring

and (D) Cdc12p-3YFP and Blt1p-mCherry
colocalizing in nodes (top row) and
contractile ring (bottom row). (E) DIC and
two-dimensional projections of fluorescence
micrographs showing cells with Rlc1p-
tdTomato expressed from the native locus
and GFP-calponin-homology domain (CHD)
of Rng2p expressed from a 41xnmt1
promoter for 24 h. (F) DIC and maximum-
intensity projections of fluorescence
micrographs of a cell expressing Blt1p-
mEGFP and Rlc1p-mCherry. Images taken 40
min apart show constriction of the contractile
ring and formation of a septum. (G) Cartoon
of S. pombe defining septal offset and
septum tilt angle 6. (H) Plot of septal offset
vs. 0 for cylindrical or near-cylindrical cells
containing single septum. The larger value of
0 was scored for curved septa intersecting
two sides of a cell at different angles: (®, n=
33) wild-type cells, (O, n=47) Amid1 cells,
(A, n=36) Acdr2 cells, and (0, n= 32) Ablt1
cells. Error bars, 1 SD. Scale bars, 5 pm. See
also Supplemental Figure S1 and
Supplemental Videos S1-54.
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Progression of interphase node events in wild-type and
Amid1 cells. Events were measured as cumulative frequencies in
cell-length bins of 1 pm. (A) Wild-type cells: (A, n = 64) Cdr2p-mEGFP
in a broad band of nodes; (B, n = 53) Blt1p-mEGFP near the new pole
or in dispersed nodes; (A, n = 86) Blt1p-mEGFP in a broad band of
equatorial nodes; (®, n = 8) Blt1p-mEGFP in contractile rings; and
(O, n=32) divided spindle pole bodies. The Cdr2p distribution was
calculated by subtracting the percentage cumulative frequency of
nonseptate cells lacking Cdr2p in nodes from the percentage
cumulative frequency of nonseptate cells containing Cdr2p in nodes.
(B) Amid1 cells: (M, n = 149) Blt1p-mEGFP near the new pole or in
dispersed nodes; (A, n = 58) Blt1p-mEGFP in a broad band of nodes;
(®, n=54) Blt1p-mEGFP in strands or contractile rings; and (O, n=
33) divided spindle pole bodies.

precursors in Amid1 cells revealed the presence of cytokinetic
nodes with Blt1p and formin Cdc12p. Dispersed cortical nodes
containing Blt1p appeared normally during interphase in Amid1
cells (Figure 5A(a)) and, similar to wild-type cells, accumulated
Cdc12p within the 10 min after SPB division during mitosis
(Figures 3A and 5C). The content of Blt1p and Cdc12p in these
cytokinetic nodes was similar to that in wild-type cells, with 59%
of nodes positive for both Blt1p and Cdc12p, 15% of Cdc12p-
positive nodes lacking Blt1p, and 26% of Blt1p-positive nodes
lacking Cdc12p (Supplemental Figure S1, B and D).
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Comparison of cytokinetic parameters in the presence and
absence of Mid1p. (A) Time courses of recruitment of myosin-Il and
formin Cdc12p to the cortex and formation and constriction of the
contractile ring relative to the time of spindle pole body division
tracked by Sad1p-mRFP1 or Sad1p-mEGFP defined as time zero.
Appearance of Rlc1p-3GFP in the cortex in (M, n = 16) wild-type and
Rlc1p-mEGFP in the cortex in ({J, n = 34) Amid1 cells, appearance of
Cdc12p-3GFP in the cortex in (¢, n = 25) wild-type and (¢, n = 20)
Amid1 cells, formation of contractile ring (tracked by Rlc1p-3GFP or
Rlc1p-mEGFP) in (A, n = 17) wild-type and (A, n=63) Amid1 cells, and
onset of contractile ring constriction (tracked by Rlc1p-3GFP or
Rlc1p-mEGFP) in (®, n = 16) wild-type and (O, n=57) Amid1 cells. Bin
width, 5 min. The sample included only cells in which Rlc1p and
Cdc12p persisted in the cortex long enough to document formation
of strands or rings. (B) Time course of ring constriction. Plots of
contractile ring circumferences estimated in maximum-intensity
projections vs. time for (O, n = 8) wild-type and (A, n=10) Amid1
cells. Rates of circumferential constriction were estimated using linear
regression separately in all cells and averaged. Error bars, 1 SD.

