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In the filamentous fungus Aspergillus nidulans, cytokinesis/septation is triggered by the septation initiation network
(SIN), which first appears at the spindle pole body (SPB) during mitosis. The coiled-coil protein SNAD is associated with
the SPB and is required for timely septation and conidiation. We have determined that SNAD acted as a scaffold protein
that is required for the localization of the SIN proteins of SIDB and MOBA to the SPB. Another scaffold protein SEPK,
whose localization at the SPB was dependent on SNAD, was also required for SIDB and MOBA localization to the SPB.
In the absence of either SEPK or SNAD, SIDB/MOBA successfully localized to the septation site, indicating that their
earlier localization at SPB was not essential for their later appearance at the division site. Unlike their functional
counterparts in fission yeast, SEPK and SNAD were not required for vegetative growth but only for timely septation.
Furthermore, down-regulation of negative regulators of the SIN suppressed the septation and conidiation phenotypes due
to the loss of SNAD. Therefore, we conclude that SPB localization of SIN components is not essential for septation per

se, but critical for septation to take place in a timely manner in A. nidulans.

INTRODUCTION

Timely execution of cytokinesis is essential for growth and
development of multicellular organisms. Temporal deregu-
lation of cytokinesis often has the catastrophic consequences
of forming aneuploid cells and causing fatality. In fungi,
cytokinesis/septation involves septum assembly coupled
with the contraction of the actomyosin ring at the cell divi-
sion site. Studies in fission yeast have revealed that actomy-
osin ring contraction is triggered by a signaling cascade
known as the septation initiation network (SIN; Krapp et al.,
2004; Wolfe and Gould, 2005). In fission yeast, the SIN has a
core of three cascaded kinases: Cdc7p, Sid1p, and Sid2p. On
activation by the small G-protein Spglp when in a GTP-
bound form, the kinase cascade initiates the contraction of
the actomyosin ring after the completion of mitosis (Wolfe
and Gould, 2005).

In the filamentous fungus Aspergillus nidulans, genes ho-
mologous to most yeast SIN components are present in the
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genome (see Table 2), implying that a signaling network
resembling the SIN in fission yeast likely regulates septation.
In fact, orthologues of Cdc7p and Sid2p, known to us as
SEPH and SIDB, play essential role in septation in A. nidu-
lans (Bruno et al., 2001; Kim et al., 2006). Moreover, SIDB and
MOBA exhibit a similar localization pattern to their fission
yeast counterparts (Kim et al., 2006).

Cell cycle-dependent localization patterns of SIN compo-
nents reflect their regulatory roles in coordinating septation
with mitosis. SIN molecules first appear at the spindle pole
body (SPB), some starting at interphase and others appear-
ing after mitotic entry (Simanis, 2003). Among them, the
Sid2p/SIDB kinase and its associated cofactor Moblp/
MOBA later decorate the cell division site after appearing at
the SPB at early stages of mitosis (Kim et al., 2006; Simanis,
2003). Unlike in fission yeast, the SIDB/MOBA signal con-
tracts with the actomyosin ring in A. nidulans (Kim et al.,
2006). Although it has been speculated that Sid2p /SIDB and
Moblp/MOBA might translocate from the SPB to the divi-
sion site, it has not been experimentally proven. One possi-
bility is that their localization at the SPB could be essential
for their activation by their upstream components like
Cdc7p/SEPH, which likely communicate with other essen-
tial cell cycle regulators located at the site. Indeed a recent
study by laser ablation shows that in dividing cells segre-
gated SPBs act as essential regulatory sites, and either one
can trigger septation (Magidson ef al., 2006).

