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ABSTRACT In response to pheromone Saccharomyces cerevisiae extend a mating projection.
This process depends on the formation of polarized actin cables which direct secretion to the
mating tip and translocate the nucleus for karyogamy. Here, we demonstrate that proper
mating projection formation requires the formin Bni1, as well as the actin nucleation promot-
ing activities of Budé, but not the formin Bnr1. Further, Bni1 is required for pheromone gradi-
ent tracking. Our work also reveals unexpected new functions for Bil2 in the pheromone re-
sponse. Previously we identified Bil2 as a direct inhibitor of Bnr1 during vegetative cell
growth. Here, we show that Bil2 has Bnr1-independent functions in spatially focusing Bni1-
GFP at mating projection tips, and in vitro Bil2 and its binding partner Budé organize Bni1
into clusters that nucleate actin assembly. bil2A cells also display entangled Bni1-generated
actin cable arrays and defects in secretory vesicle transport and nuclear positioning. At low
pheromone concentrations, bil2A cells are delayed in establishing a polarity axis, and at high
concentrations they prematurely form a second and a third mating projection. Together,
these results suggest that Bil2 promotes the proper formation and timing of mating projec-
tions by organizing Bni1 and maintaining a persistent axis of polarized growth.

SIGNIFICANCE STATEMENT

e Formins and their regulators have been studied for many years in yeast, but almost exclusively in
mitotically dividing cells, leaving their roles in the pheromone response poorly understood.

® The authors here find that proper shmoo formation requires the formin Bni1 but not Bnr1, as well as
the actin nucleation-promoting activities of Budé, and a novel activity of Bil2 in spatially organizing
Bni1 at mating projection tips.

* This work demonstrates the physiological importance of formin spatial regulation in shaping actin
networks, which in turn shapes cell morphology, and establishes an ideal in vivo system for dissect-
ing Bni1 regulation.
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INTRODUCTION

The ability of cells to polarize in response to chemical gradients is
crucial for a wide range of cellular and physiological processes
(Drubin and Nelson, 1996; Ghose et al., 2022). Budding yeast Sac-
charomyces cerevisiae has long served as a powerful model for dis-
secting the molecular underpinnings of polarity establishment
(Chiou et al., 2017). In budding yeast, polarity is specified during
mitotic growth by an asymmetric cortical landmark established dur-
ing the previous cell division. This spatial cue initiates a signaling
cascade at one end of the cell, leading to polarized actin cable
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assembly, which steers secretion in the direction of the polarity site
to promote bud growth (Moseley and Goode, 2006; Chiou et al.,
2017). Formins play an essential role in polarized cell growth. They
are activated at the polarity site to assemble linear actin structures
called “cables” that extend into the mother cell and serve as tracks
for myosin-based transport of secretory vesicles and other cargos to
the bud tip. This establishes a cortical exocytic (or secretion) zone at
the bud tip, which becomes corralled by endocytic (cortical) actin
patches (Jose et al., 2013, 2015). The patches are crucial for the re-
trieval and internalization of components from the plasma mem-
brane, which keeps the polarity site tightly focused (Jose et al.,
2013).

The majority of our knowledge about the regulated assembly of
actin cables and patches in yeast comes from studies on vegeta-
tively growing cells (going through cycles of bud formation and mi-
totic division). Less is known about how actin assembly is regulated
during the reproductive cycle of yeast. During mating, haploid cells
of opposite mating type (MATa and MATa) secrete pheromones to
attract each other and fuse, forming diploids, which subsequently
undergo meiosis and sporulation to reform haploids (Merlini et al.,
2013). Because S. cerevisiae are nonmotile, successful mating re-
quires a dramatic change in cell morphology (called “shmooing”), in
which cells extend a mating projection in the direction of their mat-
ing partner to promote cell—cell contact. When this is achieved, cell
wall degradation occurs at the cell contact site, followed by plasma
membrane fusion, cytoplasmic mixing, and finally nuclear fusion
(karyogamy) to form diploids. This cascade of events is initiated
by haploid MATa and MATo cells secreting mating pheromones
(a-factor and o-factor, respectively) to establish gradients. These
pheromones bind to receptors (GPCRs) in the plasma membranes of
cells of the opposite mating type, which leads to activation of Cdc42
at the incipient shmoo tip. Cdc42 and its effectors in turn recruit and
activate the formin Bni1 to this site, which leads to the polymeriza-
tion of actin cables that direct secretion and facilitate mating projec-
tion extension (Evangelista et al., 1997, Matheos et al., 2004).

Upon exposure to a low concentration gradient of pheromone,
cells respond by extending a single mating projection in the direc-
tion of the gradient. However, cells exposed to a high (uniform) con-
centration of pheromone, which saturates the pheromone receptors,
they “default” to forming a first mating projection from the site of a
cortical landmark remaining from the last cell division (Wang et al.,
2019). Under these conditions, after 2-3 h, when the first mating
projection is not successful in contacting a mating partner, a second
and then a third mating projection is extended in different directions
in an effort to find a mating partner (Merlini et al., 2013). This “repeti-
tive shmooing” behavior has been noted for many years, and has
been ascribed to an independent transcriptional oscillator (Haase
and Reed, 1999; Orlando et al., 2008), a MAPK oscillator (Hilioti
et al., 2008), and a Cdc42 cycle (Bidlingmaier and Snyder, 2004).
Presumably, these signaling pathways act upstream of formins, and
possibly other actin cytoskeletal machinery, to direct polarized se-
cretion and thus control the timing of mating projection formation.

In vegetatively growing yeast cells, two genetically-redundant
formins (Bni1 and Bnr1) share the load in polymerizing actin cable
networks, with Bni1 spatially positioned at the bud tip through most
of the cell cycle, and Bnr1 at the bud neck (Pruyne et al., 2004). A
genetic disruption in either formin alone leads to modest changes in
cell growth and morphology, whereas loss of both formins is lethal
(Imamura et al., 1997). One unfortunate consequence of this ge-
netic redundancy in formins is that the effects of disrupting a gene
that governs the activities of only one formin can be masked by the
presence of the other formin in the cell. In contrast, during the mat-
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ing response formation of a proper mating projection depends on
just one formin (Bni1). Loss of Bnr1 causes no obvious defects in
mating (Gao and Bretscher, 2009), and loss of Bni1 results in abnor-
mally shaped mating projections and defects in mating (Matheos
et al., 2004; Bidlingmaier and Snyder, 2004; Miller et al., 1999).
These properties make the yeast mating pathway a potentially pow-
erful system for elucidating mechanisms specifically regulating Bni1.

The N-terminal half of Bni1 contains a Cdc42-binding site and a
diaphanous inhibitory domain (DID), while the C-terminal half of
Bni1 (C-Bni1) consists of the formin-homology FH1 and FH2 do-
mains followed by a tail region that contains the diaphanous auto-
regulatory domain (DAD). In vitro, C-Bni1 is sufficient to nucleate
actin polymerization (Sagot et al., 2002b; Pruyne et al., 2002) and
remains attached to the growing barbed ends of filaments during
elongation, accelerating their growth in a profilin-dependent man-
ner and protecting filament ends from capping protein (Moseley
et al., 2004; Kovar, 2006). While the activities of C-Bni1 are well
documented, until now the activities of full-length Bni1 (FL-Bni1)
have not been reported. It has been proposed that FL-Bni1 is auto-
inhibited, based in part on it containing DID and DAD domains,
which in many other formins mediate autoinhibition (Evangelista
et al., 2002; Sagot et al., 2002a; Li and Higgs, 2003, 2005). Autoin-
hibition of Bni1 has also been suggested by the observation that
expressing truncated Bnil constructs (lacking DID or DAD domains)
produces numerous short actin cables in vivo (Evangelista et al.,
1997, 2002; Sagot et al., 2002a; Kono et al., 2012). Importantly how-
ever, these same phenotypes can arise from the truncations disrupt-
ing “transinhibition” mechanisms rather than autoinhibition, and
Bni1 autoinhibition has never been verified in vitro. Further, there
are clear exceptions to the DID-DAD autoinhibition rule, as purified
full-length mammalian formin INF2, which has DID and DAD do-
mains, is constitutively active rather than autoinhibited (A et al.,
2019). Instead, INF2 is transinhibited by a complex consisting of
cyclase-associated protein 2 (CAP2) and acetylated G-actin, which
bind to the formin DID and DAD domains, respectively. Thus, for-
min activity can be negatively regulated by either auto- or transin-
hibitory mechanisms, and determining which mechanisms apply to
a specific formin requires biochemical characterization of the puri-
fied full-length protein.

Budé is a cell polarity factor with roles in regulating actin cable
formation, orienting the mitotic spindle, and maintaining mem-
brane boundaries between cellular compartments (Ozaki-Kuroda
et al., 2001; Martin et al., 2007; Ten Hoopen et al., 2012; Graziano
etal., 2013; Clay et al., 2014). The specific role of Budé in promoting
actin cable formation is that it serves as a nucleation promoting
factor (NPF) for the formins Bni1 and Bnr1. C-terminal fragments of
Budé, C-Bud6(L)*7-788 and C-Bud6(S)***788 bind to the C-terminal
tail region of C-Bni1 (FH1-FH2-C) and enhance its actin nucleation
activities (Graziano et al., 2011, 2013). C-Budé(L)*8?-788 and
C-Budb(S)°3%-788 gach contain a dimeric “core” (550-688) that binds
to the tail region of Bni1 near the DAD domain (Moseley and
Goode, 2005; Tu et al., 2012). Adjacent to the formin-binding core
domain is a flanking region (689-788) that contains a WH2-like actin
monomer-binding domain (Moseley et al., 2004; Park et al., 2015).
Point mutations in Budé that disrupt its interactions with either Bni‘
(e.g., budb6-35) or G-actin (e.g., budé-8) abolish its NPF effects in
vitro, and result in diminished actin cable staining in vivo similar to
budbA (Moseley et al., 2004; Moseley and Goode, 2005; Graziano
et al., 2011; Tu et al., 2012; Graziano et al., 2013; Park et al., 2015).
To date, all biochemical characterization of Budé's NPF activities
have relied on either C-Budé(L)*®9-788 and C-Budé(S)>**°788 frag-
ments, and the activity of full-length Budé (FL-Budé) has remained
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FIGURE 1: Bni1 and Bnr1 protein levels, localization, and genetic requirements during the
pheromone response. (A) Representative brightfield images of cells 3 h after treatment with
pheromone (100 pM alpha factor). Inset, cartoon comparing a wildtype (WT) cell extending a
mating projection and a mutant cell defective in this process, leading to its increased circularity
index. (B) Cell circularity measurements (mean + SD). Data from three independent trials (n = 120
cells per strain). ****p < 0.0001, n.s. not significant by Tukey’s ANOVA. (C) Representative
images of endogenously-tagged Bni1-GFP in untreated cells and cells treated for 3 h with alpha
factor (100 uM). Inset shows the control (untagged) strain used to establish subtracted
background fluorescence. Scale bar: 2 um. (D) Representative images of endogenously-tagged
Bnr1-GFP as above for Bni1-GFP. (E) Quantification of Bni1-GFP fluorescence density (mean £
SD) in cells before and after treatment with 100 uM alpha factor for 3 h. Data from three
independent trials (n = 50 cells per strain). ****p < 0.0001 by Tukey’s ANOVA. (F) Quantification
of Bnr1-GFP fluorescence density (mean + SD) in cells before and after treatment with 100 pM
alpha factor for 3 h. Data from three independent trials (n = 50 cells per strain). ****p < 0.0001
by Tukey’s ANOVA.

