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    Introduction 
 For cytokinesis to occur, an actomyosin ring composed of a 

wide variety of conserved proteins must form and associate 

with the plasma membrane as an anchored yet dynamic lattice 

(for reviews see  Glotzer, 2005 ;  Wolfe and Gould, 2005 ;  Barr 

and Gruneberg, 2007 ). Not only must the cytokinetic ring be 

associated fi rmly with the membrane upon ring formation, 

but rearrangements in both protein composition and membrane 

curvature drive ring constriction and ultimately abscission. 

Although great progress has been made in identifying the pro-

tein composition of the contractile ring, the interactions be-

tween proteins and between specifi c proteins and the plasma 

membrane are still being elucidated. 

  Schizosaccharomyces pombe  is an ideal model system in 

which to study the assembly and dynamics of the cytokinetic 

ring. Indeed, genetic screens revealed key players, including 

Mid1 ( Chang et al., 1996 ;  Sohrmann et al., 1996 ), which binds 

to the plasma membrane and directs medial placement of the 

ring ( Celton-Morizur et al., 2004 ). Other conserved proteins 

also participate in the fi rst steps of ring assembly, including the 

heavy and light chains of nonmuscle myosin II, actin, an 

IQGAP (Rng2), tropomyosin, profi lin, a formin, and two pro-

teins with a membrane-binding F-BAR domain, Cdc15 and 

Imp2 (for review see  Wolfe and Gould, 2005 ). Several of these 

components organize into cortical nodes directed by Mid1 be-

fore contractile ring formation ( Wu et al., 2006 ), and models 

for the fi rst steps of ring assembly have been formulated focus-

ing on the coalesce of the nodes ( Vavylonis et al., 2008 ) or, al-

ternatively, proceeding through a leading cable of fi lamen  tous 

actin emanating from a spotlike concentration of formin 

( Chang, 1999 ;  Arai and Mabuchi, 2002 ;  Kamasaki et al., 2007 ). 

However, many questions remain regarding how these fi rst 

components organize the nascent ring, anchor the ring to the 

membrane, and recruit dozens of additional proteins as mitosis 

proceeds. Furthermore, the reorganization inherent in contrac-

tile ring constriction and abscission has not been determined 

either in terms of protein – protein or protein – membrane inter-

actions. Because a global proteome localization study indicated 

that  > 200 proteins localize to the site of division at some stage 

during cytokinesis ( Matsuyama et al., 2006 ), the complexity of 

the process has only begun to be unraveled. 

  S
chizosaccharomyces pombe cdc15  homology (PCH) 

family members participate in many cellular pro-

cesses by bridging the plasma membrane and 

cytoskeleton. Their F-BAR domains bind and curve mem-

branes, whereas other domains, typically SH3 domains, 

are expected to provide cytoskeletal links. We tested this 

prevailing model of functional division in the founding 

member of the family, Cdc15, which is essential for cyto-

kinesis in  S. pombe , and in the related PCH protein, 

Imp2. We fi nd that the distinct functions of Imp2 and 

Cdc15 are SH3 domain independent. However, the 

Cdc15 and Imp2 SH3 domains share an essential role in 

recruiting proteins to the contractile ring, including Pxl1 

and Fic1. Together, Pxl1 and Fic1, a previously unchar-

acterized C2 domain protein, add structural integrity to 

the contractile ring and prevent it from fragmenting dur-

ing division. Our data indicate that the F-BAR proteins 

Cdc15 and Imp2 contribute to a single biological process 

with both distinct and overlapping functions.

 The SH3 domains of two PCH family members 
cooperate in assembly of the  Schizosaccharomyces 
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ited signifi cant cytokinesis defects ( Fig. 1, A and C ). Addition-

ally,  > 10% of cells displayed multiple defects. These defects 

were similarly severe when the truncated protein was tagged 

with a variety of epitopes and in cells expressing a more precise 

truncation of the SH3 domain at amino acid 869 ( cdc15  Δ SH3869  ; 
Fig. S1, A and B). Thus, the different  cdc15  Δ SH3   alleles were used 

interchangeably in further experiments. 

  cdc15  Δ SH3   cells exhibit contractile 
ring defects 
 Because  cdc15  Δ SH3   cells exhibited cytokinetic defects, we rea-

soned that the contractile ring was defective in these cells and 

examined whether Cdc15 localization was affected. Cdc15-

GFP is detected at cell tips during interphase and at the contrac-

tile ring during mitosis fi rst in nodes and cables, which later 

coalesce ( Carnahan and Gould, 2003 ;  Wu et al., 2006 ). Cdc15  Δ SH3 -

GFP and Cdc15  Δ SH3869 -GFP localized to nodes and rings ( Fig. 1 D  

and Fig. S1 C) but localized to fewer and fainter spots at cell 

tips. Known Cdc15 binding partners Myo1 and Cdc12 ( Car-

nahan and Gould, 2003 ) also localized to contractile rings in 

 cdc15  Δ SH3   cells (Fig. S1, F and G), affi rming that Cdc15  Δ SH3  

localization to the ring and recruitment of its known binding 

partners remained superfi cially unaffected. However, Cdc15  Δ SH3 -

GFP and Cdc15  Δ SH3869 -GFP rings appeared less well organized 

than full-length Cdc15-GFP during constriction ( Fig. 1 D  and 

Fig. S1 C). 

 To examine contractile rings in  cdc15  Δ SH3   cells directly, 

we imaged the regulatory light chain for type II myosin, Rlc1-

GFP. Many Rlc1-GFP rings appeared fragmented or frayed in 

 cdc15  Δ SH3   cells, especially once constriction had begun, which 

is similar to Cdc15  Δ SH3 -GFP rings ( Fig. 2 A ). To defi ne the con-

tractile ring defects in these cells, we imaged  rlc1 -GFP and 

 cdc15  Δ SH3  -FLAG 3   rlc1 -GFP cells by time-lapse microscopy 

( Fig. 2 B  and Videos 1 and 2, available at http://www.jcb.org/

cgi/content/full/jcb.200806044/DC1). Kymographs from these 

videos revealed that rings constricted unsteadily in the mutant 

background relative to wild-type cells ( Fig. 3 A ). To quantify 

the defects, the timing of cytokinetic events was measured in 

fi ve cells per genotype and averaged (Fig. S1 H). Although ring 

formation proceeded normally,  cdc15  Δ SH3   cells took signifi -

cantly longer to complete cytokinesis, specifi cally taking longer 

to initiate constriction, complete constriction, and clear the 

Rlc1-GFP signal from the newly formed septum ( Fig. 3, B and C ). 

Because the cells chosen for analysis were those that suc-

cessfully completed cytokinesis and because cells with rings 

that moved along the longitudinal axis were excluded ( Fig. 2 B , 

cell 2), the overall defect in the  cdc15  Δ SH3   population was even 

more severe. 

 The contractile ring appeared to be displaced from the cell 

middle in some  cdc15  Δ SH3   cells. To evaluate this phenotype 

more closely, we examined the placement of Rlc1-GFP rings in 

a  cps1 -191 mutant that arrests septation and blocks cells with 

medially placed rings ( Le Goff et al., 1999 ;  Liu et al., 1999 ). In 

 cdc15 +  , all rings in the  cps1 -191 arrest localized medially, but 

in the  cdc15  Δ SH3   background, rings in 13% of cells localized 

outside the middle fi fth of the cell ( Fig. 2 C ), indicating a defect 

in ring anchoring. 

