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ABSTRACT Formins generate unbranched actin filaments by a conserved, processive actin assembly mechanism. Most or-
ganisms express multiple formin isoforms that mediate distinct cellular processes and facilitate actin filament polymerization by
significantly different rates, but how these actin assembly differences correlate to cellular activity is unclear. We used a compu-
tational model of fission yeast cytokinetic ring assembly to test the hypothesis that particular actin assembly properties help tailor
formins for specific cellular roles. Simulations run in different actin filament nucleation and elongation conditions revealed that
variations in formin’s nucleation efficiency critically impact both the probability and timing of contractile ring formation. To probe
the physiological importance of nucleation efficiency, we engineered fission yeast formin chimera strains in which the FH1-FH2
actin assembly domains of full-length cytokinesis formin Cdc12 were replaced with the FH1-FH2 domains from functionally and
evolutionarily diverse formins with significantly different actin assembly properties. Although Cdc12 chimeras generally support
life in fission yeast, quantitative live-cell imaging revealed a range of cytokinesis defects from mild to severe. In agreement with
the computational model, chimeras whose nucleation efficiencies are least similar to Cdc12 exhibit more severe cytokinesis de-
fects, specifically in the rate of contractile ring assembly. Together, our computational and experimental results suggest that
fission yeast cytokinesis is ideally mediated by a formin with properly tailored actin assembly parameters.

SIGNIFICANCE Cytokinesis, the physical separation of a mother cell into daughter cells, is a critical last step of the cell
division cycle. Defects can negatively impact development or lead to the proliferation of cancer. The actin assembly factor
formin facilitates cytokinetic contractile ring formation in eukaryotic cells by determining both how often and how fast actin
filaments assemble. We investigated the importance of formin’s specific actin assembly properties on cytokinesis in fission
yeast, a model for cell division. By altering formin properties using a computational model and by engineering mutant
fission yeast strains, we conclude that efficient actin filament nucleation is the most critical factor for proper contractile ring
formation.

INTRODUCTION branched F-actin. The FH2 domain is a tethered, head-
to-tail dimer that nucleates and then processively encircles
the growing F-actin barbed end (3), whereas the unstruc-
tured FH1 domain binds profilin-actin via its multiple pro-
line-rich regions and delivers it to the FH2-bound barbed
end to facilitate rapid elongation (2,4—7). The conserved
FH1-FH2 domains are flanked by less-well-conserved reg-
ulatory domains that facilitate the activation of many for-
mins at the correct time and place (1). Additionally, some
formin isoforms carry out noncanonical functions, such as
severing F-actin to promote depolymerization, generating

Formins (formin homology proteins) are a family of large,
highly conserved proteins that nucleate actin filaments (F-
actin) and remain processively associated with their
barbed ends to significantly increase the elongation rate
for a variety of fundamental cellular processes, including
polarization, motility, division, and adhesion (1,2). For-
mins are characterized by two highly conserved formin
homology (FH) domains that nucleate and elongate un-
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Most organisms express multiple formin isoforms, from
two in budding yeast, three in fission yeast, seven in nema-
tode worms, ~15 in mammals, to more than 20 in plants (8-
10). Despite having well-conserved structural folds and gen-
eral actin assembly mechanisms, distinct formin isoforms
are required for different cellular processes in many cell
types. For example, each of the three fission yeast formins
assembles actin filaments for a specific F-actin network
(11): For3, polarizing actin cables (12,13); Cdc12, the con-
tractile ring of dividing cells (14); Fusl, the fusion focus
during mating (15,16). Although regulation via activation
at the right time and place has been established to be critical
for the functional specificity of formin isoforms (1), it is also
possible that a formin’s particular actin assembly properties
are also important (17). In vitro measurements reveal that
many formins have significantly different actin assembly
properties, such as F-actin nucleation efficiency, barbed-
end elongation rate, and barbed-end dissociation rate
(18,19). Consistent with this possibility, we previously
determined that the actin assembly properties of the three
fission yeast formins (For3, Cdc12, and Fusl) vary widely
(Table I3 (20)), suggesting that a formin’s specific properties
might also be tailored for its cellular role. However, the
extent to which each property contributes to the assembly
of particular F-actin networks in vivo is less clear.

Cytokinesis, the physical separation of a mother cell into
two daughter cells, is the final step of the cell cycle during
which cells assemble a contractile ring of bundled, antipar-
allel actin filaments, and type II myosin (Myo02) motors. The
molecular mechanism of cytokinesis and the role of formin
Cdc12 are well established in fission yeast, providing an
ideal system to investigate whether and how a formin’s
particular actin assembly characteristics are suited for its
cellular role (24). Fission yeast contractile ring assembly
is accomplished via a primary mechanism known as search,
capture, pull, and release (SCPR). In SCPR, several
conserved cytokinesis proteins, including formin Cdcl2
and Myo2, are associated with ~140 prering cytokinesis no-
des that are cortically distributed around the cell middle
(Fig. 1 A; (25-28)). Filaments nucleated and assembled by
Cdc12, which is not thought to be canonically autoinhibited
(29), are subsequently captured by Myo2 on an adjacent
node (search and capture). Myo2 then exerts a pulling force

TABLE 1
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on the Cdc12-assembled actin filament (pull), bringing the
two nodes closer together. These node-node connections
are lost via severing from cofilin (release), and the search
phase starts again (Fig. 1 A). After multiple rounds of
SCPR, actin filaments coalesce into a contractile ring
(27,28). The SCPR model provides a solid framework for
examining the importance of formin Cdc12’s specific actin
assembly properties in the assembly of a contractile ring.

Here, we first used a computational three-dimensional
(3D) SCPR model to characterize how formin-mediated
actin filament nucleation efficiency and elongation rate
affect cytokinetic ring formation. Our simulations predicted
that both properties are important, but changes in formin
nucleation efficiency have the largest impact on the timing
and probability of contractile ring formation. We then tested
the physiological importance of formin’s actin filament
nucleation efficiency and elongation rate using in vivo ex-
periments. We developed formin chimera strains that ex-
press engineered formin chimeras in which the FH1-FH2
domains of the cytokinesis formin Cdcl12 were replaced
with the FH1-FH2 domains of functionally, evolutionarily,
and biochemically diverse formins from different organ-
isms. Quantitative imaging and analysis of the formin
chimera cells reveal that formin-mediated cytokinesis in
fission yeast is robust, but supports the modeling predictions
that Cdc12’s nucleation efficiency has the largest impact on
contractile ring assembly rate.

