
Volume 32  February 1, 2021	 237 

Time-varying mobility and turnover of 
actomyosin ring components during cytokinesis 
in Schizosaccharomyces pombe

ABSTRACT  Cytokinesis in many eukaryotes is dependent on a contractile actomyosin ring 
(AMR), composed of F-actin, myosin II, and other actin and myosin II regulators. Through fluo-
rescence recovery after photobleaching experiments, many components of the AMR have been 
shown to be mobile and to undergo constant exchange with the cytosolic pools. However, how 
the mobility of its components changes at distinct stages of mitosis and cytokinesis has not been 
addressed. Here, we describe the mobility of eight Schizosaccharomyces pombe AMR proteins 
at different stages of mitosis and cytokinesis using an approach we have developed. We identi-
fied three classes of proteins, which showed 1) high (Ain1, Myo2, Myo51), 2) low (Rng2, Mid1, 
Myp2, Cdc12), and 3) cell cycle–dependent (Cdc15) mobile fractions. We observed that the 
F-BAR protein Cdc15 undergoes a 20–30% reduction in its mobile fraction after spindle break-
down and initiation of AMR contraction. Moreover, our data indicate that this change in Cdc15 
mobility is dependent on the septation initiation network (SIN). Our work offers a novel strategy 
for estimating cell cycle–dependent mobile protein fractions in cellular structures and provides 
a valuable dataset, that is of interest to researchers working on cytokinesis.

INTRODUCTION
Cell division in many eukaryotes requires formation of a functional 
actomyosin ring (AMR), comprising F-actin, tropomyosin, myosin 
motors, membrane scaffold proteins, actin cross-linkers, and other 
proteins (Schroeder, 1973; Fujiwara and Pollard, 1976; Nurse et al., 
1976; Chang et  al., 1996; Balasubramanian et  al., 1998; Wu and 
Pollard, 2005; Matsuyama et al., 2006; Wood et al., 2012; Pollard 
and O’Shaughnessy, 2019). Following anaphase, the AMR contracts 
with simultaneous deposition of a new membrane and the division 
septum (in yeast and fungi) leading to fission of a cell into two 
daughters. In many organisms, multiple components of the AMR 

undergo rapid turnover (Yumura, 2001; Guha et  al., 2005). 
Consistently, many components of the AMR in Schizosaccharomyces 
pombe undergo constant exchange with the cytosolic pool as well. 
These proteins include actin (Pelham and Chang, 2002; Chew et al., 
2017), myosin-II (Wong et  al., 2002; Clifford et  al., 2008; Laporte 
et al., 2011; Okada et al., 2019), anillin-like protein Mid1 (Clifford 
et al., 2008; Zhang et al., 2010) and F-BAR protein Cdc15 (Clifford 
et al., 2008; Roberts-Galbraith et al., 2009; Mcdonald et al., 2015).

To date, most of the studies addressing protein turnover in the 
AMR have used the method of fluorescent recovery after 
photobleaching (FRAP). FRAP analysis normally relies on many 
assumptions—some of which have not been proven in S. pombe. In 
particular, FRAP experiments often assume that the proportion of 
bleached fluorophores is insignificant compared with the total 
amount of the fluorophore in the cell. However, for many AMR com-
ponents, it has been shown that a significant fraction of the protein 
is localized to the AMR during cytokinesis (Wu and Pollard, 2005). 
This fraction can be as high as 50% of the total protein (Table 1), and 
is thus inconsistent with the assumption. In the present study, we 
address the question of whether the turnover of AMR components 
changes during different stages of mitosis and cytokinesis and 
provide a detailed temporal map of the mobile fractions relative to 
cell cycle progression.
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TABLE 1:  Changes in local accumulation and protein turnover during cytokinesis.

