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Cytokinetic nodes in fission yeast arise from two
distinct types of nodes that merge during interphase

Matthew Akamatsu,'? Julien Berro,'?*? Kai-Ming Pu,' Irene R. Tebbs,? and Thomas D. Pollard'%#
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Biology, Yale University, New Haven, CT 06520

e investigated the assembly of cortical nodes

that generate the cytokinetic contractile ring

in fission yeast. Observations of cells express-
ing fluorescent fusion proteins revealed two types of inter-
phase nodes. Type 1 nodes containing kinase Cdrlp,
kinase Cdr2p, and anillin Mid1p form in the cortex around
the nucleus early in G2. Type 2 nodes with protein Blt1p,
guanosine friphosphate exchange factor Gef2p, and
kinesin Klp8p emerge from contractile ring remnants.
Quantitative measurements and computer simulations

Introduction

During cell division, fungi, amoebas, and animal cells assemble
a contractile ring made of actin filaments and myosin to split
the cell in two (Pollard and Wu, 2010). Understanding how the
contractile ring is correctly placed and produces force during
cytokinesis requires mechanistic information about contractile
ring formation. The fission yeast Schizosaccharomyces pombe,
a leading model organism to study cytokinesis, assembles a
contractile ring around the cell equator during mitosis from
~65 punctate structures called cytokinesis nodes containing
anillin Mid1p (Moseley et al., 2009; Saha and Pollard, 2012a)
and contractile ring proteins (Wu et al., 2006). Measurements of
the timing of the appearance (Wu et al., 2003) and numbers of
molecules of cytokinesis nodes (Wu and Pollard, 2005) led to
a proposal that nodes self-assemble into the contractile ring by
myosins pulling on actin filaments originating from other nodes
(Wu et al., 2006). Successful simulations of a mathematical
model of this hypothesis required that the connections between
nodes break about every 20 s (Vavylonis et al., 2008), a process
that depends on actin filament severing by cofilin (Chen and
Pollard, 2011).

The septation initiation network (SIN) is a cascade of sig-
naling proteins that terminates in the kinase Sid2p and promotes
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The Rockefeller University Press  $30.00
J. Cell Biol. Vol. 204 No. 6 977-988
www.jcb.org/cgi/doi/10.1083/jcb.201307174

showed that these two types of nodes come together by a
diffuse-and-capture mechanism: type 2 nodes diffuse to
the equator and are captured by stationary type 1 nodes.
During mitosis, cytokinetic nodes with Mid1p and all of
the type 2 node markers incorporate into the contractile
ring, whereas type 1 nodes with Cdr1p and Cdr2p follow
the separating nuclei before dispersing into the cytoplasm,
dependent on septation initiation network signaling. The
two types of interphase nodes follow parallel branches of
the pathway to prepare nodes for cytokinesis.

the formation and constriction of the contractile ring and the
subsequent formation of the cell wall that divides daughter cells
(Johnson et al., 2012). Components of SIN are associated with
spindle pole bodies (SPBs), and the SPB that concentrates the
SIN kinase Cdc7p is more active (Johnson et al., 2012).
Cytokinesis nodes originate during interphase (Paoletti
and Chang, 2000; Moseley et al., 2009; Saha and Pollard, 2012a)
as interphase nodes containing the cell cycle kinases Cdrlp,
Cdr2p, and Weelp as well as anillin-like Mid1p, kinesin Klp8p,
node protein Bltlp, GTP exchange factor Gef2p (Paoletti
and Chang, 2000; Morrell et al., 2004; Martin and Berthelot-
Grosjean, 2009; Moseley et al., 2009; Ye et al., 2012), and
Nodlp (Jourdain et al., 2013). Kinases Cdrlp and Cdr2p in
interphase nodes negatively regulate Weelp, which controls
Cdk1p and the onset of mitosis (Martin and Berthelot-Grosjean,
2009; Moseley et al., 2009). Additional work established an
extensive network of genetic and physical interactions among
interphase node proteins (Breeding et al., 1998; Almonacid
et al., 2009; Martin and Berthelot-Grosjean, 2009; Moseley et al.,
2009; Ye et al., 2012; Guzman-Vendrell et al., 2013; Zhu et al.,
2013). Nevertheless, the available information was fragmentary
and left open many questions about the temporal and physical
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organization of interphase nodes and their relation to cytokine-
sis nodes. A basic understanding of the assembly pathway of
interphase nodes was needed to interpret these observations.

To determine how nodes for cytokinesis assemble during
interphase, we imaged fission yeast strains expressing six inter-
phase node proteins tagged in the genome with fluorescent
proteins. These proteins localized to two distinct types of nodes,
and our analysis revealed that they represent two parallel branches
of the pathway that prepares nodes for cytokinesis. Early in in-
terphase, type 1 nodes containing Mid1p and kinases Cdrlp and
Cdr2p form in a broad band around the nucleus as type 2 nodes
containing Bltlp, Gef2p, and Klp8p emerge from the remnants
of the constricted contractile ring. During interphase, type 2
nodes travel diffusively along the cell cortex for >1 h until they
gradually associate with type 1 nodes to form cytokinesis nodes.
Simulations of a simple diffuse and capture model reproduce
the behavior of type 2 nodes. Early in mitosis, Mid1p transfers
from type 1 nodes to cytokinesis nodes so that it incorporates
into the contractile ring with all of the type 2 node markers. At
the same time, type 1 nodes move from the equator and disperse
their proteins into the cytoplasm during anaphase, a process that
depends on active SIN signaling. We propose a node cycle that
accounts for the organization of the constituent proteins across
the entire cell cycle.

Results

Two types of interphase nodes

Images of cells expressing both kinase Cdr2p—-monomeric
EGFP (mEGFP) and node protein Blt1p-mCherry illustrate the
presence of these proteins in spatially distinct structures for
much of the cell cycle and their colocalization in nodes around
the equator during mid- to late interphase and early mitosis
(Figs. 1, A and B; and S1). We defined two proteins as being co-
localized in a node if the centers of their fluorescent intensities
were separated by less than the width of one point spread func-
tion (3 pixels). Images of cells expressing other proteins showed
that the two types of interphase nodes have different compo-
sitions: Cdrlp, Cdr2p, and Mid1p concentrated in type 1 nodes,
and Bltlp, Gef2p, and Klp8p concentrated in type 2 nodes
(Figs. 1, C and D; and S1).

The two types of nodes were separate in short cells during
early interphase (Fig. 1 B). Before the time that daughter cells
separated, type 1 nodes containing Cdrlp and Cdr2p appeared
in cortical bands around the nuclei (Fig. 1 C), where they per-
sisted throughout interphase (Morrell et al., 2004; Martin and
Berthelot-Grosjean, 2009; Moseley et al., 2009). Markers for
type 2 nodes (Bltlp, Gef2p, and Klp8p) were incorporated into
the contractile ring during mitosis and reappeared as distinct
nodes at the new cell tip as the contractile ring disassembled
at the end of cytokinesis (Fig. 1 D). During interphase, type 2
nodes redistributed along the cell cortex (Saha and Pollard,
2012a) to the equator (Moseley et al., 2009; Ye et al., 2012),
where up to 75% colocalized with type 1 nodes (Fig. 1 B). Thus,
in a mixed population of interphase cells, centrally located
nodes have type 1 markers or markers of both types, whereas
nodes near the new end have only type 2 markers (Fig. 1 E). The
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results were similar when we reversed the fluorescent protein
tags (Fig. S1 C). The following sections document the behav-
iors of the two types of nodes across the cell cycle.

