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Formins are a family of multidomain scaffold proteins involved in actin-dependent morphoge-
netic events. In Aspergillus nidulans, the formin SEPA participates in two actin-mediated processes,
septum formation and polarized growth. In this study, we use a new null mutant to demonstrate
that SEPA is required for the formation of actin rings at septation sites. In addition, we find that
a functional SEPA::GFP fusion protein localizes simultaneously to septation sites and hyphal tips,
and that SEPA colocalizes with actin at each site. Using live imaging, we show that SEPA
localization at septation sites and hyphal tips is dynamic. Notably, at septation sites, SEPA forms
a ring that constricts as the septum is deposited. Moreover, we demonstrate that actin filaments
are required to maintain the proper localization pattern of SEPA, and that the amino-terminal half
of SEPA is sulfficient for localization at septation sites and hyphal tips. In contrast, only localization
at septation sites is affected by loss of the sepH gene product. We propose that specific morpho-
logical cues activate common molecular pathways to direct SEPA localization to the appropriate

morphogenetic site.

INTRODUCTION

The actin cytoskeleton functions in numerous cellular pro-
cesses, including cell motility, organelle and vesicle trans-
port, morphogenesis, and cytokinesis. To perform these
multiple tasks, the actin cytoskeleton is controlled by nu-
merous regulatory and accessory proteins that direct the
polymerization of actin monomers into filaments and the
cross-linking of filaments into a network (Ayscough, 1998;
Chen et al., 2000). Assembly and organization of the actin
cytoskeleton is linked to environmental and intracellular
signals by multiple pathways (Schmidt and Hall, 1998). Key
regulators of these pathways are members of the Rho family
of low molecular weight GTPases. Rho GTPases are mem-
brane-bound proteins that act as molecular switches to relay
spatial and temporal information to effectors that reorganize
the actin cytoskeleton (Tanaka and Takai, 1998). Among the
effectors of Rho GTPases are proteins that contain multiple
protein—protein interaction domains and appear to function
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as molecular scaffolds (Bishop and Hall, 2000). Scaffold pro-
teins integrate incoming signals with actin cytoskeleton dy-
namics by interacting with both the signaling proteins and
actin-binding proteins. Examples include the ezrin/radixin/
moesin, enabled/vasodilator-stimulated phosphoprotein,
Wiskott-Aldrich syndrome protein/Wiskott-Aldrich syn-
drome protein-interacting protein, and formin families of
proteins (Frazier and Field, 1997; Beckerle, 1998; Wasser-
man, 1998; Bretscher, 1999; Ramesh et al., 1999; Zeller et al.,
1999; Mullins, 2000).

Formins are conserved from fungi to humans and are
characterized by the presence of two conserved carboxy-
terminal regions, the FH1 and FH2 domains (Emmons ef al.,
1995). The proline-rich FH1 domain interacts with SH3 and
WW domain-containing proteins, as well as with the actin
monomer-binding protein profilin (Chan et al., 1996;
Manseau et al., 1996; Uetz et al., 1996; Bedford et al., 1997;
Chang et al., 1997; Evangelista et al., 1997; Imamura et al.,
1997, Watanabe et al., 1997; Kamei et al., 1998). The FH2
domain interacts with the actin-binding proteins Bud6p and
elongation factor 1a (Evangelista et al., 1997; Umikawa et al.,
1998), as well as with Smy1p, a kinesin-related protein that
may function in actin filament-based transport (Kikyo et al.,
1999). Three other domains located in the amino-terminal
half of formins may be conserved: the Rho GTPase-binding
site (Kohno ef al., 1996; Evangelista ef al., 1997; Imamura et
al., 1997; Watanabe et al., 1997), the FH3 domain (Petersen et
al., 1995), and the Spa2p-binding domain (Fujiwara et al.,
1998). The FH3 domain and Spa2p-binding domain are
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thought to regulate the localization of formins to sites of cell
surface remodeling (Petersen et al., 1998; Ozaki-Kuroda et al.,
2001).

Phenotypic characterization of formin mutants has pro-
vided evidence that formins are required for actin function.
For example, during cytokinesis, actin rings fail to form in
Schizosaccharomyces pombe cdc12 and Drosophila melanogaster
dia mutants (Chang et al., 1997; Afshar et al., 2000). In con-
trast, actomyosin rings form at the mother/bud neck in
Saccharomyces cerevisiae bnil mutants, but they do not con-
tract (Vallen et al., 2000). Furthermore, actin fails to localize
to tips of mating projections during conjugation in bnil and
S. pombe fus1 mutants (Evangelista et al., 1997; Petersen et al.,
1998). Consistent with their role in actin cytoskeletal orga-
nization, most formins colocalize with actin at sites of po-
larized growth or with the actin ring during cytokinesis
(Chang et al., 1997; Evangelista et al., 1997; Fujiwara et al.,
1998; Petersen et al., 1998; Swan et al., 1998; Afshar ef al.,
2000; Ozaki-Kuroda et al., 2001).

Conidiospores of the filamentous fungus Aspergillus nidu-
lans undergo a series of morphogenetic events during ger-
mination (Harris, 1997). Initially, conidiospores undergo a
period of isotropic swelling, which is followed by a switch to
apical growth and the subsequent emergence of a germ tube.
Apical (tip) growth is maintained throughout the life of a
hypha, and, unlike what occurs in budding or fission yeast,
it is not interrupted during septation. Septation occurs once
cells have satisfied a size requirement and completed at least
one round of mitosis (Wolkow et al., 1996). Experiments with
cytochalasin A, an actin-depolymerizing drug, demonstrate
that actin filaments are required for both apical growth and
septation (Harris et al., 1994; Torralba et al., 1998). Consistent
with its function, actin localizes to both hyphal tips and
septation sites (Harris ef al., 1994). Like actin, the sepA gene
product functions in a number of morphogenetic processes;
the temperature-sensitive (ts) sepAl mutant fails to septate at
restrictive temperature, displays a defective tip growth pat-
tern, and has abnormally wide hyphae (Morris, 1976). Mo-
lecular characterization has revealed that sepA encodes a
formin (Harris et al., 1997).