Recently, we identified another small
binding partner of Budé, which we named
Bil2 (15 kDa; Rands and Goode, 2021). We
found that Bil2 inhibits Bnr1- but not Bni1-
mediated actin nucleation in vitro. Further,
we showed that in vegetatively growing
cells Bil2 colocalizes with Budé at polarity
sites (bud cortex and bud neck) and is re-
quired for proper architecture of Bnr1-nucle-
ated actin cables in vivo. In the present
study, we investigated whether Bil2 has
functions during the mating response and
uncovered a new and unexpected role for
Bil2 in controlling the spatial organization of
Bni1 at mating projection tips and the tim-
ing of mating projection formation under
both high and low pheromone concentra-
tions. Further, we show that these new func-
tions of Bil2 during the pheromone re-
sponse are Bnrl-independent. Thus, Bil2
has two distinct formin regulatory roles in
yeast, inhibiting Bnr1 activity during vegeta-
tive growth and focusing Bni1 localization
during the mating response.

RESULTS

Expression and localization of Bni1 and
Bnr1 during the mating response

We were interested in studying the roles of
formins and their regulators during the
pheromone response, and started by exam-
ining the roles of Bni1 and Bnr1 in our strain
background (W303). After exposure to a
high concentration of pheromone for 3 h,
bnilA cells failed to form a mating projec-
tion, whereas bnr1A cells were indistinguish-
able from wildtype cells (Figure 1A). Quanti-
fication of cell circularity supported this
conclusion, as formation of mating projec-
tions in wildtype and bnr1A cells decreased
their circularity indexes (Figure 1B). Our re-
sults for Bnr1 were in good agreement with
previous studies performed in the S288C
background; however, our results for Bni1
were different than what has been reported
(Gao and Bretscher, 2009). Specifically,
previous studies showed that bnilA cells
in the S$288C background form mating
projections, although abnormal shape
(Bidlingmaier and Snyder, 2004; Gao and
Bretscher, 2009). Interestingly, one study
performed in the W303 background re-
ported that bniTA cells "fail to polarize, re-
main ellipsoidal, and contain delocalized
cortical actin patches” (Matheos et al.,
2004). Given these discrepancies, we di-
rectly compared shmoo formation for wild-

unexplored. In addition to its NPF effects on Bni1, Budé servesasan  type and bniTA cells in the W303 and S288C backgrounds. After
NPF for Bnr1; however, this specifically requires an additional factor, 3 h of exposure to pheromone W303 bni1A cells failed to extend a
Budé-interacting ligand (Bil1; Graziano et al., 2013). Bil1 is a small mating projection, whereas S288C bniTA cells extended an abnor-
protein (9 kDa) binds to a regulatory region of Budé (489-550) and ~ mally broad projection (Supplemental Figure S1A). By 5 h, W303
unmasks Budé's NPF effects on Bnr1. bnil1A cells had begun to extend projections, but they were
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comparatively short and stubby. Therefore, clear differences exist
between the strain backgrounds in how severely the loss of BNI1
affects mating projection formation. All experiments herein, unless
otherwise specified, are performed in the W303 background.

In addition, we confirmed that wildtype cells from W303 and
$288C backgrounds treated with latrunculin B could grow only very
short mating projections, although these cells did undergo some
form of polarized growth (Supplemental Figure S1B) as reported
previously (Hegemann et al., 2015).

We next examined Bni1 and Bnr1 localization during the mating
response using endogenously tagged formins with an enhanced
variant of GFP (GFPENYY) optimized for detection and photostability
in yeast (Slubowski et al., 2015). Previous studies have shown that
integrated C-terminal GFP tags do not interfere with Bni1 or Bnr1
function (Buttery et al., 2007). In vegetatively growing cells, we
found that Bni1-GFP localized to many discrete puncta, which were
found throughout the cytosol but were enriched at the bud cortex
(Figure 1C), as seen previously (Buttery et al., 2007). In cells ex-
posed to a high concentration of pheromone, Bni1-GFP was fo-
cused to a single spot near the mating projection tip as expected
(Matheos et al., 2004). For Bnr1, there was little information in the
literature about its expression levels or localization during the mat-
ing response. In mitotically dividing cells, we observed Bnr1-GFP
predominantly at the bud neck (Figure 1D), consistent with its
known interactions with septins and septin-binding proteins (Buttery
et al., 2007, 2012; Gao et al., 2010). After exposure to a high con-
centration of pheromone, we observed Bnr1-GFP in the cytosol,
and it was no longer at any discrete structures, including cortical
septin striations. A control parent strain (lacking any GFP tag) was
used for comparison to define background fluorescence (see inset,
Figure 1C), demonstrating that the cytosol Bnr1-GFP signal is spe-
cific. Interestingly, in shmoos treated acutely (10 min) with latruncu-
lin B, a fraction of the Bnr1-GFP shifted to cortical dots (Supplemen-
tal Figure S1C), organized in a pattern resembling septin striations
in pheromone-treated yeast (Longtine et al., 1998a). Thus, the cyto-
solic localization of Bnr1 during the mating response appears to be
F-actin dependent. This differs considerably from Bnr1-GFP in veg-
etatively growing cells, where its localization to the bud neck is in-
dependent of F-actin and dependent on septins (Buttery et al.,
2007, 2012; Gao et al., 2010).

We also assessed the cellular levels of Bni1-GFP and Bnr1-GFP
before and after exposure to pheromone. We measured total GFP
intensities from full z-stacks through cells (sum projection) after
background subtraction and normalized signals for cell area. This
yielded fluorescence density, which reflects protein concentration in
the cells. Whereas the concentration of Bnil in cells increased
slightly (Figure 1E), the concentration of Bnr1 decreased to approxi-
mately half the normal level after pheromone treatment (Figure 1F).
Thus, despite not contributing to mating projection formation ge-
netically, Bnr1 is present during the mating response, but at re-
duced levels found in the cytosol. Together, these observations indi-
cate that Bnil is the dominant formin in the mating response.
Further, they raise new questions about why Bnr1 no longer stably
localizes to septins during the mating response, and instead resides
in the cytosol (see Discussion).

Loss of BIL2 leads to unexpected defects in mating
projection formation

Because Bni1 is the only formin required for proper mating projec-
tion formation, we anticipated that Bil2, which in vitro inhibits Bnr1
but not Bni1, might not have any role in the mating response. How-
ever, after exposing cells to pheromone for 3 h, we found that bil2A
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cells extended a second and sometimes a third mating projection,
whereas in the same period of time nearly all wildtype cells ex-
tended only a single mating projection (Figure 2, A and B). By later
time points, wildtype cells “caught up” with bil2A cells and formed
multiple mating projections as previously reported (Biicking-Throm
etal., 1973; Bidlingmaier and Snyder, 2004). These previous studies
suggested that when cells extend mating projections that fail to get
close enough to another cell to result in fusion, they redirect polarity
to a new site and build a new mating projection. Our observations
suggest that the loss of BIL2 leads to these events occurring prema-
turely, and therefore Bil2 appears to be required for a normal com-
mitment to one polarity axis during shmoo formation. Importantly,
bnr1Abil2A cells showed the same phenotype as bil2A, while bnr1A
cells were similar to wildtype cells (Supplemental Figure S2, A and
B), demonstrating that the mating functions of Bil2 are independent
of Bnr1.

To better understand this new function of Bil2, we next asked
whether bil2A cells abandon their first mating projection upon initi-
ating a second one, or alternatively they attempt to build two mat-
ing projections simultaneously. To address this, we used live imag-
ing to compare secretory vesicle localization (GFP-Sec4) in wildtype
and bil2A cells responding to pheromone. In wildtype cells, there is
short (~10 min) overlap period during which the “old” mating pro-
jection and the new mating projection are both active followed by
full commitment to the new projection (Bidlingmaier and Snyder,
2004; Matheos et al., 2004). To assess whether bil2A might alter this
overlap period, we used live imaging to examine mCherry-Sec4 lo-
calization and actin cable staining (Abp140-GFP). We considered a
mating projection to be “active” whether there was clear GFP-Sec4
accumulation at its tip (Figure 2C) and actin cables extending from
the tip (Figure 2D). Based on these criteria, bil2A cells showed a
prolonged overlap period of simultaneous activity at older and
newer mating projection tips (Supplemental Figure S2C). These ob-
servations reinforce the view that bil2A cells are defective in commit-
ting to a single polarity axis at a time, possibly explaining why they
prematurely forms a second and a third mating projection.

Budé and Bil2 have distinct roles in promoting mating
projection formation
Because Budbé is a binding partner of Bil2, we next compared wild-
type, bil2A, and budéA cell morphologies after exposure to phero-
mone for 3 h. As above, bil2A cells had more mating projections
compared with wildtype cells, but the projections tended to be
slightly shorter, presumably because they fail to stably commit to
one projection at a time (Figure 3A). The net effect of these two
phenotypes (shorter, but increased number of projections) is that
bil2A cells have circularity indexes similar to wildtype cells despite
their morphological differences (Figure 3B). In contrast to wildtype
cells, budbA cells had shorter and broader mating projections, and
did not display the bil2A phenotype of increased number of projec-
tions. As a result, budéA cells have an increased circularity index
compared with wildtype and bil2A cells, albeit not to the same ex-
tent as bni1A cells (Figure 3B). Interestingly, bil2AbudéA double mu-
tant cells displayed a combination of defects seen in budéA and
bil2A cells, that is, shorter and broader mating projections along
with increased number of projections. Together, these observations
suggest that Budé and Bil2 each play important roles in shmoo for-
mation, and that at least some of the roles they play are indepen-
dent of one another.

We also asked whether the shmoo defects in budéA cells result
from the loss Budé’s NPF effects on Bnil. To address this question,
we examined cells expressing integrated budé-35 and budé-8 point
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FIGURE 2: bil2A cells prematurely extend a second and/or a third mating projection during the
pheromone response. (A) Representative brightfield images of wildtype (WT) and bil2A cells
responding to alpha factor (100 pM). Yellow arrows indicate cells with multiple mating
projections. (B) Percentage of cells (n =50 cells per condition; from three independent trials)
with a second and/or third mating projection at time points after exposure to 100 pM alpha
factor. (C) Representative images showing GFP-Sec4 accumulation at polarity sites in wildtype
and bil2A cells exposed to 100 pM alpha factor for 3 h. In the image for bil2A, one of the cells
has two separate polarity sites, highlighted by yellow and red asterisks. (D) Representative live
images showing actin cables (Abp140-GFP) and secretory vesicles (nCherry-Sec4) in wildtype
and bil2A cells exposed to 100 pM alpha factor for 2 h. Yellow asterisks, cells with a single active
polarity site. White asterisks, cells with two simultaneously-active polarity sites.

mutants, which specifically disrupt Budé-formin and Budé-actin
interactions, respectively, and abolish its NPF activities in vitro
(Graziano et al., 2011). The budé-35 and budé-8 mutants showed
similar shmoo defects to budéA (Figure 3, A and B), suggesting that
this phenotype results from the loss of Budé NPF effects on formins.