 Cdc15 is one of the fi rst proteins observed at the incipient 

ring ( Wu et al., 2003 ). It is the founding member of the  S. pombe 
cdc15  homology (PCH) family of proteins, which are typifi ed 

by the conserved domain architecture of an N-terminal F-BAR 

domain and usually a C-terminal SH3 domain (for reviews see 

 Lippincott and Li, 2000 ;  Chitu and Stanley, 2007 ). Although 

Cdc15 plays an essential role in cytokinesis ( Fankhauser et al., 

1995 ), other PCH family members play diverse roles not only in 

cytokinesis but also in endocytosis, motility, and neural mor-

phogenesis. Because most described PCH proteins bind and 

curve the cell membrane through their F-BAR domains ( Itoh 

et al., 2005 ;  Tsujita et al., 2006 ) and recruit protein-binding 

partners through SH3 domains (see table in  Chitu and Stanley, 

2007 ), it is reasonable to predict that PCH proteins achieve 

scaffolding functions through a division of labor between the 

two domains. However, we previously found that Cdc15 inter-

acts with two key elements regulating the medial fi lamentous 

actin cytoskeleton, formin Cdc12 and type I myosin Myo1, 

through its F-BAR domain ( Carnahan and Gould, 2003 ), leav-

ing the role of its SH3 domain unclear. Another PCH family 

member in  S. pombe , Imp2, also localizes to the contractile ring 

and functions in cytokinesis ( Demeter and Sazer, 1998 ). With 

no binding partners identifi ed for Imp2, it is unclear whether the 

roles played by Cdc15 and Imp2 overlap in any way. 

 In this study, we examine how the SH3 domains of Cdc15 

and Imp2 contribute to contractile ring assembly. Surprisingly, 

the endogenous Cdc15  Δ SH3  truncation fulfi lls the essential role 

of Cdc15, and  imp2  Δ SH3   causes no detectable phenotype on its 

own. Still, truncation of the Cdc15 SH3 domain results in sig-

nifi cant cytokinetic defects. We identifi ed two binding partners 

for the Cdc15 SH3 domain, Pxl1 and a novel C2 domain pro-

tein, Fic1. We also exposed a functional redundancy between 

the SH3 domains of Cdc15 and the PCH family member Imp2 

in recruitment of contractile ring components and an additional 

cooperation between proteins such as Fic1 and Pxl1 recruited 

by these SH3 domains. The shared function of the Cdc15 and 

Imp2 SH3 domains is essential for cytokinesis. Consistent with 

this functional redundancy, replacement of the Cdc15 SH3 do-

main with that of Imp2 rescues most of the cytokinetic defects 

of  cdc15  Δ SH3  . Our data indicate that the overlapping function 

accomplished by the SH3 domains of Imp2 and Cdc15 in con-

tractile ring stabilization is separate from their distinct SH3-

independent functions. 

 Results 
 The SH3 domain of Cdc15 plays a 
nonessential role in cytokinesis 
 Preliminary data suggested that the Cdc15 SH3 domain was not 

essential for Cdc15 function ( Carnahan and Gould, 2003 ), but 

to confi rm this observation, we constructed a truncation of 

 cdc15 +   at its endogenous locus. Cdc15  Δ SH3 , representing amino 

acids 1 – 752, performs the essential function of Cdc15 ( Fig. 1 A  

and not depicted), and the levels of truncated Cdc15 were found 

to be near those of wild type ( Fig. 1 B  and Fig. S1 D, available 

at http://www.jcb.org/cgi/content/full/jcb.200806044/DC1). 

However, although viable, 20 – 35% of  cdc15  Δ SH3   cells exhib-
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 Cdc15 SH3 domain binds to C2 domain 
protein Fic1 
 We next sought to identify binding partners for the Cdc15 SH3 

domain. SH3 domains typically interact with proline-rich re-

gions of target proteins, especially the motif PXXP (for review 

see  Mayer, 2001 ). We could not demonstrate Cdc15 interaction 

with Vrp1 or Wsp1 (unpublished data), which were likely can-

didates based on previously investigated PCH family members 

( Wu et al., 1998 ;  Qualmann and Kelly, 2000 ;  Naqvi et al., 2001 ; 

 Ho et al., 2004 ). Some SH3 domains that contain a phenyl-

alanine residue at position 75 bind ubiquitin or ubiquitinated 

proteins ( Stamenova et al., 2007 ). Although the SH3 domain of 

Cdc15 has the corresponding residue, we did not detect binding 

between this domain and ubiquitin (Fig. S2 D). 

 We then conducted a yeast two-hybrid screen using amino 

acids 752 – 927 of Cdc15 as bait and an  S. pombe  cDNA library 

as prey ( Fig. 4 A ). One positive clone was isolated from the 

screen, and a BLAST (basic local alignment search tool) search 

using the recovered sequence revealed that the plasmid con-

tained base pairs 568 – 807 of  SPBC83.18c  cDNA. This frag-

ment encodes amino acids 190 – 269 of the protein, which 

includes four PXXP motifs ( Fig. 4 A , asterisks). The isolated 

plasmid showed a positive interaction when directly tested with 

the bait plasmid and also a shorter portion of Cdc15, containing 

only amino acids 843 – 927 (Fig. S2, E, F, and H). 

 We used a membrane marker, acyl-GFP, to determine 

whether abscission was slow. Membrane bridges were never 

visible in wild-type cells but were visible in many  cdc15  Δ SH3   
cells ( Fig. 2 D ). Live cell imaging demonstrated that these 

bridges persisted for hours (unpublished data), suggesting that 

 cdc15  Δ SH3   cells are defective not only in the timing of contractile 

ring events but also in the abscission of the membrane connec-

tion between mother and daughter cells. The thick septum visi-

ble around each bridge is consistent with perturbation of the 

actin cytoskeleton ( Ishijima et al., 1999 ). 

 Finally, we investigated the dynamics of Cdc15-GFP and 

Cdc15  Δ SH3 -GFP using FRAP. Cdc15  Δ SH3 -GFP recovered with a 

signifi cantly shorter  t  1/2  than Cdc15-GFP and with a signifi cantly 

higher mobile fraction, together indicating that Cdc15  Δ SH3 -GFP is 

more mobile at the contractile ring ( Fig. 3 D  and Fig. S2 A, avail-

able at http://www.jcb.org/cgi/content/full/jcb.200806044/DC1). 

FRAP of Rlc1-GFP in  cdc15 +   and  cdc15  Δ SH3   cells did not reveal 

signifi cantly different dynamics ( Fig. 3 E  and Fig. S2 B), indi-

cating that although the  cdc15  Δ SH3   mutation affects contractile 

ring organization, it does not globally alter ring component mo-

bility. Consistent with these analyses,  cdc15  Δ SH3   synthetically 

interacts with a wide variety of cell cycle and contractile ring 

mutants (Fig. S1 I). Collectively, these results indicate that the 

SH3 domain of Cdc15 is involved in contractile ring anchoring, 

stability, and constriction. 