In this study, we characterize the role of SEPA during
septum formation and tip growth by constructing a new null
allele and by determining the localization pattern of a func-
tional SEPA::GFP fusion protein. In addition, we provide
initial insight into the mechanisms underlying the simulta-
neous targeting of SEPA to distinct structures within hyphal
cells.

MATERIALS AND METHODS
Aspergillus Strains and Growth Methods

Strains used in this study are described in Table 1. All genetic
manipulations were performed as described previously (Harris et
al., 1994). The following media were used: MAG (2% dextrose, 2%
malt extract, 0.2% peptone, trace elements, and vitamins; pH 6.5),
YGV (2% dextrose, 0.5% yeast extract, and vitamins), and MN (1%
dextrose, nitrate salts, trace elements, and biotin; pH 6.5). Arginine
(1 mM), uridine (5 mM), and uracil (10 mM) were added as needed.
Trace elements, nitrate salts, and vitamins were added as described
in the appendix to Kafer (1977). For solid media, 1.5% agar was
added.
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Table 1. A. nidulans strains used in this study

Strain Genotype Source
A28° pabaA6 biAl FGSC?
AH13 wA3; argB2; chaAl Lab stock
AJM68  pyrG89; wA3; sepH1; pyroA4 Bruno et al., 2001
ALH1 sepA4ABm Harris et al., 1997
AMLY  pyrG89 pabaAl; argB2 Lab stock
AMLI13  pabaAl yA2; argB2; chaA1? Lab stock
ASH35  sepAl yA2; argB2 Harris et al., 1997
ASH162 pyrG89 pabaAl yA2 Lab stock
AKS6 sepAGAFH ::argB; wA2; argB2; This study
chaAl
AKS64  sepAl yA2; sepA::gfp:iargB argB2 This study
AKS65  sepAl yA2; sepA::gfp:iargB argB2 This study
AKS70  sepA::gfp:ipyr-4; pyrG89 pabaAl This study
yA2
AKS71  sepA::gfp::pyr-4; pyrG89; wA3; This study
sepH1; pyroA4
AKS76  yA2; sepA::gfp:iargB argB2; chaAl This study
AKS82  sepA(aal-838)::gfp::pyr-4; pyrG89 This study
pabaAl yA2
AKS84  sepA(aal-132)::gfp::pyr-4; pyrG89 This study
pabaAl yA2

2@ Fungal Genetics Stock Center, Department of Microbiology, Uni-
versity of Kansas Medical Center, Kansas City, KS 66160-7420.

DNA Techniques

Subcloning was performed using standard methods (Sambrook et
al., 1989) except that the TOPO TA Cloning kit (Invitrogen, Carsl-
bad, CA) was used to subclone polymerase chain reaction (PCR)
fragments of sepAl into pCR2.1-TOPO. PCRs were carried out using
Vent or Tag polymerase (Invitrogen). GC-rich PCR was performed
using the Advantage-GC Genomic PCR kit (CLONTECH, Palo Alto,
CA) or the PCRy Enhancer System (Invitrogen). PCR primer se-
quences are available on request. Sequencing and oligonucleotide
synthesis were performed by the Molecular Core Facility at the
University of Connecticut Health Center. The sepA sequence has
been updated in GenBank (accession number U83658).

Isolation of DNA from A. nidulans and transformations were
performed using standard procedures (Timberlake, 1990; Oakley
and Osmani, 1993). Southern blots were analyzed using digoxige-
nin-labeled probes and nonradioactive detection (Roche Molecular
Biochemicals, Indianapolis, IN).

Plasmid Constructs

The plasmid containing sepA::¢fp, pKES59, was constructed in mul-
tiple steps. A unique NotI site that replaced the sepA stop codon was
constructed using PCR to amplify a 333-base pair fragment of sepA.
This fragment was subcloned into pYESTrp (Invitrogen) by using an
internal Sphl site and the NofI site from the primer. Using the Sphl
site and a Kpnl site 3’ to the Notl site, the fragment was ligated into
PKES1, a plasmid containing most of sepA (HindIlI to Sphl) (Harris
et al., 1997). The resulting plasmid, pKES30, contains the entire sepA
gene (5422 base pairs without the stop codon) followed by unique
Notl and Kpnl sites, plus 964 base pairs of upstream sequence. PCR
was used to incorporate Notl sites on both ends of gfp from pMCB32
(Fernandez-Abalos et al., 1998). pMCB32 contains a codon-modified
version of green fluorescent protein (GFP), which is optimized for
expression in mammals and plants and carries the S65T substitu-
tion. gfp was ligated in-frame with sepA in the NotI site of pKES30,
resulting in the plasmid pKES46.

Molecular Biology of the Cell



On the 5’ end, a Kpnl site was incorporated just 3’ of the HindIIl
site by PCR of a 982-base pair fragment of sepA. This fragment was
subcloned into pKES46 by using an internal SnaBl site and the
HindIII site, resulting in a plasmid (pKES58) containing sepA::gfp
flanked by Kpnl sites. pKES59 was constructed by subcloning the
sepA::gfp gene fusion by using the Kpnl sites into the pyr-4—contain-
ing vector pRG3 (Waring et al., 1989).

