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SUMMARY

F-BAR proteins link cellular membranes to the actin
cytoskeleton in many biological processes. Here we
investigated the function of the Schizosaccharomy-
ces pombe Imp2 F-BAR domain in cytokinesis and
find that it is critical for Imp2’s role in contractile ring
constriction anddisassembly. To understandmecha-
nistically how the F-BAR domain functions, we deter-
mined its structure, elucidated how it interacts with
membranes, and identified an interaction betweendi-
mers that allows helical oligomerization and mem-
brane tubulation. Using mutations that block either
membrane binding or tubulation, we find that mem-
brane binding is required for Imp2’s cytokinetic func-
tion but that oligomerization and tubulation, activities
often deemed central to F-BAR protein function, are
dispensable. Accordingly, F-BARs that do not have
the capacity to tubulatemembranes functionally sub-
stitute for the Imp2 F-BAR, establishing that its major
role is as a cell-cycle-regulated bridge between the
membrane and Imp2 protein partners, rather than as
a driver of membrane curvature.

INTRODUCTION

The Fer/CIP4 Homology-Bin/Amphiphysin/Rvs (F-BAR) protein

family is characterized by the presence of an N-terminal mem-

brane-binding F-BAR domain and conserved roles in linking

cellular membranes to the actin cytoskeleton (Roberts-Galbraith

andGould, 2010). F-BAR family proteinsare found throughout eu-

karyotes, with 22 members in humans, 4 in Saccharomyces cer-

evisiae, and 7 inSchizosaccharomyces pombe. They are involved

in a diverse array of actin-driven cellular processes including

endocytosis, motility, and cytokinesis (Frost et al., 2009).

Even within a single biological process, such as mammalian

endocytosis, several different F-BAR proteins collaborate (Qual-

mann et al., 2011). Studies of the relative timing of recruitment to

endocytic sites indicate that multiple F-BARs assemble in a

defined order (Taylor et al., 2011). One hypothesis for this obser-

vation has been that each F-BAR protein senses or induces a

different membrane curvature and/or membrane composition

through its F-BAR domain (Mim and Unger, 2012; Qualmann

et al., 2011). Structurally, F-BAR domains are shallowly curved,

crescent-shaped a-helical dimers with membrane-binding ca-

pacity (reviewed in Frost et al., 2009; Mim and Unger, 2012;

Qualmann et al., 2011; Suetsugu et al., 2010). Several F-BAR

domain proteins, such as those at sites of endocytosis (e.g., hu-

man FBP17, CIP4, Pacsin2, and FCHo2), are able to bend mem-

branes into thin tubules when present at high concentration

(Henne et al., 2007; Itoh et al., 2005; Tsujita et al., 2006). This pro-

cess is thought to be accomplished through the formation of

oligomeric assemblies of F-BAR domains on membranes that

collectively enforce a curvature (Frost et al., 2008; Shimada

et al., 2007; Yu and Schulten, 2013). Other F-BAR domains

can induce outward curvature in membranes, namely protru-

sions rather than invaginations (Carlson et al., 2011; Guerrier

et al., 2009). Additionally, multiple F-BAR domains lack the ability

to deformmembranes altogether (McDonald et al., 2015; Morav-

cevic et al., 2015; Tsujita et al., 2006). It is not clear what proper-

ties of an F-BAR domain confer diverse membrane-binding

behaviors in vitro, and how these in vitro activities correspond

to F-BAR protein physiological functions.

As in mammalian endocytosis, cytokinesis in the fission yeast

S. pombe involves multiple F-BAR proteins (three) that arrive in

a defined order as amedially placed actomyosin-based contrac-

tile ring (CR) is assembled and constricts. To further our under-

standing of cytokinesis, and of the multiple functions of F-BAR

proteins in a single biological process, a clear understanding of

the shared and distinct features of these proteins must be ob-

tained. Of the three, Cdc15 (Fankhauser et al., 1995), Imp2

(Demeter and Sazer, 1998), and Rga7 (Arasada and Pollard,
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2011; Martı́n-Garcı́a et al., 2014), Cdc15 has been most thor-

oughly characterized. Essential for cytokinesis (Fankhauser

et al., 1995; Nurse et al., 1976), Cdc15 is one of the first compo-

nents detected at the incipient CR (Wu et al., 2003) and is one of

themost abundantCRelements (WuandPollard, 2005). It acts as

a key anchor of the CR (Laporte et al., 2011; Roberts-Galbraith

et al., 2009, 2010) and a platform for assembling additional CR

components. Specifically, Cdc15 binds membranes and the

cytokinetic formin Cdc12 through its F-BAR domain (Carnahan

and Gould, 2003; Willet et al., 2015; McDonald et al., 2015) and

other proteins involved in cytokinesis through its SH3 domain

(Roberts-Galbraith et al., 2009; Ren et al., 2015), and these inter-

actions are modulated by Cdc15’s phosphostatus (Roberts-Gal-

braith et al., 2010). rga7D cells have only mild septation defects,

and it therefore appears that Rga7 is the least important of the

three F-BAR proteins for cytokinesis (Arasada and Pollard,

2015;Martı́n-Garcı́a et al., 2014). Cells lacking theCdc15 paralog

Imp2, on the other hand, are strikingly defective in cell division,

specifically in the final stages of CRconstriction and disassembly

(Demeter and Sazer, 1998), consistent with its recruitment to the

division site later than Cdc15 (�10 min after spindle pole body

separation) (Ren et al., 2015; Wu et al., 2003). Finally, whereas

Cdc15 localizes to cell tips during interphase (Arasada and

Pollard, 2011; Carnahan and Gould, 2003), Imp2 localizes solely

at the CR during cytokinesis (Demeter and Sazer, 1998). Thus,

although Imp2 and Cdc15 are paralogs, there are significant dif-

ferences in their behaviors and functions during the cell cycle.