 Figure 1.     cdc15  Δ SH3   cells are viable but exhibit cytokinesis defects.  (A)  cdc15  Δ SH3   cells were grown to midlog phase, fi xed, and stained with DAPI and methyl 
blue to visualize DNA and cell walls, respectively. The asterisk indicates a cell with both cell separation and cytokinesis defects, the arrow marks a  “ paired ”  
cell, the arrowhead denotes a cell with impaired cell separation, and the double arrowhead marks a cell with a  “ kissing nuclei ”  phenotype. The boxed area 
is from a separate micrograph but was included to demonstrate all of the phenotypes scored. (B) Denatured lysates were prepared from wild-type,  cdc15  Δ SH3  , 
and  cdc15  Δ SH3  -FLAG 3  cells grown at 32 ° C and immunoblotted with anti-Cdc15 serum or anti –  � -tubulin for loading control. (C) Wild-type,  cdc15  Δ SH3  -FLAG 3 , 
and  cdc15  Δ SH3   cells were grown at the temperatures indicated, fi xed, and imaged as in A ( n  = 200). (D)  cdc15 -GFP and  cdc15  Δ SH3  -GFP cells were grown 
to midlog phase at 25 ° C and imaged. Arrows indicate interphase cells, asterisks indicate contractile rings that have not begun constriction, and arrowheads 
mark constricting rings. The insets show a cell in which nodes of Cdc15  Δ SH3  are present. BF, bright fi eld. Bars: (A) 10  μ m; (D) 5  μ m.   
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did not coimmunoprecipitate Cdc15  Δ SH3  ( Fig. 4 D ), indicat-

ing that the SH3 domain of Cdc15 is necessary for its inter-

action with Fic1. Additionally, an in vitro binding assay 

showed that Fic1-His 6  and maltose-binding protein (MBP) –

 Cdc15SH3 interact directly ( Fig. 4 E ), demonstrating that 

the SH3 domain of Cdc15 is suffi cient for the interaction. 

Quantitative in vitro binding revealed that Fic1 and the SH3 

domain of Cdc15 bind with a  K  d  of  � 3  μ M (Fig. S3 A, available 

at http://www.jcb.org/cgi/content/full/jcb.200806044/DC1), 

which falls within the range (0.27 to  > 20  μ M) of other SH3 

domain  K  d  measurements ( Landgraf et al., 2004 ;  Haynes 

 et al., 2007 ). 

 The  SPBC83.18c  gene encodes a C2 domain – containing 

protein and exhibits homology to the essential  Saccharomyces 
cerevisiae  gene  INN1  and  Cryptococcus neoformans cts1 , 

which have established roles in cytokinesis (Fig. S2 G;  Fox 

et al., 2003 ;  Sanchez-Diaz et al., 2008 ). Because the  S. pombe  

protein binds Cdc15, we named it  “ 15-interacting C2 domain ”  

protein, Fic1. 

 To verify that Fic1 indeed interacts with Cdc15 in vivo, 

reciprocal coimmunoprecipitation experiments were per-

formed in which either endogenously tagged Cdc15-HA 3  or 

Fic1-FLAG 3  was immunoprecipitated and the other protein was 

detected by immunoblotting ( Fig. 4, B and C ). Fic1-FLAG 3  

 Figure 2.     cdc15  Δ SH3   cells show defects in contractile ring dynamics.  (A)  rlc1 -GFP and  rlc1 -GFP  cdc15  Δ SH3  -FLAG 3  cells were grown and imaged as in Fig. 1 D. 
BF, bright fi eld. (B)  rlc1 -GFP and  cdc15  Δ SH3  -FLAG 3   rlc1 -GFP cells were imaged live at 25 ° C every 2.5 min (Videos 1 and 2, available at http://www.jcb
.org/cgi/content/full/jcb.200806044/DC1). Montages of cells completing cytokinesis are shown. Each image is 12.5 min apart. (C)  cps1 -191  rlc1 -GFP 
and  cps1 -191  cdc15  Δ SH3  -FLAG 3   rlc1 -GFP cells were arrested and imaged. In the images, cells were divided into fi fths, and the location of the contractile 
ring was quantifi ed ( n  = 100). wt, wild type. (D) acyl-GFP was expressed in wild-type or  cdc15  Δ SH3  -FLAG 3  cells and imaged live. Membrane bridges remain-
ing after cytokinesis are marked with arrows. Bars: (A and C) 5  μ m; (B) 2  μ m; (D) 3  μ m.   
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Imaging of a  fi c1 -YFP  cdc15 -CFP strain revealed that Cdc15 

and Fic1 colocalize in both contractile rings and in spots at cell 

tips ( Fig. 5 C ). Fic1 localized to the ring and cell tips indepen-

dently of the SH3 domain of Cdc15 (Fig. S3 C), suggesting that 

in these cells, Fic1 is able to localize properly through direct 

membrane binding or interaction with another protein. 

  fi c1 Δ   cells are viable and behave as wild type, as indicated 

by overall morphology ( Fig. 5 D  and Fig. S3 E), doubling time, 

and Cdc15-GFP localization (Fig. S3 D). Time-lapse imaging 

 Fic1 is a contractile ring protein with a 
minor role in cytokinesis 
 In live cell microscopy, endogenously tagged Fic1-GFP local-

izes to cell tips and nuclei in interphase cells and in mitotic cells 

concentrates at the contractile ring, where it remains during ring 

constriction ( Fig. 5, A and B ). Localization of Fic1-GFP in cells 

also producing Sid4-GFP, a marker of the spindle pole body 

( Chang and Gould, 2000 ), revealed that Fic1-GFP arrives at the cyto-

kinetic ring before anaphase and is not seen at nodes (Fig. S3 B). 

 Figure 3.    Dynamics of rings and ring components in  cdc15  Δ SH3  .  (A) Kymographs were created from lines drawn across the division site in fi ve videos for 
each  rlc1 -GFP and  cdc15  Δ SH3  -FLAG 3   rlc1 -GFP. Time is depicted on the vertical scale bar. (B) Contractile ring event timing for each cell in A was determined 
and averaged ( n  = 5 each; Fig. S1 H, available at http://www.jcb.org/cgi/content/full/jcb.200806044/DC1). Timing of cytokinesis in wild-type (wt) 
cells was plotted on the y axis, and the time taken for corresponding events in wild-type and  cdc15  Δ SH3  -FLAG 3  cells was plotted on the x axis. (C) The time 
taken for wild-type and  cdc15  Δ SH3  -FLAG 3  cells to complete stages of cytokinesis was determined for each genotype, and differences were determined by 
Student ’ s  t  tests. P-values and SEM (error bars) are included. (D) FRAP measurements of Cdc15-GFP or Cdc15  Δ SH3 -GFP signals are shown ( n  = 24 each).  t  1/2  
and mobile fraction values were calculated from best-fi t curves and are shown below. The difference in  t  1/2  is signifi cant (P = 0.046), as is the difference 
in F m  (P = 0.0009). R 2  values for wild-type and  cdc15  Δ SH3   curves are 0.9753 and 0.9752, respectively. (E) FRAP measurements of Rlc1-GFP in  cdc15 +   or 
 cdc15  Δ SH3  -FLAG 3  backgrounds ( n  = 28 each).  t  1/2  and mobile fraction values were calculated from best-fi t curves. The differences in  t  1/2  and F m  are not 
signifi cant (P = 0.651 and P = 0.589, respectively). R 2  values for wild-type and  cdc15  Δ SH3   curves are 0.9365 and 0.9518, respectively.   
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( Hiraoka et al., 1984 ). Copurifi ed proteins were identifi ed by liq-

uid chromatography tandem mass spectrometry (MS; Fig. S3 G). 

