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Molecular organization of cytokinesis node predicts
the constriction rate of the contractile ring
Kimberly Bellingham-Johnstun, Erica Casey Anders, John Ravi, Christina Bruinsma, and Caroline Laplante

The molecular organization of cytokinesis proteins governs contractile ring function. We used single molecule localization
microscopy in live cells to elucidate the molecular organization of cytokinesis proteins and relate it to the constriction rate of
the contractile ring. Wild-type fission yeast cells assemble contractile rings by the coalescence of cortical proteins complexes
called nodes whereas cells without Anillin/Mid1p (Δmid1) lack visible nodes yet assemble contractile rings competent for
constriction from the looping of strands. We leveraged the Δmid1 contractile ring assembly mechanism to determine how two
distinct molecular organizations, nodes versus strands, can yield functional contractile rings. Contrary to previous
interpretations, nodes assemble in Δmid1 cells. Our results suggest that Myo2p heads condense upon interaction with actin
filaments and an excess number of Myo2p heads bound to actin filaments hinders constriction thus reducing the constriction
rate. Our work establishes a predictive correlation between the molecular organization of nodes and the behavior of the
contractile ring.

Introduction
Cell division by the constriction of a ring of actin and myosin is
highly conserved from yeast to mammals. How proteins orga-
nize within the contractile ring likely governs the mechanisms
of constriction. Many proteins are involved in cytokinesis, but
despite a wealth of information regarding their concentration,
localization, and timing of recruitment to the contractile ring,
their molecular organization within the contractile ring remains
relatively unknown (Pollard, 2017).

Fission yeast remains a leading model for studying cell di-
vision due to the large number of well-characterized cytokinesis
proteins and the ease of genetic manipulation. Throughout the
cell cycle of fission yeast, many proteins that regulate cytoki-
nesis or build the contractile ring localize to cortical protein
complexes called nodes (Moseley et al., 2009; Saha and Pollard,
2012a; Wu et al., 2006). Two types of interphase nodes, type
1 and type 2, interact, leading to the formation of a band of
cortical cytokinesis nodes distributed around the equator of the
cell, the presumptive division plane (Akamatsu et al., 2014; Deng
and Moseley, 2013). The cytokinesis node proteins including the
myosin-II molecule Myo2 (composed of the heavy chain Myo2p
and light chains Rlc1p and Cdc4p), IQGAP (IQ motif containing
GTPase-activating protein)-homologue Rng2p, F-BAR (Fes/CIP4
homology-Bin/amphiphysin/Rvs) protein Cdc15p, and formin
Cdc12p are recruited to nodes in a sequential and timelymanner,
culminating with the arrival of Cdc12p (Wu et al., 2003; Wu

et al., 2006). The arrival of Cdc12p to nodes coincides with the
polymerization of actin filaments and the coalescense of the
nodes into a contractile ring via a search, capture, pull, and re-
lease mechanism (Vavylonis et al., 2008).

Anillins contribute to cytokinesis across many species as
scaffolding proteins connecting different components of the
contractile ring or linking proteins of the contractile ring to
regulators of the cell cycle (Piekny and Maddox, 2010). Mid1p
shares structural similarities with anillins of other species, albeit
with moderately conserved protein sequences (Chatterjee and
Pollard, 2019; Sun et al., 2015). Mid1p localizes to type 1 inter-
phase nodes early in G2 and joins the type 2 interphase nodes
∼30 min before spindle pole body (SPB) separation (Akamatsu
et al., 2014; Guzman-Vendrell et al., 2013). Duringmitosis, Mid1p
localizes to cytokinesis nodes. Mid1p leaves the contractile ring
before the onset of constriction (Wu et al., 2006).

Cells lacking Mid1p (Δmid1) are viable but exhibit delayed
contractile ring assembly, exhibit misplaced and oblique con-
tractile rings and septa, and are branched and multiseptated
(Paoletti and Chang, 2000; Saha and Pollard, 2012a; Sohrmann
et al., 1996). Unlike wild-type cells, Δmid1 cells do not assemble
the typical band of discrete cytokinesis nodes around their
equator. Instead, Δmid1 cells assemble their contractile ring by
the looping of strands composed of cytokinesis proteins. To-
gether, those observations support the interpretation that Mid1p
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is responsible for the organization of cytokinesis proteins into
nodes. Yet both interphase nodes and Cdc12p in cytokinesis
nodes are detected in Δmid1 cells (Akamatsu et al., 2014; Saha
and Pollard, 2012a). Nodes are detected in the constricting
contractile ring, after the departure of Mid1p, when live cells are
imaged using high-speed single-molecule localization micros-
copy (SMLM; Laplante et al., 2016b). Despite their multiple cy-
tokinesis defects, Δmid1 cells assemble contractile rings
competent for constriction, raising an important question: What
is the molecular organization of cytokinesis proteins in the ab-
sence of Mid1p?

Here, we use high-speed SMLM in live fission yeast cells to
determine the organization of Myo2p, Rng2p, Cdc15p, and
Cdc12p in the strands and contractile rings of Δmid1 cells. We
observed nodes in all strands and contractile rings of Δmid1 cells,
indicating that Mid1p is dispensable for the organization of cy-
tokinesis proteins into nodes. We identified two different types
of strands in Δmid1 cells, nascent and enduring strands. While
the general organization of cytokinesis proteins within nodes
remains constant across both types of strands, the Myo2p
motor-heads spread differently between nascent and enduring
strands. The presence of actin filaments and the acetylation of
tropomyosin cause the compaction of Myo2p motor-heads in
nodes. Importantly, each type of strand generates contractile
rings with distinct constriction rates. We find that the distri-
bution of Myo2p motor-heads in the nodes of strands strongly
correlates with the constriction rate of the contractile ring it
generates. This work establishes a relationship between the
molecular organization of cytokinesis nodes and the behavior of
the contractile ring.

Results
Nascent and enduring strands in Δmid1 cells build contractile
rings that constrict with distinct rates
In preparation for cytokinesis, wild-type fission yeast cells as-
semble a contractile ring from the coalescence of a band of nodes
(Wu et al., 2003). In contrast, Δmid1 cells assemble rings from
the looping of strands (Fig. 1, A and B). We observed two distinct
types of strands in Δmid1 cells that we named nascent and en-
during. Both types of strands differ in their morphology, in the
timing of their appearance, and in the timing of their looping
into contractile rings. Nascent strands appear at the site of cell
division shortly after SPB separation (Fig. 1 B). They form as a
network of fine filaments emanating from a localized cortical
source and are composed of actin filaments and cytokinesis
proteins. Enduring strands are long bundles of actin filaments
and cytokinesis proteins typically oriented along the long axis of
the cell. They are present in cells with two separated SPBs,
suggesting that cells with enduring strands have completed
anaphase but not cytokinesis (Fig. 1, A and B). In the rare cases
that we witnessed the birth of enduring strands, they assembled
either from a nascent strand that failed to make a contractile
ring or from a disassembling contractile ring at the end of
constriction. About half of the cells that have an enduring strand
at the start of a 2-h time-lapse acquisition form a contractile ring
during the imaging. Contractile rings made from either type of

strands are competent for constriction and often assemble off-
center, resulting in asymmetric cell division (Bähler et al., 1998a;
Paoletti and Chang, 2000; Saha and Pollard, 2012a; Sohrmann
et al., 1996; Wu et al., 2006).