Because Cdc15’s and Imp2’s SH3 domains are functionally

interchangeable, collaborating to recruit proteins required tostabi-

lize the CR (Ren et al., 2015; Roberts-Galbraith et al., 2009), we

tested whether the unique function of Imp2 is dictated, at least in

part, by distinct structural and functional properties of its F-BAR

domain.We found that the Imp2F-BARpreferentially boundphos-

phoinositol-containingmembranes and showed no preference for

a specific membrane curvature. The Imp2 F-BAR robustly tubu-

lated membranes in vitro and when overexpressed in cultured

cells. We determined the crystal structure of the Imp2 F-BAR

domain and used it to identify the molecular basis for membrane

binding and tubulation. As expected, membrane binding via the

F-BAR is strictly required for Imp2’s function in cytokinesis but,

surprisingly, despite Imp2’s prodigiousmembrane tubulation abil-

ity in vitro, tubulation activity is dispensable in vivo. Accordingly,

the Imp2 F-BAR can be functionally replaced by the Cdc15 or

S. cerevisiae Hof1 F-BAR domains, which do not have the ability

to tubulate membranes (McDonald et al., 2015; Moravcevic

et al., 2015). These results indicate that membrane tubulation via

F-BAR proteins is not required for cytokinesis, raise the possibility

that membrane tubulation may not be an essential physiological

function of other F-BAR domain proteins that exhibit this activity

in vitro, and indicate that the unique function of Imp2 in cytokinesis

isdictatedbypropertiesof its central domain rather than itsF-BAR.

RESULTS

The Imp2 F-BAR Is Critical for CR Constriction and
Disassembly
To test the importance of Imp2’s F-BAR domain for function, we

replaced imp2+ with a truncated version that lacked its F-BAR

domain at the endogenous imp2 locus (Figure 1A). Cells produc-

ing only Imp2(C) (residues 321–670) were phenotypically similar

to imp2D, with both alleles displaying a high percentage of multi-

nucleate and multiseptated cells, indicative of failures in cytoki-

nesis (Figures 1A and 1B). Loss of imp2 function via F-BAR

truncation was not due to lack of Imp2(C) localization, because

GFP-Imp2(C) was detected at the division site in imp2D cells

(Figure S1A). The incorporation of GFP-Imp2(C) into the CR,

where its central and SH3 domains could contribute to CR func-

tion (Roberts-Galbraith et al., 2009), is a plausible explanation for

why the phenotype of F-BAR domain loss is not quite as severe

as that of imp2D. Consistent with this interpretation, GFP-

Imp2(C) CR localization was abolished with a mutation that

prevents the SH3 domain from binding partners, W644S (Fig-

ure S1A) (Yu et al., 1994). To identify exactly how imp2(C) cells

fail during cytokinesis, we imaged cells producing Sid4-GFP

(a spindle pole body component) and Rlc1-GFP (a CR compo-

nent) to visualize mitotic and cytokinetic progression, respec-

tively. Similar to phenotypes seen previously when imp2 is

deleted (Figure S1B) (Demeter and Sazer, 1998), imp2(C) cells

often failed to constrict their CRs, disassemble CR remnants,

and separate daughter cells (Figure 1C). We quantified the per-

centage of cells that completed cytokinesis, failed during

constriction (defined as cells that build a CR but do not fully

constrict it), or failed separation (defined as cells that fully

constrict the CR but do not physically separate) (Figure 1C).

Because cells lacking the Imp2 F-BAR domain fail cytoki-

nesis >60% of the time, we conclude that the domain is required

for Imp2’s contribution to recruiting proteins for CR constriction

and disassembly such as Rgf3, Fic1, and Pxl1 (Bohnert and

Gould, 2012; Cortés et al., 2015; Morrell-Falvey et al., 2005;

Ren et al., 2015). Further evidence for the importance of

Imp2’s F-BAR domain was obtained through genetic analysis.

We crossed imp2(C) into a cdc15-140 cytokinesis mutant, which

is synthetically lethal with imp2D (Demeter and Sazer, 1998).

imp2(C) showed a strong negative genetic interaction with

cdc15-140 (Figure 1D), confirming genetically a major loss of

protein function in the absence of the F-BAR domain. Although

essential, the Imp2 F-BAR domain alone is not sufficient for func-

tion, because an imp2(N) allele (Figure 1A) displayed identical

phenotypes to imp2D (Figures 1A and 1B).

Structure of the Imp2 F-BAR Domain
To determinewhat properties of the Imp2 F-BARdomain drive its

cytokinetic function, we took a structural approach. The X-ray

crystal structure of the Imp2 F-BAR domain was determined us-

ing selenomethionine phasing and fully refined to a resolution of

2.35 Å (Table S1). The Imp2 F-BAR domain adopts a character-

istic tightly interwound dimeric BAR domain architecture, with a

5,911-Å2 interface area (Figure 2A). The domain consists of a six-

helical dimeric bundle with extended wings that adopt a bent

conformation relative to the helical core. Dali server search

(Holm and Rosenström, 2010) indicates that the closest struc-

tural homolog of Imp2 is the F-BAR domain of S. cerevisiae

Hof1 (Moravcevic et al., 2015), with an RMSD (root-mean-square

deviation) of 2.7 Å. However, the two structures differ signifi-

cantly in the overall shape of the F-BAR domain, particularly in

wing-tip orientation, with Imp2 exhibiting a significantly higher
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tip angle (Figure 2B). Additionally, the 30 C-terminal residues of

the Imp2 F-BAR domain are well ordered and form an extension

of the F-BAR domain compared to Hof1 (Figure 2B). Residues in

the extended C terminus make important contacts back to the

core of the protein, explaining why a construct encoding a

shorter fragment (residues 15–295) was unstable. In particular,

a b strand is formed by residues 282–284 and 304–306, and

R311 forms intermolecular salt bridges to D219, D223, and

E226, located in the core six-helical bundle interface (Figure 2C).

