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Fission yeast paxillin contains two Cdc15 
binding motifs for robust recruitment to the 
cytokinetic ring

ABSTRACT The F-BAR protein Cdc15 mediates attachment of the cytokinetic ring (CR) to the 
plasma membrane and is essential for cytokinesis in Schizosaccharomyces pombe. While its 
N-terminal F-BAR domain is responsible for oligomerization and membrane binding, its C-
terminal SH3 domain binds other partners at a distance from the membrane. We previously 
demonstrated that the essential cytokinetic formin Cdc12, through an N-terminal motif, di-
rectly binds the cytosolic face of the F-BAR domain. Here, we show that paxillin-like Pxl1, 
which is important for CR stability, contains a motif highly related to that in formin Cdc12, and 
also binds the Cdc15 F-BAR domain directly. Interestingly, Pxl1 has a second site for binding 
the Cdc15 SH3 domain. To understand the importance of these two Pxl1-Cdc15 interactions, 
we mapped and disrupted both. Disrupting the Pxl1-Cdc15 F-BAR domain interaction re-
duced Pxl1 levels in the CR, whereas disrupting Pxl1’s interaction with the Cdc15 SH3 do-
main, did not. Unexpectedly, abolishing Pxl1-Cdc15 interaction greatly reduced but did not 
eliminate CR Pxl1 and did not significantly affect cytokinesis. These data point to another 
mechanism of Pxl1 CR recruitment and show that very little CR Pxl1 is sufficient for its cyto-
kinetic function.

INTRODUCTION
Many eukaryotes, including the fission yeast Schizosaccharomyces 
pombe build and constrict an actin- and myosin-based cytokinetic 
ring (CR) to bring together opposing membranes and complete cell 
division (Cheffings et al., 2016; Gould, 2016). Studies utilizing 
S. pombe have revealed a complete “parts list” of ∼39 proteins in 
the CR, many of which are conserved in higher eukaryotes (PomBase; 
Wood et al., 2012). The amount of each protein in the CR, the order 
in which the proteins arrive at the division site, and the nanoscale 
organization of the proteins within the CR have all been character-
ized (Pollard and Wu, 2010; Goyal et al., 2011; Cheffings et al., 

2016; Rincon and Paoletti, 2016; McDonald et al., 2017; Mangione 
and Gould, 2019). The complex relationships between these com-
ponents, how they are regulated, and how they work together to 
form a functional contractile unit are not fully understood.

S. pombe paxillin-like Pxl1 was identified as a conserved CR 
protein based on sequence similarity to Saccharomyces cerevisiae 
Pxl1 and human paxillin and consists of a proline-rich N-terminus 
and three C-terminal LIM domains (Ge and Balasubramanian, 2008; 
Pinar et al., 2008). Approximately 70 human genes encode proteins 
containing LIM domains, some of which are associated with focal 
adhesions, cell–cell adhesions, and stress fibers (Smith et al., 2014; 
Winkelman et al., 2020). Consistent with their function at actin-rich 
structures, recent studies have shown that several LIM domains, 
including ones in Pxl1, directly bind tensed F-actin (Sun et al., 2020; 
Winkelman et al., 2020). Although the precise function of S. pombe 
Pxl1 at the CR is not completely understood, it is thought to be-
have as a scaffold, similar to human paxillin at focal adhesions 
(Turner, 2000; Schaller, 2001; López-Colomé et al., 2017). Indeed, 
Pxl1 associates with and recruits the protein phosphatase calcineu-
rin to the CR (Martín-García et al., 2018). Cells lacking Pxl1 exhibit 
a variety of defects indicating CR instability, including CR sliding 
from the cell center toward one of the cell ends, CR splitting, and 
prolonged duration of constriction compared with wild-type cells 
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(Ge and Balasubramanian, 2008; Pinar et al., 2008; Cortés et al., 
2015). S. pombe is a walled organism, therefore new cell wall mate-
rial must be deposited at the division site to form the division sep-
tum and complete cytokinesis. Because septation is coupled to CR 
constriction, pxl1∆ also displays abnormal cell wall phenotypes such 
as off-center septation, formation of multiple septa, and abnormally 
thick cell walls (Cortés et al., 2015). These morphological defects are 
similar to those described for deletion of the gene encoding the 
calcineurin catalytic subunit Ppb1, which does not localize to the CR 
in pxl1∆ cells, suggesting that scaffolding calcineurin at the CR may 
be the major function of Pxl1 (Martín-García et al., 2018).

However, Pxl1 is not sufficient for CR calcineurin recruitment. 
Even though Pxl1 localizes normally to the CR, calcineurin is absent 
from the CR in an internal deletion mutant of the essential F-BAR 
protein and CR anchor Cdc15 (cdc15∆2; Mangione et al., 2019). 