We used the separation of the SPBs to time the assembly of a
contractile ring from nascent strands in Δmid1 cells (Wu et al.,
2003). As the assembly of enduring strands is not linked to SPB
separation, we do not compare the timing of cytokinesis events
for contractile rings assembled from enduring strands with
those assembled from nascent strands or a band of nodes (Fig. 1,
C and D). In wild-type cells, nodes labeled withmonomeric EGFP
(mEGFP)–Myo2p appear at the equator of the cell at −10,
i.e., 10 min before SPB separation (Fig. 1, B and C). Nodes then
coalesce into a contractile ring by +21 min, and contractile rings
begin to constrict at +36 min (Fig. 1, B and D). In contrast, nas-
cent strands in Δmid1 cells labeled with mEGFP-Myo2p appear at
+5 min, a 15-min delay compared with wild-type cells. The
nascent strands condense into a contractile ring at +27 min after
their appearance at the division plane, and the resulting con-
tractile rings start to constrict at +33min, comparable with wild-
type.

The type of strand that builds the contractile ring may affect
its mechanics, including its rate of constriction. The rate of
contractile ring constriction in wild-type cells is 0.27 µm/min
(Fig. 1, E and F; Laplante et al., 2015). The average constriction
rate of Δmid1 contractile rings is 0.27 µm/min (Saha and Pollard,
2012a), but the distribution of constriction rates appears bi-
modal with fast and slow subpopulations. The type of strand that
builds the contractile ring strongly correlates with its constric-
tion rate, with contractile rings made from nascent strands
constricting faster (0.32 µm/min) and contractile rings made
from enduring strands constricting more slowly (0.20 µm/min;
Fig. 1 E).

We considered that the two types of strands could result from
differences in genetic backgrounds due to the accumulation of
random suppressor mutations in Δmid1 cells. We imaged mid1-
366 Rlc1p-tdTomato Sad1p-mEGFP cells preincubated at non-
permissive temperature and observed contractile ring assembly
from both nascent and enduring strands. Contractile rings made
by nascent strands constricted at 0.35 µm/min, whereas those
made by enduring strands constricted at 0.22 µm/min (Fig. S1
A). Interestingly, mid1-366 Rlc1p-tdTomato Sad1p-mEGFP cells
grown at room temperature assemble contractile rings either by
the coalescence of a band of equatorial nodes (∼80%; n = 46 cells)
or from the looping of a nascent strand (∼20%). Therefore,
nascent and enduring strands are the results of defective Mid1p
function.

The different constriction rates between contractile rings
made from nascent versus enduring strands could be caused by a
difference in their protein composition. We used quantitative
confocal microscopy to measure the number of mEGFP-labeled
Cdc12p, Cdc15p, Rng2p, Myo2p, and Myp2p in the contractile
rings of wild-type and Δmid1 cells (Wu et al., 2008; Wu and
Pollard, 2005). We measured the number of cytokinesis pro-
tein per length of contractile ring for contractile rings of
different sizes. Except for Myo2p and Myp2p, we observed
comparable trends in protein numbers of contractile rings in
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Figure 1. Timing of cytokinesis and contractile ring constriction rate differ in Δmid1 cells. (A) Confocal fluorescence micrographs of fields of cells. Arrow
points to a band of nodes in a wild-type cell (left) and to strands in Δmid1 cells (right). Arrowhead points to a contractile ring in wild-type cell (left). (B) Time
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both wild-type and Δmid1 cells, albeit with a greater measured
variability in Δmid1 cells (Fig. 1 G). Some contractile rings in
Δmid1 cells accumulate more myosin-II Myp2p, which could
explain the different constriction rate (Laplante et al., 2015).
We generated Δmid1 Δmyp2 double-mutant cells and found that
the distribution of constriction rates of their contractile rings is
still bimodal, albeit with both populations constricting 25–50%
more slowly than the Δmid1 populations, consistent with
Myp2p being responsible for ∼50% of the constriction rate
(Fig. 1, E and F; Laplante et al., 2015). Thus, Δmid1 cells assemble
contractile rings that constrict with either of two constriction
rates yet have a comparable molecular composition.

Cytokinesis nodes are present in Δmid1 cells
As the type of strand that produces the contractile ring predicts
its constriction rate, nascent and enduring strands may have
distinct molecular organizations. We used high-speed SMLM in
live cells to visualize the arrangement of cytokinesis proteins in
the strands and contractile rings of Δmid1 cells (Laplante et al.,
2016a; Laplante et al., 2016b). We imaged live cells expressing
endogenously tagged Cdc12p, Cdc15p, Rng2p, and Myo2p with
mEos3.2 at either their carboxy or amino terminal in face or side
views (Fig. 2 A; Bähler et al., 1998b; Zhang et al., 2012). We
compiled a map of the coordinates of all localized single-
molecule emissions for a selected number of camera frames,
generated images for visualization purposes, and color-coded
them for their time of emission during the acquisition (rain-
bow colormap) or density (heat colormap; Fig. 2 B; and Fig. S1, F
and G). Quantitative measurements were performed on raw
localization data using single-molecule analysis algorithms, not
on the visualization images (Laplante et al., 2016b).

SMLM revealed the presence of nodes in all the cytokinesis
structures in wild-type cells: bands, assembling contractile
rings, and constricting contractile rings (Fig. 2, C and D; Laplante
et al., 2016b). Consistent with simulations, we found that nodes
align onto strands in wild-type cells during contractile ring as-
sembly, suggesting that strands of nodes are a normal inter-
mediate structure (Fig. 2, C and D; Vavylonis et al., 2008). These
nodes are packed too closely together to be distinguished by
confocal microscopy. Strands of nodes likely correspond to no-
des bound to actin filaments or bundles of actin filaments as they
are not observed in cells treated with latrunculin A (LatA),
which depolymerizes the actin filaments (Fig. S1 B). Nodes in
constricting contractile rings are densely packed but are clearly
distinguished in images reconstructed using fewer camera
frames (Fig. 2, D and E).

We observed nodes in both nascent and enduring strands and
in constricting contractile rings of Δmid1 cells (Fig. 2 E). Nodes in

nascent strands organize into short connected strings, similar to
the general morphology of nascent strands observed by confocal
microscopy. Nodes in enduring strands align onto long strands
that span the length of the cell (Fig. 2 E). Nodes in the contractile
ring of Δmid1 cells are densely packed as in wild-type cells. To
differentiate between the types of nodes, we use the term
“precursor nodes” (P-nodes) to refer to nodes found in the broad
band and strands. We use the term “ring nodes” (R-nodes) to
refer to nodes of the contractile ring.

We determined whether P-nodes align onto strands in Δmid1
because they are bound to actin filaments. We treated wild-type
and Δmid1 cells with 5 µM LatA to depolymerize the actin fila-
ment network, quickly mounted them, and started time-lapse
confocal imagingwithin 2–3min of addition of the drug. P-nodes
in strands disperse along the cell cortex within 10 min of drug
addition (Fig. S1 C). We observed the same outcome with
R-nodes in both wild-type and Δmid1 cells. We obtained com-
parable results with 100 µM LatA except with faster node dis-
persal after the addition of the drug. Therefore, depolymerizing
the actin network releases P-nodes and R-nodes from strands
and contractile rings.

Myo2p heads adopt a distinct distribution in P-nodes of
nascent and enduring strands
We determined whether P-nodes in nascent and enduring
strands exhibit distinct molecular organizations that correlate
with the different constriction rates of the contractile ring they
produce. In wild-type cells, each cytokinesis protein adopts a
signature molecular organization, defined by its radial density
distribution, dimension, and number of localized single-
molecule emissions in nodes (Laplante et al., 2016b). This
general organization is maintained after the contractile ring is
assembled (Laplante et al., 2016b). We determined the mo-
lecular organization of cytokinesis proteins in P-nodes in
Δmid1 and wild-type cells by measuring the radial density
distribution and the dimension of their cytokinesis proteins.
Cells expressing cytokinesis proteins endogenously tagged
with mEos3.2 and expressing the cdc25-22 mutations were
arrested at the G2/M transition and released as a synchronous
population to enrich populations for cells in cytokinesis.