Another plasmid containing sepA::g¢fp, pKES56, was also con-
structed from pKES46. pKES56 contains a truncated allele of argB
that will target integration of sepA::gfp to the argB locus. The trun-
cated allele of argB was made by PCR with pSDW194 (James et al.,
1999). The truncated argB gene was then cloned into pCR2.1-TOPO
resulting in pKES55. pKES56 was constructed by subcloning the
truncated argB gene from pKES55 into pKES46 (sepA::gfp).

PKES20 was constructed by subcloning an ~3.5-kb Sacl fragment
from pON48 (Harris et al., 1997) into pYESTrp (Invitrogen). This
fragment contains the last 2779 base pairs of sepA and 0.7 kb of
downstream sequence.

The sepA disruption plasmid pKES14 was constructed in three
steps. First, a 5’ piece of sepA from pKES1 (a 1.3-kb HindIII-BamHI
fragment) was ligated into pUC18, resulting in plasmid pKES12.
Second, a BamHI fragment from pSalArgB (Miller ef al., 1987) con-
taining the argB gene was ligated into the BamHI site of pKES12,
resulting in plasmid pKES13. Third, pKES14 was constructed by
ligating a 3" piece of sepA from pON48 (a 3-kb Mfel-EcoRI fragment)
into the EcoRI site of pKES13.

pKES63 and pKES64, two plasmids containing 5’ sepA fragments
fused to gfp, were constructed from pKES58. A 1.3-kb Kpnl-BamHI 5’
fragment of sepA was subcloned from pKES58 into pRG3, resulting
in plasmid pKES61. PCR of pMCB32 was performed to incorporate
a 5’ BamHI site and a 3" Sphl site onto the ends of gfp. The PCR
fragment containing gfp was subcloned into pCR2.1-TOPO, result-
ing in plasmid pKES62. gfp from pKES62 was subsequently sub-
cloned downstream of the sepA fragment in pKES61 by using the
BamHI and Sphl sites, resulting in plasmid pKES63. pKES63 con-
tains 0.96 kb of upstream sequence plus 399 base pairs of sepA
sequence fused in-frame to gfp, encoding a predicted fusion protein
of 371 amino acids (aa) (132 aa of SEPA plus 239 aa of GFP). pKES64
was constructed by subcloning a 2115-base pair BamHI sepA frag-
ment into the BamHI site of pKES63. pKES64 contains 0.96 kb of
upstream sequence plus 2514 base pairs of sepA sequence fused
in-frame to gfp, encoding a predicted fusion protein of 1077 aa (838
aa of SEPA plus 239 aa of GFP). The strains AKS84 and AKS82
(Figure 8A) were obtained by transforming strain ASH162 with
PKES63 and pKES64, respectively.

Immunofluorescence Microscopy and Live Imaging

Coverslips with adherent cells were processed for microscopy and
stained with Calcofluor (American Cyanamid, Wayne, NJ) and
Hoechst 33258 (Molecular Probes, Eugene, OR) to visualize septa
and nuclei, respectively (Harris et al., 1994). Immunofluorescence
microscopy for detection of the actin cytoskeleton was performed
using standard protocols (Harris ef al., 1999). Mouse C4 monoclonal
anti-actin antibody (ICN Biomedicals, Aurora, OH) diluted at 1:400
was used as the primary antibody. Texas Red-conjugated goat an-
timouse antibodies diluted at 1:100 were used as secondary anti-
bodies (Jackson Immunoresearch Laboratories, West Grove, PA).
SEPA::GFP was observed by fluorescence microscopy with a stan-
dard fluorescein isothiocyanate filter, and images were captured
using an Axioplan charge-coupled device camera. Slides were also
viewed using an Olympus BX60 microscope. Images were pro-
cessed and printed using Adobe Photoshop and Adobe Illustrator
(Adobe Systems, Mountain View, CA) and Microsoft PowerPoint
(Microsoft, Redmond, WA). Counts of septa, SEPA at tips and SEPA
rings are based on the means of at least three separate experiments
in which the number of cells counted (n) usually equaled 100.
Cytochalasin A (Sigma, St. Louis, MO) was used at a final concen-
tration of 2 pug/ml from a 1 mg/ml stock made in dimethyl sulfox-
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A. nidulans Formin SEPA

A SEPA| [FH3] Fuf|  FH2 | |

sepAl: L-t* S, 1369

B A. nidulans SEPA SVSIMNVLGLILDIGNFMN
N. crassa cntgl.1283 SVSLMNVLGLILDIGNYMN

S. cerevisiae Bnilp SDNLRNVFNVILAVGNFMN
S. cerevisiae Bnrlp SPKFKSIMFIITEIGNHMN
S. pombe Cdcl2p SKVFKGLLYLILYLGNYMN
S. pombe Fuslp SLHFKYFLNLVLHIGNFMN
C. elegans CYK1 SEGFRTFLELVLATGNFMG
D. melanogaster DIA SKKFSKILELILLLGNYMN
D. melanogaster CAPU SEDLKLVFSIILTLGNYMN
G. gallus Fmnl IV MTSVEEILGLILAFGNYMN
M. muscaris Fmnl IV MKSVKDILALILAFGNYMN
M. muscaris Fmn2 GPGVMOVLGLVLAFGNYMN
M. muscaris mDIAl SENFSSLLELTLLVGNYMN
M. muscaris mDIA2 SKGFSKLLELVLLMGNYMN

sapiens hDIAl SESFSNLLEITLLVGNYMN

oo

sapiens hDIA2 ESFNRLLEL LLVGNYMN

Figure 1. Location of the sepAl mutation. (A) Schematic drawing
of SEPA depicting the FH3, FH1, and FH2 domains. An arrow
indicates the location within the FH2 domain of the L1369S muta-
tion. (B) Alignment of formin family members highlighting the
conservation of the hydrophobic residue (boldface) altered in sepA1.
Sequences were aligned using the CLUSTALw program.

ide (DMSO). We were unable to determine the localization of SEPA
in two sep mutants, sepD5 and sepG1, because GFP is no longer
stable at the lowest temperature that these mutants fail to form septa
(ie., 42°C).