FIGURE 1: Pxl1 binds the cytosolic face of the Cdc15 F-BAR domain. (A) Schematic of Pxl1 to 
scale with residues at fragment borders indicated. (B) In vitro binding assay with indicated Cdc15 
F-BAR domain constructs and MBP-Pxl1 fusions. Proteins associated with amylose resin after the 
binding reaction were analyzed by SDS–PAGE and Coomassie blue staining. Pxl1 N = residues 
1–257, Pxl1 C = residues 238–438. (C) F-BAR binding motifs in Cdc12 and Pxl1. The prolines 
critical for interaction are highlighted in green and basic residues are in blue. (D) In vitro binding 
assay with biotinylated Pxl1 peptides and Cdc15 F-BAR domains. Proteins associated with 
streptavidin resin after the binding reaction were separated by SDS–PAGE and analyzed by 
immunoblotting Cdc15 or streptavidin. (E) In vitro binding assay with MBP-Pxl1 wild-type and 
P18A with indicated Cdc15 F-BAR domain constructs analyzed by SDS–PAGE and Coomassie 
blue staining. (F) Binding curves for Pxl1 peptide (residues 3–27, magenta) and Cdc12 peptide 
(residues 20–40, black) binding to wild-type Cdc15 F-BAR domain. Dissociation constants 
calculated from three experiments are Cdc12: Kd = 0.20 ± 0.08; Pxl1: Kd = 0.38 ± 0.04. Error bars 
represent standard error of the mean (SEM).

Further, Cdc15 is required for both Pxl1 and 
calcineurin localization to the CR (Snider 
et al., 2020). Cdc15 has an N-terminal 
membrane-binding F-BAR domain, a me-
dial predicted intrinsically disordered re-
gion (IDR), and a C-terminal SH3 domain. 
During interphase, Cdc15 is hyperphos-
phorylated on residues within the IDR, 
which inhibits Cdc15’s membrane and pro-
tein binding activities; dephosphorylation 
of Cdc15 upon mitotic entry allows its oligo-
merization, membrane binding, and inter-
action with Pxl1 and other CR components 
(Roberts-Galbraith et al., 2010; Kettenbach 
et al., 2015; Bhattacharjee et al., 2020). The 
Cdc15 SH3 domain is thought to have a 
role in Pxl1 accumulation during septum 
formation by directly interacting with Pxl1 
(Roberts-Galbraith et al., 2009; Cortés et al., 
2015). However, the Cdc15 SH3 domain 
alone is insufficient to bind full-length Pxl1 
in vitro, as a portion of the adjacent IDR is 
also required (Bhattacharjee et al., 2020). 
Pxl1 also directly binds the Cdc15 F-BAR 
domain, which in turn binds the plasma 
membrane (Snider et al., 2020). How Pxl1 is 
able to engage both the membrane-proxi-
mal Cdc15 F-BAR domain and the Cdc15 
C-terminus, which in cells occupy spatially 
separate regions of the CR (McDonald 
et al., 2017), is not clear.

Here, we explored the molecular under-
pinnings of Cdc15-Pxl1 interactions and 
their role in Pxl1 and calcineurin CR localiza-
tion. We defined the Pxl1 motifs responsible 
for the Cdc15 F-BAR and SH3 domain inter-
actions and demonstrated that mutation of 
these motifs renders Pxl1 unable to bind 
Cdc15. Cells lacking either Cdc15 F-BAR in-
teraction or both Cdc15 F-BAR and SH3 in-
teraction with Pxl1 had significantly reduced 
levels of Pxl1 and calcineurin at the division 
site. We propose that Pxl1 and Cdc15 work 
together to create a binding platform for 
calcineurin at the CR, which promotes ac-
curate completion of cytokinesis.

RESULTS AND DISCUSSION
Pxl1 contains an N-terminal F-BAR binding motif
We first defined precisely how Pxl1 engages with the Cdc15 F-BAR 
domain. We found that the N-terminus of Pxl1 (MBP-Pxl1-N; resi-
dues 1–257), but not the LIM-domain-containing C-terminus (MBP-
Pxl1-C; residues 238–end), bound the Cdc15 F-BAR domain (Figure 
1, A and B). In Pxl1-N, we identified a motif (residues 3–27) with high 
sequence similarity to the motif of the cytokinetic formin Cdc12 that 
interacts with the Cdc15 F-BAR domain (Figure 1C; Willet et al., 
2015). A peptide consisting of this motif, Pxl1 (residues 3–27), 
bound the Cdc15 F-BAR domain, but not the Cdc15(3A) mutant F-
BAR domain that disrupts Pxl1 binding (Figure 1D; Snider et al., 
2020). Within the Cdc12 motif, P31 is required for F-BAR interaction 
(Willet et al., 2015). When the analogous proline in Pxl1 (P18; Figure 
1C, green) was mutated to alanine in the context of the F-BAR 
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binding motif peptide (residues 3–27; Figure 1D) or in the context of 
full-length MBP-Pxl1 (Figure 1E), Pxl1(P18A) did not interact with the 
Cdc15 F-BAR domain. Peptides containing the F-BAR binding mo-
tifs of Cdc12 and Pxl1 bound the Cdc15 F-BAR domain with similar 
affinities (Figure 1F), consistent with the sequence similarity of the 
two motifs. Together, these results indicate that Pxl1, like Cdc12, 
contains an N-terminal motif that binds the cytosolic face of the 
Cdc15 F-BAR domain.

