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A septin-Hof1 scaffold at the yeast bud neck 
binds and organizes actin cables

ABSTRACT Cellular actin arrays are often highly organized, with characteristic patterns 
critical to their in vivo functions, yet the mechanisms for establishing these higher order ge-
ometries remain poorly understood. In Saccharomyces cerevisiae, formin-polymerized actin 
cables are spatially organized and aligned along the mother–bud axis to facilitate polarized 
vesicle traffic. Here, we show that the bud neck–associated F-BAR protein Hof1, independent 
of its functions in regulating the formin Bnr1, binds to actin filaments and organizes actin 
cables in vivo. Hof1 bundles actin filaments and links them to septins in vitro. F-actin binding 
is mediated by the “linker” domain of Hof1, and its deletion leads to cable organization de-
fects in vivo. Using superresolution imaging, we show that Hof1 and septins are patterned at 
the bud neck into evenly spaced axial pillars (∼200 nm apart), from which actin cables emerge 
and grow into the mother cell. These results suggest that Hof1, while bound to septins at the 
bud neck, not only regulates Bnr1 activity, but also binds to actin cables and aligns them 
along the mother–bud axis. More broadly, these findings provide a strong example of how an 
actin regulatory protein can be spatially patterned at the cell cortex to govern actin network 
geometry.

INTRODUCTION
Cells assemble a wide variety of actin-based structures that have 
distinct geometries, filamentous architectures, and mechanical 
properties tailored to their biological functions (Chhabra and Higgs, 
2007; Blanchoin et al., 2014). Actin networks are polymerized by a 
suite of different actin nucleators and elongation factors, the mecha-
nisms and functions of which are now coming into focus (Chesarone 
and Goode, 2010; Campellone and Welch, 2010). By comparison, it 

is far less clear how spatial organization of these actin arrays, 
including filament orientation and spacing, is established and main-
tained in cells. The polarized actin cable array of Saccharomyces 
cerevisiae provides a genetically amenable system for addressing 
this question. Cables are polymerized by formins, and run parallel to 
the mother–bud axis with their barbed ends oriented toward the 
bud tip. These linear actin arrays are essential for polarized cell 
growth and provide tracks for myosin V–based transport of secre-
tory vesicles and other cargoes to the bud (Moseley and Goode, 
2006). Cables are highly dynamic, extending toward the rear of the 
mother cell at a rate of ∼0.3–0.6 µm s−1 (or ∼100–200 subunits s−1), 
and are disassembled at similar rates (Yang and Pon, 2002; Okada 
et al., 2006; Yu et al., 2011).

Two formins, Bni1 and Bnr1, polymerize actin cables in S. cerevi-
siae and have genetically redundant yet distinct roles (Evangelista 
et al., 2002; Sagot et al., 2002; Pruyne et al., 2004). During polarized 
cell growth, Bni1 is localized to the bud tip, where it assembles ca-
bles that are released from the cortex into the bud compartment 
and grow to extend through the bud neck and into the mother cell 
compartment (Buttery et al., 2007). In contrast, the formin Bnr1 is 
recruited by septin networks found at the bud neck, where it polym-
erizes actin cables that specifically enter the mother compartment 
(Pruyne et al., 2004; Gao et al., 2010; Buttery et al., 2012). During 
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most phases of polarized cell growth, the Bni1- and Bnr1-generated 
actin cables in S. cerevisiae are aligned parallel to the mother–bud 
axis and spatially distributed to extend into different regions of the 
mother cell. How this is achieved is not well understood.

We previously showed that the F-BAR domain protein Hof1, which 
localizes to the bud neck through an association with the septin ring 
(Vallen et al., 2000), is a direct inhibitor of Bnr1-mediated actin nucle-
ation (Graziano et al., 2014; Garabedian et al., 2018). These Bnr1- 
inhibitory activities are mediated primarily by the F-BAR and SH3 
domains of Hof1, and hof1∆ leads to defects in the organization of 
Bnr1-generated actin cables in vivo. Hof1 stably associates with the 
septin ring during polarized growth and cytokinesis (Oh et al., 2013), 
and is thought to perform its cellular functions from this location. 
Septins are conserved membrane-associated polymer networks, 
which in yeast recruit at least 50 other proteins (including Bnr1 and 
Hof1) to the bud neck to facilitate polarized growth and cytokinesis 
(Gladfelter et al., 2001; Bezanilla et al., 2015). Recent electron micros-
copy (EM) studies have demonstrated that the ultrastructure of the 
bud neck–associated yeast septin network changes dramatically over 
the cell cycle. Early in bud emergence septin networks consist primar-
ily of axial filaments, which run parallel to the mother–bud axis. Then, 
just before cytokinesis the septin collar splits, and the networks con-
sist primarily of circumferential filaments running perpendicular to the 
mother–bud axis (Bertin et al, 2012; Ong et al., 2014).

Our previous work demonstrated that bnr1∆ only partially 
suppresses hof1∆ defects in actin cable organization, raising the 
possibility that Hof1 has additional roles in actin regulation beyond 
regulating the activity of Bnr1 (Graziano et al., 2014; Garabedian 
et al., 2018). Here, we investigated this possibility by studying the 
effects of Hof1 on actin organization in a bnr1∆ background. Our 
results reveal a new and unanticipated role for Hof1 in directly bind-
ing to and spatially organizing actin cables. Even in the absence of 
Bnr1, loss of HOF1 leads to significant defects in the organization of 
cables polymerized by Bni1, which in turn disrupts polarized trans-
port of secretory vesicles. Purified Hof1 binds to actin filaments us-
ing its previously uncharacterized linker domain (located between 
the F-BAR and SH3 domains). Hof1 also physically links actin 
filaments to septins in vitro. Using superresolution imaging, we 
show that septins, Hof1, and Bnr1 each form regularly spaced axial 
striations (or “pillars”) at the bud neck during polarized cell growth, 
with actin cables emerging from these sites. Thus, septins and the 
proteins they recruit (including Hof1) provide evenly spaced actin 
cable-organizing centers, which facilitate proper orientation and 
spatial distribution of cables into the mother cell.

RESULTS
A Bnr1-independent role for Hof1 in organizing actin 
cables in vivo
Our previous work on Hof1 demonstrated a role in directly regulat-
ing the actin nucleation activity of the formin Bnr1 (Graziano et al., 
2014; Garabedian et al., 2018). Here, we investigated the possibility 
that Hof1 has additional, Bnr1-independent roles in regulating actin 
cable formation. As a first step, we compared wild-type, hof1∆, 
bnr1∆, and hof1∆bnr1∆ strains for differences in cell growth and 
actin cable organization. hof1∆ cells showed impaired growth at el-
evated temperatures in two different assays (Figure 1, A and B), con-
sistent with previous reports (Lippincott and Li, 1998; Vallen et al., 
2000; Oh et al., 2013), but bnr1∆ failed to suppress the cell growth 
defects of hof1∆. This observation suggests that Hof1 may have 
Bnr1-independent functions in promoting polarized cell growth.

To investigate this idea further, we compared actin cable organi-
zation in wild-type, hof1∆, bnr1∆, and hof1∆bnr1∆ cells. Using 

superresolution structured illumination microscopy (SIM), not avail-
able to us at the time of our earlier Hof1 studies (Graziano et al., 
2014), we were able to image actin cable networks at increased 
resolution, revealing finer detail (Figure 1C). This revealed clear de-
fects in cable organization in both hof1∆ and hof1∆bnr1∆ strains. In 
addition, we used open-source software (SOAX; Xu et al., 2015) to 
perform an unbiased quantitative comparison of cable organization 
in the four strains (Figure 1D). As expected, hof1∆ cells showed a 
significant increase in the number of cable segments and cable in-
tersections, indicating cable disorganization and entanglement 
(Figure 1, E and F). Importantly, bnr1∆ did not suppress these hof1∆ 
cable defects, suggesting a Bnr1-independent role for Hof1 in actin 
cable organization.