Cdc15 was identified with the highest sequence coverage 

(75.8%), whereas the only other ring component in the top 25 

hits was PCH family member Imp2 (61.5%). Coimmunoprecip-

itation of Imp2-HA 3  and Fic1-FLAG 3  verifi ed their in vivo in-

teraction ( Fig. 6 A ). Fic1-FLAG 3  did not coimmunoprecipitate 

the PCH family member Bzz1-HA 3  (Fig. S4 A, available at 

http://www.jcb.org/cgi/content/full/jcb.200806044/DC1), indi-

cating that Fic1 does not bind SH3 domains or PCH family 

members nonspecifi cally. 

 Because C2 domains sometimes dimerize in crystal struc-

tures ( Sutton and Sprang, 1998 ;  Liu et al., 2006 ), and because it 

is unknown whether PCH family members can form hetero-

dimers, we examined whether Fic1, Cdc15, and Imp2 were pres-

ent in one complex. We purifi ed Fic1-TAP from mitotic lysate 

containing Imp2-HA 3  and cleaved Fic1 complexes from beads 

using tobacco etch virus (TEV) protease. Two fractions were 

of Rlc1-GFP in  fi c1 Δ   cells also demonstrated that cytokinesis in 

these cells is essentially unaltered (unpublished data). Visual-

ization of the acyl-GFP marker in  fi c1 Δ   cells did not reveal a 

defect in abscission (Fig. S3 F). However,  fi c1 Δ   interacted nega-

tively with several cytokinesis mutants and was synthetically 

lethal with mutants of two cytokinesis regulators, calcineurin 

homologue  ppb1  and septation signaling kinase  sid2  ( Fig. 5 E ). 

Our genetic analyses indicate that although Fic1 is not essential, 

it does play a role in cytokinesis. 

 Fic1 interacts with PCH family 
member Imp2 
 Because Fic1 localized correctly in the absence of the Cdc15 

SH3 domain, we sought to identify additional Fic1 binding 

partners that could recruit it to the ring. We isolated endoge-

nously expressed Fic1 – tandem affi nity purifi cation (TAP) on 

IgG-coated Dynabeads from lysate derived from cells arrested 

in mitosis because of a mutation in  � -tubulin,  nda3 -km311 

 Figure 4.    Cdc15 SH3 domain is necessary and 
suffi cient for interaction with C2 domain protein 
Fic1.  (A) Schematic representations of the domains 
of Cdc15 (top) and Fic1 (bottom). Domains are as 
indicated, except the PEST domain of Cdc15 is the 
white oval, and PXXP motifs in Fic1 are indicated 
with asterisks. Fragments of  cdc15  and  fi c1  from the 
two-hybrid screen are depicted. (B and C) Coimmuno-
precipitation of endogenously tagged Fic1-FLAG 3  
and Cdc15-HA 3  from asynchronous cell lysate. 
Asterisks indicate a background band present in 
FLAG immunoblots. (D) Coimmunoprecipitations 
were performed in which Cdc15 or Cdc15  Δ SH3  was 
isolated using anti-Cdc15 serum, or Fic1-FLAG 3  was 
isolated with the anti-FLAG antibody, and bound 
proteins were identifi ed by immunoblotting with ei-
ther the anti-FLAG antibody or anti-Cdc15 serum. 
(E) Recombinant MBP or MBP-Cdc15SH3 was pu-
rifi ed and incubated with recombinant bead-bound 
His 6  or Fic1-His 6 . Beads were washed, and bound 
proteins were run on SDS-PAGE and detected by 
Coomassie staining. One tenth of each MBP protein 
input is shown as a control. IP, immunoprecipitation; 
WB, Western blot.   



119SH3 DOMAINS ANCHOR THE RING  • Roberts-Galbraith et al. 

then immunoprecipitated with anti-HA antibody or anti-Cdc15 

serum, and each immunoprecipitation was immunoblotted to 

test the presence or absence of Cdc15 and Imp2-HA 3  ( Fig. 6 B ). 

Imp2-HA 3  complexes did not coimmunoprecipitate Cdc15 or 

vice versa, indicating that Fic1 binds the two PCH family mem-

bers in separate complexes. 

 To determine whether the SH3 domain of Imp2 mediates 

its binding to Fic1, we created an  imp2  Δ SH3   strain (Fig. S4 B), 

and either full-length Imp2 or Imp2  Δ SH3  was pulled from the ly-

sate using recombinant bead-bound Fic1-His 6  ( Fig. 6 C ). Fic1-

His 6  pulled full-length Imp2 but not Imp2  Δ SH3  from cell lysate, 

indicating that the SH3 domain of Imp2 is essential for its inter-

action with Fic1. In an in vitro binding assay, the SH3 domain 

of Imp2 was also suffi cient to bind recombinantly produced 

Fic1 directly ( Fig. 6 D ) and bound Fic1 with a  K  d  of  � 0.9  μ M 

(Fig. S4 C). 

 Next, we examined the  imp2  Δ SH3   strain to determine 

whether it exhibited any growth defects. Although  imp2 Δ   cells 

display severe cytokinesis defects that become lethal at higher 

temperatures ( Demeter and Sazer, 1998 ),  imp2  Δ SH3  -HA 3  cell 

morphology was indistinguishable from wild type at all tested 

temperatures ( Fig. 6 E  and Fig. S4 D). Imp2  Δ SH3 -GFP localized 

to the contractile ring ( Fig. 6 F ), and Rlc1-GFP localization in 

the  imp2  Δ SH3   background was normal (Fig. S4 E). No membrane 

bridges were visible in  imp2  Δ SH3   cells, indicating no abscission 

defect (Fig. S4 F). However, the  imp2  Δ SH3   mutation showed 

negative genetic interactions with several mutations or dele-

tions in other known contractile ring components or regulators 

(Fig. S4 H). Collectively, these results indicate that although the 

SH3 domain of Imp2 plays a minor role during cytokinesis, 

Imp2  Δ SH3  fulfi lls the major function of Imp2. 

 Cdc15 and Imp2 SH3 domains play a 
cooperative, essential role in cytokinesis 
 We speculated that the SH3 domains of Cdc15 and Imp2 might 

be acting cooperatively to recruit binding partners like Fic1 to 

the contractile ring. Based on this hypothesis, we tested whether 

the  cdc15  Δ SH3   and  imp2  Δ SH3   truncations were synthetically lethal 

and did not recover any double mutants at any tested tempera-

ture ( Fig. 7 A  and Fig. S1 E), and double mutants died before 

the fi rst cell division ( Fig. 7 B ). To examine the defect of the 

double mutation, we crossed single mutants carrying fl uores-

cent labels and germinated the resultant spores in the presence 

of hygromycin to select for the  imp2  Δ SH3   allele. Cdc15  Δ SH3 -GFP 

localizes transiently to the contractile ring in the double mutant, 

but later, especially in cells with the faint beginning of a sep-

tum, these rings fragment ( Fig. 7 C ). Imp2  Δ SH3 -GFP colocalizes 

with Cdc15  Δ SH3 -mCherry in some cells, but this colocalization 

decreases as fi rst Imp2  Δ SH3  and then Cdc15  Δ SH3  leave the medial 

region of the cell in spots and ring fragments ( Fig. 7 D ). 