Type 1 nodes separate from type 2 nodes
during mitosis

Early in mitosis, ~75% of cytokinesis nodes in the broad equa-
torial band had markers from both types of interphase nodes
superimposed, but at time 0, when SPBs separated, these markers
began to separate. This remarkable segregation of the molecules
in the cytokinesis nodes took place in two phases.

During the first 10-12 min after SPB separation, most type
1 nodes marked by Cdr2p-mEGFP separated from the cytokine-
sis nodes and started to move away from the division plane,
whereas the cytokinesis nodes condensed into a contractile ring
(Fig. 2 A and Video 1). These condensing cytokinesis nodes con-
tained all type 2 node markers, Mid1p from type 1 nodes (Fig. 1 C),
and the cytokinesis proteins, including myosin II, as observed
previously (Moseley et al., 2009; Saha and Pollard, 2012a).

The type 1 nodes moved asymmetrically. Nodes near the
active SPB containing Cdc7p moved first. They also moved in
greater numbers and further from the equator than nodes on the
other side of the division plane (Fig. 2 C).

Analysis of the trajectories of these type 1 nodes during
mitosis showed that their motions were diffusive. For those
nodes we could track, plots of mean squared displacement
(MSD) versus time step were linear over short (30 s) time scales,
consistent with a diffusion of D = 100 + 50 nm?/s (Fig. 2 H
and Video 2; Saxton, 1997). This diffusion coefficient repre-
sents a lower bound because about two thirds of type 1 nodes
moved and/or disappeared so quickly that we were unable to
track them reliably. Bayesian inference analysis (Monnier et al.,
2012) of the MSD curves in Fig. 2 H confirmed that the node
motions were diffusive with a probability of 0.99, rather than
directed or a combination of directed plus diffusive.

During the second phase of segregation, after time 12 min,
most type 1 nodes moved from the equator, and the Cdrlp and
Cdr2p dispersed into the cytoplasm by time 30 min (Figs. 1 C
and 2, A—C and E; Table S1; and Videos 1 and 2). This confirms
previous observations made without timing (Morrell et al.,
2004; Martin and Berthelot-Grosjean, 2009; Moseley et al.,
2009; Saha and Pollard, 2012a). We call this phase without
Cdrlp and Cdr2p organized in nodes the eclipse period. The
total amount of Cdr2p per cell was constant across the cell cycle
(Kanoh and Russell, 1998), so the fluorescence intensity of
cytoplasmic Cdr2p-mEGFP increased as the type 1 nodes dis-
persed (Morrell et al., 2004). Rather than dispersing, ~15% of
the Cdr2p fluorescence from type 1 nodes incorporated into
the contractile ring by time 1 min (Fig. 2, A and C) as observed
previously (Morrell et al., 2004). Starting around time 17 min,
Midl1p left the contractile ring in strands moving toward the cell
tips (Fig. S2 C), which then dispersed into the cytoplasm and
the nucleus (Fig. 1 C; Béhler et al., 1998a; Wu et al., 2003).

Dispersal of Cdr2p from type 1 nodes depended on active
Sid2 kinase (Figs. 2, E and F; and S2 E; and Video 7). At the
permissive temperature (23°C), nodes marked with Cdr2p
moved normally from the equator in temperature-sensitive
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Figure 1. Two types of interphase nodes observed by confocal fluorescence microscopy of asynchronous cells expressing fluorescent fusion proteins.
(A and B) Localization of kinase Cdr2p-mEGFP, node protein Blt1p-mCherry, and SPB protein Sad1p-mRFP (black arrowheads in the reverse contrast image
of the red channel). (A) Maximum intensity projections of five z sections in 400-nm steps including 2 pm (about half the thickness) of the cells. Cdr2p and
Blt1p colocalize in nodes near the equator of some cells (arrow) but in separate nodes in other cells (paired white arrowheads). In cells with Blt1p concen-
trated in the contractile ring (single white arrowhead), Cdr2p is dispersed in the cytoplasm. (B) Cells such as in A were classified into interphase stages by
length and other criteria (Materials and methods). (C and D) Localization of proteins in two types of nodes across the cell cycle. Reverse contrast, confocal
fluorescence, and maximum intensity projections of 21 z sections taken at 260-nm steps and arranged in montages according to cell length. We adjusted
the brightness and contrast of each image to account for differences in illumination intensity and exposure time. (bottom) Drawings of the distributions of
the two types of nodes across the cell cycle. (C) Type 1 nodes located in broad bands around the equator (green boxes in one column) contain Cdr2p-
mYFP and Cdr1p-3GFP. Mid1p-mEGFP is present in these nodes and transiently in the contractile ring (red box). (D) Type 2 nodes containing Blt1p-mYFP,
mECitrine-Gef2p, and Klp8p-mYFP appear at the division site, redistribute to the equator during interphase (red boxes), and incorporate into the contractile
ring. (E) Histogram of the distribution of nodes along the length of asynchronous interphase cells such as in A and B. Nodes were defined as colocalized if
their infensity centers of mass in the red and green channels were less than one point spread function (3 pixels) apart. n = 188 nodes from 12 cells in two

separate experiments. Dotted ovals outline cells. Bars, 2 pm.

sid2-250 cells (Table S1), but 82% of these cells never com-
pletely dispersed Cdr2p from type 1 nodes into the cytoplasm
(Fig. 2, E and F). Rather, nodes marked by Cdr2p-mEGFP
persisted and moved intact away from the middle of the cell to
reside in a wide band around the daughter nuclei (Fig. 2 F). In
those sid2-250 cells that dispersed their Cdr2p nodes, the broad
band of nodes returned quickly after a short eclipse period of
only 4 + 2 min (Fig. 2 E and Table S1). Similarly, at the semi-
permissive temperature of 31°C only 21% of sid2-250 cells
completely dispersed their type 1 nodes, which reappeared just
3 + 1 min later (Fig. S2, E and F).

Treatment of cells with methyl benzimidazol-2-yl-carbamate
(MBC) to prevent polymerization of microtubules delayed the
separation of SPBs, but type 1 nodes marked with Cdr2p-mEGFP
moved normally from the equator and dispersed into the cyto-
plasm before SPB separation (Fig. 2 G). Thus, movement of
Cdr2 nodes from the equator does not depend on microtubules,
elongation of the spindle, or separation of the daughter nuclei.

Type 1 and 2 nodes are spatially distinct
structures during early interphase

During the maturation and constriction of the contractile
ring, no discrete nodes were visible, but both types of nodes
reappeared between times 40 and 65 min. During the eclipse
period, the type 1 node markers Cdr2p-mEGFP and Midlp-
mEGFP were dispersed in the cytoplasm and nucleus (Fig. 2 E
and Table S1). Between anaphase B and cell separation, some
nuclei transiently had a higher concentration of Cdr2p than the
cytoplasm (Fig. S2 D), but Midlp concentrated more highly
and more consistently in the nucleus (Béhler et al., 1998a; Wu
et al., 2003) than Cdr2p. Type 2 nodes reappeared first. They
emerged as distinct structures from remnants of the contrac-
tile ring during the eclipse period at time 42 + 6 min (Figs. 3 A
and S3 A; Table S1; and Video 4). By the time the contractile
ring completed constriction at time 50 + 4 min, all of its other
constituent proteins were dispersed into the cytoplasm (Wu
et al., 2003).