We also pretreated cells with CK666 before fixation and imag-
ing to remove cortical actin patches nucleated by Arp2/3 complex 
(Nolen et al., 2009; Burke et al., 2014). This provided a less 
obstructed view of the formin-generated actin cable networks 
(Supplemental Figure S1A), enabling us to perform coefficient of 
variation (CoV) analysis in the mother cell compartment. We mea-
sure the mean fluorescence of actin cable staining in the mother 
cell and divide this by the SD of the fluorescence. For wild-type 
cells, which have well-defined and brightly stained cables against 
a dark background, there is a higher SD, and thus a higher CoV. In 
contrast, for cells with disorganized actin cable networks, there is a 
lower SD, and consequently a lower CoV. This analysis revealed 
that wild-type and bnr1∆ cells have higher CoV values compared 
with hof1∆ and hof1∆bnr1∆ cells (Figure 1G). The more dis-
persed cables seen in hof1∆ and hof1∆bnr1∆ cells were specific to 
medium- and large-budded cell stages of polarized growth (Sup-
plemental Figure S1B). On the other hand, we found no significant 
difference in average cable thickness (intensity of phalloidin stain-
ing) between wild-type and hof1∆ cells, or between bnr1∆ and 
hof1∆bnr1∆ cells (Figure 1H). This suggests that the defects in 
cable organization caused by hof1∆ are not due to altered cable 
thickness. Cables were thinner in bnr1∆ compared with wild-type 
cells, suggesting that when Bni1-polymerized cables reach the 
bud neck they may be stitched together with Bnr1-polymerized 
cables to produce the thicker cables extending into the mother 
compartment in wild-type cells.

To better understand how actin cables become disorganized 
in hof1∆ and hof1∆bnr1∆ cells, we performed live imaging on 
cables using an integrated Abp140-3GFP marker. We analyzed 
cable extension speeds, as well as angles of cable extension 
using custom software (Figure 2A; Graziano et al, 2014; Eskin 
et al., 2016). Although hof1∆ did not change cable extension 
speeds (Figure 2B), the angles of extension were significantly 
wider in hof1∆ and hof1∆bnr1∆ compared with wild-type and 
bnr1∆ cells (Figure 2C). From these results, we conclude that 
hof1∆ alters the angles of cables extending into the mother cell 
without changing the extension rate. The altered cable growth 
angles may contribute to the increased cable disorganization 
(cable segment numbers and crossovers), described above, in 
these mutants. Note that bnr1∆ did lead to an increase in cable 
extension rate, as previously reported (Chesarone-Cataldo et al., 
2011), which may be due to the remaining formin (Bni1) having 
increased access to a limited pool of profilin-bound actin mono-
mers (Suarez et al., 2015).

Because cable organization defects are predicted to alter polar-
ized secretory traffic, we also used live imaging to compare secre-
tory vesicle paths (marked with GFP-Sec4) in wild-type, hof1∆, 
bnr1∆, and hof1∆bnr1∆ cells. Vesicle paths were traced and the tor-
tuosity (ratio of path length to distance traveled) was calculated. 
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Vesicle traffic was more circuitous in hof1∆ and hof1∆bnr1∆ cells 
compared with wild-type and bnr1∆ cells (Figure 2D; example traces 
in Figure 2E). Thus, independent of its regulatory effects on Bnr1, 
Hof1 is required to maintain proper spatial organization and func-
tion of Bni1-polymerized actin cables.

Hof1 binds to and bundles actin filaments in vitro
Our observations above indicate that Hof1 regulates the organiza-
tion of actin cables even in the absence of Bnr1. However, Hof1 has 
no appreciable biochemical effects on the activity of the remaining 
formin (Bni1) (Graziano et al., 2014; Garabedian et al., 2018). Given 

FIGURE 1: Hof1 has Bnr1-independent roles in spatially organizing actin cables. (A) Fivefold serial dilutions of indicated 
yeast strains grown on YEPD plates at 25, 30, 34, and 37°C for 2 d. The loss of BNR1 does not suppress the 
temperature sensitivity of hof1∆. (B) Growth rates of the same strains measured by optical density (OD600) at 35°C in 
liquid culture (YEPD) in a shaking microplate absorbance reader. Data were averaged from six independent trials. Error 
bars, SEM. (C) Structured illumination microscopy (SIM) of F-actin organization in fixed and phalloidin-stained wild-type, 
hof1∆, bnr1∆, and hof1∆bnr1∆ cells grown at 25°C. Scale bar, 5 µm. (D) Automated traces of actin cable organization 
from SIM images as in C with SOAX, showing actin cable segments (purple) and intersections (green). Scale bar, 5 µm. 
(E) Average number of actin cable segments per cell analyzed by SOAX, quantified for 20 cells per strain. (F) Average 
number of cable intersections per cell analyzed by SOAX, quantified for the same 20 cells per strain. (G) Coefficient of 
variation (CoV) of phalloidin staining in mother cells after 100 µM CK666 treatment averaged from 50 cells per strain 
from confocal images. (H) Fluorescence density measured from at least 20 individual actin cables in each strain from 
confocal images (WT, n = 29; hof1∆, n = 24; bnr1∆, n = 22; hof1∆bnr1∆, n = 26). Error bars (SD) in panels E and F. 
Statistical significance in all panels calculated by one-way ANOVA (n.s., no significance; p > 0.05; *, p ≤ 0.05; **, p ≤ 0.01; 
***, p ≤ 0.001; ****, p ≤ 0.0001).
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that Hof1 is anchored to septins at the bud neck in vivo, and must 
exert its influence on actin cable organization from this position, we 
considered whether Hof1 might bind to actin filaments. Indeed, F-
actin binding has been reported for the human F-BAR protein syn-
dapin/pacsin (Kostan et al., 2014). To test this possibility, we used 
total internal reflection fluorescence (TIRF) microscopy to monitor 
the interactions of fluorescently labeled full-length Hof1 with la-
beled actin filaments, and observed Hof1 binding to and bundling 
filaments (Figure 3A). Bundling also was observed with the same 
concentration of unlabeled Hof1 (Figure 3, B and C). Thus, Hof1 di-
rectly binds and bundles actin filaments, possibly stemming from 
Hof1 dimerization (Moravcevic et al., 2015; Garabedian et al., 2018).

To determine which domain(s) of Hof1 mediate the interaction 
with F-actin, we compared the bundling activities of Hof1 constructs 

tagged with either monomeric maltose binding protein (MBP) (full-
length, FL; N-terminus, NT; F-BAR) or dimeric glutathione S-trans-
ferase (GST) for constructs lacking the dimeric F-BAR domain (coiled 
coil 2, CC2; C-terminus, CT; Linker; SH3; Figure 3C and Supplemen-
tal Figure S2A). Bundling was quantified by CoV analysis of the la-
beled actin in TIRF fields. In this case, higher CoV values indicate 
greater bundling of actin filaments, while lower CoV values indicate 
a more dispersed network. Hof1-CT or Hof1 linker subfragment (100 
nM; lacking the SH3 domain) bundled F-actin nearly as well as full-
length Hof1. The SH3 domain alone lacked significant bundling ac-
tivity even at 1 µM. At 100 nM, Hof1-NT (consisting of the F-BAR 
and CC2 domains) showed no significant bundling activity com-
pared with control reactions. However, 1 µM Hof1-NT could bundle 
F-actin. Interestingly, neither of the two domains comprising Hof1-
NT, i.e., the F-BAR and CC2, alone were sufficient to bundle. Thus, 
both domains are required for the modest bundling activity of Hof1-
NT. Overall, these data show that the linker domain of Hof1 contains 
the strongest F-actin bundling activity, and that additional activity 
resides in the N-terminal half of Hof1.