Cell cycle stage Published data Current study

Protein Phase
Time after SPB 

separation
Protein % in 

AMRa Fm, % Raw Fm, % Est Fm, % FLIP, %

Ain1 Node assembly -20 min — — — — —

Node coalescence 0 min 0 — — — —

Anaphase B +10 min 10 — 55 97 42

Contraction +35 min 12 — 53 93 40

Cdc12 Node assembly -20 min — 70b — — —

Node coalescence 0 min 50 — — — —

Anaphase B +10 min 18 80c 6 21 15

Contraction +35 min 50 — 9 30 21

Cdc15 Node assembly -20 min — 75b — — —

Node coalescence 0 min 3 — — — —

Anaphase B +10 min 30 60 d,e,f,g 52 72 20

Contraction +35 min 40 — 28 47 19

Mid1 Node assembly -20 min — 68 b,h — — —

Node coalescence 0 min — 20 h — — —

Anaphase B +10 min 50 7 d 5 13 8

Contraction +35 min — — 5 20 15

Myo2 Node assembly -20 min — 60 b — — —

Node coalescence 0 min 45 — — — —

Anaphase B +10 min 40 65 d 46 75 29

Contraction +35 min 37 38 i, j 51 86 35

Myo51 Node assembly -20 min — — — — —

Node coalescence 0 min — — — — —

Anaphase B +10 min — — 53 82 29

Contraction +35 min — — 58 90 32

Myp2 Node assembly -20 min — — — — —

Node coalescence 0 min — — — — —

Anaphase B +10 min 20 — — — —

Contraction +35 min 35 59 i 0 0 -11

Rng2 Node assembly -20 min — 75 b — — —

Node coalescence 0 min — — — — —

Anaphase B +10 min 45 40 d 12 34 22

Contraction +35 min — — 12 31 19

Notes: Published data on mobile fraction (Fm) and relative amount in the AMR (percentage of cell total; Wu and Pollard, 2005) stratified into four time intervals by 
phase of cytokinesis and time since SPB separation (Wu et al., 2003). Publications with unclear stage of cytokinesis for FRAP measurement were excluded from the 
analysis. Following data from current study are shown (average value for the time-interval): raw observed mobile fraction in AMR (Raw Fm), estimated true mobile 
fraction in AMR (Est Fm), and detected loss of intensity on unbleached side of the AMR (FLIP). 
aWu & Pollard, 2005; bLaporte et al., 2011; cYonetani et al., 2008; dClifford et al., 2008; eRoberts-Galbraith et al., 2009; fRoberts-Galbraith et al., 2010; gUllal et al., 
2016; hZhang et al., 2010; iOkada et al., 2019; j Wollrab et al., 2016.

RESULTS AND DISCUSSION
A method for determining cell cycle–dependent changes in 
mobile protein fractions during actomyosin ring formation 
and contraction
To evaluate the stage of mitosis or cytokinesis of a given cell, we used 
the length of the mitotic spindle and the diameter of the AMR as 
quantifiable proxies. In cells expressing mCherry-atb2 and mEGFP-
myo2, we found that the increase of spindle length during anaphase 

B and the decrease of AMR diameter during AMR contraction follow-
ing spindle breakdown were linear (Figure 1A and Supplemental 
Figure 1A), in line with previous reports (Pelham and Chang, 2002). 
Because most S. pombe cells have roughly the same diameter of 
3.7 ± 0.2 µm (Supplemental Figure 1B), we assumed that all AMRs 
had the same diameter at the onset of contraction. For simplicity, we 
defined a relative timeline for the processes of mitosis and cytokinesis 
(Figure 1B) where “-1” represents spindle pole body (SPB) separation 
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and mitotic spindle assembly; “0” denotes spindle breakdown and 
the onset of cytokinesis; and “+1” represents the completion of AMR 
contraction (see the Supplemental Methods for details).

A key assumption in FRAP experiments is that the proportion of 
bleached protein is insignificant compared with its total amount 
available. However, the effect of a limited recovery pool is rarely 
taken in the account. The example below (Figure 1C), illustrates a 

how limited cytosolic pool affects observed recovery of an AMR 
protein with a mobile fraction of 100%. When the cytosolic pool of 
unbleached molecules is sufficiently large (Figure 1C, upper panel), 
the observed plateau of fluorescent recovery is equal to the mobile 
fraction of the protein (100%). However, when the amount of un-
bleached protein is limited, an exchange of molecules between 
bleached and unbleached domains of the AMR starts to dominate 

FIGURE 1:  (A) AMR (mEGFP-myo2) and tubulin cytoskeleton (mCherry-atb2) in dividing S. pombe cell (scale bar 
= 5 µm). (B) S. pombe cell-cycle following changes in AMR microtubule cytoskeleton. (C) Protein exchange between 
bleached and unbleached domains of AMR after bleaching and resulting quantification. (D) Time-lapse series (scale bar 
= 5 µm), kymograph (scale bar = 1 µm vertical and 6 s horizontal) and quantification (N = 4; mean ± SD) of mEGFP-myo2 
in bleached (B, FRAP) and unbleached (U, FLIP) regions of the AMR.
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the recovery (Figure 1C, bottom panel). This exchange results in 
partial recovery of the bleached domain, accompanied by loss of 
fluorescence in the unbleached domain. If half of the AMR is 
bleached, this will lead to significant differences between the 
observed plateau of fluorescent recovery (50%) and its true mobile 
fraction (100%).