Each cytokinesis protein occupies an area of distinct radius
ranging from 34–50 nm within the P-nodes of the equatorial
band of wild-type cells before SPB separation (Fig. 3 A; Laplante
et al., 2016b). The formin Cdc12p-mEos3.2 distributes within the
smallest area of 34 nm in radius followed by the tips of myosin-II
tails Myo2p-mEos3.2, mEos3.2-Rng2p, mEos3.2-Cdc15p, Cdc15p-
mEos3.2, and finally the heads of myosin-II mEos3.2-Myo2p
occupying the largest area at 50 nm in radius. We imaged

series of micrographs of strains expressing mEGFP-Myo2p in wild-type (top) or Δmid1 (middle and bottom). Cells are aligned at the time of completion of
contractile ring assembly. Close-ups of wild-type (left) and Δmid1 (right) cells. Black arrow, band of nodes. Blue arrowhead, nascent strand. Asterisks, SPB
separation. (C) Outcomes plot showing the appearance of nodes or strands over time. (D) Outcomes plot showing the accumulation of assembled rings or
constricting rings over time in the cell population. (E) Swarm plot of the constriction rate for individual cells. Bar, mean. Number of cells counted in brackets.
Statistical significance (asterisks) determined by two-sided Student’s t test; P < 0.05. Data distribution was assumed to be normal, but this was not formally
tested. (F) Kymographs at 1-min intervals for contractile ring in horizontally oriented single cells generated from time series of micrographs. Kymographs are
aligned on the vertical line at the time of ring constriction onset. Numbers, mean ± SD. (G) Plots of the distribution of the number of polypeptides per ring
length for five cytokinesis proteins. Statistical significance determined by KS test; P < 0.05. RFP, red fluorescent protein.
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P-nodes in the equatorial band in side views by acquiring SMLM
data across the middle of the cells (Figs. 2 A and S2 A). The
molecular organization, size, and distribution of these proteins
are comparable with those measured previously (Laplante et al.,
2016b). We obtained the same inverted bouquet organization for
Myo2p with the tip of Myo2p tails grouped close to the edge of
the cell and their heads fanning out into the cytoplasm (Fig.
S2 C).

The molecular organization of Cdc12p-mEos3.2, Myo2p-mEos3.2,
mEos3.2-Rng2p, mEos3.2-Cdc15p, and Cdc15p-mEos3.2 within
Δmid1 strand P-nodes and wild-type band P-nodes are com-
parable (Fig. 3, A and C; and Fig. S2 D, F, and G). In contrast,
the Myo2p heads group more tightly in the strand P-nodes in
Δmid1 cells. In the P-nodes of nascent strands, the Myo2p
heads spread into a zone of 43 nm in radius, 7 nm smaller than
P-nodes of wild-type cells (Fig. 3 C). In the P-nodes of en-
during strands, the Myo2p heads spread into a zone of 36 nm
in radius, 14 nm smaller than in the P-nodes of wild-type cells.
These measurements suggest that the overall molecular or-
ganization of cytokinesis proteins within nodes is indepen-
dent of the presence of Mid1p. Yet the spreading of the Myo2p
heads is progressively tighter in P-nodes of wild-type bands,
Δmid1 nascent strands, and Δmid1 enduring strands. We could
not analyze the side view of strand P-nodes as their density
and stacking within the thickness of the optical plane pre-
cludes the cropping and analysis of single nodes.

The difference between the distribution of the Myo2p heads
in the P-nodes of different structures may be caused by the
presence of actin filaments in Δmid1 cells. We arrested wild-type
and Δmid1 cdc25-22 cells at the G2/M transition, added 100 µM
LatA for the last 30 min at high temperature, and released them

at room temperature before imaging. P-nodes appeared∼50min
after shifting the cell cultures to room temperature in both
genotypes, confirming that cytokinesis nodes assemble in the
absence of actin filaments in wild-type or Δmid1 cells. In wild-
type cells, a band of P-nodes assembled at the equator but did not
coalesce into a contractile ring in the absence of actin (Fig. 3 D;
Wu et al., 2006). In contrast, P-nodes appeared randomly across
the cortex in Δmid1 cells as cortical complexes with no bias for
the cell equator or other presumptive division plane. Type 2 in-
terphase nodes labeled with Blt1p show a comparable distribu-
tion in Δmid1 treated with LatA (Saha and Pollard, 2012a). Loss of
Mid1p thus results in the absence of a zone of competence for the
assembly of a band of P-nodes, possibly because type 1 inter-
phase nodes are not confined to an equatorial band in the ab-
sence of Mid1p. In these cells, the Myo2p heads distribute in a
relaxed zone of 49 nm radius, comparable with the size of the
zone occupied by Myo2p heads in the band of P-nodes of wild-
type cells and LatA-treated wild-type cells (Figs. 3 E; and S2, B
and E). The presence of actin filaments in Δmid1 cells thus in-
fluences the distribution of Myo2p heads in the P-nodes of
nascent and enduring strands.

The numbers of localized emitters for each protein analyzed
in all structures for both wild-type cells and Δmid1 cells are
comparable with stoichiometric ratios of one dimer of Cdc12p to
two dimers of Cdc15p, Rng2p, and Myo2p (Fig. S2 H). The sto-
chastic blinking of mEos3.2 combined with limiting out analyses
to 1,000 camera frames are likely responsible for the high var-
iability in the number of localizations per node.

We built molecular models of the face view of cytoki-
nesis nodes constrained by our measurements of size and
stoichiometries of four cytokinesis proteins labeled on six

Figure 2. Nodes are present in all cytokinesis structures of wild-type and Δmid1 cells. (A) Diagrams of a fission yeast cell viewed from the surface (left)
and cross-section (right) showing face and side views. (B) Face views of P-nodes. Raw localizations (top left), visualization reconstruction images color-coded
for density (bottom left) or time of detection (top right). (C) Reconstructed image of the face view of a field of cells using 40 s acquisition (8,000 camera
frames). (D and E) Reconstructed images of wild-type (D) and Δmid1 cells (E) expressing Myo2p-mEos3.2 or mEos3.2-Myo2p. Cropped images of contractile
rings in wild-type and Δmid1 cells are shown as both 40 s and sequential 10 s reconstructions to demonstrate the R-node density within these structures.
Duration of acquired data used for the reconstructions at the bottom of each panel.
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sites (Laplante et al., 2016b). Our results support three models
of the cytokinesis node based on the distribution of the Myo2p
heads (Fig. 4 C). Model I illustrates the broad distribution of
Myo2p heads in the absence of actin filaments. Model II illus-
trates the narrow distribution of the Myo2p heads in the
P-nodes of nascent strands of Δmid1 cells. Model III illustrates
the most compact distribution of Myo2p heads found in en-
during strands of Δmid1 cells.

Molecular organizations of R-nodes are comparable between
wild-type and Δmid1
We measured protein distribution and node dimensions in the
R-nodes of constricting contractile rings in wild-type and Δmid1
cells using SMLM. We focused on constricting contractile rings
that have completed between 20–50% of their constriction as the
higher density of R-nodes in contractile rings that have con-
stricted by more than 50% precludes the cropping and analysis
of single nodes. The molecular organization of the cytokinesis
proteins were comparable between R-nodes of wild-type and
Δmid1 cells except for Cdc12p (Fig. 4, A and B; and Fig. S2, F and
G). In the contractile rings of both wild-type and Δmid1 cells, the
Myo2p heads distributed in a zone of 43 nm radius, agreeing
with our molecular model II (Fig. 4 C). Cdc12p distributed in a
smaller zone in the R-nodes of Δmid1 cells. The rapid photo-
bleaching of fluorescent probes by SMLM in live cells limits the
acquisition to short durations, precluding the identification of
the type of strand that generated the contractile ring. The re-
sulting molecular organization thus represents the ensemble of
contractile rings made from nascent and enduring strands.