MATERIALS AND METHODS
SCPR model of ring assembly

To test the individual and combined effects of formin’s actin assembly prop-
erties on fission yeast cytokinetic ring assembly, including actin filament
nucleation and elongation rate, we extended a 3D model based on the
SCPR mechanism (30). The model implements a Brownian dynamics algo-
rithm within a domain that mimics shape, dimensions, and other physical
properties of a fission yeast cell (Fig. 1). By integrating the Langevin equa-
tion of motion over time (31,32), the model reproduces the time evolution of
actin filament nucleation, elongation, and severing of the SCPR mechanism,
using explicit prering cytokinesis nodes containing myosin and formin (30).

The computational domain is a cylinder of radius 1.74 um and length 13
um, reproducing the dimensions of a fission yeast cell. Membrane-bound
nodes are represented as explicit point particles that can move along the
membrane. They are initially distributed according to a Gaussian

In vitro actin assembly properties of formins used to generate formin chimeras

Formin Nucleation efficiency

Elongation rate (subunits s7! ,uM’l) Dissociation rate (s™1)

fission yeast Cdc12
fission yeast For3
budding yeast Bnil
mouse Dia2

worm CYK-1
fission yeast Fusl

one filament per two to three dimers (20,21)
one filament per 170 dimers (20)
one filament per ~20 dimers (4,22)
one filament per ~4-6" dimers
one filament per 25 dimers (21)
one filament per two dimers (20)

10-12 (19-21) 4.7-7.0 x 107° (20,21)

10 (20) 3.6 x 107° (20)
20-25 (19,22) 8 x 107* (4)

12 (19) 1.3 x 1074 (19)
~60 (21,23) 3.9 x 1073 21)

5 (20) 6.5 x 107 (20)

Formin nucleation efficiency (filaments per dimer), barbed-end elongation rate (in the presence of profilin), and dissociation rate from the barbed end were

determined previously with in vitro biochemical assays.
“Data is as shown in Fig. S4 C.
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distribution with the mean centered along the domain long axis and a stan-
dard deviation of 0.9 um. Formins are represented as explicit point parti-
cles, bound to nodes, that nucleate and elongate actin filaments. The
number of formins per node is selected depending on nucleation efficiency,
which controls the total number of filaments, N. Formin-mediated actin
elongation rate is assigned as a rate at which actin beads are added to the
filament’s barbed end in contact with formin beads at the node. We simu-
lated both conditions of fixed elongation rate, including formin mechanoin-
hibition reported in (33), whereby elongation rate was reduced to ~30% of
uninhibited values. Actin filaments are represented as series of beads and
springs that form semiflexible polymers with persistence length 10 um
(34-36). Actin and formin beads experience an effective drag of {, =
0.108 pN s/um to account for cytoplasmic viscosity. When an actin bead
comes within 0.1 um of an adjacent node (other than the one it originates
from), a harmonic interaction is formed between them (parameter values
are reported in Table S1). Nodes then exert 4-pN tension on captured beads
in the direction of the pointed end, mimicking the power-stroke of myosin
heads. The nodes experience an equal and opposite force, which generates
sliding motion of the node along the membrane. Node movement is con-
strained by a membrane drag {,,4. = 400 pN s/um, mimicking cell mem-
brane friction.

Recent evidence suggests that there are 140 cytokinesis nodes in fission
yeast (25). Previous versions of the SCPR model have varied the number of
nodes and reported that values greater than ~50 nodes all lead to compara-
ble ring assembly kinetics (27). We performed a subset of our simulations at
both 65 and 140 nodes and observed that our conclusions are reproduced
using either 65 or 140 nodes (Fig. S1; Video S1). Therefore, we have
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FIGURE 1 Overview of 3D SCPR computa-
tional model. (A) Cartoon showing three time
points of the SCPR mechanism used in the model.
Under high nucleation wild-type conditions,
approximately two actin filaments (string of green
beads) elongate from formin beads connected to
prering cytokinesis nodes (purple). The pointed
end bead is highlighted in black. These elongating
filaments may be captured by myosin on adjacent
nodes, which exerts a pulling force that brings
two nodes closer together. When actin filaments
are severed, the connection between two nodes is
broken. See Materials and methods for a detailed
summary of the model. (B) We varied the rates of
formin-mediated nucleation and elongation of
actin filaments. Low nucleation, low elongation,
and high elongation conditions are illustrated at
early times in the simulation. (C) Illustrations of
the dominant outcomes of non-wild-type formin-
mediated nucleation and elongation properties.
Low nucleation (left) results in few actin filaments
that fail to be connect nodes. Low elongation (mid-
dle) produces short filaments that fail to form a
continuous ring. High elongation (right) results in
ectopic F-actin that fails to organize nodes favor-
ably for ring formation. Simulations at various con-
ditions can be seen animated in Video S2.

_
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used 65 nodes for simulations presented in the main text, which allowed
a much larger exploration of parameter space because of the increased
computational efficiency.

When actin beads of different filaments come within 0.1 um of each
other, a harmonic interaction is also formed between them. The rest length
is 0.03 um, and the stiffness is 1 pN/um, mimicking the structural proper-
ties of the fission yeast contractile ring actin filament cross-linking protein
Ainl (37).

The positions of both filament beads and nodes, r; are updated at each
time step of the simulation after the Langevin equation of motion (31,32)
with inertia neglected:

dr,'
dr’

¢

i

where F; is the total force acting on the particle and ¢ is the drag coefficient.
The force F; acting on each particle is the 3D vector sum of a deterministic
and stochastic force. In the case of filament beads, the deterministic force is
the sum of cross-linking, bending, extension, myosin capturing, and
myosin-pulling interactions. For the nodes, the deterministic force comes
from filament elongation at the node-bound formin sites and node capturing
and pulling. For both filament and formin beads, the stochastic force fol-
lows the fluctuation dissipation theorem:
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where /I\a_g is the second-order unit tensor (32). A detailed description of the
model parameter values, actin, formin and node interactions, and algorithm
implementation scheme are reported in Supporting materials and methods
and Tables S1 and S2.