Structural Basis for Imp2 Membrane Binding
Recombinantly produced and purified Imp2 F-BAR domain

(Figure S2A) binds biological membranes rich in phosphory-

lated phosphatidylinositols (PIPs) in a salt-dependent manner

Figure 1. The Imp2 F-BAR Domain Is Important for Cytokinesis

(A) Schematic of Imp2 and truncation alleles Imp2(C) and Imp2(N). Bottom: DAPI- andmethyl blue-stained cells of the indicated imp2 genotype. Scale bar, 10 mm.

(B) Cytokinesis phenotype quantifications of cells in (A); n R 300 for each strain.

(C) Representative images (left) and quantification (right) of cytokinesis defects in imp2+, imp2D, and imp2(C); n > 30 for each strain. Blue arrowheads indicate

persistent contractile ring remnants. Numbers indicate time (min) from spindle pole body duplication. Scale bar, 5 mm.

(D) Serial dilutions of imp2 strains at the indicated temperatures.

See also Figure S1.
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(Figure S2B). The domain bound maximally to synthetic lipo-

somes containing at least 20% phosphatidylserine (PS) (Fig-

ure S2C) and showed no preference for membrane curvature,

binding liposomes between 100 and 800 nm in diameter equally

well (Figure S2D). The domain bound liposomes of various com-

positions in a cooperative manner, with a preference for lipo-

somes containing negatively charged PIPs and PS (Figures

S2E and S2F). Interestingly, this F-BAR domain bound most

strongly to liposomes containing PI(4)P compared with

PI(3,4,5)P3, indicating a mild preference for the PI(4)P lipid

head group.

To identify how the Imp2 F-BAR binds to negatively charged

phospholipids, the electrostatic surface of the dimer was ex-

amined. The concave surface of the dimer contains extensive

positive charge, particularly in the domain’s bent wings, and an

additional positively charged patch was present near the base

of each wing in the dimeric core (Figure 3A). These basic regions

are composed of clusters of lysine residues, similar in position to

thoseusedby theFBP17andFCHo2F-BARs tobindmembranes

(Frost et al., 2008; Henne et al., 2007). To determine the role of

these lysine residues in Imp2 F-BAR function, several mutations

were generated: K159A, K148A/K152A, and K173A/K177A/

K181A/K184A (Lipid-4A) (Figure 3A). We also generated a muta-

tion that disrupted the basic patch at the base of thewing, K122A

(Figure 3A). Mutations of these basic residues, particularly the

Lipid-4A combination, K159A, and K122A, resulted in decreased

affinity of the F-BARdomain for liposomes, confirming the impor-

tant role of these basic surfaces in Imp2 F-BAR domain mem-

brane binding (Figure 3B). Interestingly, the K122 patch appears

to be responsible for the PI(4)P preference, because binding to

PI(4)P-containing liposomes decreased more than binding to

PS-containing liposomes in the K122A mutant.

To further reduce membrane binding, we designed a Lipid-5A

mutant consisting of Lipid-4A and K159A, and a Lipid-7A mutant

composed of all seven basic wing residues converted to alanine.

Figure 2. Structure of the Imp2 F-BAR

Domain

(A) Crystal structure of the Imp2 F-BAR domain

dimer with subunits colored in dark and light blue.

(B) Close-up view of the wing-tip orientation and

C-terminal residues of Imp2 (blue), which diverge

significantly from Hof1 (green).

(C) Close-up view of the intermolecular salt-bridge

network formed by the F-BAR C terminus (2Fo �
Fc contoured at 1.1s).

F-BAR domains containing these muta-

tions proved difficult to purify; however,

full-length Imp2-Lipid-4A, -5A, and -7A

were readily purified. Testing the full-

length proteins in liposome binding

assays showed that Imp2 bound mem-

branes whereas Imp2-Lipid-4A, -5A,

and -7A had reduced binding (Figure 3C).

Despite retaining a low level of binding to

synthetic liposomes at saturating concen-

trations, the 7A combination mutant

completely abolished copelleting with Folch fraction liposomes

(Figure 3D). We conclude that the basic residues within the

wing of the Imp2 F-BAR domain are necessary for Imp2 to asso-

ciate with membranes.

Having identified how the Imp2 F-BAR domain binds mem-

branes, we next tested the importance of membrane binding

for Imp2 function in vivo by replacing the wild-type gene with

lipid-binding mutants at the imp2 endogenous locus. imp2-

Lipid-4A, -5A, and -7A mutants displayed progressively wors-

ening phenotypes similar to imp2(C) (Figure 4A), with cells often

failing cytokinesis to become multinucleated and multiseptated

(Figures 4A–4C). Also like imp2(C), the imp2 membrane-binding

mutants showed severe negative genetic interactions with

cdc15-140 (Figure 4D). When Imp2 cannot bind membranes,

Imp2 levels at the ring were decreased, although total cellular

amounts remained near wild-type levels (Figures S3A and

S3B). Recruitment of important Imp2 SH3 domain interactors

to the CR was impaired according to Imp2 reduction (Figures

4E and 4F). We conclude that membrane binding is a necessary

function of the Imp2 F-BAR domain in cytokinesis to form an effi-

cient scaffold for its partners.