The number of localized emitters for each tagged protein was
not significantly different between R-nodes of wild-type and
Δmid1 cells (Fig. S2 I). We did not analyze the side view of
R-nodes as their high density precludes cropping and analyzing
single nodes.

P-nodes assemble directly onto actin in Δmid1 cells
Our results so far suggest that actin filaments are present at the
time of P-node assembly in Δmid1 cells, resulting in the align-
ment of P-nodes onto strands. We visualized the actin filament
network using confocal time-lapse microscopy in wild-type and
Δmid1 cells coexpressing the actin marker GFP-CHD and the
node protein Rlc1p-tdTomato to determine the timing and lo-
cation of the appearance of actin filaments in the cells (Chen
et al., 2012). In wild-type cells, Rlc1p-tdTomato appears as a
band of distinct P-nodes before actin is polymerized at the di-
vision plane (Fig. 5 A; Laporte et al., 2011; Saha and Pollard,

Figure 3. Myo2 heads distribution differs in different types of P-nodes. (A)
SMLM images of P-nodes from equatorial bands of wild-type cells acquired in

face view labeled with six different cytokinesis proteins fused to mEos3.2. Four
examples shown to represent variability. Radial density distributions (RDDs) of
localized single molecules for each node protein. Data mirrored at the origin.
Numbers in the top right, node radii (nm). (B and C) SMLM images and RDD
plots of face views of mEos3.2-Myo2p in the P-nodes of enduring and nascent
strands of Δmid1 cells. (D) Confocal micrographs of arrested and released
cells treated with 100 µM LatA. Arrows point to P-nodes. Inset, orthogonal
view of a band of P-nodes (top) or nascent strands (bottom) showing cortical
localization. (E) SMLM images and RDD plot of face view P-nodes in LatA-
treated Δmid1 cells.

Bellingham-Johnstun et al. Journal of Cell Biology 6 of 15

Molecular organization of node governs constriction https://doi.org/10.1083/jcb.202008032

https://doi.org/10.1083/jcb.202008032


2012a; Wu et al., 2003; Wu et al., 2006). In contrast, cytoplasmic
aggregates of actin filaments appear near the poles of Δmid1 cells
at +5 min (Fig. 5, A and C). These aggregates rapidly move to the
presumptive division plane, where they connect with the cortex
10 min after SPB separation (Fig. 5, A and B).

We measured the timing of protein recruitment in Δmid1
cells. In wild-type cells, cytokinesis proteins sequentially join
the band of P-nodes at the division plane with Myo2 molecules
and Rng2p at −10 min, Cdc15p at −2 min, and finally Cdc12p at
0 min after SPB separation (Fig. 5 C; Laporte et al., 2011; Wu
et al., 2003; Wu et al., 2006). In Δmid1 cells, the same proteins
are first recruited to the protein aggregates at the poles of the
cell at +5 min (Fig. 5, A–C). The aggregates travel to the pre-
sumptive division plane, where they connect with the plasma

membrane and become nascent strands 10 min after SPB sepa-
ration. We observed a similar timing of appearance of nascent
strands (+7 min) inmid1-366 cells. We reserve the term nodes for
cortical protein complexes (Wu et al., 2006). Therefore, cyto-
plasmic aggregates with no obvious contact with the cortex are
not called nodes. Our observations show that the recruitment of
cytokinesis proteins into P-nodes is delayed with no obvious
chronological hierarchy in the absence of Mid1p.

The appearance of actin aggregates near the poles of the cells
suggests a local bias for actin polymerization near the poles. In
wild-type cells, the actin polymerization factor formin For3p
localizes at the poles of the cells during interphase (Martin and
Chang, 2006) and relocates to the fully formed contractile ring at
+12 min (n = 12 cells; Fig. S3 C). The transition from the cell tips

Figure 4. The molecular organization of nodes conforms to three distinct models. (A and B) Face-view SMLM images and RDD plots of R-nodes of wild-
type (A) and Δmid1 (B) cells. (C)Molecular models of the cytokinesis nodes in face (top) and side (Model I, bottom) views were built using the calculated node
radii, radial density distributions, stoichiometries, and available protein structures. Side views of nodes in Models II and III are interpretations based on the
measurements of nodes in face views and the side-view measurements in Model I. Actin filaments are colored differently to represent distinct populations of
actin. Molecules are drawn to scale. RDD, radial density distribution. IQGAP, IQ motif containing GTPase-activating protein; F-BAR, Fes/CIP4 homology-Bin/
amphiphysin/Rvs.
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Figure 5. P-nodes assemble directly onto actin in Δmid1 cells. (A) Time series of confocal micrographs of wild-type (top), Δmid1 (middle), or Δmid1 Δfor3
(bottom) cells. (B) Orthogonal views of boxed regions in A (Δmid1 cell; seven optical planes). (C) Outcomes plot showing the accumulation of actin filaments
and cytokinesis proteins in the P-nodes of the equatorial band in wild-type cells, the nascent strands of Δmid1 cells, or the aggregates at the poles of Δmid1 cells
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to the contractile ring occurs over a short 2-min period. During
constriction, For3p-3GFP localizes to both the contractile ring
and the ingressing membrane overlapping with the growing
septum. In Δmid1 cells, For3p-3GFP relocates from the cell tips to
the presumptive division plane as in wild-type cells and appears
in nascent strands at +16 min (n = 10 cells), ∼10 min after
P-nodes appear to the nascent strands and ∼7 min before the
contractile ring is assembled. For3p-3GFP localizes to con-
stricting contractile rings as in wild-type (Fig. S3 A), but no
signal was observed along the ingressing plasma membrane,
possibly due to the weak For3p-3GFP signal, making it hard to
detect.

To test whether For3p polymerizes the actin filaments within
the aggregates in Δmid1 cells, we generated Δmid1 Δfor3 double-
mutant cells and visualized their actin network using the GFP-
CHD actin marker. Under otherwise wild-type conditions, lack
of For3p does not affect the assembly of the equatorial band of
P-nodes or the timing of cytokinesis protein recruitment to
P-nodes (Coffman et al., 2013). In Δmid1 Δfor3 cells, actin fila-
ment aggregates appear near the poles and translocate to the
presumptive division sites, indicating that For3p is dispensable
for the polymerization of the actin aggregates in Δmid1 cells.
Cytokinesis proteins in Δmid1 Δfor3 cells are recruited to nascent
strands with similar timing as in Δmid1 cells (Fig. S3 B).

Enduring strands were rarely observed in Δmid1 Δfor3 cells,
suggesting that For3p plays an important role in the formation
or the maintenance of enduring strands (Fig. 5, D and E). The
formation of nascent strands and their proportion in the cell
population were not changed in Δmid1 Δfor3 cells, suggesting
that For3p is dispensable for nascent strands. The heads of
Myo2p distribute in a radius of 45 nm in the nascent strands of
Δmid1 Δfor3 cells, comparable with the size of the Myo2p head
distribution in the nascent strands of Δmid1 cells (Fig. 5 F). The
average constriction rate of contractile rings in Δmid1 Δfor3 cells
is 0.35 µm/min, similar to the fast population of constricting
contractile rings made by nascent strands in Δmid1 cells (Fig. 1, E
and F). For3p-3GFP localizes to both nascent and enduring
strands; therefore, the presence of For3p is not sufficient to
explain its requirement for the enduring strands (Fig. S3 A).

The morphology of Δmid1 Δfor3 cells was similar to that of
wild-type cells, with fewer branched cells (1%, n = 67 Δmid1 Δfor3
cells compared with 24%, n = 94 Δmid1 cells). We also observed
fewer multiseptated cells in the population, suggesting that re-
moving For3p from Δmid1 cells partially rescues the Δmid1 cell
morphology and cytokinesis phenotypes (Fig. 5 D).