Hof1 bundling activity was also confirmed by EM (Figure 3D). 
Hof1 particles could be seen decorating the actin filament bundles 
in a somewhat regular pattern, with roughly 20–30 nm spacing be-
tween particles (Figure 3, D and E, and Supplemental Figure S2B). 
Additional free Hof1 particles were dispersed around the actin bun-
dles on the grids, allowing us to compare the shapes of the “bound” 
and “unbound” particles. Class averages showed that bound and 
unbound particles had a similar appearance to each other (Figure 
3F), which was consistent with the ∼20-nm elongated structure of 
Hof1 dimers (Moravcevic et al., 2015; Garabedian et al., 2018). 
Based on these observations, and our understanding of Hof1 do-
main structure and function, we propose a working model for Hof1 
dimers cross-linking actin filaments into bundles (Figure 3G). In this 
model, the two linker domains of a Hof1 dimer contact two different 
filaments, and the N-terminal half of Hof1 (F-BAR and CC2) is near 
the filaments, possibly contributing to binding and bundling.

The linker region of Hof1 is required for proper actin cable 
organization in vivo
Our biochemical observations above led us to ask whether the linker 
region of Hof1 contributes to actin cable organization in vivo. There-
fore, we used CRISPR-mediated genome editing (Anand et al., 2017) 
to generate an internal deletion of the linker domain (hof1∆linker; 
∆351-574), and then examined cable organization using SIM (Figure 
4A). Actin cables in hof1∆linker cells were disorganized compared 
with wild-type cells, and reminiscent of hof1∆ cells, as indicated by 
their elevated levels of cable segments and intersections (Figure 4, B 
and C) and lower CoV values (Figure 4D). Similar results were ob-
served in hof1∆linker bnr1∆ cells. Importantly, because these cells 
do not express Bnr1, the cable defects caused by hof1∆linker cannot 
be due to a loss of Hof1 inhibitory effects on Bnr1. The cable organi-
zation defects in hof1∆linker cells were not as severe as those in 
hof1∆ cells, suggesting that the N-terminal half of Hof1 makes con-
tributions to cable organization, consistent with our biochemical ob-
servations (Figure 3). We also generated a hof1∆linker strain with a 
C-terminal GFP tag, and verified that it localizes to the bud neck and 
is expressed in cells at similar levels to Hof1-GFP (Supplemental 
Figure S3A and S3B). Thus, the actin cable phenotypes in hof1∆linker 
cells do not arise from lower expression levels, or a failure to localize 
to the bud neck. In the majority of Hof1∆linker-GFP cells, fluores-
cence was seen primarily at the bud neck, but additional signal at the 
bud tip was observed in a fraction of small budded Hof1∆linker-GFP 
cells. Finally, we note that Hof1∆linker-GFP signal at the bud neck is 

FIGURE 2: Live imaging of actin cable extension angles and secretory 
vesicle movements reveals defects in hof1∆ and hof1∆ bnr1∆ cells. 
Diagram of aspects of cable dynamics analyzed. Extending cables 
(blue arrow) and extension angles (shaded in red) corresponding to 
angles of cable extension relative to the mother–bud axis. 
(B) Extension rates of Abp140-3GFP marked actin cables measured in 
custom software written in MATLAB (n = 25 cables per strain). Error 
bars, SD. Statistical significance calculated by one-way ANOVA (n.s., 
no significance; p > 0.05; *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; 
****, p ≤ 0.0001). (C) Extension angles of same actin cables as in B 
measured in custom MATLAB software (n = 25 cables per strain). Error 
bars, SD. Statistical significance calculated by one-way ANOVA (n.s., 
no significance; p > 0.05; *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; 
****, p ≤ 0.0001). (D) Frequency distributions of the tortuosity (ratio of 
length to distance) of GFP-Sec4 paths observed in each indicated 
strain (n = 150 vesicles per strain). (E) Representative traces of 
GFP-Sec4 paths observed in the indicated strains. In each case, the 
outer tips of each trace represent the beginning of the vesicle path 
and the center of the traces represents the bud neck.



1992 | M. V. Garabedian et al. Molecular Biology of the Cell

about twofold higher than Hof1-GFP throughout bud growth (Sup-
plemental Figure S3C). The reason for this is unclear, but could stem 
from the linker region being a target of signaling pathways that help 
control Hof1 localization. Overall, these data demonstrate that the 
Hof1 linker domain, which mediates F-actin bundling in vitro, makes 
an important contribution to actin cable organization in vivo. Impor-
tantly, our data do not rule out the possibility that additional mole-
cular interactions of the linker region, beyond F-actin binding, could 
contribute to actin cable organization.

Hof1 directly links actin and septin filaments in vitro
Given that Hof1 is recruited to the septin collar at the bud neck (Oh 
et al., 2013), we tested whether Hof1 might be capable of physically 
linking actin and septin filaments in vitro. Septin filaments (com-
prised of Cdc3, Cdc10-SNAP, Cdc11, and Cdc12) were purified, 
assembled, and visualized by TIRF microscopy in the presence of 
differentially labeled actin filaments (Figure 5A). In the absence of 
Hof1, there was minimal overlap between the septin and actin 
polymers; however, the addition of Hof1 led to their extensive 

FIGURE 3: Purified Hof1 bundles F-actin. (A) Representative image of TIRF microscopy assay in which 2 µM actin (10% 
Oregon-green labeled) was allowed to polymerize and then 100 nM SNAP549-Hof1-FL was flowed in. SNAP-labeled Hof1 
bundles actin filaments. Scale bar, 25 µm. (B) Representative images of TIRF microscopy assays in which 2 µM actin (10% 
Oregon-green labeled) was polymerized and then buffer or 100 nM Hof1-FL was flowed into the TIRF chamber. Scale 
bar, 20 µm. (C) Diagram of Hof1 constructs tested in TIRF assays as in B and CoV measurements for 100 nM (green) 
and/or 1 µM (blue) of each. Data averaged from three FOVs in each of two independent experiments. Error bars, SEM. 
Statistical significance compared with control (gray bar) calculated by one-way ANOVA (n.s., no significance; p > 0.05; 
*, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ****, p ≤ 0.0001). (D) Representative EM images of negatively stained actin 
filaments. Top, actin filaments alone (no Hof1). Bottom, actin filaments and 500 nM Hof1-FL. Scale bars, 100 nm. (E) Top, 
higher magnification view of EM as in D with Hof1-FL (colored in blue) decorating actin filaments. Bottom, original 
uncolored EM image. (F) Class averages of Hof1 particles imaged by EM. Left, class average of free Hof1 particles (not 
bound to actin filaments). Right, class average of particles bound to actin filaments. Both class averages have a 
crescent-shaped structure as expected for F-BAR proteins. Scale bar, 20 nm. (G) Model for Hof1 dimer binding to and 
bundling actin filaments (created with Biorender.com).
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overlap and coalignment (Figure 5B), and bundling of the F-actin 
over time (Supplemental Video S1). These results demonstrate that 
Hof1 can physically link actin and septin filaments in vitro, likely me-
diated by its separate Sfilaments in TIRF assays (Figure 5A), which 

was confirmed by EM (Supplemental Figure S4). This septin bun-
dling effect is consistent with previous studies reporting that Hof1 
overexpression leads to abnormally thick and disorganized septin 
structures at the bud neck (Lippincott and Li, 1998; Oh et al., 2013).