These nodes containing Blt1p and Cdc12p in Amid1 cells had
two functionally important defects: 1) they failed to accumulate
Myo2, Rng2p, and Cdc15p (Figure 5, I, J, and L; note the absence
of nodes in Figure 5, D-G, and that puncta in Figure 5, E and F, are
not nodes); and 2) they were generally distributed more widely
around the equator than in wild-type cells (Figure 4B; Figure 5, A(b)
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FIGURE 4: Positions of cytokinetic nodes in wild-type and Amid1
cells. (A) Cartoon of S. pombe defining node position. (B) Histogram
showing distributions of nodes marked with Cdc12p-3GFP in mitosis,
scored in maximum-intensity projection fluorescence micrographs.
Data from multiple cells were pooled together and distributed into
bins of width 1/11 of the cell length. The frequency was normalized to
the total number of nodes and plotted at the midpoint of each bin.
Mean * SD node positions are color coded to match that of the
distribution of different types of nodes. o, wild-type cells (n = 69 from
11 cells); o, Amid1 cells (n = 68 from 12 cells). (C, D) Comparison of the
distribution of Cdc12p node positions among (M) 11 wild-type and ()
12 Amid1 cells from data shown in B. (C) Histogram showing the
variation in center of the distribution. In each cell, the mean position
of nodes containing Cdc12p was calculated. The SD among cells in
these mean positions is plotted. (D) Histogram showing the width of
the distribution expressed as the average among cells in the SD of
position of nodes containing Cdc12p. In each cell, the SD among
positions of nodes containing Cdc12p was calculated. The mean of
these SD values across cells is plotted.

and B, and Supplemental Video S6). About fourfold more nodes
(tracked by Blt1p) persisted close to the poles of mitotic Amid1 cells
(Figures 1B [compare cell next to the star] and 5A(c)), so their mean
positions were 0.13 + 0.20 in cells of normal length (1216 pm) and
0.11£0.21 in cells of abnormal lengths (<12 or >16 ym). The mean
positions and widths of the distributions of cytokinetic nodes
(tracked by Cdc12p) also varied much more in Amid1 cells than in
wild-type cells (Figure 4).
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Formation of strands in cells lacking anillin Mid1p

Cytokinetic nodes in cells without Mid1p lacked contractile ring pro-
teins Myo2, IQGAP Rng2p, and F-BAR Cdc15p, but all three pro-
teins accumulated from the cytoplasm into cortical strands during
mitosis (Figure 5, D, F [arrowhead], and G). Cdc15p also joined
strands from some punctate structures dispersed in the cortex
(Figure 5E(b), arrows). These cortical puncta differed from endocytic
actin patches. Cdc15p in actin patches turned over in <1 min,
whereas the puncta with Cdc15p were more stable and often per-
sisted for >30 min as strands appeared in the cortex (Figure 5E(a)).

We used Myo2 to track strands, which also contained Rng2p and
Cdc15p (Figure 5, E and H). Strands with Myo2 appeared in the
cortex after SPB division (Figures 3A and 5D) at random locations
throughout the cortex from pole to pole (Figure 5, D and L, Supple-
mental Figure S2A, and Supplemental Video S7), generally between
nodes marked by Blt1p (Figure 51) and Cdc12p (Figure 5J). In many
but not all cells strands slowly merged into contractile rings.

Three lines of evidence showed that formation of strands and
contractile rings in Amid1 cells depended on actin filaments gen-
erated by formin Cdc12p, the formin that normally generates actin
filaments for contractile rings (Chang et al., 1997). First, strands of
Myo2 appeared in the cortex around the same time that Cdc12p
appeared in nodes, ~10-20 min later than the appearance of
Myo2 in nodes in wild-type cells (Figure 3A). Second, strands of
Myo2 contained actin filaments (tracked by the CHD of Rng2p;
Figure 6A). Treatment of Amid1 cells with latrunculin A prevented
formation of strands and contractile rings and resulted in Myo2
forming spots rather than strands in the cortex (Supplemental
Video S8). Third, Amid1 cells depending on the temperature-sen-
sitive allele cdc12-112 (Chang et al., 1997) failed to assemble
strands or contractile rings at the restrictive temperature (36°C),
and Myo2 aggregated in punctate structures rather than strands in
the cortex (Figure 6D). On the other hand, actomyosin strands and
contractile rings formed in Amid1 cells lacking the formin For3p
(Figure 6B) or expressing the temperature-sensitive allele arp2-1
(Morrell et al., 1999), which encodes a subunit of the Arp2/3 com-
plex, at both permissive (25°C) and restrictive (36°C) temperatures
(Figure 6C).