To this end, we built a mathematical model to describe protein 
exchange between the cytosol and the AMR, allowing for finite 
amounts of protein in the system (see the Supplemental Methods 
for details). Specifically, our mathematical model showed that the 
true mobile fraction Fm could be estimated as

F F Fm m loss= ′ + � (1)

where F’m is the FRAP value (protein recovery at the bleached side 
of AMR) and Floss is the fluorescence loss after photobleaching (FLIP) 
at the unbleached side of AMR. Importantly, Formula 1 shows that 
estimation of the true mobile fraction does not require measure-
ments of the concentration/amount of protein in the cytoplasm or 
AMR. This makes this approach generally applicable to a wide range 
of proteins, whose concentrations in the different compartments of 
S. pombe may not be known.

Finally, to demonstrate the implications of a limited cytosolic re-
covery pool and the importance of our correction to the FRAP-
based measurement of protein mobility in living cells, we performed 
FRAP analysis of Myo2 mobility in the AMR. Myo2 is known to be 
highly mobile (Yumura, 2001; Wong et al., 2002; Clifford et al., 2008; 
Laporte et al., 2011; Okada et al., 2019) and ∼40% of the cellular 
Myo2 was reported to localize to the AMR (Wu and Pollard, 2005; 
Table 1). Using cells expressing mCherry-atb2 and mEGFP-myo2, 
we bleached a significant portion of the AMR (∼30–50%; Supple-
mental Figure 1C) in cells at the onset of AMR contraction (spindle 
breakdown). The subsequent FRAP analysis of Myo-2 turnover 
showed a 50% recovery of its original value (Figure 1D, right panel); 
assuming an unlimited cytosolic pool, this gives the impression of a 
mobile fraction of 50%. However, the fluorescence intensity in the 
unbleached portion of the AMR displayed an exponential decrease 
immediately after photobleaching, showing a 40% loss of intensity 
from the original value. A loss of fluorescence of such magnitude 
cannot be explained by imaging-induced photobleaching alone 
and thus demonstrated that recovery in the bleached portion of 
the AMR is limited. Using Formula 1, we estimated the true mobility 
of the Myo2 protein as 90%.

Mapping changes in protein mobility during formation and 
contraction of the actomyosin ring
To quantify the mobility of AMR components as a function of AMR 
age, we generated fission yeast strains expressing mCherry-atb2 for 
visualization of the mitotic spindle, and one of eight AMR proteins 
fused to either mEGFP or mNeonGreen. The following AMR 
components were chosen: the motor proteins Myo2 (Kitayama 
et al., 1997; May et al., 1997; Balasubramanian et al., 1998), Myp2 
(Bezanilla et al., 1997; Motegi et al., 1997), and Myo51 (Win et al., 
2001), the actin crosslinker Ain1 (Wu et al., 2001), the F-BAR protein 
Cdc15 (Fankhauser et al., 1995), formin Cdc12 (Chang et al., 1997), 
the IQGAP-related protein Rng2 (Eng et al., 1998), and the anillin-
related protein Mid1 (Sohrmann et  al., 1996). In each strain, we 
performed FRAP-based measurements of the protein turnover at 
the AMR by bleaching a portion of the AMR in cells at different 
stages of mitosis and cytokinesis. For each cell, we recorded the 
length of the mitotic spindle or the diameter of the AMR, which 
were, in turn, used to calculated the age of the AMR. Finally, we 

used FRAP and FLIP data to estimate the true mobile fraction of the 
protein at the AMR of a given cell using Formula 1.

The results from these experiments allowed us to form (Figure 2, 
A–C, Supplemental Figure 2A, and Table 1) three categories of pro-
teins based on their turnover in the AMR: 1) highly mobile proteins 
(Ain1, Myo51, and Myo2); 2) immobile or predominantly immobile 
proteins (Rng2, Mid1, Myp2, and Cdc12); and 3) proteins that 
displayed a dramatic change in their mobility (Cdc15). Consistent 
with our previous observation for Myo2 (Figure 1D), we observed 
that most of the AMR components used in this study displayed a 
loss of fluorescence intensity in the unbleached region of the AMR 
that could not be explained by imaging-induced loss of signal alone 
(only accounted for loss of 5–10%, Supplemental Figure 2B). Our 
results are in line with previous observations showing that the AMR 
contains a significant amount of the total protein in the cell for each 
of the selected AMR components (Figure 2C; Table 1). This effect 
was most prominent in highly mobile proteins where the loss from 
the unbleached region of the AMR was nearly 50% of the prebleach 
intensity (∼40%, 30–35%, and 30–34% for Ain1, Myo2, and Myo51, 
respectively), resulting in a nearly twofold difference between raw 
and estimated true mobile fractions.