A single Pxl1 PxxP motif is necessary and sufficient for 
binding the Cdc15 C-terminus
The Cdc15 SH3 domain is insufficient to bind full-length Pxl1 be-
cause a portion of the IDR is also required. Nevertheless, mutation 
of the SH3 domain (W903S) to abolish binding to PxxP motifs signifi-
cantly reduced Pxl1 binding to Cdc15C (residues 441–end; Bhat-
tacharjee et al., 2020). This led to the hypothesis that one or more 
of the six PxxP motifs in Pxl1 (Figure 2A) are important for binding to 
Cdc15C. We found that mutation of all six Pxl1 PxxP motifs to ala-
nine (AxxA1–6) substantially reduced binding of Pxl1 to Cdc15C, 
similar to the effect of Cdc15(W903S) (Figure 2B). We previously 
reported that smaller Cdc15C fragments contained the Pxl1 binding 
region (Bhattacharjee et al., 2020), thus we used Cdc15 residues 
600–end, hereafter termed Cdc15C1, to determine which Pxl1 PxxP 
motif(s) is important for Cdc15 interaction. First, we confirmed that 
Cdc15C1 bound Pxl1 similarly to Cdc15C (Figure 2C). Next, we 
tested mutations of three motifs at a time (AxxA1–3 or AxxA4–6), 
which were clustered in the linear protein sequence (Figure 2A). 
MBP-Pxl1 (AxxA1–3) bound Cdc15C1 similarly to wild type, while 
MBP-Pxl1 (AxxA4–6) did not bind Cdc15C1 (Supplemental Figure 
S1A). Mutation of the sixth PxxP alone (AxxA6) or in combination 
with mutation of the fourth or fifth motifs (AxxA4,6 or AxxA5,6) re-
duced Cdc15C1 binding comparable to AxxA1–6 (Supplemental 
Figure S1, A and B), indicating that the sixth Pxl1 motif is responsible 
for interaction with Cdc15C1. Not surprisingly, this motif is the only 
PxxP that conforms to the K/RXLPXΦP motif characteristic of Cdc15 
SH3 ligands (Supplemental Figure S1C; Ren et al., 2015). We found 
that a synthetic peptide containing the PxxP6 motif (Pxl1 residues 
177–188) bound Cdc15C1 or the Cdc15-SH3 domain, whereas an 
AxxA variant of the peptide did not (Figure 2D). The Kd value for the 
PxxP6 peptide binding with Cdc15C1 was 1.9 ± 0.3 μM, which is 
within the typical range measured for other SH3-PxxP interactions 
(Figure 2E; Feng et al., 1994; Yu et al., 1994; Teyra et al., 2017). 
Thus, a canonical Cdc15 SH3 interaction with a Pxl1 PxxP motif oc-
curs, at least in vitro.

Pxl1 has two binding interfaces for binding full-length Cdc15
We next tested whether the P18-containing motif that binds the 
Cdc15 F-BAR (Figure 1) and the PxxP6 motif (Figure 2) are the only 
two Pxl1 determinants necessary to bind full-length Cdc15. As full-
length Cdc15 can only be purified from bacteria in its hyperphos-
phorylated form, Flag-Cdc15 was produced by co-expression with 
the DRYK kinase Pom1 (Bhattacharjee et al., 2020). The cdc15 con-
struct also contained the E30K and E152K mutations to prevent F-
BAR domain oligomerization that complicates pull-down experi-
ments (McDonald et al., 2015). Because phosphorylation inhibits 
Pxl1 binding (Bhattacharjee et al., 2020), purified Cdc15 was treated 
or not with lambda phosphatase before being combined with MBP, 
MBP-Pxl1, or MBP-Pxl1 variants in binding reactions. We found that 
hyperphosphorylated Cdc15 did not appreciably bind any form of 
Pxl1 (Figure 3A) as observed previously (Bhattacharjee et al., 2020). 
Both the P18A mutant and the AxxA6 mutant bound less dephos-
phorylated Cdc15 than wild-type Pxl1 (Figure 3A). Binding of the 

Pxl1 double mutant (P18A + AxxA6) to dephosphorylated Cdc15 
was substantially reduced (Figure 3A), indicating that these two Pxl1 
motifs constitute the major determinants of Cdc15 association.