The Imp2 F-BAR Tubulates Membranes by Forming
Higher-Order Structures
Several F-BAR domains not only bind membranes but bend and

tubulate them when present at high concentration (Frost et al.,

2008; Itoh et al., 2005; Tsujita et al., 2006). Indeed, F-BAR

domains have been hypothesized to induce or stabilize the cur-

vature present at the division site during S. pombe cytokinesis

(Frost et al., 2009). Because Cdc15 does not tubulate mem-

branes (McDonald et al., 2015), we tested whether tubulation

was an activity of the Imp2 F-BAR and whether this activity is

in fact important during cytokinesis. We found that the Imp2

F-BAR tubulated the plasma membrane of COS-7 cells when

overexpressed (Figure 5A). It also tubulated synthetic liposomes
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in vitro, as detected by negative-stain electron microscopy (EM)

(Figure 5B) and live imaging of giant unilamellar vesicles (GUVs)

(Movie S1).

To investigate how the Imp2 F-BAR domain tubulates mem-

branes in detail, the organization of Imp2 F-BAR coats on mem-

branes was more closely examined using cryo-EM (Figure 5C).

Images of tubules in vitrified ice showed that, similar to the

CIP4 F-BAR (Frost et al., 2008), the Imp2 F-BAR forms tubules

spanning a range of diameters (Figure 5D). The Imp2 F-BAR

domain could be seen coating the membrane of individual tu-

bules (Figure 5E), and class averages of Imp2-coated tubules

of similar widths revealed an ordered pattern on the membrane

(Figure 5F). Despite this ordered pattern, a high degree of hetero-

geneity of the Imp2 F-BAR tubules precluded determination of a

high-resolution structure. This heterogeneity, which included

differences in diameter and F-BAR lattice packing even within in-

dividual tubules, was not improved using low-temperature an-

nealing protocols that have been used previously to determine

an F-BAR tubule structure (Frost et al., 2008).

Membrane tubulation by F-BAR domains is expected to rely

upon membrane binding. Therefore, we tested whether muta-

tions of the membrane-binding residues on the wing and core

interfered with membrane tubulation by Imp2 F-BAR domains.

The K122A core patch mutant retained tubulation activity,

although at a much-reduced level, whereas the wing patch

Figure 3. Mechanism of Imp2 F-BAR

Domain Membrane Binding

(A) Electrostatic potential map of the concave

surface of the Imp2 F-BAR domain. Blue, positive

potential; red, negative potential; white, near

neutral. Bottom: ribbon model depicting predicted

membrane-binding residues.

(B) Binding assays of wild-type (WT) or membrane-

binding mutant Imp2 F-BAR domains and lipo-

somes composed of 60% PC/20% PE/20% PS or

70% PC/20% PE/10% PI(4)P. 4A consists of

K173A, K177A, K181A, and K184A.

(C) Binding assays of wild-type or multisite mem-

brane-binding mutations in full-length (FL) purified

Imp2. 4A: as in (B); 5A: 4A +K159A; 7A: 5A +K148A

and K152A.

Error bars in all panels indicate SEM from at least

three experiments.

(D) Representative liposome copelleting assay

between 1 mM full-length Imp2(7A) and Folch

fraction liposomes. P, pellet; S, supernatant.

mutants lacked tubulation activity (Fig-

ure S3). Therefore, membrane binding is

required for the Imp2 F-BAR domain to

tubulate membranes.

Imp2 F-BAR Helical Oligomerization
Supports Membrane Tubulation
Membrane tubulation by F-BARs is pro-

posed to occur through a scaffolding

mechanism where F-BAR domains orga-

nize into defined oligomers that collec-

tively deform the membrane (Frost et al.,

2008; Shimada et al., 2007; Yu and Schulten, 2013). To deter-

mine the mechanism of Imp2 F-BAR oligomerization, we

analyzed the packing of the Imp2 F-BAR domain in crystals.

The domain organized into a higher-order dimer of dimers in

the crystal (Figure 5G), formed by reciprocal packing of the

wing of one dimer with the core of the next. The interaction sur-

face was significant, with 804 Å2 of interface area. The dimer of

dimers showed a systematic shift in register with the addition

of each dimer subunit that could support the formation of an

oligomeric filament. We computationally extended the dimer of

dimers, assuming symmetric wing-to-core interactions, to pro-

duce a model of an Imp2 F-BAR filament (Figure 5H; Movie

S2). Strikingly, the filament is helical, suggesting that this confor-

mation of Imp2 F-BAR oligomers on a membrane may be

responsible for its tubulation activity.

A detailed examination of the dimer-of-dimers crystal packing

showed that the interface is formed by a series of salt bridges

and hydrogen bonds between wing tip residues (D151, Y155,

Y162, E174, K181) and dimer core residues (K97, Q101, D109,

R116) (Figure 5G). To test this helical oligomerization model

and the role of tip-to-core dimer-dimer interactions in Imp2

membrane tubulation, alanine point mutations in the dimer

core residues (D109A, R166A and K97A, Q101A, D109A,

R116A [Dimer-Dimer-4A]) were produced. Dimer-dimer mutants

were completely deficient in their ability to tubulate membranes
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when overexpressed in COS-7 cells (Figure 6A), supporting our

model of tubulation. Additionally, these mutations abolished

the ability of the Imp2F-BAR to tubulateGUVs in vitro (Figure 6B).