Live imaging was performed using an Olympus IX70 inverted
fluorescence microscope with a HiQ fluorescein filter set and 100-W
Hg lamp. Cells were grown in YGV on coverslips sealed over a hole
punched out of a Petri dish on a Bioptechs heated stage as described
previously (Xiang ef al., 2000). Images were obtained using a Prince-
ton Instruments 5-MHz MicroMax cooled charge-coupled device
camera system and IPLab software (Scanalytics, Fairfax, VA). Image
sequences were then converted into Quicktime. Live imaging of
SEPA::GFP at hyphal tips was acquired from 13-h and older hyphae
(28°Q).

RESULTS

The sepAl Temperature-sensitive Mutation Lies in
Highly Conserved Amino Acid in FH2 Domain

The sepA gene was originally identified by the ts sepAl
mutation (Morris, 1976). The nature and location of this
mutation were determined by sequencing pooled PCR reac-
tions of genomic DNA from a sepAl strain, ASH35. To
localize the sepAl mutation, ASH35 was first transformed
with fragments of sepA to determine which sequences can
repair the mutation. Ts* transformants were obtained using
pKES20, a plasmid containing the last 2778 bases of sepA
(our unpublished results). This region of sepAl was there-
fore cloned and sequenced to identify the mutation. A single
mutation was found, a T:A-to-C:G transition at base pair
4106, which changes amino acid 1369 from leucine (TTA;
wild-type) to serine (TCA) (Figure 1A). Notably, this hydro-
phobic-to-hydrophilic substitution lies in a highly conserved
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BamH1 BamH1 Mfel
A SEPA] [FH3] Pl FH2 | ||

replaced by argB

Figure 2. Comparison of two sepA deletion mutants, sepA4ABm
and sepA6AFH. (A) Schematic drawing of sepA indicating the se-
quences replaced by argB in sepA4ABm and sepA6AFH. (B)
sepA6AFH and SepA+ hyphae from a mixed spore population har-
vested from the AKS6/ AML13 heterokaryon grown for 18 h in YGV
medium and stained to visualize nuclei. An arrow indicates a
sepA6AFH germling surrounded by wild-type hyphae. (C)
sepA6AFH fails to produce septa and displays dichotomous branch-
ing. Strain AKS6 grown for 44 h in MN medium and stained to
show nuclei and septa. Inset shows hyphae stained only to visualize
nuclei. (D) sepA4ABm septates after a delay. Arrows indicate septa
that have formed in ALH1 (sepA4ABm) grown for 17 h. (E) Multiple
septa (arrows) in a wild-type strain (A28) after 24 h of growth. Bars,
12 pm.

residue within the FH2 domain (Figure 1B). The sepA1 mu-
tation may disrupt protein-protein interactions of the FH2
domain, or the sepAl protein product may be unfolded and
degraded at high temperature.

sepA Is Required for Septation

In previous work, a sepA disruption strain, ALHI1
(sepA4ABm), was constructed and shown to have a ts growth
defect (Harris et al., 1997). In addition, it was found that
sepA4ABm strains produce septa after a long delay. Because
the ts sepAl allele never produces septa at the restrictive
temperature, we questioned whether the sepA4ABm strain
displays the true null phenotype. To test this, we con-
structed a new sepA disruption strain in which a larger piece
of the gene, including the conserved FH1 and FH2 regions,
was replaced. The new sepA6AFH strains are missing a 4668-
base pair BamHI-Mfel fragment, whereas the sepA4ABm
strain is missing a 2135-base pair BamHI fragment (Figure
2A).

The new sepA disruption strains were constructed by
transforming strain AH13 with uncut pKES14. We screened
250 Arg+ transformants for restricted colonial growth be-
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cause sepAl strains exhibit this phenotype. Three transfor-
mants displayed restricted colonial growth and failed to
produce conidiating colonies. These transformants
(sepA6AFH) were propagated as heterokaryons with AML13
(argB). Growth of the two types of spores harvested from the
heterokaryon can be controlled using different media; both
wild-type and sepA6AFH hyphae grow in media supple-
mented with arginine such as YGV (Figure 2B), whereas in
MN media, only sepA6AFH spores grow (Figure 2C, inset).
Analysis of each transformant by Southern blotting of DNA
obtained from strains grown in MN and YGV confirmed that
sepA had been replaced with argB in sepA6AFH hyphae (our
unpublished results). We thus conclude that sepA is not an
essential gene, although it is required for conidiation.
Similar to sepA4ABm strains, the sepA6AFH disruptants
display dichotomous branching (split tips) and contain hy-
phae that are 1.5-2.5 times wider than normal (Figure 2, B
and C). However, unlike sepA4ABm colonies, sepA6AFH col-
onies display restricted colonial growth at all temperatures.
Moreover, sepA6AFH strains do not septate, even after >40 h
of growth (Figure 2C), whereas sepA4ABm strains (Figure
2D) and wild-type strains (Figure 2E) contain multiple septa
after shorter periods of growth. From these observations, we
conclude that SEPA is required for septum formation.

sepA Is Required for Actin Ring Formation

Septation in A. nidulans is preceded by the formation and
constriction of an actin ring (Momany and Hamer, 1997).
Because sepA is required for septation, we next asked
whether it plays a role in actin ring formation. A mixed
spore population from the sepA6AFH heterokaryon was in-
oculated into selective MN media, allowing only sepA6AFH
spores to germinate, and actin was visualized by immuno-
fluorescence after 20 h. In wild-type cells, actin localizes to
hyphal tips, in rings at septation sites, and in cortical spots
(Figure 3A). However, in sepA6AFH strains, actin was ob-
served only at hyphal tips and in cortical spots; no actin
rings were observed (n = 100; Figure 3, B and C). Thus,
SEPA is required for actin ring formation, but not for actin
localization at hyphal tips and cortical spots.