In fission yeast, SIN kinases and their associated proteins
are anchored to the SPB via the scaffold proteins Cdc11p and
Sid4p (Chang and Gould, 2000; Krapp ef al., 2001; Tomlin et
al., 2002; Morrell et al., 2004). Although Cdc11p depends on

© 2009 by The American Society for Cell Biology



SNAD Anchors SIN at the SPB

Table 1. A. nidulans strains described in the text

Strain Genotype Source

CZA2 alcA(p)::mCherry-byrA::AfpyrG; alcA(p)::GFP-bubA::AfpyroA; pyrG89; pyroA4; WA2 This work

CZA14 MRLC::GFP::AfpyrG; pyrG89; pyroA4; nkuA:argB; argB2; riboB2; pabaAl yA2 This work

CZA16 snaD290; alcA(p)::mCherry-byrA::AfpyrG; alcA(p)::GFP-bubA::AfpyroA; pyrG89; pyroA4 This work

CZA17 alcA(p):mCherry-byrA::AfpyrG; pyrG89; pyroA4; nkuAA::argB; riboB2 This work

CZA18 alcA(p)::GFP-bubA::AfpyroA; pyrG89; pyroA4; nkuAA::argB; riboB2 This work

CZA28 pyrG89; mobAA::pyrG; MRLC::GFP::AfpyrG; yA2 This work

GR5 pyrG89; pyroA4; wA2 FGSC

JKA8 alcA(p)::GFP-sidB::pyrG; pyrG89; pabaAl yA2 Kim et al. (2006)
JKA23-1 alcA(p)::GFP-sidB::pyrG; snaDA::pyrd; pyrG89; wA2; pyroA4 This work

JKA63-1 apsBA::argB; alcA(p)::GFP-snaD::pyr4; pyrG89; pyroA4 This work

JKA64-1 apsBA::argB; snaDA::pyr4; pyroA4 This work

JKA69-1 alcA(p)::GFP-sidB::pyrG; apsB6; pabaAl; pyrG89 This work

JKA72-4 alcA(p)::GFP-snaD::pyr4; apsB6; wA2; pyroA4; biAl This work

JKA76-2 alcA(p)::mCherry-sepK::AfpyrG; snaD-GFP::AfpyrG; pyrG89, pabaAl yA2 This work

LB04 pyroA4; chaAl Kim et al. (2006)
LB15 snaD290; pyroA4; pyrG89; chaAl Liu and Morris (2000)
LB30 alcA(p)::GFP-snaD::pyr4; pyrG89; pyroA4; wA2 Liu and Morris (2000)
LB31 snaDA::pyrd; pyrG89; pyroA4; wA2 Liu and Morris (2000)
LBA49 alcA(p)::GFP-mobA::pyrG; pyrG89; pyroA4; wA2 Kim et al. (2006)
LBA53 alcA(p)::GFP-mobA::pyrG; pyrG89; chaAl Kim et al. (2006)
LBA54 alcA(p)::GFP-mobA::pyrG; nudAl; pyrG89; pyroA4 This work

LBA69 alcA(p)::GFP-mobA::pyrG; snaD290; pyrG89; pyroA4; chaAl This work

LO1591 pyrG89, pyroA4, riboB2, nkuAA::argB, sepK-GFP-AfpyrG Nayak et al. (2008)
LO1906 nkuAA::argB; pyrG89; pyroA4; riboB2; HH1-mRFP::AfriboB; sepKA::AfpyrG Nayak et al. (2008)
R21 pabaAl yA2 C. F. Roberts

RSA121 snaD290; pyr4::alcA(p)::GFP-apsB; pyroA4; chaAl This work

RSA122 pyrd::alcA(p)::GFP-apsB; pyrG89; snaD290; pyroA4 This work

RSA123 apsBA::argB; alcA(p)::GFP-mobA::pyrG; pyroA4 This work

RSA126 snaD290; sepK-GFP:: AfpyrG; pyroA4; chaAl; riboB2 This work

RSA129 alcA(p)::GFP-mobA::pyrG; sepKA::AfpyrG; pyroA4; pyrG89; HH1-mCherry::AfpyrG This work