Mutation of these residues had no significant effect on the affinity

of the Imp2 F-BAR for membranes, indicating that constructs

containing these point mutants (K97A, Q101A, D109A, and

Figure 4. Membrane Binding Is an Essential Function of the Imp2 F-BAR Domain

(A) DAPI- and methyl blue-stained cells of the indicated imp2 genotype. Lipid mutations are described in Figure 3C. Scale bar, 4 mm.

(B) Quantification of cytokinesis phenotypes of cells in (A); n R 300 for each strain.

(C) Cytokinesis failure phenotype quantifications from time-lapse imaging of Rlc1-GFP and Sid4-GFP in the indicated imp2 strains; nR 30 for each strain. Data for

imp2+ and imp2(C) are from Figure 1C.

(D) Serial dilution assay of imp2 membrane-binding mutants at the indicated temperatures.

(E) Representative images of GFP-tagged Imp2 SH3 interactors in the indicated imp2 strains. Scale bar, 5 mm.

(F) Quantification of Imp2 SH3-binding partners in the contractile ring from (E). Error bars indicate SEM; n > 60 for each condition. ****p < 0.0001.

See also Figure S3.
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Figure 5. The Imp2 F-BAR Domain Tubulates Membranes through Helical Oligomerization
(A) GFP-Imp2 F-BAR domain expressed in COS-7 cells and costained with CellMask Orange plasma membrane dye. Scale bar, 10 mm.

(B) Imp2 F-BAR domain incubated with liposomes composed of 50% PS/35% PC/10% PE/5% PI and visualized with negative-stain EM. Scale bar, 100 nm.

(C) Cryo-EM image of an Imp2 F-BAR domain-coated membrane tubule in vitrified ice. Scale bar, 100 nm.

(D) Size distribution of Imp2 F-BAR domain-induced liposome tubules measured from cryo-EM images.

(E) Representative Imp2 liposome tubule as used to generate the class average in (F). Scale bar, 50 nm.

(F) Class average of Imp2 F-BAR domain-coated tubules with a diameter of 50 nm; 338 images were included in the average. Scale bar, 50 nm.

(G) Packing of the dimer of dimers present in Imp2 F-BAR domain crystals. Individual dimers are represented as blue and green. The inset shows key interface

residues.

(H) Extending the dimer-dimer contacts between Imp2 F-BARs results in a helical-filament structure. Each dimer is depicted in a different color.

See Movies S1 and S2.
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R116A) were properly folded and were not deficient in mem-

brane binding (Figure S4A).

The Imp2 F-BAR Domain’s Cytokinetic Function Does
Not Require Tubulation or Oligomerization
Despite multiple F-BAR proteins’ ability to tubulate membranes

in vitro, the importance of tubulation activity for the physiological

function of any F-BAR is unknown. We directly tested the impor-

tance of membrane tubulation in Imp2’s physiological function in

cytokinesis by integrating both tubulation-deficient dimer-dimer

Figure 6. Imp2 Oligomerization Is Essential

for Tubulation but Dispensable for Cytoki-

nesis

(A) GFP-Imp2 F-BAR domains with the indicated

mutations were expressed in COS-7 cells. Scale

bar, 10 mm.

(B) Dimer-dimer contact mutations abolish tubu-

lation activity of the GFP-Imp2 F-BAR domain on

giant unilamellar vesicles composed of 64% PC/

20% PE/10% PS/5% PI(4)P/1% Rhodamine-PE.

Scale bar, 10 mm.

(C) Sedimentation velocity analytical ultracentrifu-

gation trace of full-length Imp2 and Imp2(Dimer-

Dimer-4A) purified from S. pombe. The asterisk

indicates a 33 FLAG peptide contaminant. Inset:

aFLAG western blot of Imp2 and Imp2(Dimer-

Dimer-4A) samples.

(D) DAPI- and methyl blue-stained cells of the

indicated imp2 genotype. Scale bar, 10 mm. See

Figure S4B for quantification.

(E) Serial dilutions of imp2 mutant strains at the

indicated temperatures. Dimer-Dimer-4A: K97A,

Q101A, D109A, R116A.

See also Figure S4.

mutants (D109A, R116A and Dimer-

Dimer-4A) into the imp2 endogenous lo-

cus. Although we determined that these

mutants can no longer tubulate mem-

branes in vivo or in vitro (Figures 6A and

6B),we first testedwhether themutants re-

tained any oligomerization activity in

S. pombe. To this end, Imp2 and the

Imp2-Dimer-Dimer-4A mutant were puri-

fied from S. pombe cell lysates and as-

sayed by analytical ultracentrifugation.

Whereas wild-type Imp2 was present in

multiple oligomeric species, the Dimer-

Dimer-4A mutant was strictly dimeric

(Figure 6C), confirming complete loss of

oligomerization in vivoalongwith lossof tu-

bulationactivity. Surprisingly, thesemutant

cells had wild-type morphologies with no

evidence of cytokinetic defects (Figure 6D;

FigureS4B). The absence of compromised

cytokinetic functionwas confirmed geneti-

cally, asdimer-dimermutantsdisplayedno

synthetic genetic interactions with cdc15-

140 (Figure 6E). We observed a minor

decrease in the levels of Imp2-Dimer-Dimer-4A at the contractile

ring (Figure S4C), but this did not result in observable cytokinetic

phenotypes. Therefore, despite a strong ability to tubulate mem-

branes in vitro or when overexpressed in vivo, tubulation and olig-

omerization are not necessary for Imp2’s function in cytokinesis.

