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SUMMARY

Localized extracellular matrix (ECM) remodeling is
thought to stabilize the cleavage furrow andmaintain
cell shape during cytokinesis [1–14]. This remodeling
is spatiotemporally coordinated with a cytoskeletal
structure pertaining to a kingdom of life, for example
the FtsZ ring in bacteria [15], the phragmoplast in
plants [16], and the actomyosin ring in fungi and ani-
mals [17, 18]. Although the cytoskeletal structures
have been analyzed extensively, the mechanisms of
ECM remodeling remain poorly understood. In the
budding yeast Saccharomyces cerevisiae, ECM
remodeling refers to sequential formations of the pri-
mary and secondary septa that are catalyzed by
chitin synthase-II (Chs2) and chitin synthase-III (the
catalytic subunit Chs3 and its activator Chs4),
respectively [18, 19]. Surprisingly, both Chs2 and
Chs3 are delivered to the division site at the onset of
cytokinesis [6, 20]. What keeps Chs3 inactive until
secondary septum formation remains unknown.
Here,weshow thatHof1binds to theSel1-like repeats
(SLRs) of Chs4 via its F-BAR domain and inhibits
Chs3-mediated chitin synthesis during cytokinesis.
In addition, Hof1 is required for rapid accumulation
as well as efficient removal of Chs4 at the division
site. This study uncovers a mechanism by which
Hof1 controls timely activation of Chs3 during cytoki-
nesis and defines a novel interaction and function for
the conserved F-BARdomain and SLR that are other-
wise known for their abilities to bindmembrane lipids
[21, 22] and scaffold protein complex formation [23].

RESULTS AND DISCUSSION

Hof1 Binds Directly to the SLR of Chs4 via Its F-BAR
Domain
Chs3, the catalytic subunit of chitin synthase-III (CSIII), and its

activator Chs4 first localize to the incipient bud site and start
2878 Current Biology 27, 2878–2886, September 25, 2017 ª 2017 El
catalyzing the formation of a chitin ring at the mother side of

the bud neck [1, 24–26]. Both Chs3 and Chs4 disappear from

the bud neck around G2/M and then re-localize to the neck dur-

ing cytokinesis to drive secondary septum (SS) formation

[20, 27]. Chs3 and Chs4 are delivered to and removed from the

division site independently of each other [25]. However, it

remains unclear how Chs4 regulates Chs3 activity at the plasma

membrane (PM) and how their localizations at the division site

are controlled.

The disappearance of Chs3 from the bud neck during G2/M

coincided with the arrival of the F-BAR protein Hof1 at the

same location (Figures S1A and S1B; Movie S1A). Hof1, a

conserved cytokinetic protein [28, 29], is one of the very few pro-

teins in S. cerevisiae (less than 10 out of �6,000 in total) that

display asymmetric localization to the mother side of the bud

neck before cytokinesis [30]. Both Chs3 and Hof1 also localized

to the division site during cytokinesis and cell separation, and the

surge and fall of Hof1 at the division site preceded that of Chs3

(Figures S1C and S1D; Movies S1B and S1C for a side view

and an en-face view, respectively). While Hof1 is involved in

coupling actomyosin ring (AMR) to primary septum (PS) forma-

tion during cytokinesis [29, 31], its role in G2/M remained

unknown. These observations prompted us to consider the pos-

sibility that Hof1 might regulate the localization and/or activity of

Chs3 and Chs4 during G2/M as well as during cytokinesis and

cell separation. This hypothesis predicts that: (1) Hof1 might

interact with Chs3 and/or Chs4, (2) Hof1 might control Chs3

activity, and (3) Hof1 might control the localization dynamics of

Chs3 and/or Chs4 at the bud neck. To test these predictions,

we first examined for possible interactions of Hof1 with Chs3,

Chs4, and the ‘‘adaptor’’ protein Bni4, which links Chs4 to the

septin hourglass at the bud neck before cytokinesis [24]. We

found by two-hybrid analysis that Hof1 interacted with Chs4-

C693S (the cysteine in the prenylation motif, CVIM, was mutated

to allow the assessment of protein-protein interactions in the

nucleus by the two-hybrid system) and Chs4 (1–610), which

lacks the prenylation site, but not with the wild-type (WT) protein

(Figures 1A and 1B). In addition, Hof1 failed to interact with Chs3,

Chs3 (1–700), and Bni4 (65–730; also known as Bni4E). These

two-hybrid constructs have been used previously to discover

the interactions among Chs3, Chs4, and Bni4 [24]. Further
sevier Ltd.
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Figure 1. Hof1 Interacts with Chs4 In Vitro and In Vivo

(A) Domains and motifs of Hof1 and Chs4. PCH, Pombe Cdc15 homology; CC1 and CC2, coiled-coil regions 1 and 2; PEST, proline-glutamic acid-serine-

threonine-rich sequence that acts as a signal for protein degradation; SH3, Src homology 3 domain; SLR, Sel1-like repeats. See also Figure S1 and Movie S1.

(B) Hof1-N-term interacts with Chs4. Full-length and various truncation alleles of HOF1 were examined pairwise for interactions with different alleles of CHS4 by

two-hybrid analysis.

(C) Hof1-N-term binds directly to the SLR of Chs4 in vitro. Purified GST-Chs4 fragments, including the full-length Chs4-C693S, SLR (220-610), and Chs4-N-terrm

(1-260) were examined for interactions with His6-Hof1-N-term in vitro.

(legend continued on next page)
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analysis indicated that the N-terminal half of Hof1 (Hof1-N-term;

1–340), which consists of the F-BAR domain (1–275) and the

CC2 region (300–333) [31, 32], was sufficient for interaction

with Chs4 (Figures 1A and 1B).

Next, we demonstrated by in vitro binding assay that Hof1-

N-term bound directly to the evolutionarily conserved Sel1-like

repeats (Chs4-SLR; 220–610) of Chs4, but not its N-terminal

fragment (Chs4-N-term; 1–260) (Figures 1A and 1C). Further-

more, we found that the F-BAR domain, not the CC2 region, of

Hof1-N-term interacted directly with Chs4-SLR (Sel1-like repeat)

(Figure 1D). Hof1-F-BAR is known to form dimers and bind non-

selectively to a number of phospholipids in vitro with no apparent

tubulation activity in vivo [33].