RSA131 sepKA::AfpyrG; alcA(p)::GFP-snaD::pyr4; riboAl This work

RSA143 MRLC::GFP::AfpyrG; snaD290 This work

RSA147 MRLC::GFP::AfpyrG; sepKA::AfpyrG; pyrG89 This work

SEa3 pyrd::alcA(p)::GFP-apsB; pyrG89; wA3; pyroA4 Veith et al. (2005)
SRS1 biA1; apsBA::argB Suelmann et al. (1998)
TNO02A7 pyrG89; pyroA4; nkuAA::argB; riboB2 Nayak et al. (2006)
XX3 nudAl; pyrG89; chaAl Xiang et al. (1994)

Sid4p for its SPB localization, Sid4p localizes to the SPB via
interaction with Ppc89p (Morrell et al., 2004; Rosenberg et al.,
2006). The fact that both Cdc11p and Sid4p are indispensable
for septation suggests that the localization of SIN molecules
to the SPB might be required for septation in fission yeast.

Based on direct sequence comparisons, the complete A.
nidulans genome (http://www.broad.mit.edu/annotation/
genome/aspergillus_nidulans) does not contain genes en-
coding obvious homologues of Sid4p and Ppc89. Thus, SIN
molecules are anchored to the SPB either via a different
scaffold or by a different mechanism.

Our previous work showed that the coiled-coil protein
SNAD is localized to the SPB and is required for timely
septation and conidiation in A. nidulans (Liu and Morris,
2000). It was not known how SNAD participates in temporal
regulation of septation. The results described in this report
document that SNAD is required for the anchoring of cur-
rently identified SIN components to be anchored at the SPB.
Our results also indicate that the spindle pole localization is
important for timely execution of septation, but is not essen-
tial for this process.

Because SIN components and its anchoring scaffold are
essential for septation and consequently for viability in fis-
sion yeast, it was not possible to assess how the scaffold
would affect other developmental events in this organism.
Filamentous fungi like A. nidulans form mycelia of multinu-
cleate cells. Septation is essential for conidiation (asexual
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spore formation), but not for viability as demonstrated by
mutations at the mobA and sidB loci (Kim et al., 2006). More-
over, snaD mutations also do not abolish septation, but
completely abolish conidiation (Liu and Morris, 2000).
Therefore, the SPB localization of SIDB/MOBA is not abso-
lutely required for their appearance at the division site to
trigger septation. This suggests that SIDB/MOBA can be
activated in the cytosol before appearing at the division site
to exercise their activation role for the assembly and con-
traction of the actomyosin ring.

MATERIALS AND METHODS

Strains and Growth Condition

A. nidulans strains used in this study are listed in Table 1, with their genotypes
and sources indicated. The Neurospora crassa pyr4 and A. fumigatus AfpyrG
genes were used for genetic suppression/complementation of the pyrG89
mutation, and the A. fumigatus AfpyroA gene for the pyroA4 mutation. Recipes
for rich and minimal growth media were as reported (Kafer, 1977). Induction
condition for alcA(p) strains was as described previously (Liu and Morris,
2000). Standard crosses were carried out to combine mutations in single
strains.

Recombinant DNA Techniques

DNA fragments were amplified by PCR from either plasmids or genomic
DNA of A. nidulans as indicated in the text by the KOD DNA polymerase
(EMD Chemicals, Gibbstown, NJ). The pBluescript KS+ plasmid (Stratagene,
La Jolla, CA) was used as a general cloning vector. The host strain for plasmid
propagation was Escherichia coli DH5a.
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Creation of alcA(p)::GFP-bubA and alcA(p)::mCherry-byrA
Strains

To make a plasmid for creating the alcA(p)::GFP-bubA strain, we first made
the pJK20 plasmid by replacing the pyrG fragment in pLB04B (Kim et al., 2006)
with a AfpyroA fragment using BamHI and HindIII. Next the bubA fragment
was amplified using the primers, 5'-GC TCTAGA ATG TCG TCC CAA CCA
CCA ACG-3' and 5'-CG GGATCC GAC GTG CTA CTG TTG CTG CT-3’
(sites designated with underlines), and cloned into pJK20 at Xbal and BamHI
sites. The plasmid was then transformed into the A. nidulans strain TN02A?7.
After confirmation by Southern blotting (Supplementary Figure S1), the strain
4 was used for further experiments.