Contractile ring proteins Blt1p and Cdc12p were initially absent
from strands in Amid1 cells, but over time Cdc12p from nodes and
speckles and Blt1p from most, but not all, nodes were incorporated
into strands (Figure 5, | and J). Nodes containing Cdc12p moved
toward and bidirectionally along strands containing Myo2 and actin
filaments, eventually distributing along the strands (Supplemental
Figure S2, B-E, and Supplemental Videos S9-S11). Bidirectional
movements of Cdc12p along strands showed that actin filaments
are antiparallel in these strands. Speckles of Cdc12p were not as
bright as nodes, and in contrast to nodes, moved randomly inde-
pendent of actin filaments (Supplemental Video S4B; Coffman et al.,
2009).

Contractile ring assembly in cells lacking anillin Mid1p

Faced with defects in both the composition and positions of nodes,
Amid1 cells used a variation of the normal pathway to assemble
contractile rings from Blt1p, Rng2p, Myo2, Cdc15p, and actin fila-
ments produced by Cdc12p. Wild-type cells assemble a compact
cytokinetic ring from a broad band of nodes within 10-15 min after
SPB division (Figure 3A; Wu et al., 2003), whereas Amid1 cells re-
quired from 6 to >100 min after SPB division to make a contractile
ring (Figure 3A). After originating at random locations, cortical ac-
tomyosin strands grew longer, moved randomly, and fused later-
ally and end to end, eventually forming a closed, continuous ring
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in two-thirds of Amid1 cells (Supplemental Video S7). Owing to the
abnormal initial conditions and assembly from strands rather than
nodes, contractile rings in AmidT cells were often oriented
obliquely, with circumferences larger than the circular rings of wild-
type cells.

Contractile ring constriction in cells lacking anillin Mid1p
Wild-type cells wait ~25 min after the completion of ring assembly
before beginning constriction (Figure 3A; Wu et al., 2003), but rings
began constricting in Amid1 cells soon after strand(s) of Myo2 closed
into a complete ring (Figures 3A and 5K). Rings in Amid1 cells con-
stricted circumferentially at 0.25 £ 0.06 um/min, close to the rate of
0.32 £ 0.02 pm/min in wild-type cells (Figure 3B), but the constric-
tion rate was three times more variable in Amid1 cells than in wild-
type cells. Constriction corrected imperfections in some but not all
oblique rings (Supplemental Video S7). Septum formation followed
ring constriction (Figure 5L, star).

One-third of Amid1 cells failed to assemble a closed ring from
Myo2 strands within 1.5 h (Figure 3A). Some of these strands per-
sisted for >3 h. Cells deposited septal material along these oblique
strands, resulting in incomplete septa and failure of cytokinesis
(Figure 5L, arrowheads). Some Amid1 cells assembled additional
septa before completing a previous attempt at cytokinesis (Supple-
mental Video S5).

Contributions of anillin Mid1p to cellular morphology

and polarity

As illustrated but not discussed previously (Paoletti and Chang,
2000), cells lacking Mid1p had serious defects in morphology in
addition to the problems with cytokinesis. Wild-type cells are cylin-
drical, whereas >70% of Amid1 cells had gross morphological de-
fects, such as curves, branches, or bulges of the surface (Figure 7).
Some cells formed bulges as they grew parallel to curved or disori-
ented septa (Supplemental Video S5), and these abnormal septa
seemed to prolong the time required for the daughter cells to
separate.

We also found polarity defects in cells lacking Mid1p. The
polarity marker Tealp-mEGFP concentrated in spots at the poles
of wild-type cells (Mata and Nurse, 1997) but was divided
between the poles and discrete dots scattered along the sides of
Amid1 cells (Figure 7), even in those with normal morphology
(Figure 7B, arrow).