Acetyltransferase function is required for tight distribution of
Myo2p heads in P-nodes of enduring strands
The tight 36 nm radius distribution of Myo2p heads is only
observed in the P-nodes of For3p-dependent enduring strands.
Could formin For3p polymerize molecularly distinct actin fila-
ments affecting the distribution of the Myo2p heads? In fission

yeast, tropomyosin/Cdc8p exists in acetylated and unacetylated
states, with a high ratio of acetylated to unacetylated in the cell
and in the contractile ring (Coulton et al., 2010; Johnson et al.,
2014; Skoumpla et al., 2007). Actin polymerized by For3p is
decorated with unacetylated Cdc8p, whereas actin polymerized
by Cdc12p is decorated with acetylated Cdc8p (Coulton et al.,
2010). Therefore, the choice of formin may influence the acet-
ylation state of Cdc8p, in turn affecting the molecular distribu-
tion of Myo2p heads and contractile ring constriction rate.

We tested whether the acetylation state of Cdc8p affects cy-
tokinesis in cells that lack Naa25p, the NatB N-acetyltransferase
complex regulatory subunit essential for the acetylation of
Cdc8p (Coulton et al., 2010). We assume that actin filaments are
decorated with unacetylated Cdc8p in Δnaa25 cells. We ac-
quired confocal time-lapse micrographs of Δnaa25 cells ex-
pressing mEGFP-Myo2p as a marker of the contractile ring.
About half of the Δnaa25 cell population shows the presence of
cytokinesis structures with a strong bias for cells with a band
of P-nodes over cells with contractile rings, suggesting that
P-node coalescence into a contractile ring is defective in Δnaa25
cells (Fig. 6 A).

Time-lapse confocal microscopy images show that Δnaa25
cells assemble a band of P-nodes at their equator 10 min before
SPB separation, comparable with wild-type cells (Fig. 6 B).
However, the P-nodes in the band disperse away from the
equator starting at +30 min. As they disperse, the P-nodes align
into multiple short strands. The strands can eventually make a
ring that constricts slowly at a rate of 0.17 µm/min, comparable
with the constriction rate of contractile rings made from en-
during strands in Δmid1 (Fig. 1, E and F). We measured no sig-
nificant differences in the fluorescence intensity of mEGFP-
Myo2p and Cdc12p-3GFP in constricting contractile rings in
Δnaa25 and wild-type cells, suggesting that the overall compo-
sition of these contractile rings is comparable (Fig. S3 D).

We determinedwhether the acetylation state of Cdc8p affects
the distribution of Myo2p heads. We found that the Myo2p
heads in R-nodes of Δnaa25 cells distribute in a zone of 37 nm
(Fig. 6 D). The Myo2p heads distribute in a zone of 51 nm in the
band of P-nodes in Δnaa25 cells, when actin is absent, similar to
the distribution of Myo2p heads in the band of P-nodes in wild-
type cells (Fig. 6 C). Therefore, the unacetylated tropomyosin
results in the strong compaction of the Myo2p heads in Δnaa25
R-nodes. Although contractile rings in Δnaa25 cells assemble
from the coalescence of a band of P-nodes, their constriction rate
is comparable with that of contractile rings made from enduring
strands in Δmid1 cells. The common factor between these two
different contexts is possibly the unacetylated state of Cdc8p.

Discussion
The molecular organization of the contractile ring governs its
mechanics. Visualizing howmolecules of the contractile ring are

over time. (D) Confocal micrograph of a field of cells. Arrow points to nascent strand. Asterisks mark dead cells. (E) Bar graph of the percentage of each type of
strands in Δmid1 and Δmid1 Δfor3 cells. (F) Face views of SMLM images and RDD plot of P-nodes in Δmid1 Δfor3 cells. Number of cells counted in brackets (C and
E). RDD, radial density distribution.
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organized has been hindered by the limited availability of
imaging techniques with suitable resolution. The emergence of
super-resolution microscopy techniques has uncovered new
paths to exploring the molecular organization of dense protein
structures, such as the constricting contractile ring. Here, we
use high-speed SMLM in live cells and show for the first time a
predictive correlation between the molecular organization of
cytokinesis proteins and the mechanics of constriction of the
contractile ring.

Contractile rings in Δmid1 cells assemble from the looping of
either nascent or enduring strands, two distinct types of strands
composed of actin filaments and cytokinesis proteins. Each type
of strand produces contractile rings that constrict with distinct
rates, suggesting that nascent and enduring strands have dif-
ferent molecular organizations. We found that the motor-heads
of Myo2p spread differently in the P-nodes of each type of
strand: 43 nm in the radius zone in P-nodes of the nascent strand
and 36 nm in the radius zone in P-nodes of the enduring strand.
Importantly, in the absence of actin filaments, such as in the
P-nodes of the equatorial band in wild-type cells or when Δmid1
cells are treated with LatA, Myo2p heads spread into a wide zone
of ∼50 nm in radius.

The distribution of Myo2p heads in the absence of actin fil-
aments is likely the combined outcome of the organization of the
tips of the tails at the core of the node, the length of the Myo2p
tails, and the motions of the unbound heads (Fig. 4 C). As the
presence of actin filaments correlates with the more compact
distribution of Myo2p motor-heads in nodes, the narrower
distributions observed in Δmid1 strands likely result from the
binding of Myo2p motor-heads to actin filaments. Increasing the
ratio of the number of bound to unbound heads per node would

result in a smaller node radius and a more compact radial den-
sity distribution of the single molecules. This interpretation
suggests that the ratio of bound to unbound Myo2p heads is
increased in the P-nodes of enduring strands compared with
nascent strands. Different modifications to the actin filaments in
nascent and enduring strands may drive the binding of Myo2p
motor-heads to actin filaments, thus altering the ratio of bound
to unbound Myo2p heads per P-node. Different formins can
confer different molecular identity to the actin filaments they
polymerize via unknownmechanisms (Coulton et al., 2010). The
formin For3p is essential for enduring strands, and actin fila-
ments polymerized by For3p are decorated by unacetylated
tropomyosin (Coulton et al., 2010). Actin filaments decorated by
unacetylated tropomyosin thus possibly influence the Myo2p
motor-head distribution by promoting more Myo2p motor-
heads per node to bind actin filaments. Consistent with this
interpretation, we reproduced the narrow ∼36-nm distribution
of Myo2p motor-heads in the contractile rings of N-acetylase–
deficient Δnaa25 cells (Coulton et al., 2010). Further work will
be necessary to determine how the acetylation of tropomyosin
affects the binding of Myo2p and what other proteins remain
unacetylated in Δnaa25 cells.

Enduring strands assemble from nascent strands that fail to
loop into contractile rings or from contractile ring that do not
disassemble at the end of cytokinesis. The making of an en-
during strand from one of those preexisting cytokinesis struc-
tures requires For3p. For3p may be required to polymerize actin
for the enduring strand either de novo or in the form of actin
cables that bundle with the nascent strand or disassembling
contractile ring. Enduring strands are persistent structures, and
cells that make a contractile ring from these strands are likely at

Figure 6. For3p and actin composition modulate the strand type, Myo2p head distribution and constriction rate. (A) Confocal micrographs of fields of
Δnaa25 cells. Arrows point to bands of P-nodes. Arrowheads point to contractile rings (left). (B) Time series of micrographs of Δnaa25 cells. (C and D) Face
views SMLM images and RDD plots of nodes in Δnaa25 cells. RDD, radial density distribution. RFP, red fluorescent protein.
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a different phase of the cell cycle than cells that make their
contractile ring for a nascent strand from the coalescence of a
band of P-nodes. As a result, the activity of important signaling
pathways including the septation initiation network may be
different across these cellular contexts. Specifically, the septa-
tion initiation network pathway regulates constriction, con-
tractile ring integrity, and septation in wild-type cells and also
the appearance of contractile rings in Δmid1 cells (Huang et al.,
2008; Schmidt et al., 1997; Wu et al., 2003). These different
cellular contexts likely result in additional factors that impact
contractile ring behavior like differential posttranslational
modification of cytokinesis proteins that may alter the ac-
tin cytoskeleton.