 To examine more closely the stage of cytokinetic failure 

in these double mutants, we crossed  cdc15  Δ SH3   and  imp2  Δ SH3   
strains carrying  sid4 -GFP and  rlc1 -GFP and grew the resultant 

spores in the presence of hygromycin. In parallel, we germi-

nated  imp2  Δ SH3   spores as a control for the single mutant pheno-

type. In the mixture of  imp2  Δ SH3   and  imp2  Δ SH3  cdc15  Δ SH3   
germinated spores, approximately half of the cells with two 

 Figure 5.    Fic1 localizes to the contractile ring and plays a nonessential 
role in cytokinesis.  (A and B)  fi c1 -GFP cells were imaged live. In B, one 0.5- μ m 
slice was taken through cell middles to allow imaging of fainter struc-
tures. BF, bright fi eld. (C)  cdc15 -CFP  fi c1 -YFP cells were imaged through 
one 0.5- μ m plane. Bright fi eld, CFP (green), YFP (red), and merged images 
are shown. Insets (boxed area) show colocalization of Cdc15 and Fic1 
at cell tips (arrows). (D) Wild-type and  fi c1 Δ   cells were stained as in 
Fig. 1 A. Quantitation of cell phenotypes is shown in Fig. S3 E (available 
at http://www.jcb.org/cgi/content/full/jcb.200806044/DC1). (E)  fi c1 Δ   
was crossed with several mutants or deletions in cytokinesis genes to deter-
mine synthetic interactions. Bars: (A – D) 5  μ m; (C, inset) 2  μ m.   
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two spindle pole bodies showed no Fic1-GFP in the medial re-

gion of the cell and often showed cortical localization of Fic1-

GFP at one tip ( Fig. 8 D ), demonstrating that the SH3 domains 

of Imp2 and Cdc15 are essential for recruiting binding partners, 

including but not limited to Fic1, to the cytokinetic ring. 

 To observe the dynamics of contractile ring failure in the 

double SH3 mutant, we imaged Rlc1-GFP and Sid4-GFP spores 

live through time-lapse microscopy ( Fig. 8 E  and Video 3). In 

the two cells depicted, contractile rings form but fray and disas-

semble, suggesting that although incipient rings form, they are 

inherently unstable. 

 Pxl1 is recruited to the medial ring 
in an SH3-dependent manner 
 Because the phenotypes observed for  cdc15  Δ SH3   and the double 

SH3 deletions were much more severe than  fi c1 Δ  , we sought other 

binding partners for the Cdc15 SH3 domain. Paxillin-related pro-

tein Pxl1 localizes to the contractile ring, coimmunoprecipitates 

with Cdc15, and contains six PXXP motifs in its N-terminal half, 

whereas  pxl1 Δ   cells show contractile ring fraying reminiscent of 

spindle pole bodies showed normal contractile ring organiza-

tion or complete septa, as seen in the  imp2  Δ SH3   single mutant 

( Fig. 8 A ). The other half had very poorly organized rings, in-

cluding disconnected wisps of ring material in the majority of 

cells and fragmented or maloriented rings in the remainder ( Fig. 

8 A ). To make certain that there was not a defect in the localiza-

tion of known binding partners Myo1 and Cdc12, these proteins 

were also visualized in the double mutant. Myo1-GFP localized 

medially in single and double mutants ( Fig. 8 B ). Cdc12-GFP 3  

localized to contractile rings in single mutants and appeared at 

ring fragments in the double mutant background, suggesting 

that its localization to the ring parallels that of Cdc15 and Rlc1 

( Fig. 8 C ). 

 To determine whether SH3 domain binding factors fail to 

localize to the medial region of the cell in the  imp2  Δ SH3  cdc15  Δ SH3   
mutants, we performed a similar spore germination experiment 

with  fi c1 -GFP  sid4 -GFP cells. Approximately half of the germi-

nating spores with two spindle pole bodies showed Fic1-GFP at 

well-formed contractile rings, as seen in the single  imp2  Δ SH3   
mutant ( Fig. 8 D ). The other half of germinating spores with 

 Figure 6.    Fic1 binds the SH3 domain of PCH family member Imp2.  (A) Coimmunoprecipitations of Imp2-HA 3  and Fic1-FLAG 3  were performed as in Fig. 4 
(B and C). IP, immunoprecipitation. (B) Fic1-TAP – containing complexes were purifi ed from  nda3 -km311  imp2 -HA 3  cells using IgG beads followed by 
TEV cleavage. These complexes were immunoprecipitated using either an anti-HA antibody or anti-Cdc15 serum, and bound proteins were detected by 
immunoblotting. WB, Western blot. (C) Lysates from wild-type,  imp2 -FLAG 3 , or  imp2  Δ SH3  -FLAG 3  cells were incubated with recombinant bead-bound His 6  
or Fic1-His 6 . Bound proteins were detected by immunoblotting. (D) An in vitro binding experiment was performed with MBP-Imp2SH3 and Fic1-His 6  as in 
Fig. 4 E. (E) Wild-type,  imp2  Δ SH3  -HA 3 , and  imp2 Δ   cells were fi xed and imaged as in Fig. 1 A (quantitation in Fig. S4 D, available at http://www.jcb
.org/cgi/content/full/jcb.200806044/DC1). (F) Imp2  Δ SH3 -GFP was visualized in live cells. BF, bright fi eld. Bars: (E) 10  μ m; (F) 5  μ m.   
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stabilizing protein – protein and possibly protein – membrane in-

teractions. Consistent with this model,  pxl1 Δ   and  fi c1 Δ   are syn-

thetically lethal when combined (Fig. S5, A and B, available at 

http://www.jcb.org/cgi/content/full/jcb.200806044/DC1). 

 Finally, a fusion was generated in which the SH3 domain 

of Cdc15 was seamlessly replaced with that of Imp2 ( cdc15-
imp2SH3 ) at the  cdc15  genomic locus. Remarkably, the  cdc15-
imp2SH3  phenotype was nearly the same as wild type ( Fig. 10 A  

and Fig. S5 C), and contractile rings in  cdc15-imp2SH3  cells 

did not show signifi cant defects ( Fig. 10 B ). Together, these data 

indicate that (a) the Imp2 SH3 domain can fulfi ll most of the 

roles of the Cdc15 SH3 domain, and (b) the  cdc15  Δ SH3   phenotype 

the  cdc15  Δ SH3   phenotype ( Fig. 9 A ;  Ge and Balasubramanian, 2008 ; 

 Pinar et al., 2008 ). We found that Cdc15 coimmunoprecipitates 

HA-Pxl1 in an SH3-dependent manner from mitotically arrested 

cells ( Fig. 9 B ). MBP-Cdc15SH3 also bound to GST-Pxl1 (N ter-

minus) in vitro ( Fig. 9 C ), indicating that the SH3 domain of Cdc15 

is suffi cient to mediate its direct interaction with Pxl1. 