Two types of interphase nodes ¢ Akamatsu et al.
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Figure 2. Localization of type 1 nodes across the cell cycle. Images are time series of maximum intensity projections of confocal fluorescence micrographs
with time in minutes from SPB separation except in G. (A) Reverse contrast and merged images early in mitosis of a cell expressing Cdr2p-mEGFP, Blt1p-
mCherry, and Sad1p-mRFP. Blt1p incorporated into the contractile ring as type 1 nodes moved from the equator and dispersed Cdr2p into the cytoplasm.
Projections of four z sections taken at 400-nm steps. (B) Demonstration of the asymmetric movements of the nodes from the midline by a false-color kymo-
graph of the time course of Cdr2p-mEGFP fluorescence along the length of the cell in Fig. 2 A. At each time point, the fluorescence intensity across the
cell width was summed fo obtain a fluorescence profile and colored according to intensity per area. (C) Images of a cell expressing Cdr2p-mEGFP and
Cdc7p-mCherry showing that Cdr2p nodes moved in greater numbers and to a larger extent (arrowhead) in the direction of the active SPB marked with
Cdc7p-mCherry. The same correlation was present in every cell we observed (n > 13). (green images) 10 z sections taken at 360-nm steps comprising half
the cell. (red images) 20 z sections taken at 360-nm steps comprising the entire cell. (D) Time series of confocal maximum intensity projection images of a
cell expressing Cdr2p-mEGFP, Blt1p-mCherry, and Sad 1p-mRFP showing Cdr2p nodes reappearing in a corfical band of type 1 nodes around the daughter
nuclei ~10 min before the cell separated at time 80 min. Same conditions as A. (E) Outcome plots of the time course of the localization of Cdr2p-mEGFP to
nodes in wild-type (n = 21; closed circles) and temperature-sensitive sid2-250 cells (n = 28; open circles). Cells were imaged at a permissive temperature
(23-25°C). In wildtype cells, Cdr2p disappeared from nodes into the cytoplasm for the 40-min eclipse period. Most sid2-250 cells never dispersed Cdr2p
from their nodes; in 18% of cells, Cdr2p disappeared from nodes into the cytoplasm for an abbreviated 1-3-min eclipse period. (F) Time-lapse images of
temperature-sensitive sid2-250 cells expressing Cdr2p-mEGFP and Sad1p-mCherry at a permissive temperature (23-25°C) showing incomplete dispersal
of type 1 nodes marked with Cdr2p-mEGFP. Projections of 20 z sections taken at 360-nm steps. (G) Movement of type 1 nodes from the equator of cells
treated with 131 pM MBC to depolymerize microtubules. Time series of images at 3-min intervals of cells expressing Cdr2p-mEGFP and Sad1p-mCherry.
The arrowhead points to Cdr2 nodes after movement from the equator. The arrow points to divided SPBs. Images from a representative experiment repeated
twice. (H) Plot of mean squared displacement (MSD) versus time step for a sample of type 1 nodes imaged at 1-s intervals and marked with Cdr2p-mEGFP
during inferphase (n = 23; dark green) and mitosis (n = 6; light green). Bars, 2 pm.

Around time 65 min (~~15 min before cell separation), the band of type 1 nodes marked with Cdr2p was centered around
eclipse period ended with the reappearance of type 1 nodes in one third of the distance to the old pole in early interphase
cortical bands around the daughter nuclei (Figs. 1, A—C; and 2 D), before new end takeoff (Figs. 1, B and C; and 3 E). These inter-
first in one daughter cell and 1-4 min later in the other cell. The phase type 1 nodes diffused slowly (Fig. 2 H), with a mean
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Figure 3. Redistribution of type 2 nodes in cells during the cell cycle. (A) This time series of maximum intensity projections of reverse contrast fluores-
cence micrographs shows fype 2 nodes marked with Blt1p-mEGFP emerging from the disassembling contractile ring and moving to the equator over 2 h.
(B) Outcome plots of the time course of the localization of type 2 interphase nodes with time O at SPB separation, calculated as time from cell separation
—80 min. Symbols: fraction of cells with >1 Blt1p node at new cell equator (closed squares); fraction of cells with nodes distributed along the corfex (defined
as the first time point when the mean fluorescence at the old division site is less than or equal to the mean fluorescence at any other point along the length;
closed triangles); and fraction of cells with Blt1p nodes maximally relocalized to the new cell equator (closed circles). (C) Histogram of the proportion of
inferphase nodes containing Blt1p only, Cdr2p only, or colocalized Blt1p and Cdr2p binned by stage of the cell cycle; same data as Fig. 1 E. (D) Plots of
mean squared displacement (MSD) versus time step for five type 2 (Blt1p-mEGFP) nodes from a single interphase cell imaged at 2-s intervals. (E) Temporal
color projections of node movements at 2-s intervals to compare the behavior of type 2 nodes marked with Blt1p-mEGFP (top) and type 1 nodes marked
with Cdr2p-mEGFP at different stages of interphase (bottom). Each pair of micrographs has a reversed contrast sum fluorescence micrograph (three 300-nm
z slices) on the left. Streaks of color show movements according to the time scale. White spots are stationary. The leftmost images are of one of two
daughter cells still connected by a septum. Dotted ovals outline cells. (F) Plot of node diffusion coefficients in interphase cells as a function of the normalized
distance from the new end of the cell showing that type 2 nodes diffuse faster near the cell tips than near the equator. Early interphase: cells still connected
by septum or <8.5 pm in length; late interphase: cells >8.5 ym long. Type 2 Blt1p-mEGFP nodes (n = 49); type 2 Klp8p-mEGFP nodes (n = 23); type 1
Cdr2p-mEGFP nodes (n = 23). Bars, 2 pm.

cortex from the new pole of the daughter cell to rejoin relatively
static type 1 nodes located in a broad band around the equator

two-dimensional diffusion coefficient of 16 + 12 nm?/s, similar
to cytokinesis nodes before time 0 (Vavylonis et al., 2008) and

<20% that of the old type 1 nodes that disappeared during ana-
phase (Fig. 2 H).

Reunion of type 1 and 2 nodes around

the equator

Starting about time 55 min, interphase type 2 nodes containing
Bltlp, Klp8p, and Gef2p gradually redistributed along the cell

(Figs. 1, B, D, and E; and 3 A; and Video 3). Treating cells with
MBC to depolymerize microtubules or Latrunculin A to depoly-
merize actin filaments did not change the interphase diffusion
of type 2 nodes (Fig. S3 C). Type 2 nodes diffused normally
during interphase in cells arrested in G1 phase (cdcl0-129 mu-
tants) and arrested in G2 phase (cdc25-22 mutants) and sid2-
250 cells at permissive temperatures (Figs. S2 G and S3 C and

Two types of interphase nodes ¢ Akamatsu et al.
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Figure 4. Behavior of type 2 nodes marked with Blt1p-mEGFP in cdr2A cells lacking type 1 nodes. (A) MSDs versus time step of Blt1p-mEGFP nodes in
cdr2A cells. Symbols: five type 2 nodes with intensity <12,000 A.U. (open triangles); three Blt1p-mEGFP particles with fluorescence intensity >12,000 A.U.
(closed triangles), likely aggregates of nodes. (B) Plot of diffusion coefficients of Blt1p-mEGFP nodes in cdr24 cells during early interphase as a function
of their fractional distance from the new end of the cell. Symbols: nodes with intensity <12,000 A.U. (open triangles); particles with intensity >12,000
A.U. (closed triangles). (C) Pairs of micrographs with a negative contrast sum intensity projection image of three 300-nm z slices (left) and a temporal
color projection image at 2-s intervals for 200 s in early and late interphase cells expressing Blt1p-mEGFP in a cdr2A strain (right). Many more equatorial
nodes were mobile in early G2 than G2/M (also see Fig. S4). Dotted ovals outline cells. (D) Time series of reverse contrast maximum intensity projections
of seven z sections taken at 600-nm steps showing the assembly of a contractile ring in a cdr2A cell expressing Blt1p-mEGFP. See Fig. S4 for higher time
resolution. (E) Outcome plots of the time course of contractile ring assembly and constriction in cells expressing type 2 node protein Blt1p-mEGFP +Cdr2p.
Symbols: wild-type cdr2* cells (closed circles and squares); cdr24 cells (open circles and squares); fraction of cells with a compact contractile ring (circles);

and fraction of cells with a constricting contractile ring (squares). Time is in minutes from SPB separation. Bars, 2 pm.