Simulations were analyzed using a continuous collective variable that
estimates how ring-like the actin and node geometry are by taking into ac-
count the node broad band and continuity of actin beads around the mid-
zone. This “ring progress” collective variable is normalized between
0 and 100% such that 100% identifies fully formed rings. A complete
description of this variable is provided in the Supporting materials and
methods. Examples of simulations and the ring progress collective vari-
able evolving side-by-side are shown in Videos S1 and S2. The ring prog-
ress value assigned to each simulation replicate was taken to be the
maximal ring progress reached across all simulation frames. The first
time point that reached 100% ring progress was recorded as the time to
ring assembly.

Formin chimera strain construction

The cdcl2 N-terminal sequence was amplified by PCR (iProof; Bio-Rad
Laboratories, Hercules, CA) from wild-type Schizosaccharomyces
pombe genomic DNA and cloned into pBluescript II KS (—) (Strata-
Gene, San Diego, CA) using restriction enzymes Xhol and BamHI.
Overlap PCR was used to link formin (FH1-FH2) sequences from
For3, Fusl, Bnil, mDia2, and CYK-1 to cdci2 C-terminal sequences,
followed by homologous recombination using the In-Fusion Advantage
PCR Cloning Kit (Clontech, Mountain View, CA) into pBluescript
already containing cdcl2 N-terminus, resulting in the cdcl2 chimera
fragment cdcl2(N)::formin(FH1-FH2)::cdc12(C). PCR amplifications
of the cdcl2 promoter (1-700 bp upstream of the translation start site)
from the wild-type S. pombe genome and monomeric GFP (mGFP)
from the pSGP-572 vector were cloned into the S. pombe integration
vector pJK210 (38) with restriction enzyme Sacl. Cdcl2 chimeras
were also cloned into pJK210 by In-Fusion downstream of the cdcl2
promoter and confirmed by sequencing.

Chimera formin constructs were integrated into the ura4 locus under con-
trol of the cdcl2 promoter and tagged C-terminally with GFP to create
pJK210-Pcdc12-cde12(N-term)-formin(FH1-FH2)-cdc12(C-term)-
GFP::ura+ (33). These strains, containing both integrated chimera formins
and endogenous cdcl2, were saved to perform the analysis seen in Fig. S6.
For the remainder of the study, endogenous cdc12 was deleted through Kan
cassette gene replacement (39), whereas markers for contractile rings (rlc1-
tdTomato-natMX6) and spindle pole bodies (sad1-tdTomato-natMX6) were
introduced to formin chimera strains through mating. Table S3 lists the
fission yeast strains used in this study.

Cell imaging and growth

Differential interference contrast (DIC) and epifluorescence images were
collected on an IX-81 microscope (Olympus, Tokyo, Japan) fitted with an
Orca-ER camera (Hamamatsu, Bridgewater, NJ) and a 60%, 1.4 NA Plan
Apo objective. Confocal images were acquired on a Zeiss Axiovert 200M
microscope (ZEISS, Oberkochen, Germany) equipped with a Yokogawa
CSU-10 spinning-disk unit (McBain, Simi Valley, CA) fitted with a
Cascade 512B EM-CCD camera (Photometrics, Tuscon, AZ) controlled
by MetaMorph software (Molecular Devices, Sunnyvale, CA) and illumi-
nated with 50-mW, 473- and 561-nm, diode-pumped solid-state lasers
(DPSS Lasers, Santa Clara, CA).

For live-cell DIC and epifluorescence imaging, cells were grown over-
night in YESS media at 25°C, subcultured into EMMSS minimal media
without thiamine, and kept in log phase for 20-22 h. They were then imaged
directly on glass slides using Z-stacks of 10 slices with a 0.5-um step size.

Confocal spinning-disk images were obtained on an IX83-X1 micro-
scope (Olympus) fitted with a Yokogawa CSU-X1 Spinning Disk Confocal

Cytokinesis formin chimeras

Unit and ImagEM X2 EMCCD camera (Hamamatsu) with a 100, 1.49 NA
objective. Cells were grown as described above and imaged on gelatin pads
using Z-stacks of 10 slices with a 0.5-um step size.

Cell growth assay

Each strain was grown for 24-36 h in YESS and then seeded in triplicate in
a 96-well plate at initial ODgq readings of 0.03 and 0.06. ODg( readings
were measured every 10 min for 24 h in a Tecan Infinite M200Pro (Tecan
Systems, San Jose, CA) plate reader at 30°C with an orbital shaking ampli-
tude of 4 mm.

BoDipy-phallicidin staining

Upon receipt, BoDipy-phallicidin stocks were prepared by resuspending
300 units BoDipy-phallicidin (Thermo Fisher Scientific, Waltham, MA)
in 1.5 mL methanol. This solution was divided into 25 uL aliquots, vacuum
dried, and stored at —20°C. Immediately before use, one dry BoDipy-phal-
licidin aliquot was resuspended in 10 uL PEM buffer (0.1 M NA PIPES (pH
6.8), 1 mM EGTA, and 1 mM MgCL,).

Cells were grown in YESS for 36 h. 1 mL cells for each strain growing at
25°C and ODggg ~0.4 were fixed with 333 uL 16% paraformaldehyde for
5 min. The fixed cells were washed three times at room temperature with
PEM with 30-s spins at 7000 rpm in between. Cells were permeabilized
in 1 mL PEM buffer with 1% Triton X-100 (Sigma-Aldrich, St. Louis,
MO) at room temperature for 1 min. Cells were then washed three times
as before and resuspended in 10 uL. PEM and stained by adding 1 uL BoD-
ipy-phallicidin solution for 30 min in the dark at room temperature. After
staining, cells were washed once with PEM and spun for 30 s at
7000 rpm to obtain a pellet. The supernatant was removed, leaving a small
amount of liquid. 4 uL of cells were imaged directly on glass slide as
described above on an IX-81 microscope (Olympus).