In thecase of Myp2, the intensity at the unbleached side of the 
AMR increased after bleaching (Figure 2A; Table 1), indicating 
ongoing recruitment of Myp2 to the AMR site. This observation 
was further supported by an independent measurement of Myp2 
density per unit length of the AMR, showing a linear increase in the 
Myp2 density in the AMR during its contraction (Supplemental 
Figure 3A). Interestingly, our results contradicted a previous report 
on Myp2 turnover at the division site (Table 1, 56% recovery in 
contracting AMR; Okada et al., 2019). In this publication, the mea-
surement of the Myp2 mobile fraction was not adjusted to account 
for a constant delivery of the protein to the division site, which may 
have led to an overestimation of Myp2 mobility.

Finally, we compared mobile fractions of the chosen proteins be-
fore and after initiation of the AMR contraction. We selected two 
subsets from the final dataset: AMRs of age -0.8 to -0.2 (anaphase 
B) and AMRs of age 0 to +0.6 (contraction). Next, we explored 
whether there were statistically significant differences between the 
mean values of mobile fractions between those groups, using 
the Mann–Whitney U-test. After adjusting the p values for multiple 
hypothesis testing, we found that most of the studied proteins did 
not undergo significant changes in their mobile fraction between 
formation (anaphase B) and contraction of the AMR (Ain1, Cdc12, 
Mid1, Myo51, Rng2). Myo2 displayed an 11% increase in its mobility 
following initiation of AMR contraction (p < 0.01), while Cdc15 
showed a dramatic 25% decrease in its mobility (p < 0.001). Interest-
ingly, for all observed proteins, we found similar levels of FLIP 
through cell cycle progression (Figure 2C; Table 1), indicating that a 
significant proportion of the total protein amount remains in the 
AMR through its maturation and contraction phases for all observed 
AMR components.

Recent studies have highlighted the ability of AMR components 
such as Myo2 (Laplante et al., 2016; Wollrab et al., 2016), Cdc15, 
Cdc12, and Rng2 (Laplante et al., 2016) to move along the AMR in 
the form of clusters. Such intra-AMR movement of proteins would 
affect the results of FRAP-based measurements of protein turnover. 
To address this issue, we followed the recovery of the protein after 
bleaching along the AMR using 3D imaging (Supplemental Figure 
3B). With the exception of Cdc12, we could observe that most of 
the proteins in the study did not display signs of protein movement 
along the AMR (such as clusters or an intensity wave), indicating that 
the observed recovery of fluorescent intensity is mostly due to 
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exchange of the protein through the cytoplasm. Interestingly, Cdc12 
displayed movement of clusters from the unbleached domain. This 
could explain why a previous report on the Cdc12 mobile fraction in 
the AMR (Yonetani et  al., 2008; 80%, Table 1) differs from our 

estimate (21–30%). We hypthesize that the earlier study might have 
been affected by Cdc12 intra-AMR mobility, resulting in overestima-
tion of the mobile fraction (the observed recovery would be the sum 
of two processes: Cdc12 mobility within the AMR and exchange 

FIGURE 2:  (A) FRAP and FLIP (mean ± SD) in AMR at early anaphase B (t = -0.5), onset of AMR contraction (t = 0), and 
contracting AMR (t = 0.5). Plateau for calculation of FLIP or FRAP values indicated by dotted lines. (B) Heat map of 
protein turnover (mean per time-interval). Age of the AMR and cytokinesis phases are shown at the top of the chart. 
Striped squares indicate time intevals with no detectable target protein or insufficient sample size (N ≤ 4). (C) True 
mobile fraction (Fm) and FLIP at Anaphase B versus AMR contraction. Asterisks indicate statistically significant 
differences.