Video 9). The first type 2 nodes reached the new equator at time
67 = 3 min (Fig. 3, A and B; and Table S1) and were scattered
between the two poles around time 100 min (Fig. 3 B).

These redistributing type 2 nodes diffused quickly as dis-
crete entities along the cell cortex with a wide range of diffusion
coefficients (Fig. 3, D and F; and Video 3). Linear plots of MSD
versus time step (Fig. 3 D) showed that interphase type 2 nodes
diffused much faster (mean D = 250 + 220 nm%s) than type 1
nodes at this time in the cell cycle. Bayesian inference analysis
(Monnier et al., 2012) of the MSD curves in Fig. 3 D confirmed
that the node motions were diffusive (probability = 0.97) rather
than directed or a combination of directed plus diffusive. Type 2
nodes diffused most rapidly in regions near the poles lacking
type 1 nodes (Fig. 3 F and Video 3). Nodes with low levels of
fluorescence tended to diffuse faster than brightly fluorescent
nodes, which may be clusters of nodes (Fig. S3 I). Many rapidly
diffusing nodes appeared and disappeared during 200 s of imaging,
probably because of moving in and out of the imaging plane
(Video 3). Type 2 nodes generally appeared to move in the cell
cortex (Fig. S3 J), but we could not exclude rapid diffusion of
some nodes in the cytoplasm.

Between cell separation at times 80 and 160 min, diffus-
ing type 2 nodes gradually became immobilized at the new
cell equator (Figs. 3, B-F; and S3 H; and Video 3) where their
fluorescence overlapped with the fluorescence of type 1 nodes
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(Figs. 1 B and 3 C). Type 2 nodes accumulated at the new cell
equator in cells arrested in G1 phase (cdc10-129 mutants), cells
arrested in G2 phase (cdc25-22 mutants), and sid2-250 cells at
permissive or restrictive temperatures (Figs. S2 G and S3 C and
Video 9). Colocalization of the two types of nodes increased
from 30% early in G2 to ~75% by G2/M (Fig. 3 C). Once colo-
calized with type 1 nodes, type 2 nodes diffused slowly (D= 18 +
12 nm?s; Figs. 3, D-F; and S3 B).

To test the hypothesis that equatorial type 1 nodes anchor
and immobilize type 2 nodes, we imaged type 2 nodes in cdr2A
cells, which lack type 1 nodes (Fig. 4 and Video 5; Almonacid
et al., 2009; Martin and Berthelot-Grosjean, 2009; Moseley
et al., 2009). Without Cdr2p, most type 2 nodes continued to
diffuse rapidly (D = ~200 = 50 nm?/s; Fig. 4, A-C) well
past the time that they normally became immobilized with the
type 1 nodes in the middle of wild-type cells (Figs. 3 A and
S4, A and B; and Video 3). Over time, in cdr2A cells, some type
2 nodes formed highly fluorescent, slowly diffusing (D = 6 +
4 nm?s) clusters (Fig. 4, A-C). By late interphase, about one
third of type 2 nodes (judged by fluorescence) were aggregated
in clusters around the equator of cdr2A cells. These clusters of
type 2 nodes in cdr2A cells were less uniform in distribution
and intensity (Figs. 4 C; and S4, A—C; Moseley et al., 2009)
than cytokinesis nodes in wild-type cells (Figs. 1 B, 3 A, and S4
C and Video 5).
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Figure 5. Simulations of a mathematical model of a diffuse-and-capture mechanism to redistribute type 2 nodes from the old to the new division site.
(A) Model of diffusing type 2 nodes being captured irreversibly (yellow) by stationary type 1 nodes (green) with a probability of binding pying if they reside
within a defined capture radius R. at any time point. (B) Drawing of the observations of type 2 nodes (red) redistributing from their origin at the new end of
the cell (x = O) until they colocalize with type 1 nodes in a broad band near the center of the cell. Y is the circumference of the cell. (C) Graphical output of
a diffuse-and-capture simulation at the time points indicated. In this simulation, 65 type 2 nodes (red) started at x = O and diffused with D = 400 nm?/s until
they were captured (yellow) by passing within 60 nm of one of the 65 type 1 nodes (green) located in a Gaussian distribution across a band centered 3 +
0.8 pm from the new cell tip. The probability of capture was 50%. The simulation used steps of 2 s. Bar, 1 pm. Time expressed in minutes from the beginning
of simulation, which corresponds to t = ~40 min from SPB separation. Also see Fig. S5 J, in which some of the data are displayed for visual comparison with
Fig. 1 B. Bar, 2 pm. (D) 10 simulations of the time course of binding of type 2 nodes to type 1 nodes with the parameters used in C. The gray region is the
mean = 1 SD of the time when type 2 nodes appeared maximally bound in live cells. (E) Dependence of simulated time courses of type 2 nodes binding to
type 1 nodes on the diffusion coefficient of type 2 nodes. The horizontal dashed line indicates when 50% (bottom line) and 80% (top line) of the type 2 nodes
were bound. Vertical dashed line is the mean time that type 2 nodes were maximally bound in live cells. The gray region is the mean = 1 SD. (F) Number of

captured type 2 nodes out of 65 at the end of the simulation as a function of diffusion coefficient D (n = 100). (G) Mean positions in simulations of captured

type 2 nodes relative to the center of the band of type 1 nodes at O, which is 3 pm from the new cell tip (n = 100). Error bars are = 1 SD.

Cells lacking Cdr2p assembled a contractile ring in 20 +
4 min, twice the time of wild-type cells (Fig. 4 E), from a com-
bination of aggregated nodes and strands of nodes, which ap-
peared by time 9 min (Figs. 4 D and S4 D and Video 6). These
rings were often tilted with respect to the long axis of the cell
(Figs. 4 D and S4 A), but most gradually straightened over 20 min
(Fig. 4 D) and then constricted around time 30 min as in wild-
type cells (Fig. 4, D and E).

Numerical simulations of a mathematical model showed that a
diffuse-and-capture mechanism is sufficient to explain the grad-
ual redistribution of type 2 nodes from the pole to new cell equa-
tor (Fig. 5 and Video 8). In this computational model, we
represented the cell cortex as a two-dimensional rectangular sur-
face 7 um long in x and 11 um wide in y, corresponding to the
length and circumference of the cell. We assumed that 65 type 2
nodes started at x = 0 (corresponding to the new cell tip), whereas
type 1 nodes were spread in a Gaussian distribution around x =3
um (as observed, Fig. 1 B) with an SD of 800 nm (Fig. 5 B). In
numerical, stochastic simulations, type 2 nodes diffused along the
surface at each time step ¢ according to their diffusion coefficient
D. Stationary type 1 nodes “captured” diffusing type 2 nodes that
came within a capture radius R, at any time step with a probabil-
ity of binding py;nq and according to a defined stoichiometry
(generally 1:1 in these simulations; Fig. 5 A).