Overall, these observations indicate that Bni1 plays the central
role in actin assembly underlying mating projection formation, while
Budbé facilitates this function by serving as an NPF for Bnil. Bil2 is
not required for shaping the projection, but has an important role in
limiting cells to a single site of polarized growth and thus building
only a single mating projection at a time.
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Loss of BIL2 gives rise to entangled
actin cable networks during the
pheromone response

To better understand how the loss of BIL2
destabilizes the polarity axis, we com-
pared actin cable organization in wild-
type, bil2A and budéA cells after phero-
mone treatment. budéA cells showed
diminished cable staining (Figure 4A),
similar to what has previously been de-
scribed for budbA in mitotically dividing
cells (Graziano et al., 2011). In contrast,
cable staining was not diminished in bil2A
cells (Figure 4A). Instead, traces of indi-
vidual cables and overall cable staining
revealed an increase in cable tortuosity
(length/distance) and cable entanglement
in bil2A but not budbA cells (Figure 4, B
and C). Because cables serve as tracks for
secretory vesicle transport, distortions of
cable shape can reduce the efficiency of
vesicle traffic, which has been demon-
strated for mutations in several different
formin regulators (Eskin et al., 2016;
Garabedian et al, 2018; Rands and
Goode, 2021). Live imaging in wildtype
cells revealed that secretory vesicles (GFP-
Secd) are transported to mating projec-
tion tips at a rate of ~15 vesicles/min
(Figure 4D). This is similar to the ~14 vesi-
cles/min transport rate to the bud tip in
mitotically dividing cells (Rands and
Goode, 2021). However, vesicle delivery
frequencies to the shmoo tip were mark-
edly reduced (~7-8 vesicles/min) in bil2A
cells, consistent with the defects seen in
actin cable organization in bil2A cells.

To further probe the cause of the actin
cable entanglement in bil2A cells, we per-
formed live imaging on cables using an
integrated Abp140-GFP marker. Previous
studies showed that cables in hof1A cells
have increased tortuosity, which appears
to be caused by altered angles of cable
extension when cables emerge from the
bud neck and enter the mother cell com-
partment (Garabedian et al., 2020). We
asked whether bil2A cables might have
similar defects. Therefore, we tracked the
extending ends of cables for several mi-
crons from the mating projection tip into
the cell body and measured the angles of cable extension with
respect to the mating projection axis (see cartoon, Figure 4E).
Wildtype and bil2A cables showed similar initial cable extension
angles (Figure 4E), suggesting that the increased cable tortuos-
ity in bil2A cables is unlikely to arise from defects in the initial
phase of cable extension. Further analysis revealed that indeed,
it is the distal portions of the cables (from the center of the cell
to the back of the cell) that are more tortuous in bil2A cells
(Figure 4F). These observations suggest that loss of BIL2 alters
cable architecture in a way that results in cable bending and/or
buckling.

3hr

2 3
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which in turn suggests that proper cable ar-
chitecture is critical not only for normal rates
of secretory vesicle transport (Figure 4D) but
also for nuclear migration.

Bni1-GFP disappears from the first
mating projection tip prematurely in
bil2A cells

Given the effects of bil2A on actin cable
organization, we asked whether Bil2 influ-
ences Bni1 localization in vivo. To accom-
plish this, we used the endogenously-
tagged Bni1-GFP constructs described
earlier (Figure 1), and compared their local-
ization patterns in wildtype and bil2A cells
2.5 h after exposure to a high dose (100 pM)
of mating pheromone (Figure 6, A and B). In
wildtype and budéA cells, Bnil-GFP was
concentrated in a single spot at the tip of
the first mating projection. In contrast, in
many bil2A cells Bni1-GFP localization was
split, with remnants at the first mating pro-
jection tip and less tightly focused signal at
the new location on the cell cortex where a
new mating projection was emerging. We

confirmed that bil2A does not change Bnil-
GFP levels in cells (Figure 6C), and that simi-
lar changes in Bni1-GFP localization are
seen in bil2A and bil2AbudéA cells (Figure 6,
A and B), and in bil2Abnr1A cells double
mutants (Supplemental Figure S2, D and E).
Thus, the role of Bil2 in spatially localizing

Bni1 is independent of Budé or Bnr1.
We also asked whether Bil2 colocalizes
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FIGURE 3: Distinct defects in shmoo morphology for budbA and bil2A. (A) Representative
brightfield images of cells 3 h after exposure to 100 pM alpha factor. Scale bar, 4 pm. Inset,
cartoon comparing a wildtype (WT) cell extending a mating projection versus a mutant cell
defective in this process which leads to its increased circularity index. (B) Cell circularity
measurements (mean * SD). Data from three trials (n = 100 cells per strain). ****p < 0.0001, n.s.

not significant by Dunnet’s ANOVA.

Bil2 is required for proper nuclear positioning in cells
responding to pheromone

During the mating response, the nucleus moves up to into the mat-
ing projection with its spindle pole body pointing towards the tip of
the mating projection (Hasek et al., 1987; Rose and Fink, 1987;
Palmer et al., 1992). Further, actin cables are required for microtu-
bule-dependent translocation of the nucleus toward the shmoo tip
to facilitate karyogamy after cell fusion (Read et al., 1992; Rose,
1996). Therefore, we also asked whether Bil2 is important for nu-
clear positioning. To address this, we used established live imaging
assays with endogenously tagged Spc72-GFP to compare the dis-
tance of the microtubule organizing center (spindle pole body) from
mating projection tips in wildtype and bil2A cells (Figure 5, A and B).
As a complementary approach, we used endogenously tagged
TUB1-GFP to compare the distance from the middle of the nuclear
microtubule bundle to the mating projection tip in wildtype and
bil2A cells (Figure 5, C and D). The results from both sets of experi-
ments demonstrate that bil2A compromises nuclear positioning,
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with Bni1 in mating cells. We were limited in
what probe we could use to monitor Bil2 lo-
calization, because we previously showed
that endogenously-tagged Bil2-GFP fails to
complement BIL2 function, and that is un-
detectable by light microscopy (Rands and
Goode, 2021). However, in that study we
showed that an N-terminally tagged GFP-
Bil2 fusion protein (expressed from a low
copy plasmid with a constitutive promoter)
complements BIL2 function and localizes to polarity sites. Therefore,
we introduced the same GFP-Bil2 plasmid into cells expressing en-
dogenously-tagged Bnil-mScarlet to ask whether Bil2 and Bni1 co-
localize during mating. Bni1 and Bil2 each displayed a high level of
cytosolic staining with clear enrichment at the mating projection tips
(Figure 6D). Another study showed a similar pattern for Bni1-GFP in
mitotically-dividing cells, where Bni1-GFP exhibited a high level of
cytosolic staining but was enriched at the bud tip (Buttery et al.,
2007). In that study, the authors showed that after treating cells with
latrunculin, Bni1-GFP became more enriched at the bud tip, sug-
gesting that actin polymerization promotes dissociation of Bni1-
GFP from the cortex (back into the cytoplasm). Therefore, we asked
whether latrunculin treatment might have a similar effect on Bni1-
mScarlet and/or GFP-Bil2 in mating cells. Indeed, we found that
both Bni1-mScarlet and GFP-Bil2 were more enriched at mating tips
after latrunculin treatment (Figure 6E). Note that ~20% of the cells
expressing Bnil-mScarlet showed staining in the vacuole (as re-
flected in the three out of 11 cells combined in Figures 6, D and E),
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FIGURE 4: Bil2 is required for normal actin cable organization and secretory vesicle transport during the pheromone
response. (A) Representative SoRa images showing F-actin organization in cells exposed to 100 uM alpha-factor for 3 h.
Cells were fixed and stained with Alexa-488-phalloidin. (B) Representative actin cable traces (12 per condition), where
the central dot corresponds to the end of the cable at the mating projection tip. (C) Actin cable tortuosity (L/D) (mean +
SD), quantified by measuring the length of each cable manually in FIJI and dividing the length by the distance from
beginning to end. Each dot represents one cable. Data from three trials (n > 30 cables per condition). (D) Frequency of
secretory vesicle delivery to shmoo tip. Live imaging was used to quantify the number of vesicles (marked with
GFP-Sec4) successfully transported to within 2.5 pm of the mating projection tip per minute (mean * SD). Data from
three independent trials. Each data point is from one cell (n = 40 cells per condition). (E) Initial extension angle of actin
cable growth (mean + SD) measured by live cell imaging of endogenously-tagged Abp140-GFP. Actin cables were
observed and marked in FlJI as they extended from the mating projection tips, and the angle was compared with the
longitudinal axis drawn from the mating tip to the back of the cell. Data from three trials (n = 45 cables per condition).
Right, cartoon illustrating cable extension angle. (F) Cable tortuosity (L/D) in distal half of the cables. Data from three
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FIGURE 5: Bil2 is required for proper nuclear positioning during the
pheromone response. (A) Example images of cells expressing an
endogenously-tagged (GFPE"Y) Spc72 (spindle pole body marker)
exposed to 100 pM alpha factor for 3 h. Images are maximum
intensity projections of z-stacks. (B) Distance from the tip of the
mating projection to the center of the spindle pole body (Spc72-
GFPE"™; mean + SD) was analyzed as described (Manatschal et al.,
2016), dividing this distance by the total length of the cell (from the
mating projection tip to the back of the cell). Data from three
independent trials (n = 35 cells per strain). ***p < 0.001 by two-way
student t test. (C) Representative images of cells expressing
endogenously-tagged Tub1-GFP exposed to 100 uM alpha factor for
3 h. Images are maximum intensity projections of z-stacks. (D)
Distance from the tip of the mating projection to the center of the
nuclear microtubule bundle (Tub1-GFP; mean + SD) analyzed as
described (Manatschal et al., 2016), dividing this distance by the total
length of the cell defined as above. Data from three independent
trials (n = 35 cells per strain). ***p < 0.001 by two-way student t-test.

which may result from prolonged exposure to pheromone. Together,
these results suggest that Bil2 is able to colocalize with Bni1 at
mating projection tips, and together with the defects in actin cable
organization observed in bil2A cells, suggests a possible role for Bil2
in regulating Bni1 localization and/or activity during the mating
response.

Bil2 spatially focuses Bni1-GFP and stabilizes the polarity
axis in pheromone gradients

To gain additional insights into the role of Bil2 during the mating
response, we next employed a microfluidics-assisted live-cell imag-
ing assay to compare wildtype and bil2A cells responding to a low
concentration gradient of pheromone (0-150 nM; Moore et al.,
2008; Kelley et al., 2015). This differs from our experiments above
where cells were exposed to a uniform high concentration of phero-
mone (100 pM). Pheromone gradients are thought to more closely
mimic conditions found in nature, where cells respond to a low-level
gradient of pheromone being secreted by a nearby cell of the
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opposite mating type. In this assay, strains are compared for their
abilities to reorient their polarity axis and extend a mating projection
in the direction of the gradient.

The ability of yeast to track a gradient is dependent upon local
activation of Cdc42 by pheromone receptors (GPCRs/Sted) at the
cortex. This requires Fus3 kinase phosphorylation of Far1, which
then couples the Cdc42 GEF (Cdc24) to the GP subunit of GPCR
(Alvaro and Thorner, 2016). Gradient tracking also relies on the o
subunit of GPCR (Gpa1), which scaffolds Fus3 (Errede et al., 2015).
The Gpal-Fus3 complex phosphorylates Bni1, which promotes po-
larized actin cable assembly and gradient tracking (Matheos et al.,
2004; Yu et al., 2008). Despite these links between the signaling
components of the pheromone response and Bni1, to our knowl-
edge the role of Bni1 in gradient tracking has never been tested. In
these experiments, we compared wildtype, bil2A, and budbA cells
in the W303 background to be consistent with all of the experiments
above. However, we chose to analyze bni1A and bnr1A in the S288C
background given the enhanced pheromone-induced polarized
growth of bni1A cells in this background compared with W303 (Sup-
plemental Figure S1A).