DISCUSSION

We investigated the inefficiencies in contractile ring assembly in
cells lacking anillin Mid1p, to understand how Mid1p contributes
to the reliability of cytokinesis in wild-type cells. Without Mid1p,
cells attempt to assemble contractile rings from the same proteins
as wild-type cells, but contractile ring precursors are separated in
two phases—nodes and strands—scattered widely in the cortex.
Ring assembly is slow without Mid1p, because strands depend on
random encounters with other strands to merge into a ring. Ring
assembly is unreliable in the absence of Mid1p, because strands
are dispersed widely in the cortex. Previous studies on Amid1 cells
overlooked the contribution of cytokinetic nodes to contractile
ring assembly (Huang et al., 2008) and the importance of placing
ring precursors near the equator on the reliability of cytokinesis.
Problems in cells lacking Mid1p suggest that the interphase node
protein Cdr2p, although helpful in determining the plane of cell
division (Almonacid et al., 2009), cannot substitute for Mid1p in
coordinating reliable assembly of the contractile ring at the cell
equator.
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Contractile ring assembly is reliable in wild-type cells because
Mid1p concentrates contractile ring precursors together in nodes in
a narrow zone around the equator, which favors the transient con-
nections between Myo2 and actin filaments that allow a search, cap-
ture, pull, and release mechanism to condense reliably nodes into a
ring (Vavylonis et al., 2008). The pathway of ring assembly from
strands in Amid1 cells is almost as reliable as ring formation via con-
densation of nodes in wild-type cells as long as strands are restricted
to a narrow zone around the equator (see accompanying paper,
Saha and Pollard, 2012).

Defects in preparation for contractile ring assembly

in cells lacking anillin Mid1p

We used Blt1p to follow how interphase nodes mature into cytoki-
netic nodes and participate in ring assembly. Blt1p is a reliable
marker of cytokinetic nodes, because in wild-type cells interphase
nodes containing Blt1p mature directly into cytokinetic nodes by
accumulating Myo2 (Moseley et al., 2009) and Cdc12p (this study)
and undergo the same intermittent movements during ring assem-
bly (this study) as nodes marked with Myo2 (Vavylonis et al., 2008).

Three lines of evidence show that the punctate assemblies con-
taining Cdc12p in the cortex of mitotic Amid1 cells are bona fide
cytokinetic nodes. First, Cdc12p concentrates in these puncta with
Blt1p at the same time in the presence or absence of Mid1p. This
colocalization confirms that at least some of the punctate “places”
where Cdc12p accumulates in mitotic Amid1 cells (Coffman et al.,
2009) are nodes. Second, Cdc12p in nodes generates actin fila-
ments that support formation of strands of Myo2 and subsequently
the contractile ring. Third, nodes containing Cdc12p are incorpo-
rated into strands containing actin filaments and Myo2 by undergo-
ing directed movements toward and along the strands.

The absence of Myo2, IQGAP Rng2p, and F-BAR Cdc15p from
nodes in Amid1 cells can be explained by the established roles of
Mid1p in recruiting these proteins to nodes through two pathways:
Mid1p — (Cdcdp, Rng2p) — (Myo2p, Rlc1p) — Cdc12p and Mid1p
— Cdc15p — Cdc12p (Almonacid et al., 2011; Laporte et al., 2011;
Padmanabhan et al.,, 2011; Figure 8). Given that interaction with
Cdc15p (Carnahan and Gould, 2003) normally helps to recruit
Cdc12p to cytokinetic nodes (Laporte et al., 2011), it is surprising
that Cdc15p is absent from nodes with Cdc12p in Amid1 cells.
Therefore Cdc12p must interact with node molecules in addition to
Cdc15p (Figure 8, question mark), consistent with the lack of Cdc15p
in 63% of nodes with Cdc12p in wild-type cells (Laporte et al.,
2011).