Stochastic simulations of this model reproduced the gradual
equatorial accumulation and immobilization of type 2 nodes as
they became associated with stationary type 1 nodes (Fig. 5 C).
Measurements on cells provided estimates of some parameters,
such as D and the numbers of the two types of nodes. We tested a
range of physically reasonable values for R, and py,,q. For the simu-
lation in Fig. 5 C, we used D =400 nm%s, R. = 60 nm, and pynq =
0.5. With these parameter values, type 2 nodes diffused from their
starting positions and slowly accumulated at the sites of type 1
nodes such that about half were immobilized by 135 min (Fig. 5,
C-F), similar to experimental observations (Fig. 3 B). However,
135-min simulations with these parameter values differed in
two ways from cells. First, many unbound type 2 nodes were still
located between the new cell tip and the band of type 1 nodes
(Fig. 5 C). Second, the simulated distributions of bound type 2
nodes were more biased toward the type 1 nodes closest to the
new cell tip (Fig. 5, C and G) than in cells (Fig. 1 B).

We varied D, R., and pyi,q to determine how the value of
each parameter affects the simulations. We tested a range of dif-
fusion coefficients for type 2 nodes (Fig. 5 E) beyond the highest
value we measured in cells (1,800 nm%/s in cells; Fig. 3 E). The
rate of type 2 node binding to type 1 nodes increased with D, such
that 135 min of simulation immobilized 50% of type 2 nodes with
D =400 nm?s and >75% of nodes with D > 1,000 nm*/s (Fig. 5,
E and F). This broadly agreed with the proportion of type 1 nodes
coincident with a type 2 node in mid-G2 cells (~65%) and G2/M
cells (~75%). With higher D, type 2 nodes were distributed more
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uniformly across the band of type 1 nodes at the end of the simu-
lation (Fig. 5 G). Assuming that type 2 nodes can bind more than
one type 1 node reduced the number of type 1 nodes with a bound
type 2 node and shifted the distribution of bound type 2 nodes to-
ward their starting position at the new cell tip (Fig. S5, D and E).
Assuming >65 type 2 nodes resulted in more type 1 nodes with a
bound type 2 node, with a more uniform distribution along the x
axis (Fig. S5, H and I). No nodes were captured with R, =0, and
the total number of bound nodes was very sensitive to R, up
to ~30 nm (Fig. S5 F), but the whole range of R, values tested
influenced the final positions of the captured type 2 nodes
(Fig. S5 G). Varying the probability of binding from 0.1 to 1.0
had little effect on the outcome of the simulations (Fig. S5, A-C).
Thus, the diffuse-and-capture mechanism is relatively robust, and
the parameter values have more influence on the final positions of
the captured type 2 nodes than other features of the process.

Discussion

Our new observations allow us to trace the history of the inter-
phase node proteins around the full cell cycle and to provide a
unifying model for the node cycle (Fig. 6). Previous investiga-
tors (Paoletti and Chang, 2000; Morrell et al., 2004; Almonacid
et al., 2009; Moseley et al., 2009; Laporte et al., 2011; Saha and
Pollard, 2012a; Ye et al., 2012) observed many aspects of inter-
phase node behavior in isolation, but no one recognized the
existence of two types of interphase nodes or assembled the in-
formation into a complete node cycle. Paoletti and Chang (2000)
discovered interphase nodes in confocal micrographs of cells
expressing Mid1p-GFP. They correctly described the node
cycle: “1) a central broad band through much of G2 phase and
during very early mitosis; 2) a tight ring later in mitosis; and 3)
no specific cell surface localization in G1 and S phases, between
septum formation and cell separation.” Morrell et al. (2004)
also described three different distributions of kinase Cdr2p,
which they found weakly associated with the contractile ring
early in mitosis, diffuse in the cytoplasm later in mitosis, and
concentrated in nodes around the equator during interphase.
Moseley et al. (2009) expanded the inventory of interphase
node proteins to include Cdrlp, Bltlp, Gef2p, and Klp8p. Their
Fig. S3 B showed how nodes marked by Bltlp redistribute
from the new cell tip to the equatorial band of interphase nodes
to the contractile ring. They also discovered that targeting inter-
phase nodes marked by Bltlp to the equator depends on the
presence of Cdr2p. Other work (Almonacid et al., 2009; Martin
and Berthelot-Grosjean, 2009; Moseley et al., 2009; Ye et al.,
2012; Guzman-Vendrell et al., 2013; Jourdain et al., 2013; Zhu
et al., 2013) established genetic interactions among the inter-
phase node proteins and mapped pairwise direct or indirect in-
teractions between these proteins in cell extracts. We confirmed
the findings of these pioneering studies, and our new observa-
tions provide the physical and temporal context to interpret that
work and propose specific physical pathways.

We show that cytokinesis nodes, the structural precursors
of the cytokinetic contractile ring, assemble from two distinct
types of nodes that arise separately and merge during inter-
phase. Type 1 nodes originate from cytoplasmic pools of Cdrlp
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Figure 6. Summary of the node cycle with cell cycle time on the y axis.
Column 1 shows cartoons of cells with type 1 nodes in green, type 2 nodes
in red, and colocalized type 1 and 2 nodes in red/green. The green cell
shows Cdr1p and Cdr2p dispersed in the cytoplasm during the ~40-min
eclipse period (Fig. 2 E and Table S1). Columns 2, 3, and 4 indicate the
times of events. The light green and red background shading shows when
node markers are organized in structures. Horizontal lines on the side of
each box mark the mean time of each event. Pairs of horizontal lines rep-
resent the beginning and end of events spread over time. The time when
Mid1p is handed off from type 1 to type 2 nodes is not known.

and Cdr2p at the future division site where they serve as recep-
tors for the second type of node that is released from the con-
tractile ring and diffuses in the cortex, consistent with simulations
of a mathematical model. These two types of nodes represent
parallel branches of the pathway that prepares nodes for cyto-
kinesis. The following sections explain what we know about the
main transitions in this cycle of nodes. We also point out the key
missing information and suggest the experiments that will be
most revealing about how the node cycle works.

Type 1 nodes form in a broad cortical band
around the nucleus early in interphase

Even before daughter cells separate, type 1 nodes assemble in
the cortex around the nucleus as Cdr2p and Cdrlp transition
from a diffuse cytoplasmic pool into discrete nodes. This ends
the “eclipse period” of ~40 min, the only time in the cycle when
Cdrlp and Cdr2p are not organized into nodes.

Kinase Cdr2p is required to form type 1 nodes (Almonacid
et al.,, 2009; Martin and Berthelot-Grosjean, 2009; Moseley
et al., 2009) and appears to organize the other proteins through
direct interactions with Cdrlp and Midlp (Martin and Berthelot-
Grosjean, 2009; Moseley et al., 2009; Guzman-Vendrell et al.,
2013). Shortly after appearing, type 1 nodes begin to recruit
anillin Midlp from the cytoplasm and nucleus. At this stage in
the cell cycle, Mid1p presumably interacts directly with Cdr2p
(Moseley et al., 2009). The localization of kinase Weelp (with
GFP tags) to interphase nodes depends on the presence of Cdr2p
but not Cdrlp or Bltlp (Moseley et al., 2009), but the timing of
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its association with nodes is less clear. Signals from the poles
provided by Pomlp confine type 1 nodes to the middle of the
cell, although for an unknown reason, type 1 nodes are still re-
stricted from one tip of the cell in the absence of Pom1p (Martin
and Berthelot-Grosjean, 2009; Moseley et al., 2009). Type 1
nodes reappear around the divided daughter nuclei at time
65 min, approximately when the SIN declines as indicated by
the loss of Cdc7p-GFP fluorescence from the SPB (Garcia-
Cortés and McCollum, 2009). The precise mechanisms control-
ling assembly and disassembly of type 1 nodes remain to be
discovered along with understanding of how the full comple-
ment of type 1 node proteins is organized and how their assem-
bly in nodes relates to their regulation of Cdkl1p.