Using a microfluidic gradient chamber, we examined cells in a
0-150 nM pheromone gradient. W303 wildtype cells tracked the
gradient efficiently (Figure 7, A and B), as we have previously
showed for 5288C wildtype cells (Kelley et al., 2015). In contrast,
bni1A cells were highly defective in gradient tracking, while bnr1A
cells were indistinguishable from wildtype. While bniTA cells were
able to eventually elongate (after ~5-8 h) under these conditions,
that is, grow in a polarized manner, it is important to note that the
orientation of their growth was random. Thus, bniTA cells are un-
able to steer cell growth toward a gradient. Interestingly, gradient
tracking in budéA and bil2A cells (scored after 8 h in the gradient)
appeared to be similar to wildtype cells (Figure 7A). However, dur-
ing the time course of these gradient assays, we noticed that bil2A
cells were delayed in establishing a persistent axis of polarized
growth. To further address this, we performed a separate experi-
ment in which we quantified the time to establishment of polarity in
cells expressing endogenously tagged Bni1-GFP and Bem1-mRuby
exposed to a flat low concentration of pheromone (100 nM) suffi-
cient to drive elongated growth. Gradients were not used in this
experiment, because a flat concentration of pheromone yields a
much larger number of cells that can be analyzed, because every
cell experiences the same dose of pheromone. Time to stable po-
larity establishment was defined as the time at which a persistent
cell projection first appeared. In wildtype and budbA cells, Bni1-
GFP formed a tight cap that moved along the cell periphery for a
period of time and then established a stable position, accompanied
by the formation of a mating projection (Supplemental Figure 3A;
Figure 7C). However, in bil2A cells the Bni1-GFP polarity cap wan-
dered for an extended period of time (~100 min longer than wild-
type or budbA cells) before establishing a persistent polarity axis
and extending a projection (Figure 7C). In addition, we compared
Bni1-GFP and Bem1-mRuby distribution patterns in wildtype and
bil2A cells exposed to an intermediate concentration of pheromone
(300 nM) adequate to drive mating projection formation. In wild-
type cells, Bni1-GFP and Bem1-mRuby formed tightly focused
spots at the mating projection tips, whereas in bil2A cells they had
more diffusive localization patterns (Supplemental Figure 3B). In ad-
dition, bil2A cells showed a significant increase in the number of
Bni1-GFP foci compared with wildtype cells (Figure 7D). Thus, Bil2
is required for stabilizing pheromone-induced polarized growth. It
is possible that these defects stem, at least in part, from an inability
of bil2A cells to focus Bni1 at mating projection tips. This could lead
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Bni1-GFP localization is altered in bil2A cells responding to pheromone.
(A) Representative images of Bni1-GFP localization in cells exposed to 100 uM alpha factor for
2.5 h. Images are sum intensity projections of z-stacks. (B) Fraction of total Bni1-GFP signal in
the cell (mean + SD) located within 2.5 ym of the shmoo tip. Data from three independent trials
(n= 30 cells per strain). ***p < 0.001 by two-way student t test. (C) Quantification of Bni1-GFP
fluorescence density (mean + SD, n = 30 cells per strain) in wildtype and bil2A cells after 2.5 h
exposure to 100 uM alpha factor. ns = not significant by two-way student t test.
(D) Representative images of cells with endogenously-tagged Bni1-RFP™S<?et and pGFP-Bil2
expressed from a low copy plasmid after 2.5 h exposure to 100 pM alpha factor. Images are sum
intensity projections of z-stacks. (E) Same as D, but cells were treated with 100 pM Latrunculin

for 10 min before imaging.

to dispersed (unfocused) exocytosis, and in turn dispersed Bem?1
localization.

Bil2 and Budé spatially cluster Bni1 molecules in vitro to
nucleate actin asters

Given our in vivo results showing that Bil2 spatially focuses Bni1 at
mating projection tips and influences actin cable architecture, we
decided to carefully examine whether purified Bil2 has any regula-
tory effects on Bni1-mediated actin assembly in vitro. In our previous
in vitro work, we had shown that Bil2 inhibits Bnr1- but not Bnil-
mediated actin assembly in bulk assays (Rands and Goode, 2021).
Here, we examined the effects of purified Bil2, alone and together
with Budé, on Bnil-mediated actin assembly in both bulk assays
(Figure 8A) and total internal reflection fluorescence (TIRF) micros-
copy assays (Figure 8B). We used FL-Bni1 and FL-Budé (Supplemen-
tal Figure S4A), rather than their C-terminal fragments, because we
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Bni1-RFPmScarlet

tivities revealed that they have similar actin
nucleation effects in bulk assays over a wide
concentration range (Supplemental Figure
S4C), as well as similar effects in TIRF assays
in accelerating filament elongation in the
presence of profilin (Supplemental Figure
S4D). These observations demonstrate that
FL-Bni1 is constitutively active, despite the
presence of its DID and DAD domains (see
Introduction). In this respect, FL-Bni1 may be
similar to the mammalian formin INF2, which
has DID and DAD domains yet is constitu-
tively active, and is inhibited in trans by
other cellular factors that bind to its DID and
DAD domains (A et al., 2019). Interestingly,
the effects of ADID and ADAD mutations in
Bni1 in vivo (Evangelista et al., 1997, 2002;
Sagot et al., 2002b; Kono et al., 2012), which
have always been interpreted as supporting
Bni1 autoinhibition, equally support a tran-
sinhibitory mechanism (see Discussion).

In bulk and TIRF assays, Bil2 alone dis-
played minimal effects on FL-Bni1 nucle-
ation activity (Figure 8, A and B), consistent
with our previous observations for Bil2 with
C-Bni1 (Rands and Goode, 2021). In addi-
tion, we observed bright actin puncta in
TIRF reactions containing Bil2, consistent
with our previous work on Bil2, where it was
shown that the puncta are comprised of G-
actin (Rands and Goode, 2021). FL-Budé
alone enhanced FL-Bnil-mediated actin
nucleation activity similar to our previously described NPF effects of
C-Budé on C-Bni1 (Moseley et al., 2004; Graziano et al., 2011). The
further addition of Bil2 (together with FL-Budé) led to a small in-
crease in FL-Bni1 nucleation activity. Note, this is in stark contrast to
Bil2’s inhibitory effects on Bnr1-mediated actin nucleation both in
the presence and absence of C-Budé (Rands and Goode, 2021).
Thus, Bil2 differentially regulates the two formins, inhibiting nucle-
ation by Bnr1 and slightly enhancing nucleation by Bni1.

In our TIRF experiments we also noticed the formation of actin
“asters” (clusters of actin filaments polymerizing out of discrete foci)
in reactions that specifically contained Bil2, FL-Budé, and FL-Bni1,
and to a lesser extent reactions containing FL-Budé and FL-Bni1 (no
Bil2; Figure 8, C and D). Asters were never observed in reactions
containing Bnr1 (instead of Bni1) with Bil2 and/or Budé (Rands and
Goode, 2021). In addition, asters were not observed in reactions
lacking FL-Budé, indicating that in vitro Bil2 and FL-Budé together
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significance was assessed by a pairwise Kolmogorov-Smirnov test, with WT cells (n = 153) and bil2A cells (n = 333). Scale
bar, 5 um.
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induce Bnil-dependent aster formation. We reasoned that the for-
mation of asters could result from Bni1 being clustered at the cen-
ters of the asters, such that the pointed ends of actin filaments radi-
ate from these centers. To test this idea, we repeated the assays with
labeled 549-SNAP-C-Bni1 (FH1-FH2-C), which revealed that Bni1 is
concentrated at the aster centers (Figure 8E). Interestingly, this spa-
tial organization in vitro is similar to the organization of actin cable
arrays observed in vivo, where Bni1 is in a spot at the mating projec-
tion tip and the pointed ends of the actin cables radiate from that
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spot. Thus, our in vitro assay has reconstituted some of the key as-
pects of the in vivo spatial organization of Bnil and actin cable
assembly.

DISCUSSION

In this study, we examined the roles of the two S. cerevisiae formins
(Bni1 and Bnr1) and two known formin regulators (Budé and
Bil2) during the pheromone response. Our direct comparison
of latrunculin B and bniTA effects in the W303 and S288C strain
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backgrounds demonstrates that actin is required to form proper
mating projections, and that Bni1 plays a major role in shaping the
mating projection. The mating projection defects for bnilA are
more pronounced in the W303 background, which was used for
most of the remaining experiments. Our data using budé-35 and
budé6-8 point mutants show that Budé facilitates mating projection
formation by serving as a formin NPF, presumably for Bni1 because
we could find no role for Bnr1 in this process. These results also
agree with another recent study showing that budéA cells have
short, broad mating projections, as do cells carrying mutations in
Bni1 that disrupt Budé binding (Lawson et al., 2022). We found that
Bni1 is required for tracking pheromone gradients, which to our
knowledge has never been reported previously. Although bni1A
cells could still elongate in response to a gradient, they could not
steer growth toward the pheromone source. Thus, Bni1 is critical
for tracking gradients at lower concentrations of pheromone (0-
150 nM), and for properly building mating projections at higher
concentrations of pheromone (100 pM), while Budé plays a more
facilitative role as an NPF for Bni1.

Our work also reveals new and unexpected roles for Bil2 in the
pheromone response. Previously, Bil2 was shown to inhibit Bnr1
but not Bni1 activity (Rands and Goode, 2021). However, here we
discovered that Bil2 spatially focuses Bni1 into a tight spot at mat-
ing projection tips, and that this function is independent of Bnr1.
Consistent with this function, bil2A cells display defects in actin
cable organization, leading to defects in secretory vesicle trans-
port and nuclear positioning. The inability to properly focus Bni1
and organize actin cable arrays may also explain why bil2A cells
exposed to high concentrations of pheromone abort their first
mating projection and begin extending a second and then a third
projection prematurely. Specifically, these defects in maintaining a
persistent polarity axis in bil2A cells may stem from unfocused
exocytosis. In addition, we observed that bil2A cells exposed to
lower concentrations of pheromone have defects in establishing a
tight polarity axis, as indicated by Bem1-mRuby. In addition, we
found that purified Bil2 (together with Budé) organizes Bni1 into
clusters in vitro, from which actin filaments polymerize. Together,
these observations support a role for Bil2 during the pheromone
response in promoting Bnil clustering to organize actin cable ar-
rays and stabilize polarized growth. Importantly, we have demon-
strated that these new functions of Bil2 are independent of Bnr1.
However, we cannot rule out the possibility that some of these
functions of Bil2 in the mating response are through formin-inde-
pendent mechanisms.

It is also worth noting that we could find no genetic role for Bnr1
in shmoo formation, yet Bnr1 was expressed during the mating re-
sponse, albeit at approximately half of the normal Bnr1 levels ex-
pressed in vegetatively growing cells. During the mating response,
Bnr1 was cytosolic, suggesting that Bnr1 no longer stably associates
with septins. A previous study showed that during G1 in mitotically
dividing cells (before bud emergence), Bnr1 is inactive and cytosolic
(Yu etal., 2011), and upon bud emergence, Bnr1 is then recruited by
septins to the bud neck where it becomes active and assembles
actin cables (Gao et al., 2010; Buttery et al., 2012). Because expo-
sure to mating pheromone leads to a G1 arrest, it is possible that a
related mechanism inactivates Bnr1 in both settings, perhaps involv-
ing cell cycle regulated changes in septins and/or septin-associated
proteins (Juanes and Piatti, 2016). Interestingly, when we treated
pheromone-induced cells briefly with latrunculin, a fraction of the
Bnr1-GFP shifted from the cytosol to cortical dots, which showed a
striated organization similar to septins in mating cells (Longtine
et al., 1998a). These observations show that the rules governing
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Bnr1 localization during the mating response differ considerably
from those governing its stable localization to the bud neck during
vegetative growth.