We then used the bimolecular complementation assay (BiFC)

[34] to test whether Hof1 interacts with Chs4 in vivo and, if so,

when and where the interaction occurs during the cell cycle.

For this purpose, the N- and C-terminal fragments of a YFP

(Venus) molecule were attached to the N termini of Chs4 and

Hof1, respectively, in two haploid yeast strains of opposite mat-

ing types. Time-lapse analysis of the resulting diploid cells

showed that the interaction between Hof1 and Chs4 started at

the bud neck in cells with a medium-sized bud (Figure 1E, cell

1, 18 min; Movie S2; approximately in G2/M as indicated by

the mRuby2-Tub1-labeled short spindle near the bud neck in

the mother compartment [35]) and became stronger shortly

before and during cytokinesis (Figure 1E, cell 1, 72–90 min; as

indicated by the elongated spindle and the Mlc2-mApple-

labeled constricting AMR [36]), and then at both the mother

and daughter sides of the bud neck during cell separation (Fig-

ure 1E, cell 1, 108 min; as indicated by the disappearance of

the AMR). Thus, Hof1 and Chs4 interact in vivo in a spatiotempo-

rally controlled fashion that is consistent with their localization

profiles during the cell cycle.

Together, these data indicate that Hof1 and Chs4 bind to each

other directly through conserved domains, and they also demon-

strate that the F-BAR domain is not only a lipid-binding module

but also capable of interacting with other proteins. This analysis

has also led to the identification of a novel binding partner for the

SLR of Chs4.

Deletion of HOF1 Causes an Increase in Chs3-
Dependent Chitin Synthesis at the Division Site
The Hof1-Chs4 interaction compelled us to examine the role of

Hof1 in Chs3-mediated chitin synthesis. Yeast mutants requiring

a higher level of chitin for survival are known to be sensitive to

Calcofluor White (CW), a fluorescent dye that binds specifically

to chitin in fungal cell walls [37]. We found that WT and bni4D

cells grew well on YPD plates containing 25 mg/mL CW (Fig-

ure 2A). As expected, chs3D and chs4D cells, which are deficient

in chitin synthesis [24, 37], were resistant to CW. In contrast,

deletion ofCYK3, which encodes a protein involved in PS forma-

tion during cytokinesis [38, 39], is known to cause an increase in

Chs3-mediated chitin synthesis [37]. Not surprisingly, cyk3D
(D) Hof1-F-BAR binds directly to the SLR of Chs4 in vitro. Purified MBP-Hof1

interactions with GST-Chs4-SLR in vitro.

(E) Hof1 and Chs4 interact at the bud neck strongly during cytokinesis. Strain YEF7

was grown to exponential phase in SCmedium at 25�C, and the BiFC signal was t

S2). Scale bar, 2 mm.
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cells failed to grow on the CW plate. Similarly, hof1D cells also

failed to grow on the sameCWplate, suggesting that chitin might

be increased in hof1D cells. Because deletion of HOF1 causes

temperature-sensitive defects in growth and cytokinesis [28,

29], we measured the chitin content in WT and different mutant

strains at both the permissive (25�C) and non-permissive

(37�C) temperatures by a quantitative colorimetric assay [37]

(Figure 2B). Consistent with the plate assay, the chitin level

was significantly increased in hof1D cells in comparison to WT

cells at both 25�C (p = 0.00098) and 37�C (p = 0.02163).

To determine when andwhere Hof1 acts to regulate chitin syn-

thesis during the cell cycle, we stained the WT and hof1D cells

with CW and measured their relative chitin levels at the bud

neck during different phases of the cell cycle (Figures 2C and

2D). Nuclear position in the cell (as indicated by DNA staining)

as well as bud size were used to gauge cell-cycle progression

(Figure 2C). We found that, in G1/S cells (DNA in the mother

compartment, but not near the bud neck), the chitin level was

similar in both WT and hof1D cells (p = 0.42225) (Figure 2D).

However, in G2/M (DNA in the mother compartment and close

to the bud neck), hof1D cells had significantly more chitin at

the bud neck than WT cells did (p = 0.00017). The difference

was even more striking in telophase cells (p = 3.3401E�07)

(DNA in both the mother and daughter compartments). Thus,

deletion of HOF1 causes an increase in chitin synthesis at the

bud neck during G2/M as well as during cytokinesis.

A tiny patch of chitin was frequently observed at the distal pole

of the mother compartment in hof1D cells (Figure 2C, arrows).

The underlying mechanism remains unknown. Nonetheless,

this observation suggests that Hof1 plays a fine-tuning role in

restricting chitin synthase activity to the bud neck under normal

growth conditions. We also found that deletion of CHS3 abol-

ished all the ectopic chitin at the mother pole and nearly all the

chitin at the bud neck in hof1D cells (Figures 2C and 2D), except

a faint chitin ring in some telophase cells (Figure 2C, arrowhead),

which presumably represents the PS that is catalyzed by the

chitin synthase-II (CSII) Chs2 during cytokinesis. Together, these

data suggest that Hof1 inhibits Chs3-mediated chitin synthesis

during the cell cycle, especially during cytokinesis.

The F-BAR Domain of Hof1 Competes with the Catalytic
Region of Chs3 for Binding to the SLR of Chs4
Previous two-hybrid analysis suggests that Chs4-SLR interacts

with Chs3, and this interaction is critical for Chs3 activity [40].