During mitosis, type 1 nodes move in the cortex with a
diffusion coefficient of ~100 nm?/s, so something must restrict
their lateral diffusion during interphase when D < 20 nm%s. No
known type 1 node protein has characteristics that make it a
candidate to restrict diffusion, so it is likely that the nodes inter-
act with one or more proteins associated with the plasma mem-
brane. Previous work (Vavylonis et al., 2008) showed that the
low diffusion coefficient of cytokinesis nodes does not depend
on actin filaments. Characterizing this anchoring mechanism
should be a future goal.

Type 2 nodes emerge from disassembling
contractile ring at the end of cytokinesis
Type 2 nodes containing Bltlp, Klp8p, and Gef2p as well as
Nodlp (Jourdain et al., 2013) are the only structural remnant
known to survive disassembly of the contractile ring. These nodes
remain as discrete structures (Figs. 3 and S3; and Fig. S3 A in
Moseley et al., 2009) as all other contractile ring proteins
disperse into the cytoplasm (Wu and Pollard, 2005). Their
reemergence from rings suggests that type 2 nodes are present
continuously in contractile rings where they are packed too tightly
to be resolved by confocal microscopy. Observations of cofilin
mutants support this concept of the continuous presence of type 2
nodes through cytokinesis; mature contractile rings fragment into
nodelike structures containing Myo2 when adfI-1 cells are shifted
to the restrictive temperature (Chen and Pollard, 2011). Loss of
type 2 nodes in bltIA cells did not affect the growth of the new
end as judged by cells stained with calcofluor (Fig. S4 E). Type 2
nodes did not colocalize with polarity “nodes” containing
Tealp, Tea3p, Pomlp, or Bud6p (Fig. S1, F-I).

Several lines of evidence suggest that Bltlp is a scaffold
for type 2 nodes. Bltlp is a tetramer (unpublished data; Goss,
J., personal communication) that interacts with Gef2p, Klp8p,
Cdc15p (Moseley et al., 2009), and Nodlp (Jourdain et al., 2013;
Zhu et al., 2013) in immunoprecipitation assays. Furthermore,
neither Gef2p nor Nodlp concentrates in interphase nodes in
cells lacking Bltlp (Moseley et al., 2009; Jourdain et al., 2013).
We expect that type 2 nodes contain other proteins that have yet
to be characterized.

Type 2 nodes diffuse in the cortex, presumably while teth-
ered to the plasma membrane. Interactions of the C-terminal
half of Bltlp with phospholipids may help tether type 2 nodes
to the membrane (Guzman-Vendrell et al., 2013). Our Bayesian
analysis of node trajectories is consistent with free diffusion and

argues against confined diffusion or directed motion, so this
tether is presumably moving in the lipid bilayer. We note, how-
ever, that simple transmembrane proteins diffuse faster by orders
of magnitude (Kusumi et al., 2005), so the large size of type 2
nodes or other factors must limit their diffusion. Interactions with
Midlp may complement this interaction with the membrane after
cytokinesis nodes form (Guzman-Vendrell et al., 2013), but the
tethering mechanism deserves better characterization.

Cytokinesis nodes form by a diffuse-and-
capture mechanism

Type 2 nodes diffuse along the inside of the plasma membrane
until they associate with static type 1 nodes located around
the equator of the cell. The fact that mobile type 2 nodes assume
the low diffusion coefficient of type 1 nodes once their fluor-
escence signals are coincident is evidence that the two types of
nodes are physically associated.

Previous work identified two candidates to mediate inter-
actions between the nodes: (1) Bltlp from type 2 nodes coim-
munoprecipitates with Cdr2p from type 1 nodes (Moseley et al.,
2009). (2) Midlp from type 1 nodes and Gef2p from type 2
nodes coimmunoprecipitate, and Gef2p couples Midlp indi-
rectly to Bltlp (Guzman-Vendrell et al., 2013). However, cyto-
kinesis nodes form in cells without Bltlp (Guzman-Vendrell
et al., 2013), so we expect that the actual interactions between
nodes are more complicated than a simple link between single
copies of proteins from the two nodes. More information about
the structures of the nodes will help us understand how they
interact and mature into cytokinesis nodes capable of adding
contractile ring proteins.

Type 2 nodes travel from the new end of the daughter
cell to the equator with a wide range of diffusion coefficients
(D = 501,800 nm?s). This variation is related in part to the size
of the diffusing particle. Slowly moving fluorescent particles
with many copies of a node marker protein are probably aggre-
gates of smaller units that diffuse faster on their own (Fig. S3 I).
Local differences in the lipid composition of the plasma mem-
brane (Wachtler et al., 2003) might also contribute to the wide
range of diffusion coefficients of these nodes.

Our observations and simulations show that a simple
diffuse-and-capture mechanism can explain the redistribution
of type 2 nodes to the equator in the time observed (Fig. 5 E).
Because type 1 nodes are required to capture the type 2 nodes
(Fig. 4), the model simply posits that type 2 nodes diffuse ran-
domly along the plasma membrane from their origins until they
bind to a static type 1 node. The range of diffusion coeffi-
cients measured in cells quantitatively recapitulates the fraction
of type 2 binding to type 1 nodes. The stochastic binding under-
lying this model accounts for a wide range of times required
for type 2 nodes to concentrate at the equator (152 = 29 or
~110 min after type 2 nodes appeared; Table S1). The model is
also consistent with the observation that ~30% of mECitrine-
Gef2p fluorescence in interphase nodes recovers slowly from
photobleaching (#;, of ~2 min; Ye et al., 2012), which we
interpret as a mixed population of immobilized and diffusing
nodes, although some Gef2p may exchange between nodes and
the cytoplasm.
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Our simulations reproduced a subtle feature of the dis-
tribution of nodes with type 1 and type 2 proteins in cells
(Fig. 1 B; Fig. 1 in Moseley et al., 2009). Nodes closer to the
new tip are more likely to contain both Bltlp and Cdr2p than
nodes further from the new tip. Our simulations show that this
gradient results from type 1 nodes near the new pole capturing
diffusing type 2 nodes before they diffuse across the midline.
The fact that cells without Cdr2p or type 1 nodes form contrac-
tile rings from type 2 nodes positioned imperfectly near the
middle of the cell (Figs. 4 D and S4 D; Almonacid et al., 2009;
Moseley et al., 2009; Ye et al., 2012; Jourdain et al., 2013)
points to the existence of secondary mechanisms to concentrate
type 2 nodes around the equator at the G2/M transition and for
these type 2 nodes to acquire Midlp from a source other than
type 1 nodes.