FIGURE 4: Internal deletion of the Hof1 linker domain disrupts actin cable organization in vivo. (A) Representative SIM 
images of wild-type, hof1∆, bnr1∆, hof1∆bnr1∆, hof1∆linker, and hof1∆linker bnr1∆ strains. Scale bar, 5 µm. (B) Average 
number of cable segments per cell analyzed by SOAX, quantified for 25 cells per strain. (C) Average number of cable 
intersections per cell analyzed by SOAX, quantified for same 25 cells per strain. (D) CoV measurements of phalloidin 
staining in mother cells after 100 µM CK666 treatment averaged from 50 cells per strain from confocal images. Error 
bars (SD) in all panels. Statistical significance in all panels calculated by one-way ANOVA (n.s., no significance; p > 0.05; 
*, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ****, p ≤ 0.0001).
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FIGURE 5: Hof1 physically links septins and actin filaments in vitro. (A) Representative images from TIRF microscopy 
assays showing Hof1-FL physically links actin and septin filaments in vitro. All reactions contain 1 µM actin (10% 
Oregon-green labeled) and 50 nM labeled SNAP549-septin rods. Images show representative fields of view 200 s after 
initiation of actin and septin assembly in control reactions without Hof1 (top row) or reactions with 50 nM Hof1-FL 
(bottom row). Scale bar, 10 µm. (B) Pearson’s colocalization analysis of actin and septin filaments from TIRF microscopy 
assays in A in the presence and absence of Hof1-FL. Data averaged from four FOVs in each of three independent 
experiments. Error bars, SD. Statistical significance calculated by unpaired t test (****, p ≤ 0.0001). (C) Representative 
SIM images of actin organization in fixed and phalloidin-stained wild-type and temperature-sensitive septin mutants, 
cdc10-4, at 22°C and 34°C. Scale bar, 5 µm. (D) Average number of cable segments per cell analyzed by SOAX, 
quantified for 20 cells per strain. (E) Average number of cable intersections per cell analyzed by SOAX, quantified for 
the same 20 cells per strain. (F) CoV measurements of phalloidin staining in mother cells after 100 µM CK666 treatment 
averaged from 50 cells per strain. Error bars (SD) in all panels. Statistical significance in panels D–F calculated by 
one-way ANOVA (n.s., no significance; p > 0.05; *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ****, p ≤ 0.0001).
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Given that Hof1 is anchored to septins at the bud neck in vivo, 
our results predict that disrupting septin organization should impair 
actin cable organization similar to hof1∆. To test this prediction, we 
examined actin cable morphology in a cdc10-4 strain (Weems et al., 
2014) before and after shifting the mutant strain to the nonpermis-
sive temperature (34°C). At permissive temperature (22°C), cable 
morphology was similar in mutant and wild-type cells (Figure 5C). 
However, shifting cdc10-4 cells to the nonpermissive temperature 
for 15 min led to highly disorganized cables similar to hof1∆ (Figure 
5, D–F). These observations suggest that septins form the crucial 
scaffold at the bud neck, which in turn recruits Hof1 (and potentially 
other proteins) that bind and spatially organize actin cables.

Septins and Hof1 form evenly spaced “pillars” at the bud 
neck during polarized cell growth
Standard diffraction-limited light microscopy has previously been 
used to localize septins, and show that they form a broad band (or 
collar) that remains at the bud neck throughout polarized cell 
growth, then splits into two rings at cytokinesis (Marquardt et al., 
2019). To gain additional insights into septin and Hof1 organization 
at the neck, we reexamined their localization patterns using super-
resolution SIM imaging. Throughout bud growth, we observed that 
tagged septins (Cdc3-yomApple, Cdc10-GFP, Cdc11-GFP, and 
Shs1-GFP) were organized into thick axial stripes, or “pillars,” which 
run parallel to the mother–bud axis (Figure 6, A and B) and are regu-
larly spaced ∼200 nm apart (Figure 6C). Further, Hof1-Envy and 
Bnr1-Envy both colocalized with septins in pillars (Figure 6, D–G), 
and we observed alignment of actin cables with the pillars in fixed 
cells (Figure 6, H–J). In a few rare instances, when the bud was 
sheared off of the mother cell, we were able to observe septin and 
actin organization from the top down, revealing that actin cables 
emanate from the septin pillars (Figure 6, K and L). Taken together, 
these observations suggest that septins along with Hof1 and Bnr1 
form evenly spaced bands at the neck, from which actin cables 
emerge as they enter the mother cell.

DISCUSSION
We initiated this study by asking whether Hof1 might have Bnr1- 
independent functions in actin cable regulation, and discovered a 
new function for Hof1 in directly binding and organizing actin ca-
bles at the bud neck, and thereby facilitating polarized secretion. 
Consistent with our in vivo observations, we found that purified 
Hof1 bundles actin filaments in vitro, and physically links actin and 
septin filaments. Our results suggest that in S. cerevisiae, Hof1 
serves as a bridge between septins and actin, whereas in some 
other species, e.g., Drosophila, septins bind directly to F-actin 
(Mavrakis et al., 2014). Our superresolution imaging reveals that 
Hof1, septins, and Bnr1 are organized into evenly spaced axial pil-
lars at the bud neck (running parallel to the mother–bud axis), which 
coalign with emerging actin cables. Acute disruption of septin orga-
nization using a temperature-sensitive septin mutant, cdc10-4, dis-
rupted cable organization similar to hof1∆. Together, these obser-
vations indicate that Hof1 and septins form a molecular scaffold at 
the bud neck that interacts with actin cables and helps orient and 
distribute them in the mother cell to facilitate polarized intracellular 
transport.

Our work assigns a new molecular function to the C-terminal 
“linker” domain of Hof1 in binding and organizing actin filaments. 
Until now, no specific functional roles have been assigned to 
this region of Hof1, and in general this region of F-BAR proteins 
has been poorly understood. Interestingly, a recent study in 
Schizosaccharomyces pombe showed that the equivalent region of 

the F-BAR protein Cdc15 is critical in vivo for cytokinesis (Mangione 
et al., 2019). This raises the intriguing possibility that this in vivo 
function of Cdc15 stems from molecular interactions of its linker re-
gion related to those we describe here for Hof1. In Hof1, the N-
terminal F-BAR domain forms a dimer that binds to both the FH2 
domain of Bnr1 and lipids (Moravcevic et al., 2015; Garabedian 
et al., 2018). The adjacent coiled-coil (CC2) domain in Hof1 interacts 
with septins and is required for Hof1 localization (Oh et al., 2013). 
The SH3 domain of Hof1 interacts with the proline-rich FH1 domain 
of Bnr1 to promote formin inhibition (Graziano et al., 2014; 
Garabedian et al., 2018), and later during cytokinesis binds to a 
separate set of Hof1 ligands (Vallen et al., 2000; Blondel et al., 2005; 
Nishihama et al., 2009; Oh et al., 2013, 2017; Wang et al., 2018). 
Taken together, these observations show that Hof1 is a multifunc-
tional actin regulator, with its F-BAR and SH3 domains primarily 
regulating formin (Bnr1)-mediated actin nucleation, and its linker 
domain binding and organizing actin cables. Both of these functions 
contribute to building a proper actin cable network in cells.

How then does Hof1 coordinate its two distinct actin regulatory 
functions in vivo? During polarized cell growth, cables generated by 
Bni1 at the bud tip are released from the cortex and extend into the 
mother compartment, where it has been suggested that they may 
be incorporated (or stitched) into cables polymerized by Bnr1 
(Buttery et al., 2007; Yu et al., 2011). We propose that Bni1-gener-
ated cables are transiently captured at bud neck by the Hof1-septin 
scaffold, through direct interactions with the Hof1 linker domain, 
and that these interactions serve to orient and spatially distribute 
cables within the mother cell (Figure 7). The regular spacing of the 
septin-Hof1 pillars lends itself well to evenly dispersing cables to 
different regions of the mother cells, for more efficient polarized 
vesicle traffic. This cable organization function may even be coupled 
to Hof1’s role as an inhibitor of Bnr1-mediated actin nucleation. 
Hof1 and Bnr1 are both recruited to the bud neck by septins, via 
independent mechanisms (Gao et al., 2010; Buttery et al., 2012; 
Graziano et al., 2014), and here we show that they colocalize to the 
axial septin pillars. Hof1 and Bnr1 also strongly interact to form 
stable complexes consisting of an elongated Hof1 dimer bound to 
two well-separated Bnr1 dimers positioned at either end of the 
complex (Garabedian et al., 2018). Based on these observations, we 
hypothesize that Hof1 may recruit Bni1-generated actin cables as-
sembled in the bud and align them with Bnr1 dimers at the bud 
neck. In doing so, this would bring Bni1- and Bnr1-generated cables 
together as they enter the mother cell (Figure 7). It is also possible 
that capture of Bni1-generated cables at the neck by Hof1 could 
trigger the release of Bnr1 inhibition by Hof1, promoting Bnr1- 

mediated actin polymerization to thicken and reinforce cables as 
they enter the mother cell.