Based on this observation and our findings described earlier,

we hypothesize that direct binding of Hof1-F-BAR to Chs4-

SLR prevents Chs3-Chs4 interaction, thus inhibiting Chs3-

dependent chitin synthesis at the bud neck during G2/M and

cytokinesis. To test this possibility, we first examined whether

the catalytic region of Chs3 binds directly to Chs4-SLR using

in vitro binding assays with recombinant proteins purified from

E. coli. The middle region of Chs3 (Chs3-MID, 477–1028) is pre-

dicted to be cytosolic and flanked by transmembrane domains.
fragments (Hof1-N-term, Hof1-F-BAR, and Hof1-CC2) were examined for

980 (VN-CHS4, VC-HOF1,mRuby2-TUB1,MLC2-mApple) (see also Table S1)

hen analyzed during the cell cycle by spinning-disk microscopy (see also Movie
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Figure 2. Chs3-Dependent Chitin Synthesis at the Bud Neck Is

Increased in hof1D Cells

(A) hof1D cells are sensitive to Calcofluor White (CW). Strains YEF473A (wild-

type, WT), YEF4600 (hof1D), YEF2368 (cyk3D), YEF4559 (chs3D), YEF2197

(chs4D), and YEF2769 (bni4D) (see also Table S1) were streaked out on a YPD

plate and a YPD plate containing 25 mg/mL CW and incubated at 25�C for

3 days before documentation.

(B) Chitin level in the cell wall of hof1D cells is increased. Chitin levels in the

total cell walls of the strains listed in (A), which were grown in YM-1 medium at

25�C or 37�C, were measured as described in STAR Methods. Data were

averaged from 9 and 4 independent experiments for the 25�C and 37�C
samples, respectively. Error bars represent SEM.

(C and D) Chitin level at the bud neck of hof1D cells is increased from G2/M to

telophase in a Chs3-dependent manner. Chitin at the bud neck of WT

(YEF473A), hof1D (YEF4600), and hof1D chs3D (YEF2757) (see also Table S1)

cells was visualized by CW staining (C) and then quantified as described in

STAR Methods (D). Cell-cycle stages were estimated based on nuclear
This region is known to contain residues (991–999) that are

essential for Chs3 activity [41]. We found that His6-Chs3-MID

bound directly to MBP-Chs4-SLR (Figure 3A). As expected,

His6-Hof1-N-term also bound to MBP-Chs4-SLR (Figure 3A).

Due to the toxicity caused by the expression of His6-Hof1-

F-BAR in E. coli, this fragment could not be obtained for the bind-

ing assay. However, with different affinity tags, we already

showed that both Hof1-N-term and Hof1-F-BAR bound well to

Chs4-SLR, whereas Hof1-CC2 did not (Figure 1D). Thus, both

the F-BAR domain of Hof1 and the catalytic region of Chs3

interact directly with the SLR of Chs4.

Next, we examined whether Hof1-N-term could compete with

Chs3 for binding to Chs4. As the amount of His6-Hof1-N-term in

the reactions increased, the binding of His6-Chs3-MID to MBP-

Chs4-SLR decreased (Figures 3B and 3C). Together, these data

support our hypothesis that Hof1 inhibits Chs3-dependent chitin

synthesis at the bud neck by binding to the SLR of Chs4 via its

F-BAR domain.

Hof1 Governs the Localization Dynamics of Chs4 and
Chs3 during Cytokinesis
To determine when and where the Hof1-Chs4 regulatory mech-

anism functions during the cell cycle, we imaged WT and hof1D

cells carrying Chs4-GFP and Spc42-mCherry (RFP; red fluores-

cent protein) by time-lapse microscopy. Spc42 is a component

of the spindle pole body (equivalent of centrosome in animal

cells) [42] that serves as a cell-cycle marker here. We found

that the retention of Chs4 at the bud neck was increased in

hof1D cells, mildly during G2/M (p = 0.0440), and dramatically

during cytokinesis (p < 0.0001) (Figures 4A and S2; Movie S3).

Interestingly, Chs4 accumulation at the bud neck appeared to

be biphasic in WT cells, with a rapid phase followed by a slow

phase (Figure 4B). Strikingly, only the rapid phase depended

on Hof1 (Figure 4B). The peak accumulation of Chs4 at the bud

neck was followed by its quick removal in WT cells, and this

process was also attenuated in hof1D cells (Figures 4A and

4B). Thus, Hof1 is required for the rapid accumulation and

removal of Chs4 at the division site during cytokinesis.

The Hof1-Chs4 regulatory mechanism most likely acts to

ensure that SS formation occurs after PS formation. To explore

this possibility, we first compared the localization kinetics of

Chs2 and Chs3 in WT cells. Consistent with the hypothesis,

Chs2 localization to the bud neck peaked �4 min before that

of Chs3 (Figure S3). Surprisingly, both proteins were delivered

to the bud neck simultaneously at the onset of cytokinesis (Fig-

ure S3). What keeps Chs3 inactive until SS formation was

unclear.

To determinewhether and howHof1-Chs4 interaction controls

the timely activation of Chs3 during cytokinesis, we followed

Chs4-GFP and Chs3-mCherry localization in WT and hof1D cells

by time-lapse microscopy. As expected, Chs4 localized to the

bud neck via a biphasic mechanism in WT cells and peaked at

�18 min after its initial arrival; in contrast, Chs3 began to arrive
staining by DAPI. The number of cells used for quantification was as follows:

WT, ns = 34, 26, and 27; hof1D, ns = 12, 24, and 28; and hof1D chs3D, ns = 10,

17, and 13 for G1/S, G2/M, and telophase, respectively. In (C), the arrows

indicate ectopic chitin, and the arrowhead indicates chitin in a primary septum.

Error bars represent SEM.
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Figure 3. Hof1-F-BAR Is a Competitive Inhibitor of Chs3-Chs4 Interaction

(A) The catalytic region of Chs3 binds directly to the SLR of Chs4. Purified MBP-Chs4-SLR, along with the control MBP, was tested for interactions with His6-

Hof1-N-term and His6-Chs3-MID in an in vitro binding assay, as described in STAR Methods.

(B) Hof1-F-BAR inhibits the interaction between Chs3-MID and Chs4-SLR. MBP-Chs4-SLR bound to amylase beads was incubated with 5 mg of His6-Chs3-MID

and different amounts of His6-Hof1-N-term or BSA as indicated earlier. Proteins associated with the beads (Bound) or in the supernatant (Flow-through) were

then probed by western blot analysis using the appropriate antibodies.