Contractile ring assembly in cells lacking anillin Mid1p

We found that cells lacking Mid1p assemble contractile rings from
strands of actomyosin, as observed previously (Chang et al., 1996;
Sohrmann et al., 1996; Motegi et al., 2004; Hachet and Simanis,
2008; Huang et al., 2008), and offer a simple mechanism for their
assembly. Our movies show that in Amid1 cells strands containing
Myo2 accumulate nodes marked with Blt1p and Cdc12p through
movements similar to those of nodes in wild-type cells (Vavylonis
et al., 2008). Given that latrunculin inhibits this process, a simple
explanation is that Myo2 captures actin filaments emanating from
nodes containing Cdc12p and pulls together the elements of the
ring. This process may be similar to the ability of adjacent contractile
rings to merge together, as observed experimentally (Daga and
Chang, 2005) and recapitulated by computer simulations (Vavylonis
et al., 2008). Actomyosin strands in Amid1 cells eventually accumu-
late most contractile ring proteins except for Mid1p, so we find no
need to postulate biochemical reactions other than the normal
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(B) Amid1 cells with curves, branches (arrowhead), ectopic bulges
(star), and more disperse localization of Tealp in cylindrical Amid1 cell
(arrow). Scale bars, 5 pm.

cdc12-112 Amid1 O

network of extensive pairwise interactions among cytokinesis
proteins (Figure 8).

FIGURE é: Contractile ring assembly in Amid1 cells depends on The impressive redundancy in this network complicates the inter-
formin Cdc12p. Cells were grown and imaged at 25°C or grown at
36°C for 6 h (C) and 4 h (D) before imaging at 36°C. (A-D) DIC and
maximum-intensity projections of fluorescence micrographs.
Localization of GFP-calponin-homology domain (CHD) of Rng2p and
Rlc1p-mCherry in (A) Amid1 cells, (B) Afor3 Amid1 cells, (C) arp2-1

pretation of experiments to establish dependences. For example, in
the absence of its natural partner, Mid1p, Rng2p associates with
actomyosin strands, likely through interactions with actin filaments
(Takaine et al., 2009), Cdc4p, or Myo2p (Laporte et al., 2011). Simi-

Amid1 cells at 25 and 36°C, and (D) cdc12-112 Amid1 cells at 25 and larly, without its normal receptor, Mid1p, Cdc15p accumulates in
36°C. Rlc1p-mCherry was expressed from the native locus, and strands where it may interact with Rng2p (Roberts-Galbraith et al.,
GFP-CHD was expressed from a 41xnmt1 promoter for 24 h. Scale 2010) and Cdc12p (Carnahan and Gould, 2003). Thus only a fraction
bars, 5 pm. of the extensive network of pairwise interactions among node

maximum-intensity projection fluorescence micrographs of four different Amid1 cells showing localization of Cdc12p-
3YFP in mitosis. Regions outside the cells are masked. (C) Two-dimensional projections of fluorescence micrographs of
parts of three different Amid1 cells showing localization of Cdc12p-3YFP and Blt1p-mCherry in nodes (top), a strand
(middle), and contractile ring (bottom). (D-H) Time-lapse maximum-intensity projections of fluorescence micrographs.
The long axes of cells are vertical in D-G. (D) Rlc1p-mEGFP appears in strands in the cortex of a Amid1 cell after one
Sad1p-mEGFP-marked spindle pole body (arrow) divides into two (arrowheads). Regions outside the cell are masked.
(E) Two different Amid1 cells showing localization of MEGFP-Cdc15p and Rlc1p-mCherry. mEGFP-Cdc15p colocalizes
with aggregates of Rlc1p-mCherry when they appear in the cortex in mitosis (a, arrowhead). During ring assembly,
strands incorporate some punctate cortical structures containing mEGFP-Cdc15p (b, arrows). (F) mEGFP-Cdc15p
localizes in cortical puncta and mEGFP-Cdc15p appears in strands (arrowhead) in the cortex of a Amid1 cell.

(G) mEGFP-Rng2p appears in the cortex of a Amid1 cell. (H) mEGFP-Rng2p and Rlc1p-mCherry colocalize in strands

and contractile rings in Amid1 cells. (I-K) Two-dimensional projections of fluorescence micrographs of parts of individual
Amid1 cells. (I, J) Time course of contractile ring assembly from strands of Rlc1p-mCherry and nodes containing (1)
Blt1p-mEGFP or (J, arrowheads) Cdc12p-3YFP. The long axes of cells are vertical. Some (I, arrowheads) but not all