Cytokinesis nodes acquire additional
proteins and condense into the

contractile ring

Previous work showed that cytokinesis nodes with Midlp and
markers from type 2 nodes accumulate contractile ring pre-
cursors including Myo2, IQGAP Rng2p, F-BAR Cdcl15p, and
formin Cdc12p (Wu et al., 2003; Moseley et al., 2009; Saha
and Pollard, 2012a) and then condense into a contractile
ring (Vavylonis et al., 2008). Mid1p comes to cytokinesis nodes
with type 1 nodes, but the time that it transfers from type 1
nodes to cytokinesis nodes is not known. At the latest, Mid1p
must dissociate from Cdr2p and establish new connections to
other node proteins before the Cdr2p nodes separate from cyto-
kinesis nodes during mitosis. Gef2p, Rng2p, and Cdcl5p are
all candidates to anchor Midlp in cytokinesis nodes (Laporte
et al., 2011; Saha and Pollard, 2012a). Phosphorylation of
Midlp by Plolp (Almonacid et al., 2011) may promote this
transfer of Mid1p from type 1 nodes to type 2 nodes.

The transfer of Mid1p might be one factor that activates
cytokinesis nodes to bind Myo2, Rng2p, and Cdc15p. Perhaps
the stepwise increase in the numbers of Midlp molecules per
cytokinesis node (from ~17 to ~22 to ~28; Laporte et al., 2011)
corresponds to the transfer of Midlp octamers (Saha and Pollard,
2012b) to type 2 nodes, a process that occurs before myosin II
accumulates and depends on Rng2p and Cdc4p.

Disassembly of type 1 nodes during mitosis
depends on SIN activity

The most complicated transition in the node cycle happens as cells
enter anaphase: nodes containing most of the Cdrlp and Cdr2p are
released from cytokinesis nodes and from the membrane anchors
that immobilized them up to this point in the cell cycle. Once re-
leased, type 1 nodes diffuse more rapidly in the cortex as they shed
their proteins into the cytoplasm during the 40-min eclipse period
in early interphase. Morrell et al. (2004) discovered the eclipse pe-
riod but did not report the diffusive movements of type 1 nodes
away from the forming contractile ring.

Three observations suggest that type 1 nodes disassemble
when SIN activity is high. First, type 1 nodes are stable in SIN
mutant strains even though they separate from cytokinesis nodes.
Second, type 1 nodes disperse when the SIN turns on early in
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mitosis and reappear around the divided daughter nuclei when
SIN activity drops (Garcia-Cortés and McCollum, 2009). Third,
diffusing type 1 nodes separate asymmetrically from the divi-
sion plane toward the active SPB (Fig. 2 C). Earlier in the cell
cycle, Sid2p promotes entry into mitosis by phosphorylating
Finlp (Grallert et al., 2012), a reaction that might subsequently
influence the behavior of type 1 nodes during anaphase. The
genetic interactions of gef2A and nodIlA with the SIN pathway
genes suggest another potential mechanistic connection (Ye
et al., 2012; Zhu et al., 2013).

A third type of node

Both type 1 and 2 nodes differ from Skblp nodes, which are
proposed to regulate signaling by type 1 nodes (Deng and
Moseley, 2013). Each of the three types of interphase nodes
has a distinct protein composition and localization pattern. The
existence of multiple types of interphase nodes suggests that
they might have additional functions during interphase, outside
of their roles in controlling the timing of mitosis and the assem-
bly of the contractile ring.

Prospects

Now that we understand the general features of the node
cycle (Fig. 6), many new questions arise about how cells regu-
late the transitions along the two pathways. We note that the
node cycle shares some architectural features with the stepwise
assembly of bacteriophages from subassemblies on parallel path-
ways (Wood et al., 1968). Like bacteriophages, new properties,
such as binding sites, appear to emerge when subassemblies
(nodes in this case) come together. If this analogy holds, we
expect that more information about the structures of nodes will
be essential to understand their functions.

Materials and methods

Strain construction

We constructed strains of S. pombe with genetically encoded fluorescent
fusion proteins using strains JW728 and JW729. We used plasmids
PFA6a-mEGFP-kanMX6, PFA6a-3GFP, PFA6a-mYFPkanMX6, and PFA6a-
mCherry-natMX6 to insert genes for fluorescent proteins mEGFP, mYFP,
mCherry, or 3GFP directly upstream or downstream of the open reading
frame in the endogenous chromosomal locus using a PCR-based gene-
targeting method (Béhler et al., 1998b). We constructed all other strains
by genetic crosses to laboratory stock strains or strains provided by the fol-
lowing labs: F. Chang (Columbia University, New York, NY), J. Moseley
(Dartmouth College, Hanover, NH), and J.-Q. Wu (The Ohio State Univer-
sity, Columbus, OH; Table S2). We tested strains depending on fluorescent
fusion proteins for functionality by measuring the timing of cell cycle events:
SPB separation, contractile ring constriction, septation, and cell separation.
We also used cell length as a metric for functionality, as deleting or over-
producing Cdr1p, Cdr2p, or Blt1p alters cell length (Breeding et al., 1998;
Martin and Berthelot-Grosjean, 2009; Moseley et al., 2009). Compared
with wildtype cells, cdr1-3GFP cells were shorter at the time of division
(Martin and Berthelot-Grosjean, 2009; Moseley et al., 2009), indicating
that this tag has mild effects on the functions of this protein.

Microscopy

We observed cells on gelatin pads in growth chambers of EMM5S media
at 25°C on an inverted microscope (IX71; Olympus) with a 100x, 1.4 NA
Plan Apochromat objective (Olympus), argon ion lasers (Melles Griot), a
spinning-disk confocal head (CSU-X1; Yokogawa Corporation of America),
and an electron-multiplying charge-coupled device camera (iXon 897;
Andor Technology) using iQ2 acquisition software (Andor Technology). We
imaged cells at 31 or 36°C on agar rather than gelatin pads. For time-lapse
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images, we took z series of 13-20 confocal slices at 300-400-nm
infervals encompassing the entire cell or three to seven slices closest to
the coverslip.

Data andlysis

Image correction. We corrected for the camera offset and uneven illumina-
tion with an Image)] macro (National Institutes of Health; McCormick
et al., 2013) that automates the image correction process described by
Wu et al. (2008).

Criteria to identify new ends. We identified the new end originating
from the previous cell division based on three criteria: (1) the end with
more Blt1p nodes (originating from the previous cell division; Fig. 1 D);
(2) the end nearer the division scar, which marks previous sites of septation
(Mitchison and Nurse, 1985); and (3) the end nearer the broad band of
Cdr2 nodes that grows slower before “new end takeoff.” These criteria
always agreed on the designation of the new end.

Criterion for colocalization in nodes. We manually identified fluores-
cent spots in each fluorescence channel with a region of interest and used
a custom Image] plugin (McCormick et al., 2013) to automatically recen-
ter each region of interest based on the spot’s intensity-based center of
mass. We defined colocalization between two node proteins when their
centers of mass were separated by less than the width of one point spread
function (3 pixels).

Analysis of time-lapse images. An Image) plugin created montages
of cells from defined regions and measured the fluorescence intensity pro-
files over time. The profiles are sums of the fluorescence intensity across the
width of the cell for each pixel along the cell length. We defined SPB sepa-
ration as time O of the cellular clock (Wu et al., 2003). When information
on SPB separation was not available, we used other cellular events for tim-
ing: the onset of anaphase B at t = 12 min, maximum SPB separation at
t= 26 min, or cell separation at t= 80 min (Table S1). We used cell length
as a proxy for cell cycle time (Baumgdriner and Toli¢-Nerrelykke, 2009)
when we lacked time-lapse data. For presentation purposes, we subdivided
the 4-5 h of interphase (Baumgdartner and Toli¢-Nerrelykke, 2009) into five
stages based on cell morphology or length: predivision cells were still con-
nected by a septum to the sister cell, early G2 cells were <8.5 pm long,
mid-G2 cells were 8.5-10.5 pm long, late G2 cells were 10.6-12.5 pym long,
and G2/M cells were >12.5 pm long. Cells lacking Cdr2p are longer than
wildtype cells (Martin and Berthelot-Grosjean, 2009; Moseley et al.,
2009), so we define the latter four stages of interphase as >3 pm. Cells ex-
pressing Cdr1p-3GFP are shorfer than wildtype cells (Martin and Berthelot-
Grosjean, 2009; Moseley et al., 2009), so we define the latter four stages
of interphase as for wild type minus 1.5 pm.