SEPA Displays Dynamic Localization at Septation
Sites and Hyphal Tips

Based on its role in septation and polarized growth, we
predicted that SEPA would localize to sites of septation and
to hyphal tips. To test these predictions, we constructed
plasmids encoding SEPA::GFP fusion proteins (see MATE-
RIALS AND METHODS). pKES56 also contains a truncated
version of argB to target integration to the argB locus, and
PKES59 contains the Neurospora crassa pyr-4 gene, which can
complement the A. nidulans pyrG89 mutation. These con-
structs were transformed into strains ASH35 (sepAl) and
ASHI162 (wild-type), respectively. Analysis of Southern blots
revealed that two ASH35 transformants, AKS64 and AKS65,
contain a single copy of sepA::gfp integrated at the argB locus
(our unpublished results). Because these transformants
grow and septate like wild-type at the restrictive tempera-
ture (our unpublished results), we conclude that SEPA::GFP
is functional.

The strains transformed with pKES59 displayed differ-
ences in brightness. These differences may be due to differ-

Molecular Biology of the Cell



Figure 3. sepA6AFH cells fail to make actin rings, but localize actin
properly to hyphal tips and cortical spots. (A) A28 (wild-type)
germlings stained with anti-actin antibodies. Arrows indicate rings
at septation sites; the cortical spots are not visible in this image. (B
and C) sepA6AFH spores from an AKS6/AMLI13 heterokaryon
grown in MN medium and stained with anti-actin antibodies. The
ungerminated spores in B are wild-type sepA spores, which do not
grow in MN medium because they remain Arg~. Bars, 2 um (A) or
4 pm (B and C).

ent numbers of plasmid integration events, resulting in vari-
able levels of expression of SEPA:GFP. We isolated strains
expressing SEPA:GFP at a level sufficient for good imaging.
For example, one of these strains, AKS70, was shown by South-
ern blotting to contain more than five copies of the sepA::gfp
construct (our unpublished results). To ensure that the pattern
of SEPA::GFP localization in these strains was not an artifact of
overexpression, we also examined strain AKS76, a daughter of
a cross between AKS65 and AH13 (note that AKS76 was used
because it possesses a wild-type allele at the sepA locus; Table
1). The SEPA::GFP localization pattern in AKS76 was indistin-
guishable from the pattern exhibited by the brighter strains
(compare Figure 4A with B). In addition, we have observed
seemingly aberrant localization of SEPA::GFP when it is over-
expressed under the inducible alcA promoter (our unpublished
results). Because we do not observe a similar aberrant localiza-
tion pattern in strains containing multiple copies of sepA::gfp,
we conclude that these strains display normal localization of
SEPA, only brighter.

In AKS70, SEPA::GFP localized faintly to the cytoplasm
and brightly to the tips of hyphae and at septation sites
(Figure 4B). Localization to both sites occurred simulta-
neously during septation. SEPA::GFP was found at hyphal
tips in 100% of cells (n = 100), typically as a crescent (Figure
4B); 80% of the cells also showed a bright spot near the tip.
SEPA::GFP was seen at sites of septation in 20% of cells (n =
100) after 13 h of growth at 28°C.

Using live imaging, we have observed the dynamics of
SEPA::GFP localization at sites of septation. SEPA-GFP ap-
pears as a spot and then as a ring-like structure that con-
stricts into a dot and eventually disappears (Figure 5A;
supplemental movies 1, 2, and 8). Five such ring sequences
were obtained and analyzed (Table 2). At 28°C, formation of
the ring from a spot took from 1.5 to 9 min, the full-size ring
was present from 3 to 11.5 min, and ring constriction and
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A. nidulans Formin SEPA

Figure 4. SEPA:GFP localizes to sites of septation and to hyphal tips.
(A) Localization of SEPA::GFP to septation sites and hyphal tips in a
strain (AKS76) carrying one copy of sepA::gfp. Arrows indicate ring
structures. (B) Localization of SEPA::GFP in a strain (AKS70) carrying
multiple copies of sepA::gfp. The asterisk indicates SEPA::GFP located
to a presumptive site of germ tube emergence. Bars, 3 um.

disappearance took from 21.5 to 35 min. The length of the
entire process ranged from 29 to 43.5 min.

At hyphal tips, the SEPA::GFP spot and crescent were also
dynamic. In the live image sequences, the location of the
spot and crescent changed as the tip extended, usually mov-
ing toward the direction of growth (Figure 5B; supplemental
movies 3 and 4). Notably, at sites of germ tube emergence
(Figure 4B, asterisk) and at new branches (our unpublished
results), SEPA appeared just before outgrowth. Thus, SEPA
localization at both septation sites and hyphal tips is dy-
namic and may anticipate the location of growth and cell
wall deposition.