Our data also have important implications for septin architecture 
in S. cerevisiae. Diffraction-limited light microscopy studies have de-
scribed septins as forming a collar at the bud neck throughout po-
larized cell growth, where the collar later splits at cytokinesis into 
two rings (Marquardt et al., 2019). Our superresolution (SIM) imag-
ing suggests that during polarized cell growth the collar is more 
elaborately organized into axial pillars that are evenly spaced 
∼200 nm apart. We observed this pattern using integrated tags on 
four separate septin proteins and two different septin-associated 
proteins (Hof1 and Bnr1). Further, a similar pattern was observed 
using Airyscan superresolution microscopy (Supplemental Figure S5 
and Supplemental Video 2), suggesting that the arrangement is not 
an artifact of the SIM method. It is worth noting that possibly related 
axial pillars were reported years ago in mating yeast cells 
(Longtine et al., 1998), leaving it unclear why mating and mitotically 
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FIGURE 6: Septins and Hof1 form regularly spaced pillars at the bud neck and align with actin cables. (A) Top, 
representative SIM images of live yeast cells, grown in an asynchronous culture, showing the organization of septins 
(Cdc3-yomApple) at different stages of bud growth. Scale bar, 5 µm. Bottom, higher magnification views of axial septin 
structures, from the same images as above (coded by letters). Scale bar, 1 µm. (B) Representative SIM images of 
different GFP-tagged septins (Cdc10, Cdc11, and Shs1), showing similar axial pillars. Scale bar, 1 µm. (C) The average 
distance between axial pillars for Cdc3-yomApple, Cdc10-GFP, Cdc11-GFP, and Shs1-GFP is ∼200 nm. Statistical 
significance was calculated by one-way ANOVA (n.s., no significance; p > 0.05). (D) Representative SIM image showing 
Hof1-Envy colocalization with Cdc3-yomApple in live yeast cell. Scale bar, 1 µm. (E) Representative SIM image showing 
Bnr1-Envy colocalization with Cdc3-yomApple in live yeast cell. Scale bar, 1 µm. (F) Line scan analysis of merged image 
in D showing overlapping signals from Hof1-Envy and Cdc3-yomApple. (G) Line scan analysis of merged image in E 
showing overlapping signals from Bnr1-Envy and Cdc3-yomApple. (H) Representative SIM image of fixed and phalloidin-
stained yeast cell expressing Cdc3-yomApple. Scale bar, 5 µm. (I) Zoom-in images denoted by box in H. Scale bar, 1 µm. 
Phalloidin-stained filaments appear aligned with axial septin pillars. (J) Line scan analysis of merged image in I showing 
overlapping signals from Bnr1-Envy and Cdc3-yomApple. (K) SIM image of fixed yeast cells expressing Abp140-3GFP 
and Cdc3-yomApple. Scale bar, 5 µm. (L) Higher magnification (zoom-in) view of yellow boxed area in K. Scale bar, 2 µm. 
Abp140-3GFP marked cables align with septin axial pillars in a cell where the bud has been sheared (yellow 
arrowheads).
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FIGURE 7: Model for Hof1-septin–mediated actin cable organization. Working model showing 
actin cables polymerized in the bud compartment by Bni1 being captured and organized at the 
bud neck by a Hof1 and septin scaffold in wild-type cells. However, in hof1∆ cells this 
mechanism is disrupted, resulting in aberrant extension angles for cables entering the mother 
cell, and an entangled actin cable network.

dividing cells had these differences in septin organization. Our 
results raise the possibility that septin organization is actually similar 
in both conditions, but that the distances separating the septin pil-
lars in mating cells may be slightly larger, accounting for their detec-
tion by earlier studies using standard light microscopy.

EM studies have shown that yeast septin ultrastructure changes 
at different stages of the cell cycle. Rodal and coworkers first exam-
ined septin ultrastructure by platinum-replica EM on spheroplasted 
yeast cells from an asynchronous population. They observed two 
types of septin structures (abundant highly ordered “gauzes” and 
more rare loosely associated rings), and proposed that these types 
of septin networks might be assembled at different stages of the 
cell cycle (Rodal et al., 2005). Subsequently, Ong and colleagues 
elegantly adapted and extended this approach using correlative 
light and electron microscopy (CLEM) on synchronized yeast cells. 
They powerfully demonstrated that septin ultrastructure indeed 
changes over the cell cycle, switching from networks composed of 
primarily axial filaments during early bud emergence to networks 
composed of primarily circumferential filaments at cytokinesis (Ong 
et al., 2014). Using a complementary approach, Bertin and co-
workers performed electron tomography on freeze-substituted 
large-budded yeast cells (in and around the time of cell division), 
and observed circumferential filaments interconnected by short ax-
ial filaments (Bertin et al., 2012). Notably, none of these studies ex-
amined septin organization at the stages between bud emergence 
and cytokinesis, i.e., during polarized cell growth. Some aspects of 
our SIM imaging on live yeast cells agree with the EM studies. Early 
in the cell cycle, we predominantly observe axial filaments, and later 
in the cycle we observe the collar splitting into two rings. However, 
during polarized cell growth, we observe that septins are organized 
into broad axial pillars, evenly spaced ∼200 nm apart. This observa-
tion suggests that the axial filaments seen earlier in the EM studies 
during bud emergence may subsequently become organized into 
thick pillars during polarized growth. Our results also suggest that 
some of the higher organization observed in living cells by SIM may 
be altered in EM studies due to cell fixation and/or sample prepara-
tion. In light of these findings, it may be useful for future studies to 
examine septin organization at different stages of the yeast cell cy-
cle using superresolution correlative light and electron microscopy 
(SR-CLEM).

In conclusion, our work has revealed an unanticipated role for 
Hof1 in directly binding actin filaments and linking them to septin 
networks, which is critical for orienting and spatially organizing actin 
cables as they enter the mother cell. Additionally, our findings 

provide new insights into septin organiza-
tion at the bud neck, and suggest that 
septin organization into pillars concentrates 
actin-binding proteins into the same regu-
larly spaced pillars, creating actin cable or-
ganization centers. These findings also have 
broad implications for understanding how 
cells establish and maintain the orientation 
of their actin networks, suggesting that one 
mechanism is to pattern an actin-binding 
protein at the cell cortex. In this specific 
case, an actin-binding protein (Hof1) is pat-
terned at the cell cortex through its mole-
cular interaction with septins. Indeed, a 
similar scheme is used in cytokinesis, where 
anillin physically links actin filaments to 
septins to help organize the contractile ring 
(Oegema et al., 2000; Kinoshita et al., 2002; 

Tasto et al., 2003). Thus, while one critical factor in establishing actin 
network geometry is the local recruitment and activation of actin 
nucleators, another key determinant is the patterning of network 
attachment points at the cell cortex.