How would Bni1 clustering relate to the establishment of a
stable polarity axis?

Wandering of the polarity cap (marked by Bem1) is driven by exocy-
tosis (Ozaki-Kuroda et al., 2001; Dyer et al., 2013). Vesicles travel
along actin cables to reach the site of exocytosis where delivery of
inactive signaling molecules perturbs the polar cap. With tightly
clustered Bni1, actin cables would all emanate from approximately
the same spatial position, resulting in focused exocytosis. In the ab-
sence of Bil2, the Bni1 spot disperses into multiple foci. In this situ-
ation, exocytic events may also be spread out, leading to scattered
exocytosis and changes to polar cap spatial dynamics. Exocytosis
provides negative regulation of the polar cap by delivering inactive
polarity signaling components to the center of the polarity patch;
however, it also provides a delayed positive feedback, as the arrival
of the new signaling molecules (once they are activated) reinforces
the signal. This produces a signal that can pull the polar cap back to
the site of vesicle delivery, slowing polar cap wandering in a dose
dependent manner (McClure et al., 2015). Defocusing of the actin
cable assembly sites, marked by Bni1-GFP, may therefore create
multiple competing polarity spots, leading to the observed effect of
destabilizing the polarity axis.

The observation that the polarity cap is more mobile at lower
doses of pheromone and less mobile at higher doses (Dyer et al.,
2013) may be related to our observation of delayed mating projec-
tion extension in bil2A cells at lower doses of pheromone. This sug-
gests that Bil2 may be more important for spatially focusing Bni1 at
the mating projection tips when the polarity cap is highly mobile.
Consistent with this view, bil2A cells exhibited a dispersal of Bni1-
GFP and a delay in mating projection formation at low (100-300 nM)
but not high (100 uM) concentrations of pheromone.

In vitro activities of FL-Bni1, Bud6é and Bil2

In this study, we have characterized for the first time the in vitro ac-
tivities of FL-Bni1 and Budé, and the effects of Bil2 on FL-Bni1 and
Budé. FL-Budé (1-788) shows a similar NPF activity to C-terminal
fragments of Budé (489-788 and 550-788), demonstrating that the
C-terminal half of Budé contains most or all of the NPF activity.
More unexpectedly, we found that FL-Bni1, despite containing DID
and DAD domains, is constitutively active for actin assembly rather
than autoinhibited. As mentioned earlier, it has long been assumed
that Bni1 is autoinhibited based on ADID and ADAD phenotypes in
vivo (Evangelista et al., 1997, 2002; Sagot et al., 2002b; Kono et al.,
2012). However, these phenotypes are also consistent with Bni1 be-
ing inhibited in trans by ligands that interact with the DID and DAD
domains, as recently shown for mammalian formin INF2 (A et al.,
2019). Future studies will be needed to identify the inhibitory factors
bound to Bni1 in the cytosol, and determine how they are released
when Bni1 is activated at the bud cortex.

In a previous study employing bulk assays in vitro, we showed that
Bil2 inhibits actin nucleation by Bnr1 but not Bni1, either in the pres-
ence and absence of Budé (Rands and Goode, 2021). Here, using
TIRF microscopy we discovered that Bil2 and Budé together organize
Bni1 into clusters that nucleate actin filament assembly into asters.
These in vitro results mirror the in vivo requirement for Bil2 in focusing
Bni1-GFP at mating projection tips. On the other hand, the require-
ment of Budé in our in vitro assays is seemingly at odds with the in
vivo observation that budbA cells do not have the same phenotype
as bil2A cells. However, this could easily be explained whether this
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role of Budé (in helping Bil2 concentrate Bni1 into clusters) is redun-
dant with another cellular factor not present in our in vitro assays. In-
deed, while Bni1-GFP is less focused in bil2A cells, there is still some
polarization of Bni1-GFP at mating projection tips, suggesting that
other factors besides Bil2 contribute to focusing Bni1 at mating pro-
jection tips, for example, possibly Spa2, Pea2, Aip5, and Bil1 (Xie and
Miao, 2021).

Broad implications for understanding how formins are
spatially regulated

Our results provide new insights into how formins are spatially regu-
lated in vivo. During mitotic growth Bnr1 is anchored at the bud
neck via its association with septins and septin-associated proteins.
However, it has been unclear how Bni1 becomes concentrated at
the bud tip during mitotic growth and at the shmoo tip during the
mating response. Our results suggest that Bil2 plays an important
role in focusing Bni1 at the mating projection tips. Recent studies
suggest that Bnil, Budé, and other polarisome components may
undergo phase separation at polarity sites to form molecular con-
densates (Xie and Miao, 2021). Our observations raise the possibil-
ity that Bil2 (15 kDa) is involved in this process. Interestingly, |U-
Pred2a (iupred2a.elte.hu) predicts a short intrinsically disordered
region (IDR) in Bil2, which is a signature of proteins that promote
weak multivalent interactions and phase separate.

Our findings may serve as a paradigm for understanding how
formins are organized in other systems where they are locally
concentrated to promote actin assembly, for example, filopodia
tips, stereocilia tips, podosomes tips, focal adhesions, cytokinetic
nodes, ER-mitochondrial contact sites, pollen tube tips, and the fis-
sion yeast “actin fusion focus” (Wu et al., 2006; Yang et al., 2007,
Yonetani et al., 2008; Chesarone et al., 2010; Korobova et al., 2013;
Dudin et al., 2015; Gauvin et al., 2015; Panzer et al., 2016). Perhaps
the closest examples to what we describe here for S. cerevisiae Bni1
forming a focused spot at mating projection tips are the concentra-
tion of S. pombe formin Fus1 at sites where cells of opposite mating
type fuse (Dudin et al., 2015) and the concentration of S. pombe
formin Cdc12 at cytokinetic nodes (Wu et al., 2006; Yonetani et al.,
2008). The ability of S. pombe Fus1 to be tightly focused at cell fu-
sion sites depends on its large IDR, suggesting that Fus1, alone or
together with other factors, phase separates into molecular conden-
sates at these sites (Billault-Chaumartin et al., 2022). The spatial fo-
cusing of S. pombe Cdc12 into cytokinetic nodes in vivo depends
on its binding partner Cdc15 (an F-BAR protein with a large IDR),
and Cdc12 and Cdc15 phase separate together in vitro (Willet et al.,
2015; Bhattacharjee et al., 2023). The factors that promote spatial
focusing of S. cerevisiae Bni1 versus S. pombe Fus1 and Cdc12 are
likely to be different, given that S. pombe and S. cerevisiae are evo-
lutionarily quite distant from each other (Sipiczki, 2000). Recent
studies in S. cerevisiae have shown that the polarity proteins Spa2
and Aip5 (which both bind to Bni1) phase separate in vitro and form
large condensates in mitotically dividing cells (Xie et al., 2019; Xie
and Miao, 2021). We have shown that Bil2, another protein with low
complexity, plays an important role in concentrating Bni1 at mating
projection tips. Thus, Bil2 may function together with these other
polarity proteins to focus Bni1 localization. Altogether, these obser-
vations in budding yeast and fission yeast provide three key exam-
ples of formins (Bni1, Fus1, and Cdc12) that are spatially focused in
vivo to drive the formation of different actin structure (actin cables,
actin fusion focus, and cytokinetic actin ring, respectively). These
multiple examples suggest that spatial focusing of formins may be
important in many other settings, including filopodial tips, focal ad-
hesions, and stereocilia tips.
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MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Plasmids and yeast strains

For live imaging of secretory vesicles, we transformed yeast with
previously described CEN plasmids that express either GFP-SEC4
or mCherry-SEC4 (Rands and Goode, 2021). For localizing Bil2 in
live cells, we used a previously described low copy (CEN) plasmid
expressing N-terminally tagged GFP-Bil2 from a constitutive pro-
moter (Rands and Goode, 2021). For E. coli purification of 6His-Bil2,
we used a previously described plasmid (Rands and Goode, 2021).
For galactose-induced expression and purification of éxHis-SNAP-
Bni11228-1953 (FH1-FH2-C) in S. cerevisiae, we used a previously
described plasmid (Pollard et al., 2020). For galactose-induced
expression and purification of 6xHis-FL-Bni1'-1%53 (full-length) in
S. cerevisiae, we introduced the entire open reading frame of Bni‘
into the same vector as the plasmid expressing 6xHis-C-Bni11228-1953
(FH1-FH2-C; Moseley and Goode, 2006). For E. coli expression of
6xHis-SUMO-Bni11228-1953 (FH1-FH2-C), we used a previously de-
scribed plasmid (Wirshing et al., 2023). For E. coli expression of
MBP-Budé(full-length)-6His, we constructed a new plasmid by PCR
amplification of the entire BUD6 open reading frame (encoding resi-
dues 1-788) with a C-terminal 6xHis tag, and cloned this PCR prod-
uct into the Sall and Hindlll sites of the pMAL-c4x plasmid (Walker
et al., 2010), which adds an N-terminal MBP tag.

For galactose-induced expression of Bni1 polypeptides in S.
cerevisiae, we used the protease-deficient yeast strain BJ2168:
MATa leu2 trp1 ura3-52 pep4-3 prc1-407 pro1-1122 gal2 (ATCC
208277) (Jones, 1977). For Supplemental Figure S1, A and B, we
used wildtype and bniTA yeast strains in the Research Genetics
S288C background (MATa, ura3, leu2, his3, met15). All other yeast
strains were in the W303 background (leu2-3,112 trp1-1 can1-100
ura3-1 ade2-1 his3-11,15 [phi+]). Gene deletions were introduced
by homologous recombination (Longtine et al., 1998b) to generate
bni1A and bnr1A, as well as bil2A (BGY4248) and budbA (BGY1418)
strains. Genetic crosses followed by tetrad dissections were per-
formed to generate double mutant strains budéAbil2A (BGY4260)
and bnr1Abil2A. BUDé point mutant strains (budé-35 and bud6-8)
were generated as described (Graziano et al., 2011). Standard PCR-
based genome modification methods (Longtine et al., 1998b) were
used to tag endogenous Bni1 at its C-terminus with either enhanced
GFP (GFPENYY) of mScarlet, endogenous Bnr1 at its C-terminus with
GFPENYY, endogenous Abp140 at its C-terminus with GFPENYY, en-
dogenous Tub1 at its C-terminus with GFPENYY, and endogenous
Spc72 at its C-terminus with GFPENYY. Endogenous Bem1 was C-
terminally tagged with yomRuby?2 by transforming pRSI1405-Bem1-
mRuby linearized with Sall (Simke et al., 2022).

Imaging of actin cables in fixed cells

To analyze actin cable organization in vivo, yeast strains were grown
in YEPD media to ODgpg = 0.4-0.6, and then treated for 3 h with
100 pM alpha factor (Zymo research; Irvine CA), fixed in 5% formal-
dehyde for 20 min at room temperature, and washed three times
with PBS buffer. Cells were stained 1-3 d with Alexa Fluor 488 phal-
loidin (Life Technologies; Grand Island, NY), washed three times
with PBS buffer, then imaged. For quantifying cable tortuosity, cells
were imaged by structured illumination microscopy (SIM) on a Nikon
Ti-2 SIM-E inverted microscope with a Hamamatsu Orca Flash 4.0
camera controlled by NIS-Elements software (Nikon Instruments),
using an exposure time of 200 ms at 488 nm excitation and 40%
laser power. Actin cables were traced in FIJI software by tracing the
cable with the multipoint tool. Cable tortuosity (length/distance)
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was determined by measuring total length of the cable (adding to-
gether all the distances between points) and dividing it by the dis-
tance between the first and last points.