(I, arrow) nodes containing Blt1p-mEGFP were incorporated into Rlc1p-mCherry strands. Strands of Rlc1p-mCherry have
already incorporated some Cdc12p-3YFP (arrows) at 0 min. (K) Time course of constriction of contractile ring marked by
Rlc1p-mEGFP. (L) DIC and maximum-intensity projection fluorescence micrographs showing localization of Blt1p-mEGFP
and Rlc1p-mCherry in Amid1 cells and deposition of septal material after ring constriction (star) or along myosin-II
strands, resulting in incomplete septum formation (arrowheads). Scale bars, 5 pm. See also Supplemental Figures S1 and
S2 and Supplemental Videos S4-511.
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FIGURE 8: Map of interactions among proteins involved in
cytokinesis expanded from a figure in Laporte et al. (2011). The
vertical axis approximates time in wild-type cells relative to spindle
pole body separation at time zero. Protein names are placed at the
site and time of their initial appearance: gray box, interphase nodes;
blue box, cytokinetic nodes; or red box, contractile rings or strands
(bundles of actin filaments and Myo2 that merge to form contractile
rings in cells lacking Mid1p). All proteins in interphase nodes are
retained in cytokinetic nodes, and all proteins in cytokinetic nodes
except Cdr2p are retained in contractile ring or strands. The yellow
box contains the three subunits of myosin-Il (Myo2). Arrows denote
interactions among proteins: blue arrows, interactions only in nodes;
black arrows, nodes, strands, and contractile ring; and red arrows,
only strands and contractile ring. Broken lines represent evidence
from coimmunoprecipitation experiments, and solid lines represent
evidence with purified protein constructs. The black question mark
and dotted line denote one or more unknown binding partners that
allow Cdc12p to concentrate in cytokinetic nodes in the absence of
Mid1p. References to work that established each interaction:

(a) Almonacid et al. (2009), (b) Moseley et al. (2009), (c) Ye et al. (2012),
(d) Laporte et al. (2011), (e) Almonacid et al. (2011), (f) D'Souza et al.
(2001), (g) Lord and Pollard (2004), (h) Takaine et al. (2009),

(i) Roberts-Galbraith et al. (2010), (j) Carnahan and Gould (2003), and
(k) Kovar et al. (2003). Times of localization of proteins to nodes and
the contractile ring were obtained from Wu et al. (2003) and Laporte
et al. (2011).

proteins appears to suffice for function. Much more work is required
to sort out the hierarchy of these interactions.

Assembly of rings from strands in Amid1 cells differs from the
“leading cable” hypothesis, in which under some circumstances
cables of actin filaments and Myo2 grow from a singular spot con-
taining Cdc12p and form a contractile ring (Chang et al., 1997;
Chang, 1999; Arai and Mabuchi, 2002). Without Mid1p many nodes
containing Cdc12p are scattered beyond the equator, and so strands
of actin and Myo2 form between nodes over a larger area of cortex
than normal.

During the unreliable, prolonged course of ring formation from
strands in Amid1 cells, septal material may deposit along strands,
arresting them in abnormal configurations that complicate formation
of a complete ring. Huang et al. (2008) found that inactivation of
Cps1p, a 1,3-B-glucan synthase involved in septum assembly, in-
creased the formation of complete contractile rings in Amid1 cells.
We suggest that this is due to fewer actomyosin strands being ar-
rested by attachments to the septum. We do not yet understand why
contractile ring assembly is more dependent on the SIN pathway in
Amid1 cells than in wild-type cells (Hachet and Simanis, 2008).
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Contractile ring constriction in cells lacking anillin Mid1p

In wild-type cells contractile rings form by ~10-15 min after SPB
separation and then mature for ~25 min before beginning to con-
strict, whereas the timing of contractile ring constriction in Amid1
cells is remarkable in two ways. On one hand, Amid1 cells with
slowly forming contractile rings can delay the constriction of strands
of actomyosin well beyond the time when contractile rings constrict
in wild-type cells. On the other hand, rings begin to constrict soon
after strands close into rings rather than maturing normally for
25 min. The mechanisms that delay contraction of incomplete rings
past 40 min after SPB separation and sense the formation of a com-
plete contractile ring are mysteries worthy of further investigation.
The near-normal rate of constriction of contractile rings in Amid1
cells argues that the architecture of these rings is similar to that of
wild-type contractile rings, in spite of differences in size, shape, ori-
entation, and assembly pathway. Additional defects in the contrac-
tile rings of Amid1 cells give rise to curved septa, which can support
separation of the daughter cells (Supplemental Video S5).