 GFP-Pxl1 localized to the medial ring normally in the 

 cdc15  Δ SH3   mutant ( Fig. 9 D ) but failed to localize in the  cdc15  Δ SH3  
imp2  Δ SH3   spores ( Fig. 9 E ), suggesting that like Fic1, Pxl1 is re-

cruited to the medial ring by the two SH3 domains. This result 

suggests that the unraveling of the contractile ring in  cdc15  Δ SH3  
imp2  Δ SH3   cells might be brought about by the loss of at least two 

 Figure 7.    SH3 domains of Cdc15 and Imp2 function cooperatively in cytokinesis.  (A)  cdc15  Δ SH3  -FLAG – KanR and  imp2  Δ SH3  -FLAG – HygR cells were crossed, 
and tetrads were pulled. Circles indicate missing double mutants, and the recovery rates are listed. (B) Images were taken for several resulting tetrads, and 
single colonies of each genotype are shown. wt, wild type. (C) Spores of the indicated genotypes were germinated overnight and imaged in the fi rst cell 
division. Bright fi eld images are overlaid onto GFP images. Below, bright fi eld (BF) and GFP images of two germinating spores before (left) and after (right) 
initiation of septation are shown separately. (D) Spores were germinated as in C and imaged for both Imp2  Δ SH3 -GFP and Cdc15  Δ SH3 -mCherry localization. 
Bars, 2  μ m.   
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however, we discovered that the SH3 domains of Cdc15 and 

Imp2 cooperate in recruiting contractile ring components that are, 

in total, required for ring anchoring, stability, and constriction. 

The partial redundancy in function revealed in this study might be 

an explanation for why siRNA screens in human and  Drosophila 
melanogaster  cells have yet to identify F-BAR proteins as impor-

tant players in the cell division process in those organisms ( Echard 

et al., 2004 ;  Eggert et al., 2004 ;  Kittler et al., 2007 ). Functional 

redundancy in the cell division process might be expected, as a 

robustly constructed and well-tethered contractile ring would de-

crease the likelihood of errors during cytokinesis. 

 What proteins are recruited through the Cdc15 and Imp2 

SH3 domains? We have identifi ed two here, Pxl1 and Fic1, but 

might largely be the result of a stoichiometric reduction in avail-

able SH3-binding spots at the ring rather than the failure of a 

specifi c component to be recruited. 

 Discussion 
 The majority of proteins known to associate with PCH family 

members do so through SH3 domain interactions (see table in 

 Chitu and Stanley, 2007 ). By examining the role of the SH3 do-

main in the founding member of this family,  S. pombe  Cdc15, we 

determined that this domain plays a supportive but nonessential 

role in cytokinesis. Similarly, the SH3 domain of Imp2 is clearly 

not the most important domain for Imp2 function. Unexpectedly, 

 Figure 8.    Contractile ring defects of  cdc15  Δ SH3  imp2  Δ SH3   spores.  (A – D) Spores of the indicated genotypes were germinated in the presence of hygromycin 
overnight and imaged as in Fig. 7 C. (E) Images were taken at 150-s intervals from a video of Rlc1-GFP and Sid4-GFP in the  cdc15  Δ SH3  imp2  Δ SH3   back-
ground. Time on the montage is indicated in minutes. Bars: (A – D), 2  μ m; (E) 5  μ m.   
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gests that some of its binding partners might play roles in ring 

remodeling or vesicle traffi cking. Fic1 might contribute to 

contractile ring stability by reinforcing interaction between the 

ring and membrane through its C2 domain; this model is sup-

ported by evidence that the  fi c1  homologue in  C. neoformans , 

 cts1 , binds phospholipids ( Fox et al., 2003 ). If the Fic1 C2 do-

main binds membranes, this would mean that Cdc15 and Imp2 

bind the plasma membrane directly through their N-terminal 

F-BAR domains and indirectly through their SH3 domains. We 

note that a signifi cant fraction of Cdc15 is immobile in the ring as 

determined by FRAP analysis ( Fig. 3 D ;  Clifford et al., 2008 ) and 

that this property of Cdc15 is compromised with the loss of the 

SH3 domain. Higher order redundancy of membrane tethering at 

the contractile ring might secure the ring, especially when forces 

increase during constriction.  S. cerevisiae  Inn1 tethers the con-

tractile ring to the plasma membrane ( Sanchez-Diaz et al., 2008 ), 

and this tethering may be accomplished through the F-BAR pro-

tein Hof1 as a result of their interaction in yeast two-hybrid as-

says ( Ito et al., 2001 ;  Tong et al., 2002 ). Unlike Fic1, Inn1 plays 

an essential role in  S. cerevisiae  cytokinesis. One possibility for 

differences in the relative requirements for  fi c1  and  INN1  might 

be that the actomyosin ring is connected to the cell cortex by 

many more proteins in  S. pombe  than in  S. cerevisiae . Fic1 shares 

some similarity to human MCTP1/2 (26% and 27%, respectively) 

and TOLLIP1; although these proteins have no described role in 

there are most likely others. Biochemical purifi cation of Cdc15 

SH3 domain – interacting proteins identifi ed a dozen candi-

dates that contain multiple PXXP motifs and localize to the 

contractile ring and/or cell tips (unpublished data). Some non-

overlapping partners might also exist based on our fi ndings 

that Imp2 (but not Cdc15) can be pulled from lysates by re-

combinant ubiquitin, presumably through its SH3 domain 

(Fig. S2 D), that a small percentage (2.3%) of  cdc15-imp2SH3  

fusion – expressing cells still show cytokinetic defects, and that 

Fic1 binds the two SH3 domains with somewhat different af-

fi nities. On this note, it will be informative to compare the 

overall binding specifi cities of these two SH3 domains even 

though the SH3 domain of Imp2 seems largely capable of re-

placing that of Cdc15. Clearly, the next step in expanding our 

understanding of how a mature contractile ring is constructed 

is to characterize other binding partners for the Cdc15 SH3 

domain, to determine whether each of these proteins binds to 

Imp2, and also to investigate whether other domains within 

the SH3-interacting proteins provide additional protein-tethering 

and/or membrane-binding capabilities. 

 What roles do SH3-binding proteins play at the contractile 

ring? Consistent with previous work emphasizing a role for 

Cdc15 in anaphase ( Wachtler et al., 2006 ), loss of just the Cdc15 

SH3 domain results in cells taking longer to undergo constriction 

and abscission. This late role for the SH3 domain of Cdc15 sug-

 Figure 9.    Pxl1 binds the SH3 domain of Cdc15 and functions in parallel with Fic1.  (A) Diagram of Pxl1 to scale. LIM domains are shown as gray ovals, 
and PXXP motifs are depicted as asterisks. The site of the truncation used in the in vitro binding assay is indicated with an arrow. (B) Coimmunoprecipitation 
of Cdc15 with HA-Pxl1 was performed as in Fig. 4 D. The asterisk indicates a background band, and the arrow marks the HA-Pxl1 bands. IP, immunopre-
cipitation; WB, Western blot. (C) in vitro binding assay was performed as in Fig. 4 E. Binding is indicated with an asterisk. (D) GFP- pxl1  and  cdc15  Δ SH3   
GFP- pxl1  strains were grown at 25 ° C and imaged live. (E) Spores were germinated and imaged as in Fig. 8 (A – D). BF, bright fi eld. Bars, 5  μ m.   
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anaphase onset but does not localize to nodes ( Demeter and 