242  |  A. Kamnev et al.	 Molecular Biology of the Cell

with cytoplasm). Our finding of limited exchange of Cdc12 between 
the AMR and cytoplasm indicates that during AMR contraction, 
Cdc12 might function as part of a larger molecular assembly, possi-
ble in the form of nanoscale nodes, similar in its composition to early 
AMR nodes (Laplante et al., 2016).

Immobilization of Cdc15 in the actomyosin ring is induced 
by the septation initiation network pathway in late 
anaphase, and might be crucial for efficient cytokinesis
Our initial mobility screen revealed a biphasic mobility profile of the 
F-BAR protein Cdc15 (Figure 2 and Table 1), with a highly mobile 
phase during AMR formation (Fm ∼70%) followed by a low-mobility 
phase starting at the onset of AMR contraction (Fm ∼45%). These 
results were particularly fascinating because immobilization of 
Cdc15 has been suggested by previous in vitro and superresolution 
studies (Roberts-Galbraith et al., 2010; Mcdonald et al., 2017) and 
FRAP-based in vivo studies (Mcdonald et al., 2015), supporting the 
proposed role of Cdc15 as a crucial protein scaffold and anchor for 
the contractile AMR. However, detailed monitoring of the changes 
in Cdc15 mobility during the lifespan of the AMR has not been 
performed yet. Therefore, it was of interest to compare the profile of 
Cdc15 mobility produced by our screen with existing models of 
Cdc15 action in cytokinesis.

Cdc15 is a crucial structural scaffold protein and is known to be 
cell cycle regulated (Fankhauser et al., 1995; Swaffer et al., 2018). It 
was previously indicated that Cdc15 localization and function during 
the early stages of AMR assembly might be regulated through de-/
phosphorylation of its unstructured region and SH3 domain by the 
septation initiation network (SIN) and Pom1, respectively (Figure 3A; 
(Fankhauser et  al., 1995; Wachtler et  al., 2006; Roberts-Galbraith 
et  al., 2010; Mcdonald et  al., 2015; Bhattacharjee et  al., 2020). 
However, the exact function of the posttranslational modification 
dependent regulation of Cdc15 structure during cytokinesis is not 
fully understood yet.

To investigate whether the decrease in Cdc15 mobility at the 
onset of AMR contraction and efficient cytokinesis are related, we 
tracked Cdc15 mobility in cells with perturbed cytokinesis. Two 
components of the SIN signalling pathway were chosen: upstream 
GTPase Spg1 (Figure 3B; Schmidt et al., 1997; Simanis, 2015) and 
downstream phosphatase Clp1, which is known to dephosphory-
late Cdc15 during AMR assembly (Clifford et al., 2008). Addition-
ally, we included the truncated version of Cdc15 lacking its SH3 
domain in our experiment (Roberts-Galbraith et  al., 2009). The 
Cdc15 SH3 domain is known to recruit proline-rich (PxxP) motif–
containing proteins (such as Pxl1 and Fic1) to the AMR (Roberts-
Galbraith et al., 2009; Ren et al., 2015; Bhattacharjee et al., 2020) 
and thus is expected to play an important role in the formation of 
the AMR.

Our results showed an increase in Cdc15 mobility during both 
maturation and contraction of the AMR in the Δclp1 and cdc15ΔSH3 
backgrounds compared with wild-type (wt cells (Figure 3C). 
Interestingly, we could still detect a significant decrease in the 
Cdc15 mobile fraction following spindle breakdown in these 
strains, although the magnitude of this decrease was reduced 
when compared with wt cells (21–26% vs. 31%). Together with the 
fact that both Δclp1 and cdc15ΔSH3 (unpublished data) back-
grounds are able to generate functional AMR and properly initiate 
and complete cytokinesis (Supplementary Figure 4, A–C) while re-
taining high sensitivity to further perturbation of cytokinesis 
(Mishra et al., 2004; Roberts-Galbraith et al., 2009), these results 
indicate that Cdc15 immobilization in these cells is perturbed, but 
not significantly enough to cause cytokinesis failure.

Finally, we investigated the mobility of Cdc15 in the AMR of 
spg1-106 cells, which are able to form an AMR but fail to initiate 
cytokinesis at restrictive temperature (Schmidt et  al., 1997; 
Balasubramanian et al., 1998). First, we confirmed the phenotype of 
spg1-106 cells at the restrictive temperature of 30°C and found that 
50% of mitotic cells were unable to maintain an AMR at the division 
site, while the rest of the cells initiated contraction immediately 
followed by rupture of cells wall (Supplemental Figure 4, D–G). 
Measurement of Cdc15 turnover in the AMR in these cells at the 
restrictive temperature across the lifespan of the AMR revealed a 
lack of Cdc15 immobilization before and after spindle breakdown 
(Figure 3D).