In a reciprocal set of experiments, we tested whether the F-
BAR and SH3 domains were the primary determinants within 
Cdc15 for binding Pxl1. We produced a series of full-length Flag-
Cdc15(E30K E152K) constructs designed to disrupt Pxl1 binding 
sites in the F-BAR domain (3A; Snider et al., 2020), the C-terminus 
(W903S; Bhattacharjee et al., 2020), or both (3A + W903S) and 
then treated or not with lambda phosphatase. MBP-Pxl1 bound 
dephosphorylated Flag-Cdc15, Flag-Cdc15(3A), and Flag-
Cdc15(W903S) (Figure 3B), indicating that Pxl1 can interact with 
the F-BAR domain when the C-terminal binding site is compro-
mised and vice versa. MBP-Pxl1 did not appreciably interact with 
the double mutant Cdc15(3A + W903S) in either its hyper- or 
hypo-phosphorylated form (Figure 3B), indicating that disruption 
of both the F-BAR domain and C-terminal binding sites eliminates 
Cdc15-Pxl1 interaction in vitro.

Pxl1 interaction with the Cdc15 F-BAR domain is required 
for its robust localization to the CR
To assay the effects of disrupting Pxl1-Cdc15 interaction in vivo, we 
integrated pxl1(P18A), pxl1(AxxA6), and pxl1(P18A+AxxA6) with an 
N-terminal mNeonGreen (mNG) tag at the endogenous S. pombe 
pxl1 locus. We found that mNG-Pxl1(P18A) was present at much 
reduced levels in mature CRs compared with mNG-Pxl1 (Figure 4, A 
and C) and its arrival to the CR appeared delayed, possibly due to 
reduced levels making detection more difficult (Supplemental 
Figure S1, D and E). Unexpectedly, mNG-Pxl1(AxxA6) was present at 
wild-type levels in the CR, and there was no additive effect when 
Pxl1 mutations disrupting Cdc15 F-BAR and C-terminus binding 
were combined (Figure 4, A and C). These results indicate that the 
SH3 domain interaction does not appreciably influence Pxl1 CR re-
cruitment and that Pxl1 binding to the F-BAR domain is the primary 
means of concentrating Pxl1 at the division site in vivo.

Pxl1 is required to recruit calcineurin to the CR (Martín-García 
et al., 2018). As expected, calcineurin levels (Ppb1-mNG) were re-
duced in pxl1(P18A) and pxl1(P18A+AxxA6) but not in pxl1(AxxA6) 
(Figure 4, B and D). This parallels previous findings in which a poten-
tial calcineurin docking motif (PxIxIT) in Pxl1 located at residues 
181–186 (PTLPLQ), which includes PxxP6, was mutated without 
affecting calcineurin levels at the CR (Martín-García et al., 2018). 
Despite the significant reduction of Pxl1 and calcineurin levels in the 
CR, pxl1(P18A) and pxl1(P18A+AxxA6) cellular morphology and 
septa formation resembled wild type (Supplemental Figure S2, 
A–C), suggesting that only a small amount of Pxl1 and calcineurin in 
the CR are sufficient to perform their functions. These results also 
suggest that Pxl1 has a CR partner besides Cdc15 that helps to re-
cruit it or that the Pxl1(P18A) mutant retains some ability to bind the 
Cdc15 F-BAR in vivo.

To assay whether the pxl1 mutants had defects under suboptimal 
growth conditions, we analyzed their growth at different tempera-
tures, in low-dose latrunculin A (LatA), and in combination with six 
cytokinesis mutants. We found no evidence of sensitivity to tem-
perature or LatA and observed no negative genetic interactions nor 
significant suppression (Supplemental Figure S2D). To rigorously 
test whether the pxl1 mutants affect cytokinesis progression, we 
performed time-lapse imaging using Rlc1-mCherry as a CR marker 
and Sad1-mCherry as a spindle pole body (SPB) marker. We found 
that strains containing the pxl1-18A mutation were modestly 
delayed in constriction (Supplemental Figure S3A), a result consis-
tent with the reduced CR levels (Cortés et al., 2015).
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Pxl1 does not interact with other F-BAR domains
Although certain F-BAR domains can substitute for the Cdc15 F-
BAR domain to support cell viability, they have severe morphologi-
cal and cytokinetic defects, similar to pxl1∆ and ppb1∆ (Yoshida 
et al., 1994; Lu et al., 2002; Ge and Balasubramanian, 2008; Pinar 

et al., 2008; Martín-García et al., 2018; Mangione et al., 2019). We 
reasoned that this may be due to an inability of the non-Cdc15 F-
BAR domains to bind Pxl1 and recruit it to the CR. To test this, we 
performed binding assays with the Pxl1 peptide (residues 3–27) and 
two F-BAR domains that can substitute for the essential function of 