4’ 6-diamidino-2-phenylindole or calcofluor
staining

Cells were grown in YESS for 36 h, and DIC images were acquired
directly on glass before fixation. 4’,6-diamidino-2-phenylindole (DAPI)
and calcofluor staining was conducted as described previously (40).
Briefly, cells were grown in YESS at 25°C for 36 h and then fixed with
100% cold methanol. For staining, cells were incubated in 300 uL
50 mM sodium citrate with 4 uL. Calcofluor White Stain (Fluka Analytical;
Sigma-Aldrich) for 5 min at 37°C. They were then washed with 1 mL
50 mM sodium citrate and resuspended in 15 uL sodium citrate and 4
uL DAPI stock (1 mg/mL in H,O; Life Technologies, Carlsbad, CA)
and kept on ice until imaging. 2.5 uL of stained cells were placed on glass
slide and imaged as described above on an IX-81 microscope (Olympus)
with an Orca-ER camera (Hamamatsu) and 60x, 1.4 NA Plan Apo
objective.

Quantification of DIC and DAPI and calcofluor
images

DAPI-and-calcofluor-stained cells were scored for number of nuclei and
appearance of septa, in which abnormal septa were those that were mis-
placed or misshapen. DIC images were used for quantification of cell
length, cytokinesis defects, and morphology defects. Cell length was
measured along the long axis of each cell. For cytokinesis defects, strains
containing spindle pole body (SPB) marker Sad1-tdTomato were quantified
for number of spindle pole bodies. For morphology defects, DIC images of
each strain were quantified for three cell width measurements: 2 um from
each cell tip (m1 and m3) and in the cell midzone (m2). The standard de-
viation of these cell width measurements was then calculated for each cell.
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Quantification of formin chimera expression

Z-stacks of strains expressing formin chimeras tagged with GFP and Rlc1-
tdTomato were imaged on glass slides as described above, and sum slice
projections were compiled. To measure formin chimera expression, ROIs
were created of both contractile rings and the corresponding whole cell.
The mean fluorescence of the formin-GFP was measured in the contractile
ring and divided by the mean formin-GFP of the whole cell to control for
background fluorescence. The average of this ratio was calculated for two
replicates for each strain and normalized to the control.

Plasmid construction

A Cdc12 fragment containing the FH1-FH2 domains and a portion of the
C-terminal tail (Cdc12 (882-1687)) was cloned by traditional restriction
enzyme cloning into pET21a-MBP-TEV at BamHI-Xhol. The Bnil-
Cdcl2 (Bnil (1228-1766)-Cdc12 (1391-1687)) and mDia2-Cdc12
(mDia2 (527-1022)-Cdc12 (1391-1687)) chimeras were amplified from
plasmids constructed for building the formin chimera strains and were in-
serted via In-Fusion Cloning (Clontech) into pET21a-MBP-TEV at
BamHI-Notl to form MBP-chimera-HIS(x6).

Protein purification

The Cdc12 fragment (Cdc12 (882-1687)) and the Bnil-Cdc12 and mDia2-
Cdc12 chimeras were expressed in Escherichia coli strain BL21-Codon Plus
(DE3)-RP (Agilent Technologies, Santa Clara, CA) with 0.5 mM isopropyl
(-D-1-thiogalactopyranoside for 16 h at 16°C. Cells were lysed by sonicat-
ion in extraction buffer (50 mM NaH,PO (anhydrous), 500 mM NaCl, 10%
glycerol, 10 mM imidazole, and 10 mM @-mercaptoethanol (BME) (pH 8))
with EDTA-free Protease Inhibitor Cocktail (Roche Diagnostics, Basel,
Switzerland) and were clarified. The extract was incubated for 1 h at 4°C
with Talon Resin (Clontech), loaded onto a column, washed with extraction
buffer, and protein was eluted with 250 mM imidazole. The formin chimeras
were dialyzed into buffer (50 mM HEPES (pH 7.0), 50 mM NaCl, 5% glyc-
erol, 0.01% NaNj3, and 1 mM dithiothreitol (DTT)) for cation exchange chro-
matography (GE Healthcare, Little Chalfont, UK). The cleanest fractions
were pooled and dialyzed into SNAP buffer (20 mM HEPES (pH 7.4),
200 mM KCl, 0.01% NaNj3, 10% glycerol, and 1 mM dithiothreitol). The
mDia2-Cdc12 chimera required additional size-exclusion chromatography
and was filtered on a Superdex 200 10/300 GL column (GE Healthcare). Al-
iquots of all formin proteins were flash frozen in liquid nitrogen and stored at
—80°C. Chicken skeletal muscle actin was purified as described in (41).
Fission yeast profilin Cdc3 was overexpressed and purified from E. coli using
poly-L-proline affinity chromatography as described in (42).

Total internal reflection fluorescence microscopy
and analysis

Total internal reflection fluorescence microscopy (TIRFM) was conducted
with the formin chimeras as described previously (43). Briefly, time-lapse
TIRFM videos were obtained with through-the-objective total internal
reflection fluorescence illumination on an Olympus IX-71 microscope
with an iXon EMCCD camera (Andor Technology) and a cell total internal
reflection fluorescence four-line system (Olympus). 1 nM of either Cdc12,
Bnil-Cdc12, or mDia2-Cdc12 formin chimeras was added to a polymeriza-
tion mix (see (43)) along with 2.5 uM fission yeast profilin Cdc3, which was
then added to Mg-ATP-actin (10% Alexa 488 labeled) to induce actin as-
sembly. This mixture was added to a flow chamber and imaged at 5-s inter-
vals at room temperature.

The nucleation activity was determined by counting the total number of
actin filaments for each TIRFM video at frame 48, the same amount of time
since the initiation of each actin assembly reaction. Each construct (actin
only, Cdc12, Bnil-Cdc12, or mDia2-Cdc12) was counted in triplicate. To
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determine the actin filament elongation rate, 10 individual actin filaments
from each TIRFM video were tracked over time, with their lengths
measured every fifth frame for seven to nine total measurements. An
average elongation rate was calculated for each filament, and then, those
were averaged to obtain an average for each video. Each construct (actin
only, Cdc12, or mDia2-Cdc12) was measured in triplicate with the excep-
tion of Bnil-Cdc12, which was only measured in duplicate because of a low
number of Bnil-Cdcl2-associated filaments in the third TIRFM video
because of Bnil-Cdc12’s low nucleation activity.