Influence of anillin Mid1p on cell shape and polarity

Mid1p influences cell shape directly through its role in cell polarity
and indirectly through its role in cytokinesis. Cells lacking Mid1p
have defects in cell polarity that produce abnormal growth, whereas
defects in cytokinesis similar to those in cells with mutations in sep
genes (Sipiczki et al., 1993; Grallert et al., 1999) result in bulges next
to curved or abnormal septa. Some Amid1 cells look normal be-
cause they assemble a properly oriented septum, giving rise to one
or two cylindrical daughter cells, or adjust their growth to correct
minor bends and bulges. The abnormal localization of the polarity
marker Tealp in many morphologically normal Amid1 cells indicates
a direct role of Mid1p in cell polarity.

We suggest that the irregular shapes of Amid1 cells contribute to
defects in contractile ring assembly on top of the problems caused
by the absence of Myo2 in nodes and the lack of focus of nodes
around the equator. Cells without Mid1p grow abnormally during
interphase due to defects in polarity, resulting in a population of cells
that vary in size and shape. This sets up a vicious cycle because cells
enter mitosis with a wide range of lengths and shapes, which com-
promises the mechanics of contractile ring assembly and the ability
of the Pom1p gradient to define a narrow zone in the middle of the
cell for cytokinesis (Martin and Berthelot-Grosjean, 2009; Moseley
etal., 2009). Mid1p may have yet-to-be-discovered influences on the
Pom1p gradient or parallel pathways that specify the cleavage site.

MATERIALS AND METHODS

Generation of yeast strains

Standard molecular biology techniques in S. pombe were used to
delete a gene or to tag a gene at the C-terminus using pFA6a-based
constructs (Bahler et al., 1998). Genetic crosses between S. pombe
cells of opposite mating type were used to generate other strains

(Table 1).