To rigorously test this conclusion, we created synthetic fusion

proteins that replaced Imp2’s F-BAR domain with the F-BAR

domains from Imp2’s paralog Cdc15 or homolog S. cerevisiae

Hof1 (Figure 7A, top), which, unlike Imp2’s F-BAR domain, do

not tubulate membranes (McDonald et al., 2015; Moravcevic
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et al., 2015). Both Cdc15 and Hof1 F-BAR domains successfully

replaced Imp2 F-BAR domain function in cytokinesis (Figures 7A

and 7B) and in growth (Figure 7C), and the fusion proteins local-

ized to the division site normally (Figure S5). We conclude that

Imp2’s F-BAR domain does not need to bend the membrane

but instead operates as a temporally restricted bridge between

the membrane and other proteins that bind Imp2.

DISCUSSION

We have determined that the Imp2 F-BAR domain is critical for

proper CR constriction, septation, and disassembly during cyto-

Figure 7. Nontubulating F-BAR Domains

Can Complement Imp2 F-BAR Domain

Function

(A) Schematic of Imp2 F-BAR domain replacement

constructs. Bottom: DAPI- and methyl blue-

stained cells of the indicated imp2 genotype. Scale

bar, 5 mm.

(B) Cytokinesis phenotype quantifications of cells

in (A); n R 300 for each strain.

(C) Serial dilutions of imp2 strains at the indicated

temperatures.

See also Figure S5.

kinesis. We determined the structure of

the domain, as well as the domain’s

mechanism of membrane binding and he-

lical oligomerization-based tubulation.

Using separate sets of mutations that

affected either Imp2 membrane-binding

or tubulation activities, we surprisingly

found that Imp2’s cytokinetic functions

rely only on F-BAR membrane binding,

rather than tubulation activity, and can

be replaced by other nontubulating cyto-

kinetic F-BAR domains. Our data suggest

that the Imp2 F-BAR domain acts only as

a membrane-bound tether to properly

orient and scaffold cytokinetic partners

that interact with Imp2’s other domains.

Diverse Modes of F-BAR
Oligomerization Drive Tubulation
Ourmodel of Imp2 F-BAR supermolecular

assembly derived from the Imp2 crystal

structure predicts that the Imp2 F-BAR

domain can oligomerize to form a helical

structure with a diameter of �130 Å. The

diameters of tubules formed by the Imp2

F-BAR range from �50–100 nm in vitro

to �100–300 nm in cultured cells. This

variability in tubule diameter induced by

the Imp2 F-BAR domain suggests that

the dimer-dimer contact interfaces have

significant flexibility. The wing angles of

individual Imp2 F-BAR dimers may also

be flexible, introducing another degree of freedom to helical fila-

ments. Flexibility at the Imp2 F-BAR-to-F-BAR interfaces was

also suggested by our EM data of Imp2 F-BAR domain-coated

tubules. Although striations of a helical Imp2 F-BAR domain

coat were visible on individual tubules, this membrane coat

was irregular and varied down a tubule’s length. Whether struc-

tural flexibility is important for Imp2 F-BAR function outside the

context of an oligomeric structure awaits further analysis.

We defined mutations that disrupt the observed superhelical

oligomeric interface of Imp2 and demonstrated that these

mutant proteins completely lack tubulation activity. Our model,

therefore, provides additional evidence for a ‘‘scaffolding’’
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mechanism of F-BAR domain membrane tubulation (Frost et al.,

2008; Shimada et al., 2007; Yu and Schulten, 2013) that could be

relevant to other F-BAR domains. Indeed, our model is similar in

principle to EM reconstructions of CIP4 membrane tubules

(Frost et al., 2008) but diverges in the physical mechanism of

F-BAR-to-F-BAR interactions. Multiple interactions were pre-

sent in CIP4 tubule reconstructions between F-BARs, including

lateral interactions between adjacent dimers and tip-to-tip inter-

actions between F-BAR domain wings. Imp2 F-BAR-to-F-BAR

interactions, on the other hand, occur between the tip of one

dimer and the core of an adjacent dimer. Mutation of this single

interface is sufficient to disrupt all oligomerization and subse-

quent tubule formation. Unsurprisingly, the residues involved in

CIP4 oligomerization are distinct from those identified in Imp2.

Therefore, this common in vitro ability of F-BARs to tubulate

membranes using a scaffolding mechanism can be mediated

by diverse F-BAR-to-F-BAR interactions.

Of the 13 F-BAR domain structures available (Edeling et al.,

2009; Henne et al., 2007; Moravcevic et al., 2015; Rao et al.,

2010; Reider et al., 2009; Shimada et al., 2007; Wang

et al., 2009), the Imp2 crystal structure is most similar to that of

its homolog in S. cerevisiae, Hof1, with an RMSD of 2.7 Å.

Despite this considerable similarity, the Hof1 F-BAR domain

was not observed to tubulate membranes when expressed in

cultured cells (Moravcevic et al., 2015). Neither the interaction

interface we identified in the Imp2 F-BAR nor the one identified

in CIP4 (Frost et al., 2008) is conserved in Hof1, and this may

explain why Hof1 does not tubulate membranes when over-

expressed (Moravcevic et al., 2015). As the sole cytokinetic

F-BAR in S. cerevisiae, Hof1’s inability to tubulate membranes

is consistent with our conclusion that membrane tubulation by

F-BAR proteins is not required during cytokinesis in yeast.