Sazer, 1998 ; unpublished data), suggesting that its recruitment 

to the contractile ring occurs after that of Cdc15. Likewise, nei-

ther Pxl1 nor Fic1 localizes to nodes ( Fig. 5, A and B ;  Ge and 

Balasubramanian, 2008 ), indicating that SH3 domain binding 

partners are not recruited concomitantly with Cdc15. We note 

that although  cdc15  Δ SH3  imp2  Δ SH3   cells form nascent contractile 

rings, rings were not observed in any  cdc15  Δ SH3  imp2  Δ SH3   cells 

beginning to septate. We speculate that when forces on the ring 

increase at the onset of constriction and when scaffolding protein 

Mid1 leaves the contractile ring ( Sohrmann et al., 1996 ), the inte-

gration of additional proteins might be especially important to pre-

vent ring collapse. What regulates the timing of recruitment of 

these proteins? Given that Cdc15, Imp2, Fic1, and Pxl1 are all 

phosphoproteins ( Fankhauser et al., 1995 ; unpublished data), we 

suspect that phosphoregulation is involved. Also, among the many 

proteins recruited to the site of cell division are other modifi ers of 

protein function, including ubiquitinating and deubiquitinating en-

zymes ( Hermand et al., 2003 ;  Matsuyama et al., 2006 ). 

 Importantly, in addition to exposing the shared role of the 

SH3 domains of Cdc15 and Imp2, we have shown that Cdc15  Δ SH3  

cytokinesis, it is intriguing to think that they (and/or another of 

the 343 C2 domain – containing human proteins) might be acting 

orthologously to Fic1, Inn1, and Cts1. Also, although no clear 

paralogue of Fic1 exists in  S. pombe , 5 of its 15 C2 domain –

 containing proteins localize to the contractile ring or septum 

( Matsuyama et al., 2006 ), raising the possibility that they might 

act in concert with Fic1 during  S. pombe  cytokinesis. 

 The N-terminus of Pxl1 has been shown previously to 

target it to the contractile ring ( Pinar et al., 2008 ). This is 

consistent with our fi ndings that the N terminus of Pxl1 binds 

the SH3 domain of Cdc15 and that Pxl1 requires SH3 do-

mains to localize. Paxillins are large scaffolding proteins im-

portant for recruiting other adaptors and enzymes to focal 

adhesions (for review see  Schaller, 2001 ), and, therefore, it 

is likely that once Pxl1 has been recruited through SH3 do-

main interactions, it complexes with yet other proteins to an-

chor and extend the contractile ring. Interestingly, paxillin 

was recently found to be essential for mammalian cytokine-

sis ( Shafi khani et al., 2008 ). 

 When are SH3 domain – interacting proteins recruited by 

Cdc15 and Imp2? Imp2 localizes to the contractile ring before 

 Figure 10.    The Imp2 SH3 domain can fulfi ll most functions of the Cdc15 SH3 domain.  (A) The SH3 domain of Cdc15 was replaced with that of Imp2 at the 
endogenous  cdc15  locus. Cells were grown and stained as in Fig. 1 A. (B) Rlc1-GFP and Sid4-GFP were imaged live in wild-type (wt) and  cdc15-imp2SH3  
backgrounds. BF, bright fi eld. (C) Cdc15 and Imp2 are depicted as dimers at the membrane; F-BAR domains are shown as crescents, and SH3 domains 
are shown as dark ovals. In wild-type cells, both Cdc15 and Imp2 bind Fic1 (the C2 domain – containing protein) and possibly other proteins (Y). Cdc15 
binds to Pxl1 as well. In the absence of the SH3 domain of Cdc15, some proteins (Fic1, Pxl1, and Y) continue to localize to the contractile ring through 
Imp2, whereas other Cdc15-specifi c proteins (X) fail to localize. In the absence of the SH3 domains of either Imp2 or Cdc15, none of these proteins localize 
properly, resulting in cytokinetic failure. Bars, 5  μ m.   
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based on resistance to 5-fl uorourotic acid, and correct integration was veri-
fi ed by PCR.  fi c1 +   was deleted by homologous recombination as previously 
described ( Bahler et al., 1998 ). 

 For spore germination experiments, mating colonies were digested 
with glusulase in water. Spores were allowed to recover in YE at 32 ° C be-
fore overnight incubation at 25 ° C in the presence or absence of 50 – 100 
 μ g/ml hygromycin. 

 Molecular biology methods 
 To integrate  cdc15  Δ SH3  , the 5 �  noncoding region of  cdc15  was amplifi ed 
by PCR from genomic DNA using oligonucleotides containing 5 �  Sph1 
and 3 �  Pst1 sites and cloned into pIRT2 ( Hindley et al., 1987 ), and an 
Nde1 site was introduced at the end of the fl ank immediately before the 
Pst1 site by site-directed mutagenesis. All oligonucleotides were purchased 
from Integrated DNA Technologies. The 3 �  noncoding region was ampli-
fi ed by PCR from genomic DNA with oligonucleotides containing 5 �  
BamHI and 3 �  Sma1 sites. Finally, a  cdc15  cDNA (encoding amino acids 
1 – 752 plus a stop codon) with 5 �  Nde1 and 3 �  BamH1 site was cloned 
into the new vector using these sites. For integration of  cdc15-imp2SH3 , 
DNA encoding amino acids 610 – 670 of Imp2 was cloned behind the 
codon for amino acid 869 of Cdc15, and the restriction site was removed 
by site-directed mutagenesis. The aforementioned pIRT2/fl anks construct 
was used as a backbone. 

  cdc15  (amino acids 752 – 927) was amplifi ed by PCR from a cDNA-
containing plasmid and cloned into pGBT and pMAL2c vectors using EcoRI 
and BamHI sites.  imp2  (amino acids 584 – 670) was amplifi ed by PCR from 
a cDNA library and subcloned into pMAL2c using BamHI and Not1 sites. 
 fi c1 +   was amplifi ed from genomic DNA and cloned into pSK, and its intron 
was removed using a QuikChange Site-Directed Mutagenesis kit (Agilent 
Technologies).  fi c1 +   cDNA was then subcloned using Ase1 sites at both 
ends into a bacterial expression vector that produced a C-terminal His 6 -
tagged protein. DNA encoding amino acids 1 – 257 of Pxl1 was amplifi ed 
from genomic DNA, and introns were removed by site-directed mutagene-
sis. The resulting fragment was cloned into pGEX-2T using BamHI restric-
tion sites. All clones were sequenced in their entirety to ensure that mutations 
had not been introduced. Vectors to express ubiquitin tagged with GST 
at both N (GST-ubiquitin) and C (ubiquitin-GST) termini were a gift from 
L. Hicke (Northwestern University, Evanston, IL;  Stamenova et al., 2007 ). 

 Yeast two-hybrid screen 
 For construction of the  S. pombe  cDNA library, mRNA was purifi ed from 
wild-type cells, and cDNA was synthesized with the ZAP-cDNA kit (Agilent 
Technologies) using random primers. The resulting cDNA was ligated with 
EcoRI adaptors, and only 0.5 – 1.5-kb-long cDNAs were ligated into 
pGAD424 at its EcoRI site. The resulting plasmids were transformed and 
pooled, producing an amplifi ed library of 10 8  cfu/ml. 