SEPA and Actin Colocalize at Septation Sites and
Hyphal Tips

Because SEPA localized to two cellular locations where actin
is also present, and SEPA is required for actin ring forma-
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Figure 5. SEPA:GFP ring dynamics. Times are indicated in min-
utes. (A) Stills from the live imaging sequence also presented as
supplemental movie 1. The arrow indicates the spot of SEPA::GFP
visualized before the ring (see DISCUSSION). The final still in the
series shows a brightfield image of the same cell taken after the live
imaging sequence. An arrow points to the septum that has formed.
(B) Stills from the live imaging sequence also presented as supple-
mental movie 3. Bar, 3 um.

tion, we asked whether SEPA and actin colocalize. In addition,
we compared SEPA and actin localization to septum dynamics
by localizing the major septum component, chitin. At sites of
septation, SEPA::GFP colocalized with actin at all stages, in-
cluding the full-size ring and the constricted rings, which ap-
pear as hourglass shapes (Figure 6, A-D). Hourglass shapes are
not observed during live imaging and appear to be due to the
separation of cell membranes from cell walls, which may occur
during fixation. At tips of hyphae, actin appears in a tip-high
gradient that extends subapically. SEPA colocalizes with actin
at the very tip (Figure 6, E and F).

Actin Filaments Are Required to Maintain Normal
Patterns of SEPA Localization

Because actin and SEPA colocalize, actin filaments could
conceivably regulate SEPA dynamics at septation sites, hy-

474

Table 2. Timing of SEPA ring dynamics (28°C)

Ring
Ring
dynamics? 1 2b 3¢ 4 5
NS 2 (min) 8 ~5 15 9
O (no change) 3 11.5 45 7 4
— 24 ~24 28 35 21.5
Total time 29 ~43.5 ~37.5 43.5 34.5

2 Three stages of ring dynamics are shown: formation of the ring
from a single spot, maintenance of a full-size ring, and ring con-
striction (and disappearance).

P Ring 2 goes out of focus, allowing only an approximation of the
constriction time to be made.

¢ Ring 3 is just starting to form at the start of the sequence, allowing
only an approximation of the formation time to be made.

phal tips, or both. To test this notion, the location of
SEPA::GFP was determined in strains treated with cytocha-
lasin A, an inhibitor of actin polymerization (Torralba et al.,
1998). At septation sites, cytochalasin A disrupted the con-
striction and disappearance of the SEPA ring. Instead, SEPA
accumulated, forming “beads” at septation sites (Figure 7A;
supplemental movie 5). In A. nidulans, cytochalasin A dis-
rupts polarized growth at hyphal tips, causing them to swell
(Torralba et al., 1998). Cytochalasin A also disrupted the
pattern of SEPA localization at hyphal tips; SEPA accumu-
lated and formed beads that dispersed around the swollen
tips (Figure 7B; supplemental movie 6). Control treatment
with DMSO did not affect either the dynamics of SEPA ring
constriction or the dynamics of SEPA at hyphal tips (sup-
plemental movies 7 and 8). In addition, benomyl, a micro-
tubule-destabilizing drug, had no effect on SEPA ring con-
striction or localization at hyphal tips (our unpublished
results). These observations suggest that actin filaments, but
not microtubules, are required for the maintenance of dy-
namic SEPA structures at both hyphal tips and septation
sites.

sepH Is Required for SEPA Localization at
Septation Sites

sepH1 was identified in a screen for ts mutants that fail to
septate at restrictive temperatures of =37°C (Harris et al.,
1994; Table 3). sepH encodes a ortholog of S. pombe Cdc7p, a
protein kinase required for signaling during septation
(Bruno et al., 2001). To determine whether the sepH gene
product is required for SEPA localization, plasmid pKES59
(sepA::gfp) was transformed into the sepHI strain, AJM68.
Southern analysis showed that the resulting strain, AKS71,
contains more than five copies of the sepA::gfp construct (our
unpublished results). At 37°C, SEPA:GFP in AKS71 local-
izes to hyphal tips but not to septation sites (Table 3). Thus,
SEPH is required for SEPA ring formation, but not for lo-
calization of SEPA at hyphal tips.

The Amino-Terminal Half of SEPA Is Sufficient to
Localize GFP to Septation Sites and Hyphal Tips

We hypothesized that different domains within SEPA might
direct it to septation sites and the hyphal tip. To begin
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SEPA::GFP
A

Actin Septa & Nuclei

Septa &
Nuclei

Figure 6. SEPA:GFP and actin colocalize in ring structures and at
the hyphal tip. (A-D) Strain AKS70 (sepA:gfp) was stained with
anti-actin antibodies, Calcofluor, and Hoechst 33258 to visualize
actin, septa, and nuclei. Images are ordered by their stage of septa-
tion from earliest to latest. (A) SEPA::GFP and actin rings are visible,
but no septal material is present. (B) SEPA::GFP and actin rings have
started to constrict and a faint septal ring is present (arrowheads).
The arrow indicates a mature septum, which is brighter than the
septal ring; SEPA::GFP and actin are absent at this stage. (C and D)
SEPA::GFP and actin colocalize during constriction, appearing as
hourglass shapes (see text). (E) SEPA:GFP and actin colocalize at
the very tips of hyphae in strain AKS70. (F) Control showing that
fluorescence due to actin staining is not visible using the fluorescein
isothiocyanate filter used for GFP. Also shown are actin, septa, and
nuclei in wild-type strain A28, which lacks SEPA::GFP. Bars, 3 um.

defining such domains, we made SEPA::GFP constructs that
contained the first 132 or the first 838 amino acids of SEPA
fused to GFP (see MATERIALS AND METHODS; Figure
8A). The longer protein (in strain AKS82) localized to both
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Figure 7. Effect of cytochalasin A on SEPA:GFP ring dynamics.
Strain AKS70 was grown for 13 h and treated with 2 mg/ml cy-
tochalasin A. Times (min) since addition of the drug are indicated.
(A) A septation site (see supplemental movie 5). Bar, 1.5 um. (B) A
hyphal tip (see supplemental movie 6). Bar, 3 um.

septation sites and hyphal tips, indicating that the amino-
terminal half of SEPA (including the FH3 domain), can
direct SEPA to each of these locations (Figure 8, B and C). In
contrast, the shorter protein failed to localize to specific sites
and remained cytoplasmic (Figure 8D).