(C) Quantification of the binding data in (B). The relative Chs3-Chs4 binding is calculated as the Chs3 band intensity subtracted by background in the western blot

at a given concentration of Hof1-N-term divided by the background-subtracted Chs3 band intensity in the absence of Hof1-N-term. The average and the SDwere

calculated from two independent experiments.
at the bud neck �6 min after Chs4 but peaked at the exactly the

same time as Chs4 did (Figures 4C and 4D, arrowheads; Movie

S4A). This temporal separation between Chs4 and Chs3

occurred only during cytokinesis, as both proteins localized

simultaneously to the incipient bud site and the mother side of

the bud neck during bud emergence and bud growth (Movie

S4B). Remarkably, Chs3 and Chs4 displayed nearly identical

kinetics of accumulation but differed in the kinetics of removal

in hof1D cells (Figures 4C and 4D, arrowheads; Movie S4A).

Importantly, the absence of Hof1 did not delay the initial localiza-

tion of Chs4 but changed its kinetics of accumulation and also

caused precocious localization of Chs3 to the bud neck. Consis-

tent with a role in Chs4 accumulation during cytokinesis, locali-

zation of Hof1 to the bud neck preceded that of Chs4 (Figures

4D, S1C, and S1D; Chs3 served as the reference point for deter-
2882 Current Biology 27, 2878–2886, September 25, 2017
mining the relative timing of Hof1 and Chs4 localizations).

Consistent with a role in the relief of Chs4 inhibition, the Hof1

level began to drop before Chs4 and Chs3 reached their peak

at the bud neck (Figures 4D and S1D). Strikingly, at �4 min after

its initial drop, Hof1 re-surged to form a ‘‘small peak’’ at �2 min

after the peaking of Chs4 and Chs3 at the bud neck (Figures 4D

and S1D). This small peak of Hof1 might be involved in the

endocytic removal of Chs4. Taken together, these data suggest

that Hof1 is required for preventing precocious interaction

between Chs4 and Chs3 or untimely activation of Chs3 at the

PM during cytokinesis, as well as efficient removal of Chs4 after

cytokinesis.

ECM remodeling at the division site is an important problem

that has been underappreciated in the field of cytokinesis. In

this study, we have defined amolecular mechanism that ensures
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A Figure 4. Hof1 Governs the Localization

Dynamics of Chs4 and Chs3 during Cytoki-

nesis

(A) The duration of Chs4 at the bud neck is

lengthened in hof1D cells. Cells of WT (YEF5678)

and hof1D (YEF5694) strains carrying Chs4-GFP

and Spc42-mCherry (see also Table S1) were

grown in SC-His media at 25�C and then imaged

by spinning-disk microscopy (see also Movie S3).

(B) Hof1 is required for the rapid accumulation and

removal of Chs4 at the bud neck. Imaging data

from (A) were analyzed for the localization kinetics.

See also Figure S2.

(C) Chs3 precociously localizes to the bud neck in

hof1D cells during cytokinesis. Cells of WT

(YEF7965) and hof1D (YEF7966) strains carrying

Chs4-GFP and Chs3-mCherry (see also Table S1)

were grown in SC-His media at 25�C and then

imaged by spinning-disk microscopy to determine

their relative timing of localization during cytoki-

nesis (see also Movie S4A) and subsequent

budding event (Movie S4B). See also Figure S3.

(D) Localization kinetics of Chs4 and Chs3 during

cytokinesis. Imaging data from (C) were analyzed

to generate the plots.

Scale bars, 2 mm.
timely execution of specific ECM-remodeling events during

cytokinesis. Specifically, our findings provide an answer to the

question of how CSIII is kept inactive until SS formation in WT

cells. The delivery of both Chs2 and Chs3 to the bud neck occurs

simultaneously at the onset of cytokinesis, although they peak at

different times. What keeps Chs3 inactive during PS formation

was unknown. Hof1 associates with the AMR at the onset of

cytokinesis via a C-terminal region [31, 43] and couples AMR

constriction to PS formation during cytokinesis [31]. Here, we

show that Hof1 interacts with the SLR of Chs4 via its N-terminal

F-BAR domain. This interaction prevents Chs3 from binding to

Chs4, which explains the delayed accumulation and activation

of Chs3 at the bud neck, as Chs4 is required for stabilized local-
Current Biology
ization of Chs3 at the PM [25]. After AMR

constriction and PS formation, Hof1 is

progressively degraded, which is medi-

ated by its PEST sequence and the

F-box protein Grr1 [29, 44]. This degrada-

tion leads to the relief of Chs4 from Hof1

inhibition. The relieved Chs4 associates

with the PM via its lipid-modified tail [24,

25], and it stabilizes and activates Chs3

at the PM to promote SS formation.

Thus, the Hof1-Chs4 interaction controls

timely recruitment and activation of

Chs3 at the bud neck during cytokinesis.

This conclusion predicts that deletion of

HOF1 would cause precocious as well

as enhanced SS formation, which was,

indeed, observed in hof1D cells by elec-

tron microscopy [43]. The precocious

SS deposition might contribute to a fail-

ure to effectively cleave the PS, leading
to a delay in cell separation. Besides the role for rapid accumu-

lation and inhibition of Chs4 at the bud neck, Hof1 is also

required for efficient removal of Chs4 after cytokinesis. Hof1

could target Chs4 for ubiquitylation-dependent proteolysis inde-

pendently of Chs3, which presumably ensures that Chs3 is kept

inactive once it leaves the PM after cytokinesis. This endocytic

role of Hof1 is likelymediated by an interaction between its C-ter-

minal SH3 domain and verprolin (Vrp1) [45]. Thus, Hof1 controls

Chs3 activity via two sequential mechanisms, first controlling

Chs4 accumulation during cytokinesis and then controlling its

endocytic removal after cytokinesis.

This study also defines a novel interaction between and func-

tion of an F-BAR domain and SLR. All F-BAR domains form
27, 2878–2886, September 25, 2017 2883



crescent dimers that bind to negatively charged phospholipids.