FIGURE 2: A single Pxl1 PxxP motif is necessary and sufficient for Cdc15C binding. (A) Schematic of Pxl1 with position 
of PxxP motifs indicated by asterisks. (B, C) In vitro binding assays with Cdc15C (residues 441–end) or Cdc15C1 
(residues 600–end) and indicated MBP-Pxl1 variants. The binding reactions were analyzed by SDS–PAGE and Coomassie 
blue staining. (D) In vitro binding assays with biotin-labeled Pxl1 peptides and GST-Cdc15C1, GST-Cdc15C1(W903S), 
GST-Cdc15-SH3, or GST-Cdc15-SH3(W903S). Proteins bound to the streptavidin resin were analyzed by SDS–PAGE 
followed by immunoblotting. (E) Binding curves for Pxl1 peptide (aa 177–188) binding to Cdc15C1. The dissociation 
constant, calculated from three experiments is indicated. Error bars represent SEM.
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the Cdc15 F-BAR domain (Mangione et al., 2019). The Pxl1 peptide 
bound the Cdc15 F-BAR but not the S. pombe Imp2 F-BAR domain 
or human GAS7 F-BAR domain (Figure 5A). Consistent with this re-
sult, there was no detectable mNG-Pxl1 at CRs in cells expressing 
the chimeric proteins in which the Cdc15 F-BAR domain had been 
replaced with that of Imp2 or GAS7 at the endogenous cdc15 locus. 
While 100% of 89 CRs marked by Cdc15 contained mNG-Pxl1, 0% 
of 26 CRs in imp2-cdc15 and 3% of 31 CRs in GAS7-cdc15 cells had 
detectable mNG-Pxl1 (Figure 5B), results mirroring what happens 
when the Pxl1 binding site in the Cdc15 F-BAR is mutated (Snider 
et al., 2020). Furthermore, these results substantiate that Pxl1 inter-
action with the Cdc15 SH3 domain is not sufficient to support Pxl1 
CR recruitment.

In conclusion, we have identified and characterized multivalent 
interactions between Pxl1 and the F-BAR protein Cdc15. We pre-

FIGURE 3: The Cdc15 F-BAR domain and C-terminus contribute to Pxl1 interaction in vitro. 
(A) In vitro binding assays of MBP-Pxl1 variants with full-length Cdc15 (E30K E152K) treated or 
not with λ-phosphatase (PPase) were analyzed by SDS–PAGE followed by immunoblotting (IB) 
with anti-Cdc15 and anti-MBP antibodies. (B) In vitro binding assays of MBP-Pxl1 with the 
indicated full-length Flag-Cdc15 proteins treated or not with λ-PPase were analyzed by SDS–
PAGE followed by IB with anti-Cdc15 and anti-MBP antibodies.

viously reported that Pxl1 and formin 
Cdc12 bind the same patch on the cyto-
solic face of the Cdc15 F-BAR domain 
(Snider et al., 2020). Here, we found that 
Pxl1 contains a Cdc15 F-BAR binding mo-
tif highly related to the one within Cdc12 
(Willet et al., 2015). While this raises the 
possibility that Cdc12 and Pxl1 compete 
for binding the Cdc15 F-BAR, Cdc15 is 
significantly more abundant than the sum 
of both (Wu and Pollard, 2005), and as pre-
dicted from these data, the same amount 
of Cdc12-mNG was present in the CR of 
pxl1-P18 cells as in wild type (Supplemen-
tal Figure S3, B and C). Other F-BAR do-
mains in both yeast and humans have di-
rect binding partners (Kostan et al., 2014; 
Yao et al., 2014; Begonja et al., 2015; 
Stanishneva-Konovalova et al., 2016; Oh 
et al., 2017; Garabedian et al., 2018; Liu 
et al., 2019; Snider et al., 2021), but the 
specific sequence determinants required 
for F-BAR interaction are unknown. Based 
on the binding specificity of Pxl1 for the 
Cdc15 F-BAR, it is likely that each F-BAR 
domain has unique interaction motifs and 
partners that contribute to functional 
specificity, in contrast to their common 
ability to interact with the membrane.

Pxl1 also interacts with the Cdc15 C-
terminus (Pinar et al., 2008; Roberts-Gal-
braith et al., 2009; Martín-García et al., 
2018; Bhattacharjee et al., 2020). Our pre-
vious work showed that in vitro, the Cdc15 
SH3 domain alone fails to bind full-length 
Pxl1 and a part of the Cdc15 IDR is also 
required (Bhattacharjee et al., 2020). Fur-
thermore, a mutation in the Cdc15 SH3 do-
main significantly reduces binding to full-
length Pxl1 suggesting that the SH3 
domain is necessary but not sufficient to 
support this interaction (Bhattacharjee 
et al., 2020). In this study, we found that 
Pxl1’s sixth PxxP motif is responsible for in-
teraction with the Cdc15 SH3 domain. 
Taken together, these results raise the in-
triguing possibility that a region in full-

length Pxl1 blocks access of the Cdc15 SH3 domain to Pxl1 PxxP6 
and that some portion of the Cdc15 IDR domain is required to al-
low this interaction to occur.