Temporal color coding of images. We made color-coded images to
depict the motion of nodes in cells with an Image) plugin developed by
K. Miura (Centre for Molecular and Cellular Imaging, European Molecu-
lar Biology Laboratory, Heidelberg, Germany). The plugin assigns a dif-
ferent color to an object at each time point of a time-lapse series and
generates a maximum intensity projection of the resultant stack of im-
ages. White spots represent nodes that did not move during the time se-
ries, whereas colored spots or tracks represent nodes that disappeared
or moved.

Particle tracking. We tracked nodes at intervals of 1-5 s using two
algorithms: custom Image) plugins that identify and track the intensity-
based centers of mass of user-defined circular regions 7 pixels in diameter
(Supplemental material) or the plugin TrackMate, based on methods to
minimize the linear assignment problem (Jagaman et al., 2008). From the
corresponding tracks of node position over time, we measured the MSD
as a function of time step T between measurements. The two tracking algo-
rithms produced similar results. We measured the slope of the first half
of the data points and calculated the two-dimensional diffusion coefficient
D according to the equation MSD = 4D, which agreed with least-squares
fitting with an error covariance matrix incorporated (Monnier et al., 2012).
We measured the intensity of each node by summing the fluorescence
infensity of the 7-pixel-diameter region and subtracting the fluorescence in-
tensity of a concentric 8-pixel-diameter region, while correcting for photo-
bleaching. To compare datasets with different imaging conditions, we
report the intensity of each node relative to the mean node intensity in the
field of asynchronous cells. For mitotic nodes, we did not track the nodes
nearest the equator that were pulled into the contractile ring, as the hetero-
geneous stop-start motion cannot be used in MSD analyses, which aver-
age over all time points. The motion of mitotic nodes being pulled into the
contractile ring has been carefully measured elsewhere (Vavylonis et al.,
2008; Chen and Pollard, 2011).

Determination of diffusive mofion. We used the Bayesian inference
method (Monnier et al., 2012) to assess whether the nodes were moving
diffusively, with directed motion, or by a combination of the two. Bayesian
inference analysis uses fits of plots of MSD versus time step fo assign a rela-
tive probability of known models for the motion of particles. The original
paper (Monnier et al., 2012) and our Fig. S3 validated the method for
known and simulated data. Generally, we set the algorithm to test between
three possibilities—diffusive only, D; diffusive plus directed (velocity), DV;
and directed (velocity) only, V—and report the resultant probability of one
type of motion relative to the other two. For a subset of curves, we added a
term for error (a constant term at the y intercept of MSD curves), which af-
fected the probability by <1%, so in general, we did not include error terms
in the analysis. The probability of anomalous or confined diffusion for a sub-
set of type 1 and type 2 nodes was ~0%, so generally, we did not include
these terms in the analysis. The Bayesian inference method accurately dis-
tinguished whether simulated tracks came from diffusive or ballistic parti-
cles (or a combination of the two), with a probability of 0.98-0.99 (Fig. S3 F)
as demonstrated previously (Monnier et al., 2012). As a positive control for
directed motion, we tracked SPBs during anaphase B (Fig. 2 A), which the
algorithm identified as either ballistic (P = ~0.6) or a combination of diffu-
sive and ballistic (P = ~0.4) but not diffusive (P = ~0; Fig. S3, F and G).

Mathematical model of diffuse-and-capture mechanism

Setup of model. We used MATLAB (MathWorks, Inc.) to make a computa-
tional model of objects diffusing at each time step t with diffusion coeffi-
cient D (Supplemental materials). These objects (nodes) were placed in a
7 x 3.5m—pm box corresponding to the length and circumference of the
cell as follows. One set of objects (type 2 nodes) were placed in a random,
uniform distribution along the y axis at x = 0, whereas the other set of
objects (stationary type 1 nodes) were placed in a random, uniform distri-
bution along the y axis and in a Gaussian distribution around x = 3,000 nm
(measured from Fig. 1, A and B) with an SD of 800 nm, the same width as
cytokinesis nodes (Vavylonis et al., 2008).

Simulations. At each time step, each type 2 node diffused in the
space according to its diffusion coefficient and bound to stationary type
1 nodes with a probability of binding pyina, when the centers of the two
nodes were separated within an effective capture radius (R.). Note that
Puind and R, are “effective” rather than physical parameters, as they take
info account the discrete time step (here, 2 s) for which nodes are able to
bind in the simulation. Nodes bound each other with a defined stoichiome-
try, usually setto 1:1. The limits of the surface in x (cell tips) were subjected
to reflecting boundary conditions, and the limits of the surface in y (continu-
ous circumference of the cell) were subjected to periodic boundary con-
ditions. We calculated the mean position of captured type 2 nodes relative
to the mean position of type 1 nodes to measure how evenly the captured
type 2 nodes were distributed across the band of type 1 nodes.

Online supplemental material

Fig. S1 shows colocalization of proteins in nodes of cells expressing pairs
of tagged proteins. Fig. S2 shows detailed behavior of type 1 node mark-
ers during mitosis and early G2. Fig. S3 shows observations and simulations
of type 2 node movements during G2. Fig. S4 shows detailed behavior of
type 2 nodes and assembly of the contractile ring in the absence of type 1
nodes in cdr2A cells. Fig. S5 shows dependence of the outcomes of simula-
tions of the diffuse-and-capture model on the values of four parameters.
Table S1 lists the timing of the movements of interphase node proteins dur-
ing the cell cycle = SD. Table S2 lists strains used in this study. Video 1
shows type 1 and 2 nodes separating in a cell during mitosis. Video 2
shows type 1 nodes diffusing away and dispersing into the cytoplasm of a
cell during mitosis. Video 3 shows diffusing type 2 nodes in five cells at
progressive stages of interphase. Video 4 shows type 2 nodes emerging
from a cell's disassembling contractile ring during cytokinesis. Video 5
shows type 2 nodes diffusing along the length of two interphase cdr24
cells lacking type 1 nodes. Video é shows slow contractile ring assembly
in a cdr2A cell lacking type 1 nodes. Video 7 shows type 1 nodes in sid2-250
and wild-type mitotic cells at 36°C. Video 8 is a graphical output of a dif-
fuse-and-capture simulation showing simulated type 2 nodes diffusing and
being captured by stationary type 1 nodes. Video 9 shows type 2 nodes
diffusing in wildtype, sid2-250, cdc25-22-arrested, and cdc10-129-
arrested cells. A suite of MATLAB programs (diffuse-and-capture model)
that stochastically simulate diffusing nodes according to the diffuse-and-
capture model described in this paper is provided online as a ZIP file. A
suite of Image) plugins (patch tracking tools) that correct for image offset
and uneven illumination and find and track the centers of fluorescent spots
in an image is provided online as a ZIP file. Online supplemental material
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is available at http://www.jcb.org/cgi/content/full /icb.201307174/DC1.
Additional data are available in the JCB DataViewer at http://dx.doi
.org/10.1083/jcb.201307174.dv.
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