MATERIALS AND METHODS
Plasmids and yeast strains
Standard methods were followed for S. cerevisiae work (Sambrook 
et al., 1989; Guthrie and Fink, 1991). Low copy centromeric plas-
mids for expression of GFP-Sec4 and genomic integration of 
ABP140-3GFP::LEU2 were gifts and have been described (Calero 
et al., 2003; Buttery et al., 2007). Plasmids used to express MBP-
Hof1 NT (1–340) and MBP-F-BAR (1–275) in Escherichia coli were 
gifts from E. Bi (University of Pennsylvania, Philadelphia, PA) and 
have also been described (Oh et al., 2013). Plasmids used for ex-
pression of MBP-Hof1-FL-6xHis (1–669), GST-Hof1-CT (350–669), 
GST-Linker (350–575), and GST-SH3 (576–669) have been previously 
described (Graziano et al., 2014; Garabedian et al., 2018). The GST-
Hof1-CC2 plasmid (pBG2197) was generated by PCR amplification 
of the Hof1 CC2 (forward, 5′-ATCGCTGGATCCCATAAGACTTC-
CAAAGGTGACATG-3′; reverse, 5′-TCAGTAGCGGCCGCCTAG-
ACTTCTGGAGATGGCAATGG-3′) and cloned in-frame with GST 
into a pET-GST vector using the BamHI and NotI sites. Plasmids 
used to express and purify yeast septins were gifts from T. Grone-
meyer (Ulm University, Ulm, Germany; Renz et al., 2013). The 
hof1∆linker (BGY4210), hof1∆linker bnr1∆::KANMX6 (BGY4247), 
and hof1∆linker-GFP::HIS3 strains (BGY4211) were generated by 
CRISPR-based gene editing as described (Anand et al., 2017). 
Complementary 20-nt DNA oligos (Integrated DNA Technologies) 
homologous to nucleotides 1400–1419 in the linker domain were 
generated and included 3′ overhangs for a BplI cut site. These were 
duplexed and cloned into the BplI restriction site in pJH2972 (Anand 
et al., 2017) to be used as the gRNA for Cas9-mediated gene 
editing. This plasmid was then cotransformed with 80 nt oligos ho-
mologous to regions flanking the linker domain (5′-TCCAGAAGT-
CACCATGGCTACACAATTTAGAAATTCCACAGATGAGAGAGGT-
GTGGTCAGGGATAGAGGTATTACTGTTA-3′). Transformants were 
grown on synthetic media lacking uracil to select for the Cas9 plas-
mid. Internal deletion of the linker domain was confirmed by PCR 
and sequencing. The Cas9 plasmid was then removed by growing 
the hof1∆linker strains on 5-FOA. ABP140-3xGFP::LEU2 was inte-
grated into yeast strains after cutting pB1994 with NdeI and stan-
dard yeast transformation. Cdc10-GFP::HIS3, Cdc11-GFP::HIS3, 
and Shs1-GFP::HIS3 strains were obtained from the yeast GFP 
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collection (Huh et al., 2003; ThermoFisher Scientific). The cdc10-
4::KANMX septin mutant strain (CBY06421) have been previously 
described (Li et al., 2011; Weems et al., 2014). Strains expressing 
Cdc3-yomApple::HIS3 (BGY4123) were generated by integrating a 
C-terminal tag using conventional methods (Buttery et al., 2007; Lee 
et al., 2013; Slubowski et al., 2015). The Cdc3-yomApple::HIS3 
Hof1-Envy::HIS5 strain (BGY4130) and the Cdc3-yomApple::HIS3 
Bnr1-Envy::HIS5 strain (BGY4148) were generated by cross. Yeast 
strains in this study are in the Research Genetics background (Mata, 
ura3Δ0, leu2Δ0, his3Δ1, met15Δ0 or Matα, ura3Δ0, leu2Δ0, his3Δ1, 
lys2Δ0).

Fixed cell imaging and analysis
Yeast cells were grown to midlog phase (OD600 0.4–0.8) in Yeast 
Extract-Peptone-Dextrose (YEPD) media at 25°C, fixed in 3.7% 
formaldehyde for 45 min at room temperature (RT), and washed 
three times with 1× PBS (phosphate-buffered saline). Cells were 
stained overnight with Alexa Fluor 488 phalloidin (Life Technolo-
gies) and then washed twice with 1× PBS. For experiments in 
which actin patches were removed, cells were treated with 100 µM 
CK666 for 10–15 min at 25°C before formaldehyde fixation. For 
comparing actin cable organization in cdc10-4 and wild-type cells 
at elevated temperature, cells were grown to midlog phase at 
22°C and then shifted to 34°C for 15 min, fixed, and then fixed 
and stained for F-actin as above. Fixed cells were imaged in 1× 
PBS at RT by SIM on a Ti-2 SIM-E inverted microscope with a 
100× oil objective (NA 1.49), and Hamamatsu Orca Flash 4.0 cam-
era controlled by NIS-Elements software. In general, 100–200 ms 
exposure times at 50% laser power were used to image Alexa 
Fluor 488 phalloidin-stained actin. Images were captured at 0.1-
µm steps. A violet-to-red diffraction grating was applied at three 
angles and five phases of illumination, resulting in 15 raw images 
for SIM. Raw images were then reconstructed with the default 
stack reconstruction settings within NIS-Elements software. Using 
SIM reconstructions, individual cells were cropped, background 
was subtracted from maximum intensity images in ImageJ, and 
actin cables were analyzed using an open-source program for 
biopolymer networks, SOAX (Xu et al., 2015). For all SOAX analy-
ses, default settings were used, with two exceptions, to optimize 
detection of cables: R-threshold value was set to 0.005 and k-
stretch factor was set to 2.0. The number of actin cable segments 
and intersections was automatically generated by the software. 
For CoV analysis and measurements of cable thickness, imaging 
was performed by confocal microscopy, allowing for a larger 
number of cells to be analyzed. Confocal imaging was performed 
on an i-E upright microscope with a CSU-W1 spinning disk head, 
100× oil objective (NA 1.4), and an Ixon 897 Ultra-CCD camera 
controlled by NIS-Elements software. In general, 100–200 ms ex-
posure times at 80–100% laser power were used to image Alexa 
Fluor 488 phalloidin-stained actin. The CoV measurements were 
made by first tracing the outline of the mother cell compartment 
in ImageJ, and then measuring the mean fluorescence of actin 
cable staining and the SD. The CoV is a ratio of the SD over the 
mean. Wild-type cells typically have well-defined, brightly stained 
cables against a dark cellular background, yielding a high SD, and 
thus a higher CoV. Mutant cells with more disorganized and dis-
persed actin cable networks give rise to lower stand deviation 
values and, consequently lower CoVs. Cable thickness was mea-
sured in single Z-slices in ImageJ by drawing a line thick enough 
to encompass an entire cable along the length of a phalloidin-
stained cable and measuring the fluorescence density (signal per 
unit area) as a metric for cable thickness.