For comparing actin cable network organization (images in
Figure 4A), strains were grown to log phase as above, then fixed in
4.4% formaldehyde for 45 min at 25°C. Cells were then washed in
1x PBS (pH 7.3), resuspended in 1x PBS (pH 7.3) + 0.1% Triton
X-100, and stained with Alexa Fluor 488-phalloidin (Life Technolo-
gies) overnight at 4°C. Then cells were washed in 1x PBS (pH 7.3),
resuspended with Vectashield mounting media (Vector Laborato-
ries), mounted on slides, and imaged on a Nikon Ti2-E invert confo-
cal microscope equipped with a CSU-W1 SoRa (Yokogawa) and a
Prime BSI sCMOS camera (Teledyne Photometrics) controlled by
Nikon NIS-Elements Advanced Research software using a 60x, 1.40
NA objective, using an exposure time of 500 ms at 488 nm excita-
tion and 40% laser power. Three-dimensional stacks through the
entire cell were acquired at 0.2 pm steps. Images were denoised
using NIS-Elements Advanced Research software (Nikon).

Live cell imaging

For live imaging of mating projection formation, strains were grown
in YEPD media at 25°C to ODggg = 0.4-0.6, then treated with 100 uM
alpha factor for 1 h, and introduced into flow chambers. Flow cham-
bers were constructed by sandwiching glass coverslips (pretreated
with T mg/ml concanavalin a) on top of plastic flow chambers (Ibidi,
Fitchburg, WI) using double-sided tape (2.5 cm 3 x 2 mm 3 x
120 mm) and 5-min epoxy resin (Devcon, Riviera Beach, FL). Cells
were imaged on a Nikon Ti-2 SIM-E inverted microscope with a
Hamamatsu Orca Flash 4.0 camera controlled by NIS-Elements soft-
ware (Nikon Instruments) using transmitted light. One image was
taken every 5 min for 6 h. Mating projections were also assessed by
live imaging at designated time points after exposure to phero-
mone (Figure 2A; Supplemental Figure S2, A and B), where cells
were mounted onto slides and imaged on a Nikon Ti2-E invert con-
focal microscope equipped with a CSU-W1 SoRa (Yokogawa) and a
Prime BSI sCMOS camera (Teledyne Photometrics) controlled by
Nikon NIS-Elements Advanced Research software using a 100x,
1.40 NA objective, and the brightfield setting.

For assessing mating projections in S288C and W303 yeast strain
backgrounds, cells were grown to mid log-phase in synthetic com-
plete (SC) media and then exposed to 100 uM alpha factor for 3 and
5 h. For latrunculin B experiments in Supplemental Figure S1B, both
5288C and W303 yeast cells were grown to mid log-phase in SC
media and then exposed to 100 pM alpha-factor and 100 pM latrun-
culin B for 3 h. Cells were imaged on a Nikon Ti2-E invert confocal
microscope equipped with a CSU-W1 SoRa (Yokogawa) and a Prime
BSI sCMOS camera (Teledyne Photometrics) controlled by Nikon NIS-
Elements Advanced Research software using a 100 x 1.40 NA objec-
tive using an exposure time of 300 ms with the brightfield setting.

For quantifying cell circularity, yeast cells were grown to mid log-
phase in YPD and treated with 100 uM alpha factor (Zymo Research,
Irvine CA) for 3 h and imaged on a Nikon Ti2-E invert confocal mi-
croscope equipped with a CSU-W1 SoRa (Yokogawa) and a Prime
BSI sCMOS camera (Teledyne Photometrics) controlled by Nikon
NIS-Elements Advanced Research software using a 60x, 1.40 NA
objective. Images were acquired using 100 ms exposures with the
brightfield setting. Cell circularity was quantified by manually trac-
ing cell outlines using the circularity function in FIJI, which uses the
equation: 4 i ® (cell area/cell perimeter?).

For examining the localization of endogenously tagged Bni1-GFP
and Bnr1-GFP and quantifying their cellular abundance (Figure 1,
C-F), cells were grown to mid log-phase in SC media and treated
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with 100 pM alpha factor for 3 h and imaged on a Nikon Ti2-E invert
confocal microscope equipped with a CSU-W1 SoRa (Yokogawa)
and a Prime BSI sCMOS camera (Teledyne Photometrics) controlled
by Nikon NIS-Elements Advanced Research software using a 100x,
1.40 NA objective using an exposure time of 500 ms at 488 nm ex-
citation and 50% laser power. Three-dimensional stacks through the
entire cell were acquired at 0.3 um steps, from which sum projec-
tions were generated. To control for autofluorescence background,
a parent yeast strain (with no GFP tag) was grown and imaged in
parallel using the identical settings. The average mean intensity of
the control cells, with and without alpha factor treatment, was calcu-
lated (and defined as background), then subtracted from the mean
intensities determined for Bni1-GFP and Bnr1-GFP cells. Cell out-
lines were manually traced and the fluorescence levels for each cell
were divided by its cell area (um?) in FIJI. For examining Bnr1-GFP
localization after pheromone exposure and acutely treated with la-
trunculin B, cells were grown to mid log-phase in SC media and
treated with 100 uM alpha factor for 2.5 h. Following pheromone
treatment, cells were treated with either 100 uM latrunculin B or
DMSO for 10 min and imaged as described above for Bnr1-GFP.

For live imaging of secretory vesicles, yeast cells were trans-
formed with a CEN plasmid expressing GFP-Sec4, grown in syn-
thetic selective media at 25°C until they reached ODgqp = 0.4-0.6,
and treated with 100 pM alpha factor for the indicated times in
figures. Cells were mounted on slides and imaged on an i-E upright
confocal microscope (Nikon Instruments) with a CSU-W1 spinning
disk head (Yokogawa), 100 x oil objective (NA 1.4; Nikon Instru-
ments), and an Ixon 897 Ultra-CCD camera (Andor Technology)
controlled by NIS-Elements software (Nikon Instruments). For
the still-shot images shown in Figure 2C, we used exposure times of
200 ms at 50% intensity (excitation 488 nm) to image cells in 21-step
Z-stacks (0.3 pm steps). For live imaging of secretory vesicle trans-
port (Figure 4D), we imaged cells in a single focal plane with expo-
sure times of 50 ms at 50% intensity (excitation 488 nm) at 100-ms
intervals. Vesicle delivery frequencies were determined by counting
the number of GFP-Sec4 puncta translocated from the main body of
the cell to within 2.5 pm of the mating projection tip in a 60 s obser-
vation window.

For live imaging of Bni1-GFP to examine how well it localizes to
mating projection tip (Figure 6, A and B), cells were grown in syn-
thetic selective media at 25°C until they reached ODggg = 0.4-0.6,
and treated with 100 uM alpha factor for 2.5 h. Cells were then
mounted on slides, and imaged using an i-E upright confocal micro-
scope (Nikon Instruments) with a CSU-W1 spinning disk head
(Yokogawa), 100 x oil objective (NA 1.4; Nikon Instruments), and an
Ixon 897 Ultra-CCD camera (Andor Technology) controlled by NIS-
Elements software (Nikon Instruments). Exposure times of 300 ms at
60% intensity (excitation 488 nm) were used to image cells in 17-step
Z-stacks (0.3 pm steps). To quantify the fraction of Bni1-GFP signal
within 2.5 pm of the mating projection tip, we used ImageJ as fol-
lows. Z-stacks were combined using the “sum projection” function,
then a region of interest (ROI) was drawn to encompass the mating
tip (first 2.5 pm). Fluorescence in the tip region (raw integrated den-
sity in FIJI) was measured and divided by total fluorescence in the
cell. To compare total Bni1-GFP signals in cells between different
strains, we normalized for cell area by taking the total Bni1-GFP
signal in each cell (raw integrated density in FIJI) for the same cells
as above and dividing this by the cell area (um?). For high resolution
images of Bni1-GFP in cells (Figure 6A; Supplemental Figure S2,
D and E) images were acquired on a Nikon Ti2-E invert confocal
microscope equipped with a CSU-W1 SoRa (Yokogawa) and a Prime
BSI sCMOS camera (Teledyne Photometrics) controlled by Nikon
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NIS-Elements Advanced Research software using a 100 x 1.40 N
objective using an exposure time of 500 ms at 488 nm excitation
and 50% laser power. Three-dimensional stacks through the entire
cell were acquired at 0.3 pm steps. Quantification for Supplemental
Figure S2C was performed as described for Figure 6B.

Measuring the distance of the spindle pole body and
microtubule bundle from shmoo tip

Strains expressing an integrated spindle pole body marker (Spc72-
GFP) or microtubule marker (Tub1-GFP) were grown in SC media
at 25°C to ODggp ~0.4, then treated with 100 uM alpha factor for
3 h. Cells were mounted on slides and imaged on an i-E upright
confocal microscope (Nikon Instruments) with a CSU-W1 spinning
disk head (Yokogawa), 100 X oil objective (NA 1.4; Nikon Instru-
ments), and an Ixon 897 Ultra-CCD camera (Andor Technology)
controlled by NIS-Elements software (Nikon Instruments). For im-
aging Spc72-GFP, images were captured with exposure times of
400 ms at 60% intensity (excitation 488 nm) in 17-step Z-stacks.
Tub1-GFP was imaged similarly, except that images were cap-
tured with exposure times of 100 ms at 40% intensity (excitation
488 nm). Images were analyzed in ImageJ as follows. Sum inten-
sity projections were generated from the Z-stacks and the line tool
in FIJI was used to measure the distance from the tip of the mating
projection to either the center of the nuclear microtubule bundle
(Tub1-GFP) or to the center of the spindle pole body (Spc72-GFP),
which was then divided by the total length of the mating cell (from
tip to posterior). Images shown for Spc72-GFP and Tub1-GFP
(Figure 5, A and C) were obtained on a Nikon Ti2-E invert confocal
microscope equipped with a CSU-W1 SoRa (Yokogawa) and a
Prime BSI sCMOS camera (Teledyne Photometrics) controlled by
Nikon NIS-Elements Advanced Research software using a 60x or
100x, 1.40 NA objective, respectively. Images were acquired us-
ing an exposure time of 500 ms at 488 nm excitation and 50% la-
ser power. Three-dimensional stacks through the entire cell were
acquired at 0.3 um steps.

Gradient tracking and microfluidics-coupled imaging

Microfluidic chambers were assembled using Sylgard 184 (Dow) and
24 x 40 mm coverslips as previously described (Suzuki et al., 2021).
The mold was fabricated by the University of Maine Frontier Institute
for Research in Sensor Technologies (FIRST). For all the live cell mi-
crofluidic experiments, cultures were grown in sterile filtered SC me-
dia to an OD600 between 0.2-0.5 at 30°C. The device was then set
up with sterile-filtered SC media with either a gradient of alpha fac-
tor (0-150 nM) or a flat concentration (300 nM) of alpha factor and
Alexa 647 hydrazide at 62 ng/mL to track flow in the device.
Timelapse imaging was performed using an Olympus 1X83 epifluo-
rescence microscope with a Prior HLD117 stage and a Prime 95B
CMOS Camera (Photometrics) controlled by Cell Sens 1.17 (Olym-
pus) and equipped with an Olympus-APON-60X-TIRF objective
with excitation light provided by an X-Cite 120 LEDBoost (Excelitas).
Images were captured at 20-min intervals for 12 h while cells were
maintained at 30°C using an objective heater (Bioptechs). Images
were deconvolved with Huygens software (Scientific Volume Imag-
ing) using a theoretical point-spread function and the classical
algorithm with signal to noise ratio of 30 and acuity of -21. Masks
were generated using Cellpose 2.0 (Stringer et al., 2021) and FIJI
(Schindelin et al., 2012) while the data analysis was performed using
MATLAB (Mathworks). For gradient tracking experiments, polar his-
tograms were obtained from two independent experiments mea-
suring the orientation of each cell in degrees. A line tool in FIJI
was used to draw a line from the inside of each cell towards the tip
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and angles were measured. The data (angles) were then used in
MATLAB to generate polar histograms.