 Yeast two-hybrid assays were performed as described previously 
( James et al., 1996 ).  S. cerevisiae  strain PJ69-4A containing the pGBT-
 cdc15SH3  plasmid was transformed with the pGAD cDNA library and in-
teracting pairs selected on media lacking histidine; plasmids were isolated 
as described previously ( Robzyk and Kassir, 1992 ). 

 Protein methods 
 Cell pellets were frozen in a dry ice/ethanol bath and lysed by bead 
disruption in NP-40 lysis buffer in either native or denaturing conditions 
as previously described ( Gould et al., 1991 ), except with the addition 
of 0.1 – 0.5 mM diisopropyl fl uorophosphate (Sigma-Aldrich). Proteins 
were immunoprecipitated by anti-HA (12CA5) or anti-FLAG (M2; 
Sigma-Aldrich) antibodies or a serum raised against GST-Cdc15 (amino 
acids 1 – 405; VU326; Cocalico Biologicals). Western blot analysis was 
performed as previously described ( Wolfe et al., 2006 ) except that sec-
ondary antibodies were conjugated to Alexa Fluor 680 (Invitrogen) or 
IRDye800 (LI-COR Biosciences) and visualized using an Odyssey ma-
chine (LI-COR Biosciences). 

 For purifi cation of Fic1-TAP, cells were lysed as described previously 
( Tasto et al., 2001 ), and protein was purifi ed on tosylactivated Dynabeads 
(Invitrogen) coated with rabbit IgG (MP Biomedicals). Purifi ed complexes 
were washed thoroughly and eluted with 0.5 M NH 4 OH and 0.5 mM 
EDTA or by TEV protease (Invitrogen) cleavage at 18 ° C for 1 h for use in 
immunoprecipitation experiments. For MS analysis, proteins were resus-
pended in 100 mM NH 4 HCO 3  and 8 M urea, reduced and alkylated with 
Tris (2-carboxyethyl) phosphine and iodoacetamide, and digested with se-
quencing-grade trypsin (Promega) after decreasing to 2 M urea. MS was 
performed as previously described ( McDonald et al., 2002 ) with the fol-
lowing modifi cations. Peptides were loaded onto columns with a pressure 

can perform the essential function of Cdc15; our previous obser-

vation that Cdc12 and Myo1 are recruited by the F-BAR domain 

of Cdc15 ( Carnahan and Gould, 2003 ) might be key to its essen-

tial role in contractile ring assembly. It is noteworthy that Imp2 

cannot compensate for this essential role, even when over-

produced ( Demeter and Sazer, 1998 ). Imp2  Δ SH3  also fulfi lled the 

major cytokinetic role of Imp2, suggesting that its key function 

in cytokinesis ( Demeter and Sazer, 1998 ) is also performed by 

another domain. Based on the presence of F-BAR domains, one 

common function of the Cdc15 and Imp2 N termini is likely to be 

inducing or maintaining membrane curvature. That two PCH 

family members contribute to cytokinesis with a common SH3 

domain function raises the question of whether their F-BAR do-

mains cause similar or distinct membrane curvatures. If the cur-

vatures generated by the two F-BAR domains differ, perhaps it is 

important to balance their presence temporally to achieve mem-

brane remodeling events key to successful cytokinesis. 

 In light of the unexpected functional overlap between the 

SH3 domains of Cdc15 and Imp2 as well as the distinction in func-

tion between their F-BAR and SH3 domains, it will be interesting 

to consider for other PCH family proteins (a) to what extent SH3 

domains are required for endogenous functions, (b) to what extent 

SH3 domains of proteins in this family act redundantly, and (c) 

whether F-BAR domains are involved in additional protein –

 protein interactions. Because some family members such as 

FCHO1/2 and PSTPIP2 and alternatively spliced versions of Cip4 

lack SH3 domains entirely ( Wu et al., 1998 ;  Dombrosky-Ferlan 

et al., 2003 ;  Katoh and Katoh, 2004 ), it would not be surprising 

to fi nd that many PCH proteins engage in protein – protein inter-

actions mediated by their F-BAR domains or else the gulf of protein 

sequence between F-BAR and SH3 domains, the function of which 

is undefi ned in any family member. The shared essential function 

of the SH3 domains of Cdc15 and Imp2 shown in this study, com-

bined with the observation that many PCH family members in 

higher eukaryotes bind the same proteins through their SH3 do-

mains (for review see  Chitu and Stanley, 2007 ) suggest a degree of 

cooperation between PCH family members as a whole that might 

be necessary for the completion of a variety of biological processes 

that involve membrane curvature remodeling. 

 Materials and methods 
 Yeast strains, media, and genetic methods 
 Strains (Table S1, available at http://www.jcb.org/cgi/content/full/
jcb.200806044/DC1) were grown in yeast extract (YE) media ( Moreno 
et al., 1991 ) except for the large-scale purifi cation, which was grown in 2 
liters of 4 ×  YE media.  nda3 -km311 cells were grown at 32 ° C and arrested 
at 17 ° C for 7 h.  cdc15 ,  fi c1 ,  imp2 , and  bzz1  were tagged endogenously 
at the 3 �  termini with GFP, CFP, YFP, TAP, FLAG 3 , HA 3 , mCherry, or linker-
GFP ( Sandblad et al., 2006 ) as previously reported ( Bahler et al., 1998 ). 
A lithium acetate method was used for all yeast cell transformations 
( Keeney and Boeke, 1994 ). Strain construction and tetrad analysis were 
accomplished through standard methods. Strains were also supplied by 
F. Chang (Columbia Medical Center, New York, NY), M. Balasubrama-
nian (Temasek Life Sciences Laboratory, Singapore), David Kovar (Univer-
sity of Chicago, Chicago, IL), and Pilar P é rez (Universidad de Salamanca, 
Salamanca, Spain). 

 Truncations of  cdc15  and  imp2  were generated by PCR-mediated 
insertions of stop codons or epitope tags after amino acids 752 and 869 
of Cdc15 and 499 of Imp2 ( Bahler et al., 1998 ). For integration at the en-
dogenous locus, pIRT2  cdc15  Δ SH3   or  cdc15-imp2SH3  with 5 �  and 3 �  non-
coding regions was used to rescue  cdc15 Δ  . Integrants were recovered 
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 Online supplemental material 
 Fig. S1 shows that the Cdc15 SH3 domain plays a role in cytokinesis. Fig. 
S2 shows the SH3 domain binding partner that was identifi ed. Fig. S3 
shows a characterization of Fic1. Fig. S4 shows a characterization of the 
interaction between Fic1 and Imp2. Fig. S5 shows the genetic interaction 
between  pxl1 Δ   and  fi c1 Δ   and characterization of  cdc15-imp2SH3  fusion. 
Video 1 shows Rlc1-GFP live cell imaging. Videos 2 and 3 show Rlc1-
GFP live cell imaging in the  cdc15  Δ SH3   mutant and  cdc15  Δ SH3  imp2  Δ SH3   
double mutant backgrounds, respectively. Table S1 shows the strains used 
in this study. Online supplemental material is available at http://www.jcb
.org/cgi/content/full/jcb.200806044/DC1. 
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