Live cell imaging and analysis
For measuring in vivo actin cable extension rates, yeast cells ex-
pressing Abp140-3xGFP from the endogenous locus were grown to 
midlog phase (OD600 0.4–0.8) in synthetic media at 25°C. Live cells 
in media were mounted on slides with coverslips and immediately 
imaged at RT on an i-E upright confocal microscope (Nikon Instru-
ments) with a CSU-W1 spinning disk head (Yokogawa), 100× oil ob-
jective (NA 1.4; Nikon Instruments), and an Ixon 897 Ultra-CCD 
camera (Andor Technology) controlled by NIS-Elements software 
(Nikon Instruments). An exposure time of 80 ms at 100% laser power 
was used. Actin cables were analyzed in a single optical plane, cap-
turing images for 2 min. Individual cells were cropped using ImageJ. 
Actin cable extension speeds and angles were measured using cus-
tom software written in MATLAB (MathWorks; Eskin et al., 2016). For 
each cell, a movie is opened in the software and the user defines the 
cell boundaries and mother–bud axis. Then the user selects the 
starting point and ending points for the actin cable. The program 
calculates the velocity of the cable and the angle of its extension 
relative to the mother–bud axis. For imaging secretory vesicle traf-
fic, wild-type and mutant yeast strains were transformed with a CEN 
plasmid expressing GFP-Sec4 (Calero et al., 2003). Cells were grown 
to midlog phase (OD600 0.4–0.8) in synthetic selective media at 
25°C, then mounted on a microscope slide and imaged at RT on an 
inverted Ti200 microscope equipped with an Intensilight excitation 
source (Nikon Instruments), 100× objective (NA 1.30; Nikon Instru-
ments), 1.5× magnifier, and iXon EMCCD camera. Exposure times of 
100–200 ms at 20–50% intensity were used to image cells for 1–2 
min. Focus was maintained with the Perfect Focus System (Nikon 
Instruments). Movies were subsequently analyzed in ImageJ. Secre-
tory vesicle traffic was monitored within the mother cells of each 
strain by manually tracking the positions over time for 5–10 GFP-
Sec4 puncta in each of 15 or more cells. Tortuosity measurements 
were made by dividing the length of the path (from the initial point 
of movement to the bud neck) by the distance between the point of 
origin and the bud neck. For imaging fluorescently tagged yeast 
septins, Hof1-Envy, and Bnr1-Envy cells were grown in synthetic 
media as described above. Live cells in media were mounted on 
slides with coverslips and immediately imaged by SIM on a Ti-2 SIM-
E inverted microscope with a 100× oil objective (NA 1.49), and Ham-
amatsu Orca Flash 4.0 camera controlled by NIS-Elements software. 
Cdc3-yomApple strains were imaged at 200–300 ms exposure 
times while GFP and Envy tagged proteins were imaged at 100–00 
ms exposures. Images were captured at 0.1-µm steps at 50% laser 
power in each case. A violet-to-red diffraction grating was applied 
at three angles and five phases of illumination, resulting in 15 raw 
images for SIM. Raw images were then reconstructed with the de-
fault stack reconstruction settings within NIS-Elements software. 
Distances between septin pillars were measured by drawing a line 
between individual pillars in ImageJ. Airyscan images of Hof1-GFP, 
Hof1∆linker-GFP, and fluorescently tagged yeast septins (Cdc3- 
yomApple and Cdc10-GFP) were acquired on a Zeiss AxioObserver 
LSM 880 equipped with an “Airyscan” superresolution module 
and gallenium arsenide phosphide detectors (GaAsP) using a Plan-
Apochromat 63×/1.40 oil DIC M27 objective. GFP-tagged proteins 
were excited using an argon laser (488) and mApple-tagged pro-
teins were excited using a DPSS 561-10 laser, each with a 0.5% laser 
power, pixel dwell time of 1.05 s, and z-step size of 0.175 µm. Im-
age acquisition and Airyscan processing were done using Zen 2 
(black) software. An analysis of Hof1-GFP and Hof1∆linker-GFP ex-
pression levels was performed using ImageJ. Sum intensity projec-
tions were background subtracted and total GFP signal in a single 
cell was measured by calculating the integrated density (product of 
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the area and the mean fluorescence value) per cell. To compare 
signal intensities at the neck, the mean GFP signal at the neck of 
each cell was measured from a 1.1-µm-wide line drawn across 
the neck.

Protein purification
Rabbit muscle actin was purified as has been described (Spudich 
and Watt, 1971) from acetone powder made from frozen ground 
skeletal muscle of young rabbits (PelFreez). Lyophilized acetone 
powder stored at −80°C was mechanically sheered in a coffee 
grinder, resuspended in G-buffer (5 mM Tris-HCl, pH 7.5, 0.5 mM 
dithiothreitol [DTT], 0.2 mM ATP, and 0.1 mM CaCl2). The actin was 
then cleared by centrifugation for 20 min at 28,403 × g. Actin was 
polymerized by the addition of 2 mM MgCl2 and 50 mM NaCl and 
incubated overnight at 4°C. F-Actin was pelleted by centrifugation 
for 2.5 h at 113,613 × g. The F-actin pellet was solubilized by 
Dounce homogenization and dialyzed against G-buffer for 60 h at 
4°C to depolymerize the actin. The G-actin was then precleared at 
264,499 × g and gel filtered on an S200 (16/60) column (GE Health-
care) equilibrated in G-buffer. Peak actin-containing fractions were 
stored at 4°C and used within a 2-wk period. To label actin with 
Oregon green (OG) dye on cysteine 374, an F-actin pellet was 
dounced and dialyzed against G-buffer lacking DTT. The G-actin 
was polymerized by adding an equal volume of 2× labeling buffer 
(50 mM imidazole, pH 7.5, 200 mM KCl, 0.3 mM ATP, and 4 mM 
MgCl2). After a 5-min incubation at 25°C, the actin was mixed with 
a fivefold molar excess of OG-488 iodoacetamide (Invitrogen), re-
suspended in anhydrous dimethylformamide, and then incubated in 
the dark for 15 h at 4°C. The labeled F-actin was pelleted as above, 
and the pellet was rinsed with G-buffer, depolymerized by Dounce 
homogenization, and dialyzed against G-buffer for 60 h at 4°C. 
Labeled, monomeric actin was then applied to an S200 (16/60) gel 
filtration column as above. Peak fractions were dialyzed for 15 h 
against G-buffer with 50% glycerol and stored at −20°C.

MBP-Hof1 constructs (F-BAR and NT) were expressed in 
BL21(DE3) E. coli cells with the pRARE plasmid (MilliporeSigma). 
Bacteria were grown to late log phase (OD600 0.7–0.9) in terrific 
broth supplemented with ampicillin and chloramphenicol to main-
tain selection of the expression plasmid and the pRARE plasmid, 
respectively. Expression was induced with 0.8 mM Isopropyl β-d-1-
thiogalactopyranoside (IPTG) overnight at 18°C, and then cells were 
pelleted and stored at −80°C. Cell pellets were thawed, resus-
pended in lysis buffer (20 mM Tris-HCl, pH 8.0, and 300 mM NaCl) 
supplemented with a protease inhibitor cocktail (1 mM phenylmeth-
ylsulfonyl fluoride and 0.5 µM each of pepstatin A, antipain, leu-
peptin, aprotinin, and chymostatin), and lysed by treatment with 1 
mg/ml lysozyme and sonication. Lysates were cleared by centrifuga-
tion at 20,064 × g for 20 min in an F21S-8 × 50y rotor (Thermo Fisher 
Scientific), and the supernatant (20–30 ml) was mixed with 0.5 ml of 
amylose resin (New England Biolabs) and rotated at 4°C for 1 h. The 
resin was then washed five times with 5 ml of the lysis buffer. Hof1 
constructs were eluted with lysis buffer plus 20 mM maltose and 1 
mM DTT. Finally, eluted protein was exchanged into HEK buffer (20 
mM HEPES, pH 7.5, 1 mM EDTA, and 50 mM KCl) supplemented 
with 10% glycerol (vol/vol) and 1 mM DTT using a PD10 desalting 
column (GE Life Sciences) and collected in 0.3-ml fractions. Peak 
fractions were aliquoted and snap frozen in liquid N2 and stored at 
−80°C.

MBP-Hof1-FL-6His and MBP-Hof1-FL-SNAP-6His were ex-
pressed and purified as above except for an initial nickel affinity 
purification. Cleared lysates were mixed with 0.5 ml Ni-NTA agarose 
resin (Qiagen, Valencia, CA) and rotated at 4°C for 1 h. The beads 

were then washed five times with 5 ml of the lysis buffer containing 
50 mM imidazole. MBP-Hof1-FL-6His was eluted with lysis buffer 
with 300 mM imidazole in 0.5-ml fractions. Eluted proteins were di-
luted fourfold with the lysis buffer lacking imidazole and then further 
purified with amylose resin as described above. To label MBP-Hof1-
FL-SNAP-6His, peak fractions were mixed with a fivefold molar ex-
cess of BG-549 SNAP dye overnight at 4°C. The protein was then 
exchanged into HEK buffer supplemented with 10% glycerol and 
1 mM DTT on a PD10 desalting column as described above. For EM 
experiments, all proteins were purified as above except the final 
desalting buffer was HEK (20 mM HEPES, pH 7.5, 1 mM EDTA, and 
50 mM KCl) supplemented with 150 mM NaCl and 1 mM DTT.