To quantify time to establishment of polarity, we exposed cells
expressing endogenously tagged Bni1-GFP and Bem1-mRuby to a
flat low concentration of alpha factor (100 nM), sufficient to drive
elongated cell growth. We then performed time lapse (DIC and
fluorescence) imaging to assess establishment of polarity. Use of a
flat concentration of pheromone yields a large number of cells that
can be analyzed, because every cell experiences the same dose of
pheromone. In contrast, in the gradient tracking experiments, only
cells in the central third of the chamber experience a dose that
drives elongation. We defined the time of stable polarity establish-
ment as the time at which a projection first appeared.

To assess spatial focusing of Bni1-GFP in cells, we used the
previously described Granulinator MATLAB (Mathworks) script
(https://github.com/Kelley-Lab-Computational-Biology/Granule,
[Hunn et al, 2022]). Cell masks were generated with Cellpose
(Stringer et al., 2021), and then the images were analyzed by Granu-
linator using the following settings: threshold of three standard
deviations above the mean, 150 brightest pixels excluded from
calculation of the mean and standard deviations, and a minimum
spot size of 20 eight-connected pixels.

Protein purification

Rabbit skeletal muscle actin was purified from acetone powder
(Spudich and Watt, 1971) generated from frozen ground hind leg
muscle tissue of young rabbits (Pel-Freez Biologicals, Rogers, AR).
Lyophilized acetone powder stored at —80°C was mechanically
sheared in a coffee grinder, resuspended in G-buffer (5 mM Tris-
HCI, pH 8.0, 0.2 mM adenosine 5'-triphosphate [ATP], 0.5 mM di-
thiothreitol [DTT], 0.1 mM CaCl,), and then cleared by centrifuga-
tion for 20 min at 50,000 x g, 4°C. The supernatant was filtered
through Grade 1 Whatman paper, and then actin was polymerized
by the addition of 2 mM MgCl, and 50 mM NaCl to the filtrate and
overnight incubation at 4°C with slow stirring. The next morning,
NaCl was added to a final concentration of 0.6 M, and stirring was
continued for another 30 min at 4°C. F-actin was pelleted by cen-
trifugation for 150 min at 120,000 x g, 4°C. The pellet was solubi-
lized by dounce homogenization and dialyzed against 1 | of G-buf-
fer at 4°C (three consecutive times at 12-18 h intervals). Monomeric
actin was then precleared for 30 min at 435,000 x g, 4°C, and
loaded onto a S200 (16/60) gel-filtration column (GE Healthcare,
Marlborough, MA) equilibrated in G-buffer. Peak fractions were
stored at 4°C.

For the fluorescently labeled actin used in TIRF microscopy as-
says, actin was labeled on cysteine 374 as previously described
(Kuhn and Pollard, 2005). Briefly, the F-actin pellet described above
was dounce homogenized and dialyzed against G-buffer lacking
DTT. Monomeric actin was then polymerized by adding an equal
volume of 2 x labeling buffer (50 mM imidazole, pH 7.5, 200 mM
KCI, 0.3 mM ATP, 4 mM MgCly). After 5 min, the actin was mixed
with a five-fold molar excess of Alexa488 maleimide (Thermo Fisher
Scientific, Waltham, MA), resuspended in anhydrous dimethylfor-
mamide, and incubated in the dark for 15 h at 4°C. Labeled F-actin
was pelleted as above, and the pellet was rinsed briefly with G-buf-
fer, then depolymerized by dounce homogenization, and dialyzed
against G-buffer for 2 d at 4°C. Labeled, monomeric actin was puri-
fied further on a S200 (16/60) gel-filtration column (GE Healthcare)
equilibrated in G-buffer. Peak fractions of Alexa488-actin were
pooled and dialyzed for 15 h against G-buffer with 50% glycerol and
stored at —20°C. The concentration and labeling efficiency were
determined by measuring absorbance at 280 and 494 nm. Molar
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extinction coefficients: £59q actin = 26,600 M~" cm™", £494 Alexa488 =
71,000 M~" em™, and Alexa488 correction factor at 290 = 0.11.

For preparing biotinylated actin used in TIRF microscopy assays,
the F-actin pellet above was dounce homogenized and dialyzed
against G-buffer lacking DTT. Monomeric actin was then polymer-
ized by the addition of an equal volume of 2 x labeling buffer. After
5 min, the actin was mixed with a five-fold molar excess of NHS-XX-
Biotin (Merck KGaA, Darmstadt, Germany) and incubated for 15 h at
4°C. The F-actin was pelleted as above, and the pellet was rinsed
with G-buffer, then dounce homogenized, and dialyzed against G-
buffer for 48 h at 4°C. Biotinylated monomeric actin was purified
further on an S200 (16/60) gel-filtration column as above. Aliquots
of biotin-actin were snap frozen in liquid nitrogen and stored at
—-80°C.

For bulk pyrene-actin assembly assays, actin was labeled with
pyrenyl-iodoacetamide on cysteine 374 (Pollard and Cooper, 1984).
Actin prepared as above, excluding the gel filtration step, was dia-
lyzed against pyrene buffer (25 mM Tris-HCI, pH 7.5, 100 mM KCI,
0.02% NaN3, 0.3 mM ATP, and 2 mM MgSO4) for 3 h, then diluted
with pyrene buffer to 1 mg/ml (23.8 uM). A sevenfold molar excess
of pyrenyl-iodoacetamide was added, and this actin solution was
incubated overnight at 4°C. Next, aggregates were cleared by low-
speed centrifugation, and the supernatant (containing F-actin) was
centrifuged for 3 h at 45,000 rpm in a rotor (Ti70; Beckman Coulter)
at 4°C to pellet F-actin. The F-actin pellets were mechanically dis-
rupted using a dounce, then dialyzed against G buffer for 1-2 d, and
finally gel filtered on a 16/60 S200 column as above. Peak fractions
were pooled, aliquoted, snap frozen, and stored at -80°C until use.

6xHis-SNAP-Bni11228-1953 was expressed by galactose-induction
from a plasmid transformed into the protease-deficient yeast strain
BJ2168, essentially as described (Moseley et al., 2006). Cells were
grown to ODggg = 0.8 in 2 | SC media (lacking uracil) with 2% raffi-
nose, then expression was induced by shifting cells to the same me-
dia with 2% galactose and adding 20 g bacto-peptone and 10 g
yeast extract (US Biologicals, Salem, MA). After overnight induction
at 25°C, yeast cells were harvested by centrifugation at 4°C at
5000 x g for 20 min, washed with water, resuspended in 0.2 vol wa-
ter, and flash frozen as pellets in liquid N2. Mechanical lysis was
performed using a coffee grinder to pulverize yeast into a fine pow-
der while submerged in liquid N2. The yeast powder was resus-
pended and thawed in lysis buffer A (300 mM NaCl and 50 mM
NaPO4, pH 8.0), transferred to ice, and supplemented with 1 x pro-
tease inhibitors and 0.5 mM DTT. Lysates were clarified two times to
remove cellular debris by sequential centrifugation steps at 4°C, first
at 28,000 x g for 15 min, and then at 310,000 x g for 30 min. The
high-speed supernatant (~20 ml) was then incubated with 0.5 ml
Ni2+-NTA-agarose resin (Qiagen, Valencia, CA), rotating at 4°C for 1
h. The resin was washed with 100 ml of high salt wash buffer (20 mM
imidazole, pH 8.0, 20 mM NaPO4, pH 8.0, 0.5 mM DTT, and 500
mM NaCl) and then 100 ml of low salt wash buffer (same as above,
but with 150 mM NaCl). The protein was eluted from the beads with
elution buffer (150 mM NaCl, 250 mM imidazole, pH 8.0, 20 mM
NaPO4, pH 8.0, and 1 mM DTT). The buffer was exchanged to
SNAP-labeling buffer (150 mM NaCl, 20 mM NaPO4, pH 8.0, and 1
mM DTT) using a PD-10 desalting column (GE Healthcare), and the
protein was concentrated by Amicon-Ultra filtration (EMD Millipore).
The 6xHis-SNAP-Bni1'226-1953 protein was then mixed with a 2-3 M
excess of biotin-Alexa549-benzylguanine (New England Biolabs,
lpswich, MA) for 18 h at 4°C, rotating in the dark. To remove excess
dye, buffer was exchanged into HEKG g buffer using a 0.5 ml Zeba
spin desalting column (Thermo Fisher), and aliquots were snap
frozen in liquid N2 and stored at —-80°C. Labeling efficiency was
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95-100%. Protein concentration was determined by Bradford (using
a bovine serum albumin [BSA] standard) and labeling efficiency was
determined by absorbance using extinction coefficients: €280 =
66,810 M=1cm-1 for the protein, and €560 = 150,000 M-1cm-1 for
the Alexa549, with a €280 correction factor of 0.08 for the dye.

6His-FL-Bni1'-1%%% and 6His-C-Bni1'228-1953 polypeptides were ex-
pressed in S. cerevisiae strain BJ2168 by galactose-induction as de-
scribed (Moseley et al., 2006). For each purification, 2 | of yeast cells
in synthetic medium lacking uracil with 2% raffinose were grown to
ODyggo = 0.6-0.9. Then expression was induced by addition of dry
ingredients: 10 g yeast extract, 20 g peptone, and galactose (2% wt/
vol). Cells were grown for 12-16 h at 30°C, then pelleted, washed in
H,0O, frozen dropwise in liquid Ny, and stored at —-80°C. To initiate a
protein preparation, frozen yeast pellets were lysed mechanically in
a coffee grinder cooled with liquid N,. Then, 20 g of lysed yeast
powder was resuspended in 20 ml of buffer A (20 mM NaPO,, pH
7.4, 150 mM NaCl, 30 mM imidazole, 0.5 mM DTT, 1% NP-40) sup-
plemented with protease inhibitor cocktail (1 mM phenylmethylsul-
fonyl fluoride, 0.5 uM each of pepstatin A, antipain, leupeptin, apro-
tinin, and chymostatin), and cleared by ultracentrifugation at
200,000 x g for 20 min in a TLA100.3 rotor (Beckman Coulter).
Cleared lysates were then passed through a 0.45-pym syringe filter
(Millex, MilliporeSigma; Darmstadt, Germany), mixed with 2 ml of
Ni-NTA beads (New England Biolabs; Ipswich, MA), and incubated
for 1 h at 4°C with gentle agitation. Beads were washed three times
with 10 ml wash buffer (20 mM Tris pH 8.0, 500 mM NaCl, 0.5 mM
DTT, 30 mM Imidazole), and 6His-Bni1 was eluted with 4 ml of elu-
tion buffer (20 mM Tris pH 8.0, 500 mM NaCl, 0.5 mM DTT, 300 mM
Imidazole). Peak fractions were pooled and loaded on a PD10
desalting column (GE Life Sciences; Marlborough, MA) equilibrated
in HEKG1oD buffer (20 mM HEPES, pH 7.5, 1 mM EDTA, 50 mM
KCI, 10% [vol/vol] glycerol, and 1 mM DTT), then concentrated to
~200 pl, aliquoted and snap frozen in liquid Ny, and stored at -80°C.