Increasing the number of Myo2p motor-heads bound to
actin filament causes a decrease in the constriction rate, but
the mechanism is not intuitive based on the expected function
of Myo2 as a tension generator. Consistent with our results,
Stark et al. (2010) found that doubling the number of Myo2p
in the cells decreases the rate of constriction. This outcome
was attributed to myosin-II’s role in actin filament turnover
(Guha et al., 2005; Murthy and Wadsworth, 2005). More
Myo2 bound to actin filaments may destabilize the actin fil-
aments of the contractile ring, causing a decrease in its con-
striction rate. The molecular organization of Myo2p, with its
heads interacting with the main bundle of actin filaments and
its tails connecting to the plasma membrane via the rest of the
node, suggests that Myo2p participates in anchoring the actin
to the plasma membrane in addition to generating tension.
Increasing the effective anchoring by connecting more Myo2p
heads per node to the actin could hinder the constriction of
the contractile ring. An optimal ratio of Myo2p heads bound to
actin filaments may exist to achieve optimal constriction rate.
A ratio of bound heads that exceeds the optimal range, such as
in enduring strands, would be counterproductive and impedes
constriction. Why nascent strands produce rings that con-
strict faster than wild-type rings is unclear, and further work
will be necessary to identify other changes to the molecular
organization of contractile rings made from nascent strands.
Those changes may include but are not limited to increased
contractile force by Myp2p and/or Myo51p, reduced drag
forces, or increased rate of septum deposition.

The organization of the cytokinesis at the core of the nodes
remains relatively constant across the different genotypes and
across the P-nodes and R-nodes (Fig. S4 C). Some differences
include the Cdc12p and carboxy terminus of Cdc15p. Tension on
the node by pulling forces exerted from myosin-II on the actin
filaments anchored at the core of the nodes could explain those
differences in the spread of both proteins. However, factors
other than tension must be involved to explain the difference in
the dimensions of Cdc12p in the R-nodes of wild-type and Δmid1
cells, which are likely under tension yet distribute in a smaller
radius.

Nodes are not always unambiguously resolved by SMLM
(McDonald et al., 2017; Swulius et al., 2018). In their work,
McDonald et al. (2017) used SMLM in fixed cells to measure the
distribution of many cytokinesis proteins in side views of con-
tractile rings before the onset of constriction. Four known node

proteins were imaged in face view, and the resulting local-
izationswere convolvedwith a blurring Gaussian to build images
for visualization. The uniformity of the signal was measured by
the fluorescence intensity profile of a line drawn along the length
of the contractile ring using the reconstructed images. The signal
from these four node proteins was then determined to be ho-
mogenous, supporting the absence of nodes in the contractile
ring. A combination of the laser power used during acquisition,
image processing, and the use of the convolved reconstructed
images for quantitative data analysis can explain the different
appearance between their data and ours (Fig. S1, E–G). Fixation
of the cells may also affect the photophysical properties of the
photoconvertible molecules. Even with these differences, it is
likely that R-nodes are present in the data shown by McDonald
et al. (2017) based on the irregular appearance of their protein
distribution in face view, and therefore we believe that although
our interpretations are different, our data are not contradictory.
Electron cryotomography showed the organization of actin fila-
ments within the contractile ring (Swulius et al., 2018). Although
nodes could not be resolved with this technique, an ∼60-nm gap
between the actin filaments and the plasma membrane is con-
sistent with the size of the core of cytokinesis nodes.

Contrary to previous interpretations of confocal microscopy
data, Mid1p is dispensable for four cytokinesis proteins to as-
semble into P-nodes (Huang et al., 2008; Motegi et al., 2004; Wu
et al., 2006). In Δmid1 cells, P-nodes form in the presence of actin
filaments, and binding of the Myo2p heads with the actin fila-
ments likely causes the immediate alignment of P-nodes into
strands, making it hard or impossible to resolve these P-nodes
by confocal microscopy. The presence of interphase nodes and
the detection of Cdc12p in P-nodes during cytokinesis in Δmid1
cells hinted that P-nodes were present in the absence of Mid1p
(Saha and Pollard, 2012a). Given the extensive network of in-
teractions between node proteins, it is reasonable that cytoki-
nesis proteins can form P-nodes in the absence of Mid1p
(Carnahan and Gould, 2003; Celton-Morizur et al., 2004; Hachet
and Simanis, 2008; Huang et al., 2008; Laporte et al., 2011;
Paoletti and Chang, 2000; Roberts-Galbraith et al., 2009; Saha
and Pollard, 2012a; Saha and Pollard, 2012b; Willet et al., 2015).
In light of these new data, more investigation will be necessary
to determine the mechanism of P-node assembly.

Deleting For3p from Δmid1 cells partially rescues the
branched morphology of Δmid1 cells (Fig. 5 D). For3p polymer-
izes the actin cables that are important for the transport of cell
polarity proteins necessary for tip growth (Feierbach and Chang,
2001; Martin and Chang, 2006). For3p localizes to cell tips by the
function of the polarity protein Tea1p (Feierbach et al., 2004).
Tea1p localizes to ectopic cortical sites in Δmid1 cells and may
contribute to their branched morphology by promoting the
growth of ectopic cell tips by recruiting For3p (Saha and Pollard,
2012a). Deleting For3p may thus prevent ectopic tip growth due
to the lack of actin cables.

Our data establish the nodes as basic units of cytokinesis. Our
combined findings propose a new perspective on the orga-
nization of cytokinesis proteins within the contractile ring
and how this molecular organization influences the mechan-
ics constriction.
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Materials and methods
Strains, growing conditions, and genetic and cellular methods
Table S1 lists the Schizosaccharomyces pombe strains described in
this study. The strains were created using PCR-based gene tar-
geting to integrate the constructs into the locus of choice and
confirmed by PCR and fluorescence microscopy (Bähler et al.,
1998b). Either pFA6a-mEos3.2 or (mEGFP)-kanMX6 or pFA6a-
kanMX6-P(gene of interest)-mEGFP were used depending on
whether C-terminal or N-terminal tagging of the gene was de-
sired. Primers with 80 bp of homologous sequence flanking the
integration site (obtained at www.bahlerlab.info/resources/) and
two repeats of GGAGGT to create a 4xGly linker were used to
amplify the vector of choice. With the exception of the GFP-CHD
construct, all tagged genes were under the control of their en-
dogenous promoter. Cells were grown in an exponential phase for
36–48 h before imaging. Cells expressing a construct under the
Pnmt41 promoter were shifted to EMM5S 15–18 h before imaging
to allow expression of the construct. Both Δmid1::natMX6 and
Δmid1::ura4+ genetic backgrounds were used in this study, as the
duration of cytokinesis from SPB separation to contractile ring
disassembly between Δmid1::natMX6 cells (n = 8) and Δmid1::ura4+

(n = 7) was not significantly different (Student’s t test; P = 0.4042).
To synchronize the population of cells, we used the

temperature-sensitive cdc25-22 mutation to arrest cells at the
G2/M transition at the restrictive temperature of 34°C for 4 h.
We then released cells into mitosis at the permissive tempera-
ture of 22°C as a synchronized population. We did not use 36°C
because both wild-type and Δmid1 cells grown at that tempera-
ture exhibit high fluorescent cytoplasmic background noise in-
terfering with SMLM imaging at that temperature.