Unlike Hof1 in budding yeast or Cdc15 in the fission yeast

S. pombe [33, 46], many F-BAR domain-containing proteins

can generate membrane curvatures by forming helical filaments

via lateral as well as end-to-end associations [21]. The F-BAR

proteins usually link cellular membranes to the actin cytoskel-

eton and/or cellular signaling via other domains such as the

SH3 and GTPase-activating domains (GAPs) for Rho GTPases

and function in a number of cellular processes, such as endocy-

tosis, cell migration, and cytokinesis [22, 46]. Very few protein

partners of F-BAR domains have been identified and character-

ized, with the exceptions that the F-BAR of Cdc15 in fission yeast

interacts with the formin Cdc12 to fine-tune AMR assembly [47]

and that the F-BAR of PSTPIP1 inmammalian cells interacts with

pyrin to regulate inflammatory responses [48]. SLR proteins

generally act as adaptors formacromolecular complex formation

in controlling various cellular responses [23]. For example, Hrd3

in budding yeast and its counterparts in C. elegans (Sel1) and

mammalian cells (Sel1 and Sel1L) are involved in endoplasmic-

reticulum (ER)-associated protein degradation [23]. The trans-

membrane SLR protein PodJ in the bacterium Caulobacter

crescentus binds to the cell wall component via its C terminus

and scaffolds protein complex formation to affect organelle

development at the flagellar pole of the swarmer cell [23].

Here, we show that the F-BAR of Hof1 binds directly to the

SLR of Chs4 to regulate chitin synthesis during cytokinesis,

which reveals a novel interaction and function for two highly

conserved protein domains.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-His GE Healthcare Cat #: 27-4710-01; RRID: AB_771435

Mouse anti-MBP (maltose binding protein) Sigma Cat #: M1321; RRID: AB_1079301

Mouse anti-GST Abcam Cat #: ab92; RRID: AB_307067

Bacterial Strains

E. coli strain BL21(DE3) Invitrogen Cat #: C600003

Chemicals, Peptides, and Recombinant Proteins

yeast extract Becton, Dickinson and Co. Cat #: 212750

Peptone Becton, Dickinson and Co. Cat #: 211677

Dextrose Fisher Scientific Cat #: BP350-1

Adenine Fisher Scientific Cat #: 16363-1000

L-Alanine Fisher Scientific Cat #: BP369-100

L-Arginine Fisher Scientific Cat #: BP372-100

L-Asparagine Fisher Scientific Cat #: BP373-100

L-Aspartic Acid Fisher Scientific Cat #: BP374-100

L-Cysteine Fisher Scientific Cat #: BP376-100

L-Glutamic Acid Fisher Scientific Cat #: BP378-100

L-Glutamine Fisher Scientific Cat #: BP379-100

Glycine Fisher Scientific Cat #: G46-500

L-Histidine Fisher Scientific Cat #: BP382-100

L-Isoleucine Fisher Scientific Cat #: BP384-100

L-Leucine Fisher Scientific Cat #: BP385-100

L-Lysine Fisher Scientific Cat #: BP386-100

L-Methionine Fisher Scientific Cat #: BP388-100

L-Phenylalanine Fisher Scientific Cat #: BP391-100

L-Proline Fisher Scientific Cat #: BP392-100

L-Serine Fisher Scientific Cat #: BP393-100

L-Threonine Fisher Scientific Cat #: BP394-100

L-Tryptophan Fisher Scientific Cat #: BP395-100

L-Tyrosine Fisher Scientific Cat #: BP396-100

L-Valine Fisher Scientific Cat #: BP397-100

Uracil Sigma Cat #: U0750

myo-Inositol Sigma Cat #: I5125

4-Aminobenzoic acid Fisher Scientific Cat #: 14621-2500

Sodium Hydroxide Fisher Scientific Cat #: BP359-500

Succinic acid Fisher Scientific Cat #: BP336-500

PfuUltra-II fusion HS DNA polymerase Agilent Technologies Cat #: 600672

PfuUltra-II Hotstart PCR Master Mix Agilent Technologies Cat #: 600850

Universe High-Fidelity Hot Start DNA Polymerase Biotool Cat #: B21102

Serratia marcescens chitinase Sigma Cat #: C7809

N-acetylglucosamine Sigma Cat #: A8625-5G

Calcofluor White Sigma Cat #: F3543

VECTASHIELD Antifade Mounting Medium with DAPI Vector laboratories Cat #: H-1200

Amylose beads New England Biolabs, Inc. Cat #: E8021L

Sepharose 4B beads GE Healthcare Cat #: 17075601

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

SimplyBlueTM Safestain reagent Invitrogen Cat #: LC6060

complete protein inhibitor cocktail tablets Sigma Cat #: 04693116001

Fast Western Blot Kit (Supersignal West Pico, Mouse) Thermo Scientific Cat #: SF250179

Experimental Models: Organisms/Strains

Saccharomyces cerevisiae strains, see Table S1 This study N/A

Oligonucleotides

Primers, see Table S2 This study N/A

Software and Algorithms

MetaMorph version 7.8.10.0 Molecular Devices N/A

Fiji [49] N/A

NIH ImageJ (1.51j) [50] N/A

Prism Version 5 GraphPad Software N/A
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Erfei

Bi (ebi@mail.med.upenn.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The budding yeast Saccharomyces cerevisiae strains used in this study are listed in Table S1. All strains except those (Y860 and

Y1026) used for two-hybrid analysis are isogenic to the wild-type YEF473 [51].

METHOD DETAILS

Yeast media and culture conditions
Standard culture media were used [52]. The YPDmedium consists of 1% yeast extract (Becton, Dickinson and Co., Sparks, MD), 2%

Peptone (Becton, Dickinson and Co.), and 2% dextrose (Fisher Scientific, Fair Lawn, NJ). The synthetic complete (SC) medium

consists of 0.67% yeast nitrogen base without amino acids (Becton, Dickinson and Co.), 0.0086% of each of the 20 amino acids

except 0.0171% leucine (Fisher Scientific), 0.0021% adenine (Fisher Scientific), 0.0009% 4-aminobenzoic acid (Fisher Scientific),

0.0086% uracil (Sigma, St. Louis, MO), 0.0086%myo-inositol (Sigma), and 2% dextrose (Fisher Scientific). The SC-Dropout medium

is the same as SC, except that specific amino acid(s) were omitted. The YM-1, a buffered rich liquid medium [53], consists of 0.5%

yeast extract (Becton, Dickinson and Co.), 1% Peptone (Becton, Dickinson and Co.), 0.7% yeast nitrogen base without amino acids

(Becton, Dickinson and Co.), 0.6% sodium hydroxide (Fisher Scientific), 1% succinic acid (Fisher Scientific), and 2%dextrose (Fisher

Scientific). All yeast strains were grown at 25�C, unless otherwise indicated.