Considering that the Cdc15 F-BAR domain and SH3 domain 
occupy spatially distinct regions within the CR before constriction 
(McDonald et al., 2017), it remains an open question whether 
Pxl1 engages both the F-BAR and SH3 domains simultaneously, 
or whether Pxl1 binds the two domains separately at distinct 
times. Additionally, it is not known whether the mode in which 
Cdc15 and Pxl1 engage with one another influences their ability 
to scaffold calcineurin. This work highlights the complexity of the 
multivalent protein–protein interactions within the CR and serves 
as a key step in understanding how Pxl1 and Cdc15 form the 
binding platform required for calcineurin’s crucial signaling roles 
in cytokinesis.



6 | C. E. Snider et al. Molecular Biology of the Cell

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Yeast methods
S. pombe strains used in this study (Supple-
mental Table S1) were grown in yeast ex-
tract (YE) media. For serial dilution growth 
assay, cells were grown in liquid YE at 25°C. 
Three 10-fold serial dilutions starting at 4 × 
106 cells/ml of each strain were made and 
3 μl of each dilution were spotted onto YE 
agar plates. To define sensitivity of the 
strains to LatA, the serial dilutions were 
plated on YE plates in the presence of 
0.20 μM LatA (Focus Biomolecules; Cat. 
#10-2254) or dimethyl sulfoxide (DMSO). 
Plates with DMSO or LatA were incubated 
at 32°C and for the rest of the growth as-
says, at other indicative temperatures for 
2–5 d, and then colonies were imaged with 
a scanner.

Protein purification
F-BAR domains were produced as 6xHis fu-
sions in Escherichia coli Rosetta2 (DE3)pLysS 
cells. Bacteria were grown to log phase in 
terrific broth, and protein expression was in-
duced overnight at 17°C with 0.1 mM iso-
propyl β-d-1-thiogalactopyranoside (IPTG; 
Fisher Scientific; BP1755). Cells were then 
resuspended in 50 mM Tris, pH 8.0, 300 
mM NaCl, 0.1% NP-40, 5 mM 2-mercapto-
ethanol with 200 μg/ml lysozyme (Sigma-
Aldrich; L6876) and lysed by sonicating 
three times for 30 s, with at least a 30-s 
pause between sonications (Sonic Dismem-
brator Model F60, Fisher Scientific; power 
15 W). Lysate was then cleared by centrifu-
gation and incubated with cOmplete His-
Tag resin (Roche) for 2 h at 4°C. Beads were 
then washed three times in lysis buffer, and 
His-tagged protein was eluted in lysis buffer 
with the addition of 200 mM imidazole. 
Eluted His-tagged GAS7 F-BAR domain 
was dialyzed overnight against 50 mM Tris, 
pH 8.0, 300 mM NaCl, 2 mM DTT, then con-
centrated with Amicon Ultracentrifugal Fil-
ters (EMD Millipore). For Cdc15 and Imp2 
F-BAR domains, the 6xHis tag was cleaved 
from the eluted protein by adding thrombin 
(2U/μl) at 1:100 for 2 h at room temperature 
(RT). Cdc15 F-BAR domain was further 

FIGURE 4: Interaction with the Cdc15 F-BAR domain promotes Pxl1 CR localization. (A) Live-cell 
imaging of indicated mNG-pxl1 rlc1-mCherry strains. (B) Live-cell imaging of indicated ppb1-
mNG rlc1-mCherry strains expressing the indicated pxl1 alleles. (C) Quantification of CR intensity 
of cells from A. n ≥ 30 cells (mNG-pxl1 vs. mNG-pxl1(AxxA6), p = 0.56; mNG-pxl1(P18A) vs. 

mNG-pxl1(P18A+AxxA6), p = 0.87). 
(D) Quantification of CR intensity of cells 
from B. n ≥ 45 cells. ****, p ≤ 0.0001; 
one-way ANOVA with Tukey’s post hoc test 
for multiple comparisons; n.s. = not 
significant (ppb1-mNG vs. ppb1-mNG 
pxl1(AxxA6), p > 0.99; ppb1-mNG pxl1(P18A) 
vs. ppb1-mNG pxl1(P18A+AxxA6), p = 0.57). 
Scale bars, 5 µm. Error bars represent SEM.

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e21-11-0560
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purified on a HiTrap Q SP anion exchange column (Cytiva Life Sci-
ences) and Imp2 F-BAR domain on a HiTrap SP cation exchange 
column (Cytiva Life Sciences). F-BAR domains were then concen-
trated with Amicon Ultra Centrifugal Filters (EMD Millipore).