Δmid1 cells can accumulate suppressor mutations overtime
(Coffman et al., 2009; Lee and Wu, 2012; Tao et al., 2014). To
avoid complications from different genetic backgrounds, all
Δmid1 cells used in this study were carefully compared to ensure
that all phenotypes measured were the identical across all de-
letion strains. In addition, we freshly thawed yeast cultures from
the −80°C stocks, grew them on YE5S plates for 2–3 d at 25°C,
and then used them to prepare liquid cultures that were grown
for 36 h before imaging. Plates and liquid cultures were dis-
carded and replaced with fresh cultures on a weekly basis to
prevent the accumulation of suppressor mutations. We grew
mid1-366 cells at the restrictive temperature of 35.5°C for 2.5 h
before immediately imaging at room temperature.

Treatment with LatA to depolymerize the actin cytoskeleton
was performed with either of the following two methods. To
completely depolymerize the actin cytoskeleton, cells were
treated with 100 µM LatA for 30 min before imaging. LatA was
left in the medium before imaging as described in the Results
section. For imaging while actin was being depolymerized, ei-
ther 5 µM or 100 µM LatA was added to cells. The cells were
mounted as described below and immediately imaged.We found
comparable results with or without LatA added to the gelatin
pad.

Spinning-disk confocal microscopy and data analysis
Cells were grown in exponential phase at 25°C in YE5S-rich
liquid medium in 50-ml baffled flasks in a shaking incubator

in the dark. Fluorescence images of live cells were acquired with
a Nikon Eclipse Ti microscope equipped with a 100×/NA 1.49 HP
Apo TIRF objective (Nikon), a CSU-X1 (Yokogawa) confocal
spinning-disk system, 405/488/561/647-nm solid-state lasers,
and an electron-multiplying cooled charge-coupled device
camera (EMCCD IXon 897; Andor Technology). The Nikon Ele-
ment software was used for acquisition. Cells were concentrated
10- to 20-fold by centrifugation at 2,400 g for 30 s and then
resuspended in EMM5S. 5 µl of cells was mounted on a thin
gelatin pad consisting of 10 µl 25% gelatin (G-2500; Sigma-
Aldrich) in EMM5S, sealed under a no. 1.5 coverslip with 1:1:
1 vaseline/lanolin/parafin, and observed at room temperature or
22°C.

ImageJ (Schneider et al., 2012) and/or Nikon Element were
used to create maximum-intensity projections of images,
montages, and other image analyses. Images in the figures are
maximum-intensity projections of z-sections spaced at 0.36
µm. Images were systematically contrasted to provide the
best visualization, and images within the same figure panel
were contrasted using the same settings. Confocal fluores-
cence micrographs in the figures are shown as inverted
grayscale look-up table (LUT). Ring constriction rate was
measured using kymographs of maximum projection images
(19 z-confocal planes taken for 6.48 µm) of time-lapse data-
sets taken at 1-min time intervals. The kymographs were
thresholded, and the circumference was calculated auto-
matically for each time point. These values were plotted in
Microsoft Excel, and the constriction rate was calculated
using a linear regression. Student’s t tests were used to de-
termine whether constriction rates differed significantly
between planned comparisons of strains.

To count proteins in contractile rings, we created sum
projection images of fields of cells from stacks of 19 optical
images separated by 0.36 µm (Wu et al., 2008; Wu and
Pollard, 2005). The images were corrected for the camera
noise and uneven illumination, and then the fluorescence
intensity of contractile rings was measured. These fluores-
cence intensity measurements were compared against a
standard curve of proteins tagged endogenously with mEGFP
to determine the number of molecules per contractile ring
(Fig. 1 G; Wu et al., 2008; Wu and Pollard, 2005). Two-sample
Kolmogorov–Smirnov (KS) tests were used to determine
whether the distribution of polypeptides in the constricting
contractile ring differed between wild-type and Δmid1 cells.
The null hypothesis is that the samples are drawn from the
same distribution of polypeptides. The cumulative distribu-
tion functions (CDFs) for polypeptide number were calculated
for each of the markers and genetic backgrounds, and the
maximum difference between pairs of CDFs was calculated
and compared with the KS test critical value at a significance
level of P < 0.05. If the maximum difference between the CDFs
was greater than the critical value, the null hypothesis was
rejected.

Coefficients of variation between the distributions were
calculated for all rings <9.5 µm in circumference. Rings larger
than this were excluded from the calculate to remove assem-
bling rings.
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Super-resolution data acquisition and display
Super-resolution imaging was performed with a Nikon STORM
system operating in 2D mode, calibrated for single-molecule
acquisition in live cells. We used epi illumination to photo-
convert and excite the fluorophores. We imaged single mole-
cules with an sCMOS camera (ORCA-Flash4.0; Hamamatsu)
operating at 200 frames per second using Nikon Elements
software. Power for both 405- and 561-nm lasers was optimized
for distinct minimally overlapping single-molecule emissions.
We tested combinations of 405-nm and 561-nm laser powers
first visually for single-molecule emission and then quantita-
tively for localized single molecules (Fig. S1, D and E). The av-
erage laser power density of the 561-nm laser used to excite the
photoconverted mEos3.2 for imaging was ∼0.3 kW/cm2, illu-
minating a ∼5,500 µm2 area. To maintain a density of photo-
converted mEos3.2 at an appropriate level for single-molecule
localizations, the power of the 405-nm laser used for photo-
conversion was increased manually every 5 s during data ac-
quisition. The total power of the 405-nm laser ranged from 0 to
32 µW.

Acquired data were processed to localize single mole-
cules as previously described (Laplante et al., 2016a; Laplante
et al., 2016b). Acquired frames were analyzed using a custom
sCMOS-specific localization algorithm based on a maximum
likelihood estimator as described previously (Huang et al., 2013;
Laplante et al., 2016a; Laplante et al., 2016b). A log-likelihood
ratio was used as the rejection algorithm to filter out over-
lapping emitters, nonconverging fits, out-of-focus single mol-
ecules, and artifacts caused by rapid movements during one
camera exposure time (Huang et al., 2013; Huang et al., 2011).
The accepted estimates were reconstructed in a 2D histogram
image of 5-nm pixels, where the integer value in each pixel
represented the number of localization estimates within that
pixel. Images for visualization purposes were generated with
each localization convolved with a 2D Gaussian kernel (σ = 7.5
nm; Fig. S1 F). Images were reconstructed from all or a subset of
acquired frames and color-coded for either the temporal in-
formation (jet LUT map) or for localization density (heat LUT
map). Our localization algorithm eliminated out-of-focus emis-
sions, providing an effective depth of field of ∼400 nm (Laplante
et al., 2016b).

Node identification and measurements
Cytokinetic P-nodes and R-nodes can be viewed from either the
plane of the plasma membrane (face view) or the side by fo-
cusing on the central section of the cell (side view). Clusters of
localized emitters associated with cytokinesis structures were
manually selected from the reconstructed SMLM images. Face
views and side views for were analyzed for P-nodes in equatorial
bands. Only face views were analyzed for R-nodes and P-nodes
in strands. For comparison purposes, all nodes were cropped
from images reconstructed from 1,000 frames (5 s) to minimize
blurring due to crowding and movement and allow for the se-
lection of individual P-nodes and R-nodes.

The edge of the cell was identified by increasing the bright-
ness of SMLM images to enhance the cytoplasmic background.
The edge of the cell was located where the cytoplasmic background

drops off at the interface with the space outside the cells (Laplante
et al., 2016b).

We analyzed R-nodes from contractile rings that had con-
stricted by 20–50%. R-nodes were difficult to segment if the
contractile ring were constricted by >50% due to the density and
movement of the R-nodes. All nodes were cropped using a 309 ×
309–nm box in MATLAB.

We used the spatial and temporal information provided by
each localized mEos3.2 emitter to measure the dimensions and
stoichiometry of proteins within P-nodes and R-nodes. By treating
each localized emitter as an independent measurement and using
the large number of localizations, the radial density distribution
approach becomes more robust than typical line profile meas-
urements of fluorescence intensity.