RESULTS

An SCPR model reveals the importance of
nucleation efficiency on cytokinetic ring
formation

We hypothesize that in addition to regulation of its activity
in time and space, a formin’s ability to facilitate a particular
cellular function also depends on its specific actin assembly
properties (17). To begin to address this question, we inves-
tigated how the actin assembly properties of the fission yeast
cytokinesis formin Cdcl2 affect contractile ring assembly
by extending a 3D SCPR model (30). Cdc12 nucleates F-
actin very efficiently, generating one actin filament per 2.5
Cdc12 dimers, and elongates F-actin at a rate of 10—12 sub-
units/s/uM (Table 1). Thus, we systematically varied both
the number of node-bound filaments, N, representing formin
nucleation efficiency, and the formin-mediated processive
actin filament elongation rate, vy, (Fig. 1). We varied N
from 30 (~one filament every two nodes) to 130 (two fila-
ments per node) and v, from 0.04 to 0.24 um/s, capturing
arelevant range for a wide array of formins (6,19-22). Addi-
tionally, we performed simulations in which formin-medi-
ated actin filament elongation was inhibited by forces
exceeding 1 pN at the barbed end, mimicking the mechanor-
egulation of Cdc12 (33). We analyzed simulations using a
continuous collective variable that tracks ring progress
throughout the simulation by accounting for gradual
changes in actin and node morphologies that are organized
in more or less ring-like structures. 100% ring progress cor-
responds to a fully formed ring.

Our simulations reproduced cytokinesis ring assembly at
nucleation efficiencies and unloaded elongation rates close
to those measured for Cdc12 (N = 130 and v,, = 0.18
um/s, respectively, with mechanoinhibition) (Fig. 2 A;
Video S2). Keeping N constant at Cdc12’s nucleation effi-
ciency of 130 filaments and varying the elongation rate,
the model predicts that at low elongation rates (vpo =
0.04-0.10 um/s), nodes form clumps with short actin fila-
ments elongating radially from the nodes (Fig. 2 A, top
row, left). However, at high actin elongation rates (v >
0.20 um/s), nodes condense into a small number of clumps
that elongate actin filament bundles along the domain’s long
axis (Fig. 2 A, top row). Neither high nor low actin filament
elongation rates facilitate reliable ring formation; however,
a wide range of intermediate values supported ring assembly
(Fig. 2 B). This held true for both mechanoinhibited and
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FIGURE 2 Ring assembly depends more

130 filaments, inhibited
130 filaments, uninhibited

strongly on formin nucleation efficiency than poly-
merization rate. (A) Snapshots at # = 800 s of sim-
ulations at different values of vy, and N. Upper:
snapshots at a constant nucleation efficiency, N =
130, depict nonring morphologies resulting from
too low or too high of polymerization rates, as
well as proper ring formation for intermediate
values (orange highlight). In the absence of formin
mechanoinhibition, low polymerization rates
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bition. Lower: snapshots at a constant polymeriza-
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tion rate, v, = 0.18 um/s, depict a progression to
more favorable conditions for ring assembly with
increasing N. Outcomes of simulations using 65
nodes are comparable with those of equivalent sim-
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Video S2 shows simulations evolving in time. (B
and C) Dependence of ring progress (see Materials
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corresponds to a fully formed ring (orange line).
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uninhibited formins, but shifted optimal ring-forming condi-
tions toward lower values of vy, for uninhibited formins
(Fig. 2 A, top row, right; Fig. 2, B and C). Mechanoinhibi-
tion also led to ring formation over a larger region of param-
eter space (Fig. S2), consistent with the idea that Cdc12’s
activity is uniquely tailored for its role in cytokinesis.

Keeping the elongation rate constant at 0.18 um/s, which
maximizes ring assembly at Cdc12’s high nucleation effi-
ciency (Fig. 2 B), and varying N, our simulations show that
at low nucleation efficiency (N < 90), isolated clumps of no-
des formed, but never assembled a ring (Fig. 2 A, bottom row).
Only high nucleation efficiencies (N > ~110 filaments) reli-
ably support complete ring formation (Fig. 2 C). Uninhibited
formins follow the same trend at lower values of v, (Fig. 2, B
and C). Unlike high elongation rates, low N conditions were
not noticeably different between mechanoinhibited and unin-
hibited formins (Fig. 2 C). Ring progress for the entire param-
eter space explored (i.e., varying v, and N simultaneously)
are reported as heat maps in the Fig. S2, A and B.

Together, these quantifications indicate that although both
are important, the nucleation efficiency of formin is a more
powerful determinant of ring formation than the formin-
mediated actin filament elongation rate.

Fission yeast formin Cdc12 chimeras localize to
the contractile ring and produce viable cells that
complete cell division

To test the results of our computational modeling in vivo, we
aimed to alter the actin assembly properties of the contrac-
tile ring formin Cdc12 in fission yeast cells. Point mutations

in formin’s actin assembly FH2 domain typically led to a
nonfunctional protein because of the general importance
of the FH2 domain in formin dimerization and barbed-end
binding. Therefore, we instead engineered formin chimera
strains in which the FH1-FH2 actin assembly domains of
full-length Cdc12 were replaced with the FH1-FH2 domains
from functionally and evolutionarily diverse formins with
significantly different actin assembly properties: Fusl
(fission yeast), For3 (fission yeast), Bnil (budding yeast),
mDia2 (mouse), and CYK-1 (worm) (Fig. 3 A).