GST-Hof1-CT-6His, GST-Hof1-Linker-6His, and GST-Hof1-SH3-
6His were expressed and purified as above using nickel affinity 
followed by glutathione resin. Peak fractions from Ni-NTA purifi-
cation were pooled, diluted fourfold with buffer lacking imidaz-
ole, and mixed with glutathione agarose beads (Thermo Fisher 
Scientific) and rotated at 4°C for 1 h. The resin was then washed 
five times with 5 ml of lysis buffer, and protein was eluted using 
lysis buffer plus 30 mM glutathione and 1 mM DTT. The eluted 
protein was exchanged into HEK buffer with 10% glycerol (vol/
vol) and 1 mM DTT on a PD10 desalting column (GE Life Sci-
ences), aliquoted, snap frozen in liquid N2, and stored at −80°C. 
For GST-Hof1-CC2, a single GST purification step was used, 
omitting the nickel step.

Yeast septins were purified as previously described (Renz et al., 
2013). Two bicistronic plasmids encoding yeast septins (Flag-
Cdc3/Cdc10-SNAP and 6His-Cdc12/Cdc11-S-Tag) were expressed 
in BL21(DE3) E. coli cells. Cells were grown to late log phase 
(OD600 of 0.7–0.9) in terrific broth supplemented with ampicillin 
and chloramphenicol to maintain selection of both expression 
plasmids. Expression was induced with 0.4 mM IPTG overnight at 
18°C, and then cells were pelleted and stored at −80˚°C. The pellet 
was then thawed and resuspended in septin resuspension buffer 
(50 mM Tris-HCl, pH 8, 300 mM NaCl, 2 mM MgCl2, 15 mM imid-
azole, 12% glycerol [vol/vol]) supplemented with 0.1% Tween 20, 
40 µM GDP, 5 mM β-mercaptoethanol, and the same protease in-
hibitor cocktail as described above. Cells were then lysed with 
1 mg/ml lysozyme and sonication. Lysates were cleared by cen-
trifugation as above. The cleared lysate was then loaded onto a 
1 ml HisTrap column (GE Healthcare) equilibrated with IMAC buf-
fer A (300 mM NaCl, 2 mM MgCl2, 15 mM imidazole, and 5 mM 
DTT) and eluted with a three-step elution: 10 column volumes of 
each of 3%, 25%, and 100% of IMAC Buffer B (50 mM Tris-HCl, 
pH 8, 500 mM NaCl, 2 mM MgCl2, 500 mM imidazole, 5 mM DTT, 
and 12% glycerol [vol/vol]). The septins eluted at 25% IMAC Buffer 
B. Eluted septins were pooled and buffered in BisTris 7.5 using a 
PD10 desalting column. This was then applied to 5 ml HiTrapQ 
column (GE Healthcare) for anion exchange chromatography with 
a linear elution gradient (7 column volumes). Septins eluted at 
600 mM NaCl. The eluted protein was exchanged and concen-
trated in storage buffer (50 mM Tris-HCl, pH 8, 300 mM NaCl, 10% 
glycerol [vol/vol]) and stored at −80°C.

TIRF microscopy and analysis
For TIRF microscopy experiments, 24 × 60-mm coverslips (Thermo 
Fisher Scientific) were cleaned by sonication in dish detergent for 
60 min and rinsed thoroughly in sterile water, followed by sonication 
in 1 M HCl for 20 min and 1 M KOH for 20 min and then sonication 
in ethanol for 60 min. Coverslips were then washed extensively with 
sterile water, dried in an N2 stream, and coated with 200 µl of 80% 
ethanol, pH 2.0, 2 mg/ml methoxy-poly(ethylene glycol)-silane, and 
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2 µg/ml biotin-poly(ethylene glycol)-silane (Laysan Bio). Coverslips 
were incubated at 70°C for 1–3 d before use. Flow cells were as-
sembled just before imaging by rinsing coverslips extensively with 
sterile water, attaching coverslips to a plastic flow chamber (Ibidi) 
using double-sided tape 2.5 cm × 2 mm × 120 µm (Grace Bio-Labs), 
and sealing both ends with epoxy resin (Devcon).

Just before each experiment, flow cells were incubated for 30 s 
with HBSA (20 mM HEPES, pH 7.5, 1 mM EDTA, 50 mM KCl, and 1% 
bovine serum albumin) and then washed with TIRF buffer (10 mM 
imidazole, 50 mM KCl, 1 mM MgCl2, 1 mM EGTA, 0.2 mM ATP, 
10 mM DTT, 15 mM glucose, 20 µg/ml glucose oxidase, and 0.5% 
methylcellulose [4000 cP], pH 7.4). Indicated proteins were mixed in 
TIRF buffer and then flowed into the chamber. For actin bundling, 
2 µM actin (10% OG-labeled) was polymerized in the TIRF chamber 
for 15–20 min and then three volumes of TIRF buffer was flowed 
through to wash away free G-actin. Indicated concentrations of Hof1 
polypeptides were then flowed in during image acquisition. For as-
says with actin and septins, 1 µM actin (10% OG-labeled) and 50 nM 
septins (SNAP549) were mixed together in TIRF buffer with or without 
50 nM MBP-Hof1-FL-6His and flowed into the TIRF chamber. 
Images were acquired in ambient temperature using an inverted 
Ti200 TIRF microscope (Nikon Instruments) equipped with 100-mW 
solid-state lasers (Agilent Technologies), a CFI Apo 60× TIRF objec-
tive (NA 1.49; Nikon Instruments), and an iXon EMCCD camera 
(Andor Technology). Focus was maintained with the Perfect Focus 
System (Nikon Instruments).

Image analysis was performed in ImageJ. TIRF images were 
background subtracted using a rolling ball radius of 5 pixels. To 
quantify the effects of Hof1 polypeptides on actin bundling, the 
mean and SD of the actin fluorescence intensity were measured and 
used to calculate the CoV (ratio of the SD over the mean). Fields of 
view (FOVs) with low actin bundling have many single filaments over 
the entire view and a low SD. FOVs with high actin bundling have 
bright actin bundles against a dark background resulting in a higher 
SD and therefore CoV. To quantify the effect of Hof1 on septin and 
actin bundling, the colocalization of actin with septin filaments was 
analyzed using the Coloc 2 ImageJ plugin to calculate the Pearson’s 
R correlation coefficient for all FOVs.

EM
To examine actin bundling, 500 nM MBP-Hof1-FL-6His was mixed 
with 1 µM preformed F-actin filaments. Then, 3 µl of protein com-
plexes were applied to the carbon-coated glow-discharged copper 
grids. Samples were blotted and negatively stained with 1.0% uranyl 
acetate two times for 30 s each. To examine Hof1–septin interactions, 
500 nM MBP-Hof1-FL-6His was mixed with 50 nM of septin rods and 
applied to glow-discharged grids and negatively stained as above. 
Air-dried grids were imaged on a JEOL 2100 transmission electron 
microscope equipped with a Gatan Ultrascan 1000XP CCD camera 
and operated at 200 kV. The data were collected under low-dose 
conditions at a ∼1.5 µm defocus and 40,000 magnification resulting 
in 2.5 A pixel size. Class averages of Hof1 particles on actin bundles 
and on the carbon substrate shown in Figure 3 were collected in 
EMAN2 (Tang et al., 2007). A total of 50 particles for each set were 
cut from the micrographs and aligned against one another. The total 
sums of bound Hof1 and free Hof1 have comparable size and shape.

Statistical analysis
For comparisons of two categories, an unpaired, two-tailed t test 
was used. To compare more than two categories, one-way ANOVA 
was used. In all cases, n.s. indicates no significance and p > 0.05; 
*, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ****, p ≤ 0.0001.
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