For MBP-Pxl1, 150 μM ZnCl2 was added during the growth of the 
culture to log-phase. Frozen cell pellets were lysed in buffer 1 (20 
mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM DTT) with 200 μg/ml ly-
sozyme (Sigma-Aldrich; L6876), cOmplete EDTA-free protease in-
hibitor cocktail (Roche; 05056489001), and 0.1% NP-40 (US Biologi-
cals; N3500). Cell pellets were resuspended by continuous agitation 
on ice for 20 min. Lysates were then sonicated three times for 30 s, 
with at least a 30-s pause between sonications (Sonic Dismembrator 
Model F60, Fisher Scientific; power 15 W), and a clearing spin was 
done for 15–30 min at 10–13,000 rpm. Cleared lysate was added to 
amylose resin (New England Biolabs; E8021L) and allowed to nutate 
for 2 h at 4°C. Pxl1 bound resin was then washed three times for 5 
min at 4°C with buffer 1, and then resuspended in buffer 1 to a 50% 
slurry. Protein concentration was calculated from Coomassie Brilliant 
Blue G (Sigma-Aldrich; B0770) stained SDS–PAGE-separated puri-
fied proteins with bovine serum albumin (BSA; Sigma-Aldrich; 
A9418) used as standards.

Frozen cell pellets of Flag-Cdc15 (E30K E152K) co-expressed 
with Pom1 were resuspended in buffer 2 (50 mM Tris, pH 7.4, 

250 mM NaCl, 0.1% NP-40; US Biologicals; N3500) with the addi-
tion of 200 μg/ml lysozyme (Sigma-Aldrich; L6876), cOmplete 
EDTA-free protease inhibitor cocktail (Roche; 05056489001). Resus-
pended lysates were sonicated four times for 30 s, with a 30-s pause 
between sonications (Sonic Dismembrator Model F60, Fisher Scien-
tific; power 15 W) followed by a clearing spin for 15 min at 13K rpm. 
Anti-FLAG(R) M2 Magnetic Beads (Millipore Sigma, M8823) washed 
in buffer 2 were incubated with the cleared lysate (100 μl packed 
volume of beads per 40 ml cleared lysate) for 2 h at 4°C. Beads were 
washed four times for 5 min at 4°C with buffer 2. Finally, Flag-Cdc15 
(E30K E152K) was eluted with 500 μl of 50 mM Tris, pH 7.4, 250 mM 
NaCl, 200 μg/ml 3xFlag peptide (Sigma-Aldrich; F4799) and 5% BSA 
for 20 min in RT. The eluate was concentrated to 100 μl and a clear-
ing spin was done for 15 min at 13K rpm in 4°C. Protein concentra-
tion was calculated from Coomassie Brilliant Blue G (Sigma-Aldrich; 
B0770) stained SDS–PAGE-separated purified proteins with BSA.

Binding assays
Binding assays with Cdc15 F-BAR domains and synthetic biotinyl-
ated Pxl1 or Cdc12 peptides (Genscript) were performed by mixing 
F-BAR domains at 0.05 μM and peptides at 0.10 μM with streptavi-
din UltraLink resin (Pierce; 17-5113-01) and incubating for 1 h at 4°C 
in buffer 2. After thorough washing, samples were separated by 
SDS–PAGE, then transferred to polyvinylidene difluoride (PVDF) 
membrane (Immobilon FL; EMD Millipore) for Western blotting. For 
detection of biotinylated peptides, a streptavidin IR dye was used 
for detection of biotinylated peptides (LI-COR Biosciences), anti-
Cdc15 rabbit polyclonal antibody (VU326; Roberts-Galbraith et al., 
2009) for detection of Cdc15 F-BAR domains, and anti-GST poly-
clonal antibody for detection of GST-tagged Cdc15C. IR dye 680 
and IR dye 800 secondary antibodies (LI-COR Biosciences) were 
used for detecting Cdc15 fragments. The blots were then scanned 
using an Odyssey CLx (LI-COR Biosciences). For Figure 5, the assay 
was performed similarly except for the following modifications: F-
BAR domains were added at 0.5 μM and Pxl1 peptide at 0.5 μM and 
samples were analyzed by Coomassie blue staining after SDS–
PAGE. For the quantitative binding curve in Figure 1E, Pxl1 (residues 
3–27) or Cdc12 (residues 20–40) biotinylated peptides were incu-
bated with 10 μl streptavidin UltraLink resin (Pierce) in varying con-
centrations from 0 to 25 μM peptide as indicated for 1 h with rock-
ing at 4°C in 1 ml buffer 2. Beads were then washed twice with 
binding buffer. Cdc15 F-BAR domain (50 ng) was next added to the 
beads in binding buffer in a 50-μl total reaction volume. After incu-
bation for 1 h with rocking at 4°C, the resin was pelleted by centrifu-
gation and the supernatant was collected for analysis by SDS–PAGE 
and Western blotting. The quantity of Cdc15 F-BAR domain that 
remained unbound was quantified using the LI-COR ImageStudio 
software.

Binding assays with Cdc15 F-BAR domains and MBP/MBP-Pxl1, 
MBP-Pxl1 fragments, or MBP-Pxl1(P18A) were performed by mixing 
1 μM MBP or MBP-Pxl1 on amylose resin with 5 μg Cdc15 F-BAR 
domain in buffer 2. Binding assays were incubated for 1 h at 4°C. 
Resin was then washed thoroughly and separated by SDS–PAGE. 
Gels were then stained with Coomassie blue and analyzed using an 
Odyssey CLx.