Are F-BAR Domain Oligomerization and Tubulation
Important In Vivo?
Our results show that although the Imp2 F-BAR domain can tu-

bulate membranes in vitro, it does not require this activity for its

function in vivo. In contrast to prevailing models derived from

in vitro analyses (Frost et al., 2009; Mim and Unger, 2012; Qual-

mann et al., 2011; Suetsugu et al., 2010), these results combined

with the findings that the Drosophila Nwk1 F-BAR, the Cdc15

F-BAR, and six other human F-BARdomains also do not tubulate

membranes (Becalska et al., 2013; Kelley et al., 2015; McDonald

et al., 2015) indicate that membrane tubulation is not an essential

physiological function of all F-BAR domains. It is possible that

the observed membrane tubulation by some F-BAR domains is

due to their overexpression, with membrane deformation unnec-

essary for their biological function, as in the case of Imp2. High

levels of molecular crowding can lead to membrane tubulation

by certain proteins when locally concentrated at membranes

(Stachowiak et al., 2012). On the other hand, it is not yet clear

what function, if any, lateral F-BAR-to-F-BAR contacts perform

in vivo, if not membrane tubulation. It is possible that less exten-

sive oligomeric membrane-bound structures exist in vivo, such

as the clusters of F-BAR proteins at dendritic spines (Schneider

et al., 2014), that could reinforce certain structures or cluster

specific phosphoinositides (Zhao et al., 2013). Our data indicate

that Imp2 is present as an oligomeric species in solution that may

play a minor role in recruitment to the CR, because oligomeriza-

tion mutants localize less robustly. However, the decrease in CR

localization when oligomerization was inhibited did not lead to

any observable phenotype. It will be important to clarify the

extent to which other F-BAR domains utilize their lateral contacts

in normal physiological function.

Function of F-BAR Proteins in Cytokinesis
Combining our results with those from other studies (Moravcevic

et al., 2015; Nishihama et al., 2009; Oh et al., 2013; Ren et al.,

2015; Roberts-Galbraith et al., 2009, 2010) leads us to suggest

that the F-BAR proteins participating in cytokinesis serve as reg-

ulatable linkers between the membrane and additional division

machinery rather than as direct engines of membrane deforma-

tion. The results of our F-BAR domain-swapping experiments

further indicate that considerable plasticity is allowed in the

membrane-binding module offered by different F-BAR proteins.

Given that Cdc15’s and Imp2’s SH3 domains are functionally

interchangeable (Roberts-Galbraith et al., 2009) and Cdc15’s

F-BAR can substitute for Imp2’s, the central region of these

two proteins must specify important functional distinctions.

Cdc15’s unstructured central region controls the conformation

of the protein through extensive regulatory phosphorylation

(Roberts-Galbraith et al., 2010; Ullal et al., 2015), and is also pro-

posed tomediate an undefined interactionwith theGolgi network

(Arasada and Pollard, 2014). The central region of S. cerevisiae

Hof1 binds septins and myosin II (Meitinger et al., 2011; Oh

et al., 2013), and tunes these interactions with cell-cycle-regu-

lated phosphorylation (Meitinger et al., 2011, 2013). Imp2’s cen-

tral domain is also differentially phosphorylated throughout the

cell cycle (unpublished data), hinting that Imp2 function may

also be regulated via phosphorylation. Future work will be

directed at understanding whether differential phosphoregula-

tion underlies the distinct temporal requirements of Cdc15 and

Imp2 in cytokinesis, and the contribution of Imp2’s central region

to regulation of its membrane and protein-binding domains.

EXPERIMENTAL PROCEDURES

Yeast Strains, Media, and Genetic Methods

S. pombe strains used in this study (Table S2) were grown in yeast extract or

minimal medium with appropriate supplements (Moreno et al., 1991).

S. pombe transformations were performed using a lithium acetate method

(Keeney and Boeke, 1994). Regulated expression of genes from the nmt1 pro-

moter (Basi et al., 1993; Maundrell, 1993) was achieved by growth in the pres-

ence of thiamine (promoter repressed) and then washing into medium lacking

thiamine (promoter nonrepressed). Nuclei and septa were visualized by

ethanol fixation and 40,6-diamidino-2-phenylindole (DAPI) and methyl blue

staining. Cassettes encoding tags and selectable markers were inserted into

the S. pombe genome at the 30 end of open reading frames as previously

described (Bähler et al., 1998). All transformants were confirmed by PCR

and sequencing.

Protein Purification and Crystallization

Recombinant Imp2 F-BAR domain (15–320), full-length Imp2, and GFP-Imp2

F-BAR domain (15–320) constructs were produced in Escherichia coli Rosetta

2 cells (Novagen) grown in Terrific broth or T7 Express Crystal (NEB) inM9 salts

supplemented with selenomethionine (SeMet). Protein was purified over His-

Bind resin (Novagen) or HIS-Select HF resin (Sigma) in the presence of 1%

NP-40 and 5 mM b-mercaptoethanol according to the manufacturer’s proto-

col. Protein for crystallization was incubated overnight with thrombin to
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remove the His tag. Protein was further purified with a cation-exchange

chromatography column (GE Healthcare HiTrap SP) and concentrated with

an Amicon Ultra centrifugal filter (Millipore) to 4–10 mg/ml. Protein crystals

were produced by hanging drop vapor diffusion using a mosquito crystalliza-

tion robot (TTP Labtech). A high-quality single crystal grew within 2–3 weeks

from a 1:1 mixture of 5.4 mg/ml Imp2:18% PEG 3350, 0.2 M ammonium

formate.