Constructions of plasmids and strains
The parent vectors for two-hybrid analyses were the DNA-binding-domain (DBD) plasmid pEG202 (2m, HIS3) and the activation-

domain (AD) plasmid pJG4-5 (2m, TRP1) [54]. The DBD-fusion plasmids pEG202-CHS4, pEG202-Chs4-C693S, pEG202-Chs4-

(1-610), and pEG202-Chs3-(1-700) and the AD-fusion plasmids pJG4-5-Chs3-(1-700) and pJG4-5- Bni4pE-(65-730) were described

previously [24] (supplied by John Pringle at Stanford University, Stanford, CA). The chs4-C693S allele has cysteine to serine change in

the CAAX box in the C terminus and the chs4-(1-610) allele encodes amino acids 1-610 and is missing the CAAX box. The AD-HOF1*

plasmids, except pJG4-5-HOF1-SH3(576-669) (supplied by Charlie Boone at the University of Toronto, Toronto, Canada), were con-

structed by PCR-amplifying full-length and different fragments of HOF1 and then gap-repairing into NcoI-digested pJG4-5 plasmid.

All these AD-HOF1* constructs were confirmed by sequencing. Plasmids for in vitro protein-interaction assays were constructed as

follows. BamHI-XhoI-digested DNA fragments encoding chs4-C693S, chs4-SLR (220-610), and chs4-N-term (1-260) were subcl-

oned from pEG202 plasmids into the corresponding sites of pGEX-5X-1 (GE Healthcare Life Sciences, Buckinghamshire, UK) to

generate plasmids expressing GST-fusion proteins. DNA fragments encoding HOF1-N-term or Chs3-MID (477-1028) were PCR-

amplified, digested with BamHI and SalI (sites included in the primers), and then cloned into BamHI/SalI-digested pCOLA-Duet-1

(EMD Biosciences, Darmstadt, Germany) to generate plasmids encoding His6-tagged proteins. Plasmids pMAL-C2-Hof1-N-term

(1-340), -Hof1-F-BAR (1-275), and -Hof1-CC2 (276-340) expressing MBP-fusions were described previously [31]. Plasmid pMAL-

C2-chs4-SLR (220-610) was constructed by cloning a BamHI and SalI (both sites introduced in PCR primers)–digested CHS4 frag-

ment into the corresponding sites of pMAL-C2 (New England BioLabs, Ipswich, MA). The PCR condition for a 100 mL reaction is: 2 mL

PfuUltra-II fusion HS DNA polymerase (Agilent Technologies, Santa Clara, CA), 200 ng genomic DNA from wild-type yeast strain
e2 Current Biology 27, 2878–2886.e1–e5, September 25, 2017
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YEF473A (see Table S1), 0.2 mM for each of the forward and reverse primers (see Table S2), PfuUltra-II Hotstart PCR Master Mix

(0.25 mM for each dNTP, 2 mM MgCl2) (Agilent Technologies) and distilled water (to fill to 100 mL), 30 cycles of 94�C for 30 s,

54�C for 30 s, and 72�C for 15 s per kb fragment. Plasmid pRS306-GFP-Chs4D610-696 (pJL68) (integrative, URA3) was kindly sup-

plied by Dr. Kelly Tatchell (Louisiana State University Health Science Center, Shreveport, LA) [26]. This plasmid was digested with

NheI and then integrated at the CHS4 locus to generate the yeast strains carrying GFP-CHS4. Plasmid bWL737 containing

mRuby2-TUB1 (kindly supplied by Dr. Wei-Lih Lee at the University of Massachusetts, Amherst, MA) [35] was digested with BsaBI

and integrated at the TUB1 locus to yield the strain YEF7980 for BiFC imaging (see below). The strains carrying C-terminal tagging of

Hof1, Mlc2, Chs2, and Chs3 with GFP or RFP (mApple or mCherry) were constructed following the standard PCR-based approach

[55] [56]. The PCR condition for a 50 mL reaction is: 1 mL Universe High-Fidelity Hot Start DNA Polymerase (Biotool, Houston, TX),

0.20mM for each dNTP, 2mMMgCl2, 100 ng tagging vector DNA [55] [56], 0.4 mM for each of the defined forward and reverse primers

[55, 56], and distilled water (to fill to 50 mL), 95�C for 30 s for initial denaturation, 30 cycles of 95�C for 15 s, 55�C for 15 s, and 72�C for

90 s, followed by 72�C for 5 min for the final extension.

Two-hybrid interactions
Strain Y1026 carrying various DBD plasmids was mated to strain Y860 carrying various AD plasmids. Diploids were selected on

SC-His-Trp plates, replica-plated to SC-His-Trp-Ade plates containing 1% raffinose plus 2% galactose (to induce production of

the fusion proteins), and incubated at 30�C for 4 days to detect interactions.

In vitro protein-binding assays
To purify His6-tagged proteins [31], E. coli strain BL21 (Invitrogen, Carlsbad, CA) was transformed with pCOLA-Duet-1-based plas-

mids (see above), grown to exponential phase at 37�C for 4 hr, and induced with 1 mM IPTG for 3 hr at 23�C. Cells were centrifuged

and resuspened with Ni-NTA lysis buffer (300 mMNaCl, 5 mMMgCl2, 20 mM Tris-HCl (pH 8.0), 20 mM imidazole, 10 mM b-mercap-

toethanol, 0.1% NP-40) containing a cocktail of protease inhibitors (Sigma). Cells were then sonicated six times with 40 amplitude

(QSonica Q55, Newtown, CT) for 15 swith 1min interval on ice. The protein extracts were centrifuged at 13,500 rpm for 20min at 4�C.
The supernatant was mixed with Ni-NTA beads (QIAGEN, MA) that had been freshly washed three times with Ni-NTA lysis buffer.