Taken together, our measurements of the change in Cdc15 
mobility during cytokinesis in Δclp1, cdc15ΔSH3 and spg1-106 
cells indicated that immobilization of Cdc15 in the AMR might be 
crucial for successful AMR contraction and cytokinesis. Together 
with its proposed role in AMR anchoring at the division site 
(McDonald et al., 2015, 2017) we hypothesize that the observed 
positive correlation of Cdc15 immobilization and the efficiency of 
resulting cytokinesis might directly stem from the ability of Cdc15 
to stabilize contractile AMR at the division site (Figure 3E). Here, 
activation of Cdc15 binding to both the plasma membrane and 
the AMR at the onset of AMR contraction leads to assembly of a 
Cdc15–dependent AMR–plasma membrane bridge, locking 
Cdc15 at the division site and stabilizing contractile AMR (de-
tected as a drop in the Cdc15 mobile fraction in the AMR). In wt 
cells, this leads to successful septum deposition and cytokinesis. 
Partial or complete lack of Cdc15 activation before AMR contrac-
tion (in Δclp1 and spg1-106 cells) leads to compromised anchoring 
and instability of the AMR at the division site. When anchoring is 
weakend but able to conduct contractile force from AMR under 
favorable conditions (Δclp1 cells), cytokinesis occurs but shows 
sensitivity to further perturbations. However, when proper assem-
bly of the Cdc15 bridge fails completely (spg1-106 cells), destabi-
lization of the AMR results in failure of cytokinesis. It is unclear if 
Cdc15 immobilization at the AMR is indispensible for the AMR 
contraction or stability. Further studies with a focus on the activity 
of Cdc15 at the division site at the onset of AMR contraction would 
be required to identify the exact role of Cdc15 in the maintainance 
of the functional division site.

In summary, we have established a new, optimized FRAP-based 
protocol allowing measurements of protein mobility in the AMR of 
S. pombe across the lifespan of the AMR. We have demonstrated 
that most of the AMR components studied in this work presented 
limited cytoplasmic recovery pools, leading to underestimation of 
their mobile fraction as measured by unadjusted FRAP. Taken 
together, our results indicate that FRAP-based analysis of protein 
turnover in AMR is strongly affected by the capacity of the cytosolic 
recovery pool and thus needs to be properly corrected. Our FLIP-
based method of correction for a limited cytosolic recovery pool 
allows such adjustment and therefore adds a new important tool for 
studies of cytokinesis. The dataset we provide should act as a start-
ing point for further studies of protein mobility during cytokinesis in 
fission yeast.

In addition, our results provide the first clear evidence of 
Cdc15 immobilization in the AMR during late anaphase. We were 
able to show a biphasic profile of Cdc15 mobility consisting of a 
high-mobility phase during AMR formation and a low-mobility 
phase during its contraction. Moreover, the high temporal resolu-
tion of our method revealed that the immobilization of Cdc15 in 
late anaphase is an abrupt process, with Cdc15 reaching its 
minimum shortly before spindle breakdown and the initiation of 



Volume 32  February 1, 2021	 Actomyosin Ring Protein Dynamics  |  243 

AMR contraction. Finally, genetic manipulation of the SIN signal-
ling pathway suggested a correlation between the drop in Cdc15 
mobility at the end of the anaphase and the successful completion 

of cytokinesis. This finding provides a new angle to study the 
mechanisms of cytokinesis and provides new tools to probe 
Cdc15 function in vivo.

FIGURE 3:  (A). SIN mediated Cdc15 activation & oligomerization at the plasma membrane (adopted from [Roberts-
Galbraith et al., 2010]). (B) Activation of Cdc15 by SIN pathway. (C) Changes in AMR mobility (mean ± SD) of Cdc15 in 
wt, Δclp1, and cdc15-ΔSH3 cells during cytokinesis. (D) AMR mobility (mean ± SD) of Cdc15 in wt versus spg1-106 cells 
at restrictive temperature (30°C). (E) Model of Cdc15-dependent anchoring of AMR at the division site at the onset of 
AMR contraction.
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MATERIALS AND METHODS
Yeast genetics and culture methods
Log phase cells were grown and cultured in yeast extract medium 
with supplements (YES) at permissive temperature (24°C), as 
described earlier (Moreno et al., 1991).