Interestingly, the pattern of GFP localization at hyphal
tips in AKS82 cells was different from that of full-length
SEPA::GFP. Specifically, the crescents were broader, and no
bright spots are observed in AKS82 cells (Figure 8C; cf.
Figure 4B). Thus, the carboxy terminus of SEPA, which
includes the FH1 and FH2 domains, is required for the
formation of SEPA spots and for confining SEPA localization
within the hyphal tip. In contrast, it appears to be dispens-
able for localization to septation sites.

Notably, although strain AKSS82 still contains a wild-type
sepA gene, its cells are also delayed in septation. After 12 h
of growth in YGV, hyphae expressing full-length sepA::gfp
(AKS70) and AKS82 hyphae are similar in size and have
undergone a similar number of mitoses (our unpublished
results). However, the majority (60 = 11%) of AKS70 hyphae
have undergone septation, whereas only a minority (8 * 5%)
of AKS82 hyphae have septated. After 16 h, all hyphae of
both strains possess septa. The ASK82 hyphae are also wider
(3.7 £ 0.1 pm; n = 20) than AKS70 and wild-type (A28)
hyphae (3.1 £ 0.1 um; n = 20). Presumably, the amino-
terminal half of SEPA out-competes endogenous SEPA for
binding to a protein required for SEPA function in both
septation and maintenance of the appropriate hyphal width.

DISCUSSION

SEPA Is Required for Septation and Actin Ring
Formation

In this study, we constructed a sepA disruption strain
(sepA6AFH) that eliminates additional sequence compared
with the previously reported deletion mutant (sepA4ABm;
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Table 3. sepH is required for SEPA localization to septation sites

Temperature® % of Cells with % of Cells with % of Cells
Strain °C) SEPA at tips® SEPA rings® with septa®
AKS70 (wt) 28 100-0 20.3-4.4 35-13.0
37 99-0.6 17.3-5.7 82-2.6
AKS71 (sepHI) 28 99-0.6 14-1.7 18.7-3.2
37 99-0.6 0.3-0.3 0-0

2 Cells were grown in YGV for 12 h at 28°C or 10 h at 37°C.

b Counts are the mean — standard error of the mean of three independent experiments (n = 100).

Harris et al., 1997). We have found that sepA6AFH mutants
fail to septate and can only form tiny colonies that lack
conidia. In contrast, sepA4ABm mutants undergo septation
after a lengthy delay and fail to produce normal colonies
only at higher temperatures (Harris et al., 1997). We there-
fore conclude that sepA is required for the formation of
septa, but is not essential for vegetative growth in A. nidu-
lans. This phenotype is similar to that described for the other
late-acting sep mutants in A. nidulans (i.e., sepD, sepG, and
sepH; Harris et al., 1994; Bruno et al., 2001). It is not known
how sepA4ABm mutants are able to septate despite missing
the 5’ half of the gene. It is possible that residual expression
of the 3" half of the gene is sufficient to allow septation.

By analyzing the phenotype of sepA6AFH, we have found
that SEPA is required for the formation of actin rings at
septation sites. This observation is consistent with the

A AKST70| [FH3] full FH2 ]
AKS82| [FH3] [ GFP]

AKS84 [ GFP]

| GFP |

Figure 8. Amino terminal half of SEPA is sufficient for localization
to both septation sites and hyphal tips. (A) Diagrams of three
SEPA::GFP constructs (see MATERIALS AND METHODS). (B and
C) Nearly normal localization (see text) of the amino terminal half of
SEPA in strain AKS82. Bars, 4 um. (D) Failure of a shorter amino-
terminal fragment (in strain AKS84) to localize. Bar, 3 um.
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known roles of other formins in promoting cytokinesis
(Wasserman, 1998). In contrast, actin localizes to the hyphal
tip in the absence of SEPA, although the polarity defects
observed in sepA mutants suggest that the tip-associated
actin may not function in a normal manner. Accordingly,
although other pathways may be available for recruiting
actin to the hyphal tip, we propose that SEPA is required for
the overall fidelity of actin function at this site.

Dynamic Localization of SEPA at Septation Sites
and Hyphal Tips

In this study, we have found that SEPA localizes to septation
sites and hyphal tips. Simultaneous localization to distinct
subcellular sites is a unique feature of SEPA that is not
shared by other fungal formins. The localization pattern
mirrors that of actin, which is also located simultaneously at
septation sites and hyphal tips in A. nidulans (Harris, 1997).
In contrast, in yeast cells, actin relocalizes from cell tips to
division sites concomitant with septation. Accordingly,
yeast formins either localize to sites of cytokinesis or polar-
ized growth, but not both at the same time (Chang et al.,
1997; Petersen et al., 1998; Ozaki-Kuroda et al., 2001). The
ability of SEPA to simultaneously organize distinct actin
structures at different sites implies that its localization is
subject to strict spatial and temporal control.

Using live imaging, we have determined the dynamics of
SEPA at both septation sites and hyphal tips. At septation
sites, the SEPA ring forms quickly after the initial appear-
ance of an asymmetric SEPA spot. The presence of coiled-
coil regions in SEPA (Harris et al., 1997) suggests that the
spot may contain multimers that subsequently organize into
a higher order ring structure. In S. pombe, Cdc12p also ap-
pears as a cortical spot before forming a medial ring (Chang,
1999). However, unlike SEPA, the Cdc12p spot is mobile and
persists for a much longer period of time.