After rocking for 2 hr at 4�C, the beads were centrifuged at 3,000 rpm for 10 s, then washed three times with Ni-NTA buffer. His6-

tagged proteins were then eluted four times with freshly prepared elution buffer (300 mM NaCl, 5 mM MgCl2, 20 mM Tris-HCl

(pH 8.0), 300 mM imidazole, 10 mM b-mercaptoethanol, 0.1% NP-40).

To express MBP- or GST-tagged proteins [57], E. coli strain BL21 (Invitrogen) was transformed with pMAL-C2- or pGEX-5X-based

plasmids, grown in 250 mL LBmedium containing 100 mg/ml ampicillin at 37�C to OD600% 1.0, and induced with 1 mM IPTG for 3 hr

at 24�C. Cells were then collected by centrifugation (6,000 rpm, 10 min at 4�C), washed twice with ice cold water, resuspended into

3 mL cell lysis buffer (CLB) [the CLB for MBP-tagged proteins: 20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 5 mM MgCl2, 0.1% NP-40,

10 mM b-mercaptoethanol and 2 3 complete protein inhibitor cocktail (Sigma); the CLB for GST tagged protein: 1x PBS, 0.1%

NP-40, 10 mM b-mercaptoethanol and 23 complete protein inhibitor cocktail (Sigma)]. Protein extracts were obtained by sonicating

cells for 73 15 swith 15 s interval on ice, centrifuged at 18,500 rpm for 20min at 4�C. To purifyMBP- or GST-tagged proteins, protein

extracts incubated with prewashed amylose beads (New England Biolabs, Inc.) or glutathione conjugated Sepharose 4B beads (GE

Healthcare), rocked for 1 hr at 4�C. Beads were then washed five times each with 1.0 mL corresponding CLB buffer. MBP-tagged

proteins were resuspended in 1.0mLCLB. TheGST-tagged proteins were elutedwith 250 mL of 20mM reduced glutathione in 50mM

TrisHCl (pH 8.0) and 10 mM b-mercaptoethanol four times at 4�C. The concentrations of the purified recombinant proteins were esti-

mated by comparing the sample proteins to bovine serum albumin (BSA) of known concentrations by SDS-PAGE analysis, followed

by staining the gel with SimplyBlueTM (Invitrogen).

To test in vitro binding between His6- and GST-tagged proteins, 20 mg of His6-tagged protein was mixed with 10 mg of GST

(as negative control) or GST-tagged protein that was still bound to the glutathione beads (400 mL total volume) and rocked for

1 hr at 4�C. The beads were washed five times with freshly prepared CLB for GST fusion proteins (see above) and resuspended

in 50 mL 2x SDS-PAGE sample buffer, and proteins were analyzed by SDS-PAGE (10% gel) and western blotting using monoclonal

mouse anti-His (GEHealthcare Life Sciences, Buckinghamshire, UK), and anti-GST (Abcam, Cambridge, MA) primary antibodies and

an HRP-conjugated rabbit anti-mouse-IgG secondary antibody (Jackson ImmunoResearch, West Grove, PA).

To test in vitro binding between MBP- and GST-tagged proteins, approximately 40 mg MBP-tagged proteins that were still bound

on beads were added to different 1.5 mL Eppendorf tubes, the amounts of beads were normalized by adding more pre-washed

amylose beads, and then incubated with 500 mL of 5% BSA at 4�C for 1 hr to block nonspecific binding by the beads. After a brief

centrifugation to pellet the beads and remove the supernatant, the beads were mixed with 10 mg GST-tagged proteins (GST alone as

the negative control). The CLB for MBP-tagged proteins without the protease inhibitors was added to the reaction to make the final

volume of 500 mL. The binding reaction was incubated with rotation at 4�C for 1 hr, and then spun down to pellet the beads, which

were then washed three times each with 500 ml CLB for MBP-tagged proteins at 4�C. The final protein complexes were eluted by

adding 100 mL 2 3 SDS sample buffer and boiled for 5 min, resolved by SDS-PAGE and analyzed by western blotting. Monoclonal

mouse anti-MBP (Sigma-Aldrich, St. Louis, MO) and anti-GST (Abcam) primary antibodies and the FastWestern Blot Kit (Supersignal

West Pico, Mouse, Thermo Scientific) were used for western blotting following the manufacturer’s instructions.
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Bimolecular fluorescence complementation assay
Yeast strains used for the BiFC assay [58] were constructed by a PCR-based approach [34]. A PCR fragment containing the

TRP1::pCET1 promoter and the N-terminal fragment of Venus (VN) was directly inserted in-frame before the START codon of

CHS4 at its chromosomal locus in YEF473A (MATa), generating the TRP1::pCET1-VN-CHS4 strain. Similarly, the His3MX6::

pCET1-VC-HOF1 strain was derived from YEF473B (MATa). These strains were mated and diploids were selected on SC-His-Trp

plates. The diploid cells were imaged using the Nikon spinning-disk confocal imaging system as described below.

Chitin measurements
Chitin assay

To determine the chitin content in the total cell walls of different strains (data presented in Figure 2B), we used a quantitative color-

imetric assay as described previously [37], with slight modification. Yeast cells were grown in YM-1 with 2% glucose for 48 hr at 23�C
to stationary phase. The optical density (OD) of the culture wasmeasured at a wavelength of 600 nm. The culture was diluted approx-

imately 1:100 into duplicates of 5 mL of fresh YM-1 medium, trying to get the same amount of starting cells in each duplicate. The

cultures were grown for 22-24 hr at 23�C or 37�C. A total of 3 mL of each culture was centrifuged into a pre-weighed 1.5 mL tube at

15,000 rpm for 2 min. The tubes were then placed in a 37�C incubator for 48-96 hr to dry the pellets. The tubes with the pellets were

weighed again and the weights subtracted the initial weight of the empty tube to yield the dry weight of the cell pellet. 1 mL 6% KOH

was added to the cell pellets, which were then heated to 80�C for 90 min with occasional mixing. The alkaline insoluble material was

pelleted at 15,000 rpm for 20min, and neutralized with 1mLPBS for 10-20minwith occasional mixing. Themixturewas centrifuged at