Given that we specifically replaced only the FH1-FH2 do-
mains, we expected the regulation and localization of the
formin chimeras to be maintained because Cdc12’s N- and
C-terminal regions are thought to be primarily responsible
for targeting it to the contractile ring (29). However, the for-
min chimeras should exhibit a wide range of actin assembly
properties (nucleation efficiency, barbed-end elongation
rate, barbed-end dissociation rate). Table 1 details a compar-
ison of in vitro actin assembly properties for all the afore-
mentioned formins relative to Cdc12. As described in the
modeling section above, Cdcl2 is an efficient nucleator
(one filament per 2.5 dimers), but a comparatively slow
elongator (10-12 subunits/s/uM) (19,20,44). If, as sug-
gested by our computational modeling, formin’s actin fila-
ment nucleation rate is particularly critical for its role in
cytokinesis, we predicted that the mDia2 chimera will
compromise cytokinesis the least because its nucleation
rates are most similar to Cdc12 (Table 1). However, if for-
min’s elongation rate is most important in vivo, then For3
and mDia2 chimeras will function best in fission yeast cyto-
kinesis (Table 1).
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One copy of each formin chimera was integrated into the
ura4 locus under control of the endogenous cdci2 promoter
and tagged at the C-terminus with GFP (Fig. 3 A). Endoge-
nous cdc12 was deleted by replacement with a kanR cassette
(39), and the contractile ring was observed by tagging the
endogenous copy of the myosin II regulatory light chain
Rlcl with tdTomato. For controls, endogenous cdcl2 was
tagged C-terminally with GFP (Cdc12°"*) and full-length
Cdc12-GFP was integrated into the ura4 locus with endog-
enous cdcl2 deleted (Cdcl12*™™). With the exception of
fission yeast Fusl, which was not studied further (see Sup-
porting materials and methods, for discussion), all of the
formin chimera strains produced viable cells (Fig. 3 B),
despite the diverse in vitro actin assembly parameters of
the various formin FH1-FH2 domains (Table 1). Like con-
trol Cdcl12 strains, the formin chimeras colocalize with
Ricl-tdTomato in the contractile ring or contractile ring-
like material at the cell midzone (Fig. 3 B), suggesting
that they are properly recruited to the cell division site.
Furthermore, the formin chimera strains follow the same
general growth curve over time as the control strains
(Fig. S3 A), and staining of fixed cells with BoDipy-phalli-
cidin did not reveal significant differences in their general
actin cytoskeletal architectures (Fig. S3 B). Because purifi-
cation of full-length Cdc12 is difficult, we validated that
active fragments of purified formin mDia2-Cdcl12 and
Bnil-Cdc12 chimeras that contain the mDia2 or Bnil
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FH1-FH2 domains and a 296-amino-acid Cdc12 tail exhibit
similar in vitro actin assembly properties (nucleation activ-
ity and barbed-end elongation rate) as previously character-
ized for the isolated mDia2 and Bnil FHIFH2 domains
(Fig. S4; Table 1).

Formin Cdc12 chimera fission yeast strains
display a range of cytokinesis and morphology
defects

Although diverse formin chimeras localize to the contractile
ring and generally support life in fission yeast, preliminary
imaging suggested that some formin chimera strains may
exhibit cytokinesis defects (for example, see CYK-1 in
Fig. 3 B). Importantly, quantification of the total amount
of formin-GFP fluorescence revealed that the expression
levels of the formin chimeras are not statistically different
from Cdc12°"* (Fig. S3 C). Therefore, any observed cyto-
kinesis defects are not likely due to differences in formin
chimera expression.

To characterize general cytokinesis defects in the formin
chimera strains, we stained methanol-fixed cells with DAPI
and calcofluor to quantify the number of nuclei and
abnormal septa, respectively (Fig. 4). First, although only
15-20% of control Cdc12°"* and Cdc12"™ cells have two
nuclei, 28% of For3, 30% of Bnil, 30% of mDia2, and
54% of CYK-1 cells have two or more nuclei (Fig. 4, A
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and B), suggesting cytokinesis defects. Second, whereas no
Cdc12°™%° or Cdc12"" cells have abnormally placed and/or
shaped septa, 34% of For3, 52% of Bnil, 28% of mDia2,
and 86% of CYK-1 cells contain abnormal septa (Fig. 4,
A and C). Formin chimera strains also exhibit varying de-
grees of morphological defects (Fig. S5). For example,
CYK-1 chimera cells are abnormally long, growing to an
average length of almost twice that of Cdcl2°™° cells
(Fig. S5 A), presumably because of their failure to divide
properly. By imaging the SPB marker Sad1-tdTomato, we
also determined that formin chimera strains have at least
twice as many cells in mitosis compared with control strains
(Fig. S5 B). Finally, the formin chimera strains also ex-
hibited abnormal bulging morphology defects (Fig. S5 C).
Collectively, these data indicate that formin chimeras have
a range of general division and morphology defects, with
CYK-1 exhibiting extreme abnormalities and mDia2 ap-
pearing the most similar to control strains.

One possibility is that the formin chimeras are dominant
negatives whose expression causes cytokinesis and
morphology defects irrespective of their ability to function-
ally replace endogenous Cdc12 for division. Therefore, we
also analyzed whether cells simultaneously expressing
both the formin chimeras (integrated at the ura locus) and
endogenous cdci?2 have division defects (Fig. S6). Formin
chimera strains exhibit dramatically less severe general
cytokinesis defects (abnormal septa and multinucleated
cells) in the presence of endogenous Cdcl2 (Fig. S6).
Therefore, the observed abnormalities in cells exclusively
expressing formin chimeras result primarily from defi-
ciencies in their ability to replace endogenous Cdcl2 for

R o gt &
POMERS & O‘N\

cytokinesis rather than because of secondary dominant
negative effects.

Formin chimera fission yeast cells progress
through cytokinesis at different rates

The computational model specifically revealed that ineffi-
cient actin filament nucleation by formin causes defects in
the rate of contractile ring assembly (Figs. 2 and S2; Video
S2). Because the formin chimera cells exhibit varying de-
grees of general division defects (Fig. 4; Fig. S5), we used
quantitative imaging to determine which cytokinesis steps
are specifically compromised in each strain. Fission yeast
cells primarily assemble contractile rings from precursor
cytokinesis nodes through a well-defined temporal pathway
of events (Fig. 5 A): 1) formation of a broad band of precur-
sor nodes, 2) contractile ring assembly, 3) initiation of
constriction, 4) completion of constriction, and 5) cell sep-
aration (27,45). We imaged dividing cells expressing the
contractile ring marker myosin II regulatory light chain
Ricl-tdTomato and the SPB marker Sadl-tdTomato by
time-lapse fluorescence microscopy of a single plane to
comparatively quantify the kinetics of cytokinesis for the
formin chimera strains (Fig. 5, B and C).