Native and SeMet single-wavelength anomalous diffraction (SAD) data were

collected on the 22-ID beamline of the Southeast Regional Collaborative

Access Team at the Advanced Photon Source at Argonne National Laboratory

to 2.35 and 2.7 Å, respectively (Table S1). Data were processed using

HKL2000 (Otwinowski and Minor, 1997). Initial attempts to determine the

structure by molecular replacement were not successful. Instead, PHENIX

(Adams et al., 2010), employing HYSS (Grosse-Kunstleve and Adams, 2003)

and Phaser (McCoy et al., 2007), was used for SeMet SAD phasing. RESOLVE

(Terwilliger et al., 2008) was used to extend the resolution to 2.35 Å and

generate an initial structural model. The structure was then fully built and

refined via iterative model building and refinement using Coot (Emsley et al.,

2010) and REFMAC5 (Murshudov et al., 1997) or PHENIX (Adams et al.,

2010), respectively. Diffraction data and final refinement statistics are su-

mmarized in Table S1. Molecular graphics were prepared using PyMOL

(Schrödinger).

Liposome Assays

All lipids were obtained from Avanti Polar Lipids except for Folch fraction

samples (Sigma). Liposomes were prepared as previously described (Henne

et al., 2007). Briefly, CHCl3 lipid stocks were mixed at the desired ratios and

dried under N2 gas, and chloroform was removed under high vacuum. Lipo-

somes were hydrated in 10 mM HEPES (pH 7.4), 100 mM KCl, 1 mM DTT to

a concentration of 1 mg/ml, subjected to ten freeze-thaw cycles, and

extruded through polycarbonate filters of different sizes (Whatman) with a

Mini-Extruder (Avanti Polar Lipids). Giant unilamellar vesicles were formed

by drying 10 ml of a 10 mg/mL lipid stock (69% 1,2-dioleoyl-sn-glycero-3-

phosphocholine [DOPC], 15% 1,2-dioleoyl-sn-glycero-3-phosphoethanol-

amine [DOPE], 10% 1,2-dioleoyl-sn-glycero-3-phospho-L-serine [DOPS],

5% PI(4)P, 1% Rhodamine-PE) on indium-tin-oxide-coated glass coverslips

(Sigma-Aldrich) under vacuum. A 2-mm chamber was assembled between

the lipid-coated coverslips and filled with a 20 mM HEPES (pH 7.4),

500 mM sucrose buffer through which a 10-Hz, 2.5-V sinusoidal current

was passed for 2 hr to form the GUVs. After formation, a glucose solution

was added to a final concentration of 500 mM and NaCl to 100 mM. Recom-

binant GFP-F-BAR solutions were mixed with GUVs at a final concentration

of 10 mM before imaging in a 0.5-mm chamber.

For liposome copelleting binding assays, the Imp2 F-BAR was added to

0.5 mg/ml (final concentration) liposomes for 15 min at room temperature

before centrifugation at 150,000 3 g in an Optima TL ultracentrifuge for

15 min at 25�C. Pellet and supernatant fractions were resuspended in equal

volumes and analyzed by SDS-PAGE. Protein bands were visualized by Coo-

massie staining and quantified with LI-COR Odyssey software.

Electron Microscopy

Folch fraction liposomes or synthetic liposomes composed of 10% phospha-

tidylethanolamine (PE), 5% PI, 50% PS, and 35% phosphatidylcholine (PC)

(Frost et al., 2008) at 1 mg/ml were preincubated with the Imp2 F-BAR domain

at a lipid-to-protein ratio of 2:1 for 15 min at room temperature. Negative-stain

grids were prepared by applying 2.5 ml of F-BAR-bound liposome sample to a

glow-discharged, carbon-coated 400-Cu mesh grid and stained with 0.75%

uranyl formate (Ohi et al., 2004). Negative-stain samples were imaged on an

FEI 100-kV Morgagni electron microscope with a 1K x 1K AMT CCD camera.

For preparation of samples in vitrified ice, 2 ml of sample was applied to a

Quantifoil R2/1 holey carbon grid (Quantifoil Micro Tools), blotted for 2 s,

and plunged into liquid ethane using a Vitrobot Mark III (FEI). Cryo samples

were examined at liquid-nitrogen temperatures using an FEI Polara at 200

kV equipped with a field emission electron gun. Samples were imaged under

low-dose conditions (total electron dose of 20 e�/Å2), at a nominal magnifica-

tion of 59,0003 (1.97 Å per pixel), and using defocus values ranging from�3.0

to �5.0 mm on a 4K x 4K Gatan UltraScan CCD camera.

Cell Culture

COS-7 cells were cultured in DMEM containing 10% FBS on fibronectin

(Sigma)-coated glass coverslips. Transfections were performed using Lipo-

fectamine LTX reagent (Invitrogen) according to the manufacturer’s protocol

and imaged after 24 hr. Cells in Figure 5A were costained with CellMask

Orange plasma membrane dye immediately before imaging (Invitrogen).

Microscopy

GUV, COS-7 cell, and S. pombe imaging was performed on a Personal

DeltaVision microscope system (Applied Precision) that includes an Olympus

IX71 microscope, a 603 NA 1.42 planApo objective, and a Photometrics

CoolSNAP HQ2 camera. Time-lapse imaging was performed on log-phase

cells using an ONIX microfluidics perfusion system, flowing 25�C yeast extract

media through the chamber at 5 psi throughout imaging. Image stacks were

deconvolved and projected using softWoRx imaging software (GE Healthcare

Life Sciences).
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