Paraformaldehyde fixation, DAPI, anillin blue, actin–
phalloidin staining, and fluorescence microscopy
Asynchronous mid–log phase cells were grown at 24 or 30°C in YES 
and shifted to 36°C (spg1-106) for 3–4 h before fixation. For visual-
ization of DAPI and anillin blue staining, cells were fixed with 4% 
paraformaldehyde and permeabilized for 10 min with 1% Triton 
X-100 at room temperature. Cells were washed three times with 1X 
PBS without Triton X-100 and stained with DAPI to visualize DNA 
and anillin blue to visualize septa. Still images were acquired using 
a spinning-disk confocal microscope (Andor Revolution XD imaging 
system; specifications are described in Sample Preparation and Live 
Cell Imaging).

Sample preparation and live cell imaging
For time-lapse live cell imaging, log-phase cells were grown at 24°C, 
concentrated from early log-phase culture, and spotted on a glass 
slide containing a YES agarose pad. Time-lapse movies were acquired 
in a 24°C incubation chamber for 1–2 h. Each sample was pre
incubated for 40–60 min prior to imaging in the incubation chamber. 
Time-lapse series were acquired using aspinning-disk confocal 
microscope (Andor TuCam imaging system, equipped with a 100× oil 
immersion 1.45NA Nikon Plan Apo lambda and 40× 1.3NA Nikon CFI 
Plan Fluor oil immersion objective lenses, confocal unit Yokogawa 
CSU-X1, Andor iXon Ultra EMCCD, and Andor iQ software). Images 
were acquired at resolution of either 69 (100× objective lens) or 
162 nm/pxl (40× objective lens). Nine z slices of thickness 0.7 µm were 
taken for GFP and mCherry channels at every 3-min interval. Two laser 
lines of wavelength 488 and 561 nm were used for excitation. The 
imaging software Fiji was used to process the images.

Fluorescent recovery after photobleaching experiments
For analysis of protein turnover, cells were prepared as described in 
Sample Preparation and Live Cell Imaging. Cells were imaged using 
a spinning-disk confocal microscope (Andor TuCam imaging sys-
tem, equipped with a 100× oil immersion 1.45NA Nikon Plan Apo 
lambda, confocal unit Yokogawa CSU-X1, Andor iXon Ultra EMCCD, 
FRAPPA Andor bleaching unit, and Andor iQ software). Images were 
acquired at a resolution of 69 nm/pixel. The fluorophores were pho-
tobleached using a 455-nm laser line. For each cell line, the mini-
mum intensity and duration of the bleaching pulse were determined 
in order to minimize photobleaching of the cytosolic pool of target 
protein. The bleaching region of interest (ROI) was constructed as a 
1 µm–wide line crossing one side of the AMR parallel to the longitu-
dinal axis of the cell, generating an approximate 1 × 0.5–µm bleach-
ing ROI that bleaches 30–50% of the AMR, depending on the AMR 
diameter. We chose a line ROI for bleaching primarily because of 
the speed of bleaching. Two laser lines of wavelength 488 and 561 
nm were used for excitation. For measurement of the mobile frac-
tion, all images were recorded as the 1-Z plane in the middle of the 
cell. For analysis of protein movement along the AMR, a Z-stack with 
intraslice spacing 0.3 µm was used (18 slices in total covering a Z 
range of 5.4 µm). First, the baseline of the protein signal in the AMR 
was recorded by three consecutive images taken as fast as possible 
(0.3 s on average for mobility measurement and 2–5 s for FRAP 
measurements of Z-stacks). Next, part of the AMR was bleached 
over 50–200 ms depending on the number of bleaching ROIs per 

field of view (five on the average). Finally, the FRAP signal was re-
corded as a sequence of 150 images taken at intervals of 0.3–1 s for 
mobility measurement and 2–5 s for FRAP measurements of Z-stacks 
(depending on fluorophore intensity and recovery half-life) for a to-
tal duration of 2–3 min. The time window of 2–3 min was chosen to 
maximize recovery of the proteins after bleaching (recovery half-life 
is on the order of seconds) and to minimize the impact of AMR con-
traction. To measure the impact of imaging-induced photobleach-
ing, first some of the fields-of-view were selected to serve as control. 
We next conducted a FRAP experiment with one change: three to 
five FRAP ROIs were drawn at least 2 µm away from any cell contain-
ing AMR. FRAP ROIs were introduced to measure effect of FRAP-
induced bleaching on neighburing cells in addition to imaging-
induced photobleaching. This procedure was repeated until 
20–30 cells with AMR were recorded. Finally, all images were saved 
as 16-bit .tiff raw data files.