C-Bni1228-19%3 (no tag) was also purified as follows. 6xHis-SUMO-
Bni1'227-1953 was expressed in E. coli strain Rosetta (DE3) with the
PRARE rare codon plasmid (MilliporeSigma; Darmstadt, Germany).
Cells were grown to log phase in Terrific Broth at 37°C and induced
with 1 mM IPTG (Isopropyl B-b-1-thiogalactopyranoside) for 16 h at
18°C. Cells were harvested by centrifugation and pellets were stored
at-80°C. Pellets were resuspended in lysis buffer (30 mM imidazole,
pH 8.0, 0.5 mM DTT, and 2 x PBS [40 mM sodium phosphate buffer
and 200 mM NaCl, pH 7.4]) supplemented with 150 mM NaCl, 1%
NP-40, and protease inhibitors. Next, cells were lysed using a probe
sonicator on ice, clarified by centrifugation at 27,000 x g for 30 min
at 4°C, and mixed with 1 ml nickel-nitrilotriacetic acid (Ni-NTA)-aga-
rose beads (Qiagen) for 1 h at 4°C. The slurry was transferred to an
empty column, and the agarose was allowed to settle by gravity.
The column was washed twice with 10 column volumes of lysis buf-
fer plus 350 mM NaCl, and then twice with 10 column volumes of
wash buffer (20 mM HEPES pH 7.5, 100 mM NaCl, 5% glycerol).
C-Bni1228-1953 was then eluted using wash buffer plus 250 mM imid-
azole. The 6xHIS-SUMO tag was removed from the formins by over-
night digestion at 4°C with Ulp1 protease, while dialyzing the reac-
tion against 500 ml HEKGs buffer (20 mM HEPES pH 7.5, 1T mM
EDTA, 50 mM KCl, 10% glycerol) with 2 mM DTT. Following dialysis,
Bni1 FH1-C was further purified by gel filtration on a Supé column
(GE Healthcare) equilibrated in buffer HEKG1g with 1 mM DTT using
an AKTA FPLC (GE Healthcare). Peak fractions were pooled, concen-
trated, aliquoted, snap frozen, and stored at —-80°C.

S. cerevisiae profilin was expressed in BL21(DE3) E. coli and puri-
fied as described (Graziano et al., 2013). Bacterial cells were grown
in terrific broth to log phase and induced with 0.4 mM IPTG for
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3-4 h at 37°C. Cells were pelleted and stored at —-80°C. Frozen
pellets were thawed, resuspended in lysis buffer (20 mM Tris-HCl,
pH 8.0) supplemented with protease inhibitor cocktail, and lysed by
incubation with lysozyme and sonication. Lysates were cleared by
centrifugation at 200,000 x g at 4°C for 20 min in a TLA-100.3 rotor
(Beckman Coulter). The supernatant was then loaded on a 5 ml Hi-
Trap Q fast flow column (GE Healthcare), and profilin was eluted
using a 75 ml salt gradient (0-400 mM NaCl) in 20 mM Tris-HCl, pH
8.0. Peak fractions were pooled, concentrated to 5 ml, and loaded
on a Superdex 75 (26/60) gel filtration column (GE Healthcare) equil-
ibrated in G-buffer. Peak fractions were pooled and exchanged into
HEKGoD buffer on a PD10 desalting column as above, and aliquots
were snap frozen in liquid N, and stored at —80°C.

6His-Bil2 was expressed in Rosetta 2 BL21(DE3) E. coli cells
carrying with the pRARE rare codon plasmid. Cells were grown to
ODggp = 0.7-0.9 in terrific broth supplemented with kanamycin
and chloramphenicol to maintain selection of the expression plas-
mid and the pRARE plasmid, respectively. Expression was induced
with 0.4 mM IPTG overnight at 18°C, and then cells were pelleted
and stored at —-80°C. To initiate a preparation, a cell pellet was
thawed, resuspended in lysis buffer (20 mM Tris pH 8.0, 500 mM
NaCl, 0.5 mM DTT, 30 mM Imidazole) supplemented with prote-
ase inhibitor cocktail, and lysed by treatment with 1 mg/ml lyso-
zyme, 0.1 mg/ml DNAse |, and sonication. Lysates were cleared by
centrifugation at 10,000 x g for 20 min in an F21S-8 x 50y rotor
(Thermo Fisher Scientific; Waltham, MA), and the supernatant was
mixed with 1 ml of Ni-NTA beads (New England Biolabs) and ro-
tated at 4°C for 1 h. The beads were then washed three times with
10 ml wash buffer (20 mM Tris pH 8.0, 500 mM NaCl, 0.5 mM DTT,
30 mM Imidazole) in a gravity column at 4°C. 6His-Bil2 was eluted
from the beads using elution buffer (20 mM Tris pH 8.0, 500 mM
NaCl, 0.5 mM DTT, 300 mM Imidazole), then exchanged into
HEKG /oD buffer on a PD10 desalting column (GE Life Sciences),
concentrated to ~200 pl, and aliquots were snap frozen in liquid
N, and stored at —-80°C.

Full-length  MBP-Budé-6His was expressed in Rosetta 2
BL21(DE3) E. coli cells carrying the pRARE rare codon plasmid. Cells
were grown to ODgpp = 0.7-0.9 in terrific broth supplemented with
0.2% glucose, as well as ampicillin and chloramphenicol to maintain
selection of the expression plasmid and the pRARE plasmid, respec-
tively. Expression was induced with 0.4 mM IPTG overnight at 18°C,
and then cells were pelleted and stored at -80°C. Cell pellets were
thawed, resuspended in lysis buffer (20 mM Tris pH 8.0, 200 mM
NaCl, 1 mM DTT, 1 mM EDTA) with protease inhibitor cocktail, and
lysed as above for 6His-Bil2. Lysates were cleared by centrifugation
at 10,000 x g for 20 min in an F21S-8 x 50y rotor (Thermo Fisher
Scientific), and the supernatant was mixed with 1 ml of amylose
beads (New England Biolabs), and incubated for 1 h at 4°C rotating.
The beads were then washed three times with 10 ml wash buffer (20
mM Tris pH 8.0, 200 mM NaCl, 1 mM DTT, 1 mM EDTA) in a gravity
column at 4°C. MBP-Budé-6His was eluted from the beads using
MBP elution buffer (20 mM Tris pH 8.0, 200 mM NaCl, 1 mM DTT,
20 mM Maltose) and collected in 0.5 ml fractions. Peak fractions
were pooled, mixed with 1 ml of Ni-NTA beads (New England Bio-
labs) and rotated at 4°C for 1 h. The beads were then washed three
times with 10 ml wash buffer (20 mM Tris pH 8.0, 500 mM NaCl,
0.5 mM DTT, 30 mM Imidazole) in a gravity column at 4°C. MBP-
Budé-6His was eluted from the beads using elution buffer (20 mM
Tris pH 8.0, 500 mM NaCl, 0.5 mM DTT, 300 mM Imidazole), then
exchanged into HEKG1oD buffer on a PD10 desalting column (GE
Life Sciences), concentrated to ~200 pl, and aliquots were snap fro-
zen in liquid Ny and stored at -80°C.
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Pyrene-actin assembly assays

Gel-filtered monomeric muscle actin in G-buffer was cleared by
ultracentrifugation for 1 h at 4°C at 350,000 x g in a TLA-100 rotor
(Beckman Coulter). The upper ~70% of the supernatant was care-
fully recovered and used for assembly assays. All reactions (60 pl)
contained 2 pM G-actin (5% pyrene-labeled), which was con-
verted to Mg2+-ATP-actin 2 min before use. Then, 42 ul of Mg2+-
ATP-G-actin was mixed rapidly with 15 ul of proteins or control
buffer and 3 pl of 20 X initiation mix (40 mM MgCl,, 10 mM ATP,
1 M KCI) to initiate polymerization. Fluorescence was monitored
at excitation 365 nm and emission 407 nm at 25°C for 1000-2000 s
in a fluorimeter (Photon Technology International, Lawrenceville,
NJ).

TIRF microscopy

Glass coverslips (60 x 3 x 24 mm; Thermo Fisher Scientific) were
cleaned by sonication for 30 min in detergent, followed by 1 M
potassium hydroxide (KOH), and 1 M HCI, and then stored in
100% ethanol. Coverslips were coated with a mixture of 4 mg/ml
polyethylene glycol (PEG)-silane and 80 mg/ml biotin-PEG in
80% ethanol pH 1.0, then washed with water and dried with com-
pressed N2. PEG-coated coverslips were stored for 1-3 d at 70°C
before use. Flow chambers were constructed by sandwiching
glass coverslips on top of plastic flow chambers (Ibidi, Fitchburg,
WI) using double-sided tape (2.5 cm 3 x 2 mm 3 x 120 mm) and
five-minute epoxy resin (Devcon, Riviera Beach, FL). To anchor
actin filaments in TIRF reactions, 4 mg/ml streptavidin in HEK buf-
fer 20 mM HEPES pH 7.4, 1 mM EDTA, 50 mM KClI) was flowed
into the TIRF chamber for 15 s using a syringe pump (Harvard
Apparatus, Holliston, MA). Then the chamber was washed with
HEK buffer + 1% BSA. The chamber was then equilibrated with
TIRF buffer (10 mM HEPES pH 7.4, 50 mM KCI, 1T mM MgCl2,
1 mM EGTA, 0.2 mM ATP, 10 mM DTT, 15 mM glucose, 20 mg/ml
catalase, 100 mg/ml glucose oxidase, 10 mM Imidazole, and
0.5% methylcellulose [4000 cP]). Proteins were rapidly mixed with
a final concentration of 1 uM G-actin (10% labeled) in 50 pl reac-
tions, and then flowed into the TIRF chamber, which was then
immediately mounted on the microscope for imaging. Time-
lapse TIRF imaging was performed on a Ti200 inverted micro-
scope (Nikon Instruments, New York, NY) equipped with 100 mW
solid-state lasers (Agilent Technologies, Santa Clara, CA), a CFI
Apo 60 x 1.49 N.A. oil-immersion TIRF objective (Nikon Instru-
ments), a iXon EMCCD camera with a pixel size of 0.267 mm
(Andor Technology), and an additional 1.5 x zoom module
(Nikon Instruments). Focus was maintained using the Perfect
Focus System (Nikon Instruments). Frames were captured every
10 s for 600 s, with 10 ms exposures (488 nm excitation, 15% laser
power) using NIS Elements software (Nikon Instruments). Image
analysis was performed in ImageJ, where background fluores-
cence was removed from each time series using the background
subtraction tool in Fiji (rolling ball radius, 50 pixels). For measur-
ing number of actin filaments nucleated in TIRF reactions, fields
of view (FOVs) were analyzed 200 s after initiation of TIRF reac-
tions. For each reaction, four separate FOVs were analyzed. To
calculate the fraction of filaments nucleated from asters, the num-
ber of filaments extending from asters was divided by the total
number of filaments in the FOV. Filament elongation rates were
determined from n = 30 filaments. Filament length was measured
using the freehand line tool in ImageJ. Elongation rates were de-
termined by plotting filament length versus time, where the rate
is the slope. To express rates in actin subunits s™', we used the
conversion factor of 374 subunits per um of F-actin.
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