Individual P-nodes and R-nodes were cropped, and the radial
density distribution of their single-molecule emitters was plot-
ted as previously described (Laplante et al., 2016b). We re-
constructed position estimates of the emitters in 2D histogram
images from face views of isolated P-nodes and R-nodes ob-
tained from the cropping step with pixel size of 2 nm to avoid
pixelation errors in the subsequent measurement analysis.
These images were then fit with a rotationally symmetric 2D
Gaussian model with amplitude and σ and center position in x
and y as the fitting parameters. The radial symmetry centers of
each node (Parthasarathy, 2012) were determined and used as
the initial guesses for the x, y center in the fitting. Maximum
likelihood estimator–based regression was performed assuming
a Poisson noise model of the 2D histogram image using the
Nelder–Mead simplex algorithm implemented in the MATLAB
“fminsearch” function. Fitting estimates were filtered by their
likelihood values thereafter. Fitting results that did not converge
properly and resulted in center positions outside the image
boundary or extremely large or small σ values were also dis-
carded from the final results. This step eliminates instances
where two objects were included in the same 309 × 309–nm
selection box and includes only selections containing a single
cluster. For each R-node accepted through the filtering process,
the distances of individual localizations from the estimated node
center were calculated. All distances measured from a specific
node type and view were plotted into histograms and then
subsequently normalized by their radius to give a radial density
distribution. The number of localizations per identified node
was recorded as well.

We used a two-sample KS test to compare the distribution of
localizations in each pair of node proteins (Fig. S4, A and B). The
null hypothesis is that the samples are drawn from the same dis-
tribution of localized emitters. The CDFs of the squared radial
distance were calculated for each of the samples (Fig. S4, A and B),
and themaximumdifference between pairs of CDFswas calculated
and compared with the KS test critical value at a significance level
of P < 0.05 or P < 0.005. If the maximum difference between the
CDFs was greater than the critical value, the null hypothesis was
rejected. The results of the KS test comparisons and sample size of
the super-resolution datasets can be found in Fig. S4, A and B.

The radius of each node marker was calculated using the CDF
plots and was defined as the distance from the center of the node
that contained 75% of the localized emitters (Fig. S2 A).
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Quantification of localized emitters
For each marker and genetic background, we measured the total
number of localized emitters per P-node and R-node. The
number of localized emitters per node is influenced by many
factors, including the total number of frames used for the re-
construction, the photophysics of the fluorescent proteins, the
number of tagged proteins per node, and the autofluorescent
background.

We used an ANOVA with Tukey’s Honestly Significant Dif-
ference (HSD) test to compare the number of localizations per
node between genotypes at a significance level P < 0.05 (Fig. S2,
H and I). Box and whisker plots were generated using JMP Pro
14. The lower whisker represents 1st quartile − 1.5*(interquartile
range). The upper whisker represents 3rd quartile + 1.5*(inter-
quartile range).

Online supplemental material
Fig. S1 shows that P-nodes assemble in the absence of actin fil-
aments. Fig. S2 shows molecular organization of node proteins.
Fig. S3 shows localization and timing of For3p recruitment. Fig.
S4 shows comparison of protein organization of cytokinesis
proteins in the node. Table S1 lists the S. pombe strains described
in this study.
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Figure S1. P-nodes assemble in the absence of actin filaments. (A) Swarm plot of the constriction rate for individual cells (bar, mean). Close-ups of mid1-
366 cells with a band of P-nodes (left) or a nascent strand (right). Number of cells counted in brackets. Blue circles, nascent strands. Red circles, enduring
strands. (B) SMLM image of a wild-type cell expressing Myo2p-mEos3.2 treated with LatA. (C) Time series of micrographs of cells imaged after the addition of
LatA. Dotted lines outline the cell perimeter. (D) Histograms of the positional uncertainty of the localized emitters. Top right corner: Measured power density
of the 561-nm laser. (E) Cropped image of the localized emitters in the contractile rings of cells acquired with either a higher (left) or lower (right) 561-nm laser
power density. (F) The contractile rings from D with a Gaussian kernel of σ 1.5-pixel applied, visualized with the fire colormap. (G) The contractile rings from D
with a Gaussian kernel of σ 6-pixel.
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Figure S2. Molecular organization of node proteins. (A) Diagram of a cross-section of a fission yeast cell showing the imaging focal plane obtained by
focusing on the surface and across the middle of the cell (top left). Image of localized emitters in a Rlc1p wild-type P-node (top right). Radial density distribution
of the distance of localized emitters from the center of the node (bottom left). The cumulative distribution function of localized emitters as a function of the
squared distance from the node center. The node radius represents the distance away from the center of the node that contains 75% of all localized emitters.
(B) SMLM images of face views of mEos3.2-Myo2p in the P-nodes of LatA wild-type treated cells. (C) SMLM images of side views of P-nodes of wild-type cells
labeled with six different mEos3.2 fusion proteins. Horizontal dotted line in side view indicates the edge of the cell. (D and E) SMLM images of face views of six
different mEos3.2 fusion proteins in the P-nodes of Δmid1 enduring strands and LatA-treated Δmid1 cells. (F and G) SMLM images and RDD plots of R-nodes of
wild-type (E) and Δmid1 (F) cells acquired in face view and labeled with six different cytokinesis proteins fused to mEos3.2. The 50-nm scale bar applies to all
SMLM node images. (H) Boxplot of the number of localizations per P-node in six different mEos3.2 fusion proteins. (I) Boxplot of the number of localizations
per R-node in six different cytokinesis proteins labeled with mEos3.2 in wild-type and Δmid1 cells. Statistical significance determined by ANOVA with Tukey’s
HSD; *, P < 0.05. Data distribution was assumed to be normal, but this was not formally tested. We noticed an unexpected difference in the number of localized
emitters between the tip of the Myo2p tails and the heads in the R-nodes but not in the P-nodes (I). This difference is consistent between the two genotypes.
All pairwise comparisons between wild-type and Δmid1 structures for each protein in the boxplots were not significant, except when indicated (asterisk).
Number of cells counted in brackets. RDD, radial density distribution. Whiskers in H and I are defined in Materials and methods. HSD, honestly significant
difference.
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Figure S3. Localization and timing of For3p recruitment. (A) Confocal micrographs of wild-type or Δmid1 cells expressing For3p-3GFP. (B) Outcomes plot
of the accumulation of cytokinesis proteins in the P-nodes of the equatorial band or nascent strands or in aggregates at the poles of the cells in the cell
population over time. (C) Time series of micrographs of wild-type (top) and Δmid1 cells (bottom) expressing For3p-3GFP and Sad1p-RFP. Green arrowheads,
SPBs. Black arrows, For3p-3GFP. (D) Swarm plot of the mean fluorescence intensity value per contractile ring for individual cells (bar, mean). Statistical
significance determined by two-sided Student’s t test; P < 0.05. Data distribution was assumed to be normal, but this was not formally tested. RFP, red
fluorescent protein.
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Figure S4. Comparison of protein organization of cytokinesis proteins in the node. (A) Plots of the CDF for each cytokinesis proteins in the band of
P-nodes, strand P-nodes, and R-nodes. Inset, close-up of CDF curves. Non-significant pairwise KS tests at P < 0.05 are listed below respective CDF plots. (B) KS
tests to determine whether the distribution of localizations was significantly different between pairs of node proteins within a structure. Yes (Y), significant
difference at P < 0.005 (blue) or P < 0.05 (yellow). No (N), not significantly different. Number of nodes per marker are in brackets. (C) Overlaid radial density
distribution plots of face views of mEos3.2-Myo2p and mEos3.2-Cdc15p in P-nodes and R-nodes.
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Table S1 is provided online as separate Excel file. Table S1 lists the S. pombe strains described in this study.
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