We compared the entire cytokinesis time course by
analyzing cells that completed cytokinesis from precursor
node appearance to cell separation within the 3-h imaging
window (Fig. 5, B and C). In control cells, SPBs separate
around 10 min after Rlc1-labeled precursor nodes initially
appear. However, the timing of SPB separation and the initi-
ation of ring assembly is uncoupled in some formin chimera
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strains, where Rlc1 fluorescence appears at the midzone up
to 1 h before SPB separation (Fig. 5 B, see Bnil panel).
Therefore, the initial appearance of the broad band of cyto-
kinetic precursor nodes marks time zero in our experiments.
100% of Cdc12°™* and Cdc12"™ control cells complete
cytokinesis with remarkably little variability in ~90 min af-
ter the appearance of precursor nodes. Conversely, the for-
min chimera strains have distinct kinetic profiles of the
progression of cytokinesis events, some with significant
delays (Fig. 5 C). The mDia2 strain progresses through
cytokinesis with only a slight delay as compared with
control cells, with 100% of cells completing cell division
within 120 min of precursor node appearance. However,
For3, Bnil, and CYK-1 strains display substantial delays
because 100% of cells have not finished cell division until
after ~160 min after precursor node appearance.

We next quantified the elapsed time for each well-
defined cytokinetic event to determine which specific
step(s) causes delays in formin chimera strain cytokinesis:
ring assembly (Fig. 5 D), ring maturation (Fig. 5 E), ring
constriction (Fig. 5 F), or cell separation (Fig. 5 G). For
ring assembly, we measured the time for each cell to
assemble a fully formed contractile ring after the initial
appearance of precursor node fluorescence at the midzone
(Fig. 5 D). Interestingly, two populations of ring assembly
profiles emerged from this analysis. Similar to control
strains, 100% of mDia2 cells assemble contractile rings
within 25 min of broad brand appearance. Conversely,
For3, Bnil, and CYK-1 exhibit a large lag in ring assem-
bly, with 100% of cells finally forming contractile rings be-
tween 70 and 100 min after node appearance (Fig. 5 D).
After the contractile ring was assembled, we quantified
the ring maturation time, or the time elapsed before the
onset of cell constriction (Fig. 5 E). The time course of
ring maturation was similar for all formin chimeras, with
most cells finishing ring maturation within 20 min of
ring formation. Only For3 and Bnil cells exhibit a brief
lag, but are still much more similar to control strains
than they are during ring assembly. Similarly, we found
that the elapsed time for ring constriction (Fig. 5 F) and
cell separation (Fig. 5 G) is similar for all of the formin
chimera and control strains. To determine whether the
observed lag in the rate of contractile ring assembly in
For3 cells is due to slower ring coalescence, rather than
the early appearance of static cytokinesis nodes, we per-
formed higher resolution confocal microscopy (Fig. 6;
Video S3) and quantified the duration of node coalescence
from the first movement of cytokinesis nodes until the ring
is fully formed (Fig. 6 B). As expected, the duration of dy-

Cytokinesis formin chimeras

namic cytokinesis node coalescence is longer for formin
chimera cells because mDia2 coalescence takes 1.3-fold
longer than Cdc12°™® control cells, whereas For3 cells
take 2.5-fold longer (Fig. 6; Video S3).

Our in vivo evidence reveals that different rates of con-
tractile ring assembly are primarily responsible for major
differences between the formin chimera strains in the over-
all time course of cytokinesis. This is consistent with for-
min-mediated actin assembly having a major role in
generation of the contractile ring (14,24) and, because
mDia2 has the most similar nucleation properties to
Cdc12 (Fig. S4; Table 1), supports the conclusion from
our quantitative modeling that efficient formin-mediated
nucleation of actin filaments is particularly critical for con-
tractile ring assembly in fission yeast (Fig. 1).

DISCUSSION

Formins associate processively with the growing barbed end
of actin filaments to rapidly assemble long, unbranched
actin filaments that facilitate diverse cellular processes,
such as cytokinesis and polarization. Although most formins
assemble actin filaments by the same general nucleation and
processive elongation mechanism, particular formins
exhibit a wide range of specific rate constants. We previ-
ously determined that the quantitative actin assembly prop-
erties of the three fission yeast formin isoforms vary widely,
indicating that in addition to activation at the right time and
place, a formin’s specific properties might be tailored for a
particular cellular role (17,20). Here, we investigated the ef-
fects of formin Cdc12’s actin assembly properties on cytoki-
netic ring assembly by extending a computational model
that was previously developed and validated for reproducing
fission yeast ring formation in 3D based on the SCPR mech-
anism (27,30,46). The model allowed us to independently
control formin nucleation efficiency and elongation rate
and to characterize their relative effects on ring assembly
(Fig. 1). We also implemented a force-sensitive mechanism
for actin filament elongation mimicking the mechanoregula-
tion of formin Cdcl2. Our simulations demonstrated that
variations in formin nucleation efficiency sharply impact
the probability of ring formation (Fig. 2, A and C; Video
S2), which is consistent with our experimental characteriza-
tion of formin chimera fission yeast cells. In contrast,
changes in elongation rate had important effects at extreme
values, but were less impactful overall (Fig. 2, A and B;
Video S2).

To begin to test the roles of formin nucleation efficiency
and elongation rate in vivo, we engineered formin chimera

Blue arrows indicate time of SPB separation. Yellow boxes indicate broad band of precursor cytokinesis nodes. Scale bar, 5 um. (C) Time required for at least
10 cells to complete the entire time course of cytokinesis for each strain. (D-G) Time required for at least 10 cells to complete the indicated step of cyto-
kinesis for each strain. (D) Frequency of cells that assemble a sharp ring over time. (E) Frequency of cells that complete ring maturation. (F) Frequency of
cells that complete ring constriction. (G) Frequency of cells that complete cell separation. The p-values for pairwise log-rank tests associated with plots in (C—