Like Cdc12p rings (Chang et al., 1997), SEPA rings con-
strict coincident with the deposition of septal wall material.
In contrast, Bnilp rings do not constrict during septation in
S. cerevisize (Ozaki-Kuroda et al., 2001). Regardless of
whether formin ring structures undergo constriction during
septum formation, they are likely to guide the formation and
subsequent contraction of actomyosin rings at septation sites
(Vallen et al., 2000). The colocalization of SEPA and actin
rings at all stages of constriction is consistent with this
notion. The contraction of actomyosin rings is presumed to
guide membrane insertion and wall deposition during sep-
tum formation (Vallen et al., 2000). However, it also remains
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possible that ring dynamics are driven by the force of cen-
tripetal cell wall deposition.

Although SEPA is found transiently in a ring structure
during septation, it localizes continuously at sites of polar-
ized growth. The dynamic localization of SEPA at hyphal
tips generally correlates with the direction of tip extension.
Similarly, in S. cerevisiae, the location of Bnilp in bud tips
corresponds with the direction of bud growth (Ozaki-Ku-
roda et al., 2001). The pattern of localization at hyphal tips is
a crescent usually subtended by a bright spot. The crescent
of SEPA appears to be located at hyphal tips in a thin
subcortical layer, whereas the bright spot is found just be-
hind or within the crescent. The spot may colocalize with a
dense collection of vesicles found at hyphal tips known as
the Spitzenkorper, which is thought to be an organizing
center for vesicles that are targeted to the growing tip (Bar-
tnicki-Garcia ef al., 1989). Notably, movement of the Spitzen-
korper has also been shown to correlate with changes in the
direction of hyphal extension (Riquelme et al., 1998).

Actin Filaments Function Interdependently with
SEPA

We have found that actin filaments are required to maintain
the proper pattern of SEPA localization at septation sites and
hyphal tips. Specifically, treatment of hyphae with cytocha-
lasin A causes preexisting SEPA structures to collapse into
bead-like patches that remain at those sites. In contrast,
maintenance of SEPA structures is not affected by the loss of
microtubule integrity. Because SEPA is required for actin
ring formation and is presumably involved in organizing
actin structures at the hyphal tip, these observations suggest
that actin filaments and SEPA function in an interdependent
manner. For example, profilin, or another actin-associated
protein capable of interacting with SEPA, may promote or
stabilize interactions between SEPA and filamentous actin.
Alternatively, the septins, a conserved family of GTP-bind-
ing proteins capable of forming filaments (Trimble, 1999;
Momany et al., 2001), may coordinate the localization of
SEPA and actin. The observation that yeast Bnilp displays
genetic interactions with a septin supports this notion
(Longtine et al., 1996).

SEPH Functions Upstream of SEPA and Actin Ring
Formation at Septation Sites

In A. nidulans, signals activating cytokinesis are thought to
emanate from mitotic nuclei, which somehow determine
and/or activate the septation site (Wolkow ef al.,, 1996).
SEPH, by analogy to the role of Cdc7p in S. pombe, may be
part of the signaling pathway that determines the timing
and/or location of septum formation (McCollum and
Gould, 2001). We have shown that SEPH function is re-
quired for SEPA localization at septation sites. Consistent
with its role upstream of SEPA, sepH strains also do not form
actin rings at restrictive temperature (our unpublished re-
sults; Bruno et al., 2001). Based on these observations, we
suggest that SEPH may function in a regulatory pathway
that coordinates actin ring formation with the events of
mitosis. Notably, the role of SEPH is different than that of its
orthologs, S. pombe Cdc7p and S. cerevisine Cdc15p. Neither
Cdc7p nor Cdcl5p control actin ring formation; rather, both
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proteins are components of pathways that regulate actin
ring constriction (McCollum and Gould, 2001).

The Amino-Terminal Half of SEPA Localizes to
Septation Sites and as a Wider Crescent at Hyphal
Tips

We have found that SEPA is targeted to septation sites and
hyphal tips through sequences in its amino terminus. Be-
cause these sequences include the entire FH3 domain, we
propose that it is primarily responsible for targeting GFP to
these sites (Petersen et al., 1998). Moreover, our observation
implies that the protein(s) that binds the FH3 domain is also
located at septation sites and hyphal tips. Other domains of
SEPA may modify the localization pattern. Consistent with
this idea, we have found that the amino-terminal half of
SEPA is not sufficient to direct GFP to a tight crescent at
hyphal tips or to form the subtending bright spot. Presum-
ably, interactions between the FH1 or FH2 domains and
localized components of the actin cytoskeleton facilitate the
recruitment of SEPA to specific sites. This may also explain
the ability of sepA4ABm hyphae, which possess only the FH1
and FH2 domains, to septate after a lengthy delay. In addi-
tion, we have found that expression of the amino-terminal
half of SEPA delays septation and causes hyphae to appear
wider than normal. These dominant negative effects may
occur because the amino-terminal half of SEPA interferes
with the ability of endogenous SEPA to interact with an
FH3-binding protein. Similarly, it has been found that over-
expression of formin FH3 constructs in S. pombe and in
human macrophages interferes with their normal function
(Petersen et al., 1998; Yayoshi-Yamamoto et al., 2000).

Summary

Our findings support a model in which SEPA acts in a
multiprotein complex to control the dynamic assembly and
disassembly of functionally distinct actin structures. We
suggest that the recruitment of SEPA to septation sites and
hyphal tips is directed by specific morphological cues.
Downstream of these cues, we propose that similar path-
ways involving Rho GTPases and septins ensure that SEPA
forms the appropriate dynamic structure. Further analysis of
the requirements for SEPA localization should reveal how
fungal hyphae simultaneously direct growth at spatially
distinct sites.
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