Microscopy

Cells were usually grown in exponential growth phase (ODsgs values
between 0.05 and 0.5) in YE5S medium for 3648 h at 25°C before
imaging. Strains expressing gene products from nmt1 promoters
were grown at 25°C for 24 h in EMM5S media containing 5 pg/ml
thiamine, followed by growth in EMMS5S media for 16-24 h before
imaging. An Olympus IX71 inverted microscope (Olympus, Tokyo,
Japan) fitted with 488-, 514-, and 568-nm argon ion lasers, a Yokogawa
CSU-X1 spinning-disk confocal scanning unit (Yokogawa, Tokyo,
Japan), and an Andor iXon electron-multiplying charge-coupled
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Strain Genotype Source Strain Genotype Source
SSP2-3 h+ Amid1::kanMX6 leu1-32 ura4-  This study SSP104-3  h- arp2-1 rlc1-mCherry-natMXé This study
D18 his3-D1 ade6-M210 Amid1::natMX6é P41xnmt1-GFP-
SSP40-12  h+ Amid1::natMX6 leu1-32 ura4-  This study CHD(mg2)-leul+ ura4-D18
D18 his3-D1 ade6-M210 SSP106-3  cdc12-3GFP-kanMXé sad1-mR- This study
SSP48-1  h+ teal-mEGFP-kanMX6é leu1-32  This study FP1-kanMXxé
ura4-D18 his3-D1 ade6-M210 SSP107-5  Amid1::natMXé cdc12-3GFP-kan-  This study
SSP49-1  h+ teal-mEGFP-kanMX6é This study MX6 sad1-mRFP1-kanMXé
Amid1::natMXé leu1-32 ura4-D18 SSP109-8  blt1-mEGFP-kanMXé sad1-mRFP1- This study
his3-D1 ade6-M210 kanMXé leu1-32 ura4-D18
SSP68-2  blt1-mEGFP-kanMXé rlc1-mCherry-  This study SSP110-6  Amid1::natMXé blt1-mEGFP-kan-  This study
natMXé leu1-32 ura4-D18 MXé sad1-mRFP1-kanMXé leu1-32
SSP70-3  Amid1::natMXé blt1-mEGFP-kan-  This study ura4-D18
MX6 rlc1-mCherry-natMXé leu1-32 SSP115-1  Amid1::natMX6é kanMX6-Pcdc15-  This study
ura4-D18 MEGFP-cdc15 rlc1-mCherry-nat-
SSP78-1  h+ rlc1-mEGFP-kanMX6 This study MX6 leu1-32 urad-D18
Amid1::natMX6 leu1-32 ura4-D18 QC139 h+ rlc1-3GFP-kanMX6 sad1-mEG-  Chen and
adeb6-M210 FP-kanMX6 Pollard (2011)
SSP86-11  h- cdc12-3YFP-kanMXé blt1- This study AR140 h+ leu1-32 ura4-D18 ade6-M210  Arasada and
mCherry-natMXé leu1-32 ura4- kanMXé-Pcdc15-mEGFP-cdc15 Pollard (2011)
D18 IRT89 Amid1::natMXé kanMX6-Prng2- Irene Tebbs
SSP87-1  ¢dc12-3YFP-kanMX6 blt1-mCher-  This study MEGFP-rng2 rlc1-mCherry-natMXé
ry-natMXé Amid1::natMXé leu1-32 JW1349  h+ nmtd1-GFP-CHD(mg2)-leul+  Jian-Qiu Wu
urad-D18 rlc1-tdTomato-natMXé ade6-M210
SSP88-12  cdc12-3YFP-kanMX6 rlc1-mCher-  This study leu1-32 ura4-D18
ry-natMX6 leul-32 ura4-D18 JWI1085  h- sad1-mEGFP-kanMX6 ade6-  Jian-Qiu Wu
SSP89-3  cdc12-3YFP-kanMX6 rlc1-mCher-  This study M210 leu1-32 ura4-D18
ry-natMXé Amid1::natMXé leu1-32 FY528 h+ leu1-32 ura4-D18 his3-D1 Lab collection
urad-D18 ade6-M210
S5P90-4 r/c1.—mEGFP—l<anI\/IX6 This study JM673 h- cdr2-mEGFP::kanMXé leu1-32 ~ Moseley et al.
Amid1::natMX6 sad1-mEGFP-kan- (2009)
MXé ade6-M210 leu1-32 ura4-D18
) JM454 h- cdr1-3xGFP::kanMX6 Moseley et al.
SSP91-4  h- Amid1::natMXé sad1-mEGFP-  This study (2009)
kanMXé ade6-M210 leu1-32
urad-D18 JM206 h+ Ablt1::kanMXé Zlgéziey etal.
SSP92-4  h- rlc1-mCherry-natMX6 This study
Amid1::natMXé P41xnmt1-GFP- JM569 h- Acdr2::natR Moseley etal.
CHD(rng2)-leu+ urad-D18 (2009)
SSP101-9  cdc12-112 Amid1:kanMX6 rlcl- This study MBY310  h+ cdc12-112 ade6-M210 leul-32  Chang et al.
mCherry-natMXé P41xnmt1-GFP- urad-D18 (1997)
CHD(rng2)-leu1+ ura4-D18 KGY1187 h90 arp2-1 mam2::LEUZ2 ade6- Morrell et al.
SSP102-4  h- Afor3::kanMXé Amid1::natMX6  This study M210 leuT-32 ura4-D18 (1999)
rlc1-mCherry-natMX6é P41xnmt1- FC1218 h- nmt41-GFP-CHD(rng2)-leu 1+ Martin and

GFP-CHD(rng2)-leu1+ ura4-D18

adeb6-M216 leu1-32 ura4-D18

Chang (2006)

TABLE 1: S. pombe strains used in this study.

device (EMCCD) camera (model 897; Andor Technology, South
Windsor, CT) was used for imaging. Micrographs in Figure 7 were
acquired with the same microscope equipped with a PerkinElmer
UltraView RS spinning-disk confocal scanning unit (PerkinElmer,
Waltham, MA) and a Hamamatsu ORCA-ER CCD camera (Hama-

matsu, Hamamatsu, Japan).
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Image analysis
Micrographs were analyzed using ImageJ software (National Insti-
tutes of Health, Bethesda, MD). Three-dimensional reconstructions
of cells were made using the Projector 4D plug-in in ImageJ soft-
ware. These reconstructions are shown in Figures 1 and 5 as projec-
tions in two dimensions.
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