Binding assays of full-length Cdc15, Flag-Cdc15(E30K E152K) 
with MBP-tagged Pxl1 mutants (Pxl1 wild type, Pxl1[P18A], 
Pxl1[AxxA6], Pxl1[P18A+AxxA6] were done in buffer 2. Flag-
Cdc15(E30KE152K) (0.5 μM) in a 50-μl binding reaction was sub-
jected to phosphatase reaction for 15 min by adding MnCl2 to a fi-
nal concentration of 1 mM with 0.5 μl λ-phosphatase or buffer 
control. Next, the phosphatase-treated samples were added to 

FIGURE 5: Pxl1 binds the Cdc15 F-BAR specifically. (A) Binding assay 
with biotinylated Pxl1 peptide (residues 3–27) and indicated F-BAR 
domains. Pxl1(3–27) P18A served as a negative control. Bound 
proteins were separated by SDS–PAGE and stained with Coomassie 
blue. One representative of two assays with the same results is 
shown. (B) Live-cell images of mNG-Pxl1 and the indicated F-BAR-
Cdc15 chimeras tagged with mCherry. Deconvolved max projections 
are shown. Scale bar = 5 µm.
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beads containing 0.5 μM of MBP-tagged Pxl1, Pxl1(P18A), 
Pxl1(AxxA6), or Pxl1(P18A+ AxxA6) and incubated for 1 h at 4°C. 
Beads were then washed five times in buffer 2. After the final wash, 
the buffer was removed and 30 μl 2X SDS–PAGE sample buffer was 
added. Samples were heated to 100°C and separated by freshly 
poured 8% Tris-glycine gels at 150 V for 2 h followed by transfer to 
PVDF membrane (Immobilon FL; EMD Millipore). Anti-Cdc15 rabbit 
polyclonal antibody (VU326; Roberts-Galbraith et al., 2009) or anti-
MBP mouse monoclonal antibody (E8032S; New England Biolabs) 
were used as primary antibodies in immunoblotting. Secondary an-
tibodies were conjugated either to Alexa Fluor 680 or IRDye800 
(LI-COR Biosciences). Immunoblots were visualized by using an Od-
yssey machine (LI-COR Biosciences).

Microscopy
Yeast for live-cell imaging were grown at 25°C. Live-cell images 
of S. pombe cells were acquired using a Personal DeltaVision (Cytiva 
Life Sciences, Marlborough, MA) that includes a microscope (IX71; 
Olympus), 60× NA 1.42 Plan Apochromat and 100× NA 1.40 U Plan 
S Apochromat objectives, fixed and live-cell filter wheels, a camera 
(either a Photometrics CoolSNAP HQ2 or a pco.edge 4.2 sCMOS), 
and softWoRx imaging software (Cytiva Life Sciences). Z sections 
were spaced at 0.5 μm. Images for quantification of CR intensity 
were not deconvolved and were sum projected. Intensity measure-
ments were made with FIJI (Schindelin et al., 2012).

For Pxl1 CR measurements, each measurement was corrected 
for background cell intensity. A region of interest was created to 
measure the intensity of the CR and background cell intensity was 
measured from a region in each cell used excluding the ring and the 
nucleus. The background cell intensity was subtracted from the CR 
measurements (Waters, 2009). For Figure 4, A and B, deconvolved 
sum projections were shown. Figure 5B images were deconvolved 
and max projected.

Time-lapse imaging was performed on log-phase cells using a 
CellASIC ONIX microfluidics perfusion system (Millipore Sigma, Bur-
lington, MA). Cells were loaded into Y04C plates for 5 s at 8 psi, and 
YE liquid medium flowed into the chamber at 5 psi throughout the 
time-lapse. Images were acquired every 2 min with optical sections 
taken at 0.5-μm spacing. Time-lapse images were deconvolved with 
10 iterations and visualized as maximum projections. In Supplemen-
tal Figure S1D cells were grown at 29°C.

For Supplemental Figure S3A, the events were defined as fol-
lows: “Formation” was the time from SPB separation to CR assem-
bly. “Maturation” was the time from CR assembly to the onset of CR 
constriction. “Constriction” was the time from the first frame of CR 
constriction until the frame where the CR is completely constricted 
and has disassembled.

For Supplemental Figure S2A, cells were grown at 29°C and 
fixed with 70% ethanol. Cells were then stained with 4′,6-diamidino-
2-phenylindole and methyl blue to visualize nuclei and septa.

Quantification and statistical analysis
Calculations of mean, standard error of the mean (SEM), and statisti-
cal significances were performed with Prism 8.0 (GraphPad Soft-
ware). Significance was defined by a p value equal to or less than 
0.05. One-way ANOVA was used with Tukey’s post hoc test for mul-
tiple comparisons.
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