The recorded data were then quantified using custom-written 
scripts in Fiji and Matlab. First, camera noise in the raw images was 
suppressed by applying a 2 × 2–pixel average filter (Fiji → Process → 
Filters → Mean). The mean intensity of the AMR was calculated in 
each image using a circular ROI 1 µm in diameter centered on either 
a bleached or unbleached cross-section of the AMR. In imaging-
induced bleaching control recordings, both sides of the AMR were 
measured. A circular ROI was chosen to ensure measurement of in-
tensity even when AMR had shifted in the image during acquisition 
(we observed minor submicrometer changes in the position of AMR, 
most probably due to AMR contraction). For each image, the mean 
intensity of the signal in the selected ROIs was then recorded and 
saved as an annotated CSV file. Finally, using a custom-written Mat-
lab script and measurements from FRAP experiments, model param-
eters (such as mobile fraction) were extracted for each recording.

Spindle length information was collected for each cell in the 
FRAP analysis as 13 z slices of thickness 0.5 µm taken for the mCherry 
channel immediately before each FRAP sequence. The length of the 
spindle and the AMR diameter were measured in Fiji. Both the spin-
dle length and the diameter of the AMRs were measured as the 
lengths of straight lines connecting ends of spindles or opposite 
sides of the AMR in the image. The measured data in CSV format 
were loaded into custom-written Matlab scripts.

Kymographs
Kymographs of changes of the fluorescent intensity in the AMR 
were built from the raw time-lapse images from FRAP experiments. 
First, camera noise in the image was suppressed by applying a 1 × 
1–pixel average filter (Fiji → Process → Filters → Mean). The next 
kymograph was built along the line ROI of length ∼5 µm and width 
1 µm connecting opposite sides of the AMR using the ImageJ 
plugin KymoResliceWide (https://imagej.net/KymoResliceWide) as 
maximum-intensity projection along the width of the line ROI.

Image processing
Images were analyzed using Fiji. For live-cell imaging experiments, 
camera noise in the resulting stacks was suppressed by applying a 
1 × 1–pixel average filter (Fiji → Process → Filters → Mean). Result-
ing images were projected along the Z-axis using maximum-inten-
sity projection (Fiji → Image → Stacks → Z Project). ZY-projections 
were done from Z-stacks using the Fiji plugin 3D Project (Fiji → 
Image → Stacks → 3D Project).

Measurement of protein mobile fraction
First, we normalized data for FRAP and FLIP ROIs using acustom 
Matlab script (offset to background and normalization to the 
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average of the first three time-points. The next time-profile of inten-
sity change was corrected for imaging-induced photobleaching us-
ing data from control cells. The resulting data were used to measure 
the mobile fraction (FRAP), and protein loss (FLIP) was extracted for 
each cell as average intensity in the last 40–100 frames (determined 
for each protein individueally depending on recovery kinetics). 
Finally the corrected mobile fraction was calculated using Formula 1. 
See the Supplemental Methods for full details.

Measurement of cell diameter variability
The diameter of each cell was measured from the Z-stack of DIC 
images, determined as the Z-slice that gave the largest measured 
value of the diameter.

Quantification of changes in Myp2-mApple density during 
cytokinesis
To measure the amount of Myp2 in wt AMRs, we took single-
timepoint Z-stack images of wt cells expressing Myp2-mApple, us-
ing the DIC and GFP channels to capture ∼50 cells containing AMRs 
at various stages of contraction. The difference between the cell 
diameter (measured from DIC) and AMR diameter (measured from 
the Myp2 signal) was used as a measure of how much the AMR had 
already contracted. AMR fluorescence intensity was measured from 
summed intensity projections. The Myp2 signal was used to draw a 
polygon ROI around the AMR, and the average Myp2 intensity in 
this region was measured. We subtracted the background Myp2 
signal (measured from other regions of the cell) and then multiplied 
this value by the area of the AMR ROI to obtain the total fluores-
cence intensity of Myp2 in the AMR. To calculate the intensity/
length, we then divided these values by the AMR circumference.

Statistical analysis
In Figures 2B and 3, C and D, p values were obtained by a Mann–
Whitney U-test. All p values were adjusted for multiple hypothesis 
testing using Bonferroni correction. Statistical analysis was per-
formed using a MATLAB software package.
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