15,000 rpm for 20min and the supernatant was discarded. 200 mL ofMcIlvaine’s Buffer (0.2MNa2HPO4/0.1M citric acid, pH 6.0) was

added to the pellets, whichwere stored at�20�Cuntil ready to process for chitin measurements. Sampleswere thawed and digested

with 10 mL of Serratia marcescens chitinase (0.004 g freshly dissolved in 1 mL cold 200mMpotassium phosphate buffer, pH 6.0, with

2 mMCaCl2; Sigma-Aldrich, St. Louis, MO) 18-20 hr on shaking 23�C platform. 10 mL of supernatant was mixed with 10 mL of 0.27 M

sodium borate (pH 9.0) in a 0.2 mL PCR tube, heated in a thermocycler to 99.9�C for about 60 s, mixed gently, and incubated at

99.9�C for 10 min. Immediately after cooling to room temperature, 100 mL of freshly diluted DMAB solution (Ehrlich’s reagent, con-

sisting of 10 g of p-dimethylaminobenzaldehyde in 12.5 mL of concentrated HCl and 87.5 mL of glacial acetic acid, diluted 1:10 with

glacial acetic acid) was added to samples, and incubated at 37�C for 20 min. The absorbance at 585 nm was immediately recorded.

Standard curves were prepared from stocks of 0.2 to 2.0 mM N-acetylglucosamine (GlcNAc). The levels of chitin were normalized,

expressed as GlcNAc concentration, to the dry weight of the sample.

Calcofluor White and DNA staining

To determine the relative chitin levels at the bud neck in different strains (data presented in Figure 2C), cells were grown to exponential

phase in liquid YM-1 medium at 25�C. Formaldehyde was added to a 5 mL culture to the final concentration of 3.7% to fix the cells at

25�C for 1 hr. Cells were pelleted in an Eppendorf tube by centrifugation andwashed once with 1.0mL distilled water. Cells were then

resuspended in 1.0 mL of 0.1 mg/mL Calcofluor White (CW) (Sigma) for chitin staining at 25�C for 5 min [59]. After staining, cells were

washed three times each with 1.0 mL distilled water. Cell pellet was then resuspended in VECTASHIELD Antifade Mounting Medium

with DAPI (Vector laboratories, Burlingame, CA) to stain DNA.

Imaging and data analysis
For imaging CW-stained cells (Figure 2C), a computer-controlled Eclipse 800 microscope (Nikon, Tokyo, Japan) and a high-resolu-

tion charge-coupled device camera (model C4742-95; Hamamatsu Photonics, Bridgewater, NJ) were used. Cells were divided into

different categories based on the following criteria: if the long axis of the bud was smaller than 50% of that of the mother compart-

ment, the cell was designated ‘‘G1/S.’’ If the long axis of the bud was larger than 50% of that of the mother compartment and the

nucleus was located in the vicinity of bud-neck region, the cell designated ‘‘G2/M.’’ If the long axis of the bud was larger than

50% of that of the mother compartment and the nuclei were located at the cellular poles, the cell designated ‘‘telophase.’’ Image-

based quantification of chitin at the bud neck was performed using Fiji [49]. A region of interest (ROI) was set to cover the chitin signal

at the bud-neck region. After subtraction of background signal, the total intensity in the ROI was used for quantitative analysis and

statistical test.

For imaging cells carrying GFP-Chs4 and Spc42-mCherry (Figure 4A), cells were grown at 23�C to exponential phase in SC-His

media, and then concentrated by centrifugation, and spotted on top of a 2% agarose pad containing SC-His media on a slide.

The cover glass was sealed with nail polish along its edges. Images were acquired at 23�C on a spinning-disk confocal microscope

equippedwith a YokogawaCSU 10 scan head combinedwith anOlympus IX 71microscope and anOlympus 100X objective (1.4 NA,

Plan S-Apo oil immersion). Acquisition and hardware were controlled by MetaMorph version 7.7 (Molecular Devices, Downingtown,

PA). A Hamamatsu ImagEM EMCCD camera (model C9100-13, Bridgewater, NJ) was used for capture. Diode lasers for excitation

(488 nm for GFP and 561 nm for mCherry/RFP) were housed in a launch constructed by Spectral Applied Research (Richmond Hill,

Ontario). Images were taken every 1.5 min with a z stack consisting of 14 3 0.4-mm steps. Integrated intensity of GFP-Chs4 at the

bud-neck region during the cell cycle was measured using Fiji/ImageJ, as described previously [60].

All other imaging experiments presented in this studywere performed as described previously [61], with slightmodification. In brief,

cells were cultured to exponential phase at 25�C in SC or SC-His medium, and placed to poly-lysine-coated glass-bottom dish,

followed by embedding with agarose-containing SC or SC-His medium. Images were acquired at 24�C by a Nikon spinning-disk

confocal microscope (model Eclipse Ti-U, Tokyo, Japan) with a Nikon 100x/1.49NA oil objective (model CFI Apo TIRF 100x),
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combined with a Yokogawa confocal scanner unit (model CSU-X1, Tokyo, Japan). A Photometrics QuantEM EMCCD camera (model

512SC, Tucson, AZ, USA) was used for capture. Solid-state lasers for excitation (488 nm for GFP and 561 nm for RFP) were housed in

a launch constructed by Spectral Applied Research (model ILE-400, Richmond Hill, Ontario, Canada). The imaging system was

controlled by MetaMorph version 7.8.10.0 (Molecular Devices, Downingtown, PA, USA). Images were taken every 2 or 3 min with

z stacks ranging from 7x1 mmor 8x1 mm. A sumprojection was createdwith NIH ImageJ (1.51j) [50]. For quantification of fluorescence

intensities, the integrated density at the bud-neck region was calculated by subtracting the fluorescence intensity in background area

from the total intensity in an ImageJ-drawn polygon covering the neck region. Data analyses were performed with Microsoft Excel.

QUANTITATION AND STATSITICAL ANALYSIS

For the statistical analyses on chitin levels (related to Figures 2B and 2D), one-tailed unpaired t test (assuming unequal variances) was

performed. P values are described in the main text. For the statistical analysis of Chs4 duration in WT and hof1D cells (related to Fig-

ure S2), unpaired t test was performed using Prism Version 5 (GraphPad Software, La Jolla, CA). n refers to the number of cells

analyzed unless indicated otherwise.
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