G) are listed in Table S4.
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fission yeast strains in which the FH1-FH2 actin assembly
domains of Cdcl2 were replaced with the FH1-FH2 do-
mains from a group of evolutionary and functionally distinct
formins: Fusl (fission yeast), For3 (fission yeast), Bnil
(budding yeast), mDia2 (mouse), and CYK-1 (worm)
(Fig. 3 A). These formin chimeras retain Cdc12’s localiza-
tion and regulation but demonstrate a wide range of actin as-
sembly properties (Table 1).
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We found that with the exception of fission yeast Fusl
(see further discussion in Supporting materials and
methods), cells expressing formin chimeras instead of
endogenous cdcl2 are viable. More importantly, despite
the proper localization of diverse formin chimeras to the di-
vision site, they exhibit a range of cytokinesis and morpho-
logical defects whose severity appears to be anticorrelated
to the similarity of their nucleation efficiency to that of



Cdc12. Specifically, the mDia2 formin chimera is generally
less defective in cytokinesis than For3, Bnil, and CYK-1
formin chimeras (Figs. 4 and 5). Interestingly, an analysis
of their in vitro actin assembly properties reveals that
For3, Bnil, and CYK-1 elongate actin as fast or faster
than Cdc12 (Table 1). In fact, both For3 and mDia2 elongate
actin at the same rate as Cdc12 (Table 1). Thus, a formin’s
elongation rate does not correlate well with its ability to suc-
cessfully facilitate cytokinesis in fission yeast, at least over a
~4- to 8-fold range. However, For3, Bnil, and CYK-1 have
drastically lower nucleation efficiencies than Cdc12, at 1.5,
10, and 3% as efficient, respectively. Conversely, mDia2 nu-
cleates actin filaments 25% as efficiently as Cdc12 and com-
pletes cytokinesis at similar rates as control strains (Fig. 5).
Together, these data indicate that fission yeast cytokinesis is
extremely robust, but formins with low nucleation efficiency
are unable to facilitate the assembly of a mature contractile
ring as effectively as Cdc12. Although our results indicate
that contractile ring assembly in fission yeast relies on
Cdc12’s particular actin assembly properties, whether the
actin assembly properties of other formins are tailored for
their cellular process remains to be determined (17).

Fission yeast cells use the SCPR mechanism for contrac-
tile ring assembly, which relies upon ~140 prering cytoki-
nesis nodes that contain formin Cdc12 and myosin, as well
as other regulatory and scaffolding proteins (27,28). Results
from simulations of 140 nodes confirm the data from simula-
tions at 65 nodes (Fig. S1 B; Video S1). Node-bound Cdc12 is
thought to nucleate and then elongate actin filaments that are
captured and pulled by myosin on nearby nodes, bringing no-
des closer together to assemble a continuous F-actin ring.
These F-actin connections between nodes are severed by co-
filin, and the process starts again until the ring is fully formed
(27,28). It follows, then, that Cdc12’s efficient nucleation of
F-actin (one filament for every 2.5 Cdc12 dimers; Table 1) is
paramount in its role as the sole cytokinesis formin in fission
yeast because the initial step of contractile ring assembly re-
quires efficient formation of actin filaments. Conversely, we
suspect that a formin’s processive run length (the number of
actin monomers added) and dissociation rate contribute less
to contractile ring assembly than its other actin assembly
properties. Specifically, the F-actin-severing protein cofilin
is thought to abolish node-node contacts before dissociation
of formin from the barbed end (47). This is consistent with
our experimental data because mDia2 dissociates from elon-
gating actin filament barbed ends an order of magnitude
faster than Cdc12 (Table 1) but still effectively completes
cytokinesis in fission yeast.

It has been shown that each prering cytokinesis node con-
tains only four Cdc12 dimers, which explains why the formin
chimeras that are poor nucleators exhibit a long lag in ring as-
sembly (25). For3, Bnil, and CYK-1 produce 10% or fewer
actin filaments per formin dimer as Cdc12 (Table 1), appar-
ently resulting in impaired node coalescence and slower con-
tractile ring formation (Figs. 1, S1, and S2). It is also possible

Cytokinesis formin chimeras

that because For3, Bnil, and CYK-1 are poor nucleators,
some of these formin chimera cells use a distinct “spot”
pathway for contractile ring assembly (Fig. S7; (48)).

Although a formin’s elongation rate is also presumably
tailored for its cellular role, formin elongation rates can be
modulated by external mechanical forces. Cdc12 is a mecha-
nosensor, the elongation of which is inhibited by myosin-
mediated pulling of Cdcl2-bound filaments, which is
required for optimally efficient contractile ring assembly
(33). However, mDia2 is not mechanoinhibited like Cdc12,
contributing to the modest delay in cytokinesis mediated by
the mDia2 formin chimera (Fig. 5 C; (33)). Application of
force to budding yeast Bnil increases its F-actin elongation
rate in the presence of profilin (49). The combination of
low nucleation efficiency and absence of mechanoinhibition
(such as in Bnil chimera cells) might be particularly prob-
lematic for proper contractile ring assembly. Actin filaments,
especially in contractile networks, often experience mechan-
ical forces that could modify elongation by mechanosensitive
formins to facilitate assembly of particular F-actin networks.
Thus, formin chimera elongation rates might affect fission
yeast cytokinesis less than their nucleation efficiencies.

Although our quantitative modeling and the associated
in vivo experiments strongly support the importance of
Cdcl12’s tailored actin filament nucleation efficiency to
facilitate contractile ring assembly in fission yeast, we
cannot rule out that cytokinesis defects in the formin
chimera strains are due to other differences between the for-
mins such as 1) FH1 and/or FH2 domain association with
accessory proteins, 2) recruitment of distinct actin-binding
proteins to formin-mediated actin filaments, 3) posttransla-
tional modifications of FH1 and/or FH2 domains and asso-
ciated activities, or 4) interaction with microtubules (for
further discussion of each of these possibilities, see Support-
ing materials and methods, Discussion). Finally, we cannot
rule out the possibility that formin FH1-FH2 domains have
evolved to function optimally in the presence of the formin’s
native regulatory domains, such that swapping FH1-FH2
domains would not automatically confer the same actin as-
sembly properties. Despite these potential caveats, our
experimental and computational observations are consistent
and provide evidence that Cdc12’s actin assembly properties
are optimized for cytokinetic ring assembly, with its ability
to efficiently nucleate actin filaments from cytokinesis no-
des being a predominant factor.

SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
2021.06.023.
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