The plasmid used for creating the alcA(p)::mCherry-byrA strain was made
by the following steps. First, the mCherry fragment was amplified from the
PRSET-B mCherry plasmid (Shaner et al., 2004) using the primer sets of 5'-CC
ATCGAT ATG GTG AGC AAG GGC GAG G-3' and 5'-T GATATC CTT GTA
CAG CTC GTC CAT GCC G-3'. The amplified fragment was digested with
Clal and EcoRYV (sites designated with underlines in the primers) before being
cloned into the pBluescript KS+ plasmid at the corresponding sites to create
the plasmid pBS-mCherry. Next the alcA(p) fragment was excised from the
plasmid pMCB17 (Fernandez-Abalos et al., 1998) with EcoRI (blunt-ended by
overhang fill-in) followed by Sall, and cloned into pBS-mCherry at Xhol
(blunt-ended by overhang fill-in) and Sall sites to create the plasmid pAlc-
mCherry. The AfpyrG fragment from A. fumigatus, amplified from the pFNO03
plasmid (Yang ef al., 2004) using the primers 5'-TGT TCG CAA TGC CTC
CTC AC-3" and 5'-ACA GCC ATT GCG AAA CCT CA-3', was cloned into
pAlc-mCherry at the blunt end after fill in the overhang of the NotI site to give
rise to pJK13. Finally, the 5" end byrA genomic fragment was amplified from
genomic DNA using the primers 5'-C GAATTC GCG CCA TCC ACC GTC
GAT GTG-3' and 5'-GC ACTAGT CCC AAA TCG TAC ACC AAT GC-3’
(sites designated with underlines) and cloned into pJK13 at EcoRI and Spel
before being transformed into the TN02A7 host strain. After confirmation by
Southern blotting (Supplementary Figure S1), the strain 2 with a single
integration at the desired site was chosen for our experiment.

Creation of the RLCA-Green Fluorescent Protein Strain

The Green Fluorescent Protein (GFP)-coding sequence was inserted in frame
with the RLCA locus AN0267 in front of the stop codon using a published
fusion PCR protocol (Nayak et al., 2006; Szewczyk et al., 2006). Briefly, the 5
genomic fragment was amplified with the primers of 5'-ATG CCC GTA GTA
TCG CCC AG-3" and 5'-CTC CAG CGC CTG CAC CAG CTC CCT TCG GTT
TCG CCG CTT GTC -3’, and the 3" genomic fragment was amplified with 5'-
CAG TGC CTC CTC TCA GAC AGA TAT CTA AGT CAT TGT TCT ACG GG -3
and 5'-GCC ATC GAC GCT GCA GGC G-3' using the AccuPrime Pfx DNA
polymerase (Invitrogen, Carlsbad, CA). The fragment containing the GFP-
coding sequence plus the AfpyrG gene was amplified from pFNO3 using the
primers, 5'-GGA GCT GGT GCA GGC GCT GGA G-3" and 5'-GAT ATC TGT
CTG AGA GGA GGC ACT G-3' with the same enzyme. The fusion PCR
cassette amplified by AccuPrime Taq High Fidelity DNA polymerase (Invitro-
gen) was used to transform the RSA135 strain.

Microscopy and Image Analysis

GFP and mCherry signals were observed in live cells by having growing
mycelia under coverslips. To visualize the nucleus and the septum, cells were
first fixed with 4% paraformaldehyde (Polyscience, Warrington, PA). Then
DNA and chitin were stained using DAPI (4',6-diamidino-2-phenylindole)
and Calcofluor white (both from Sigma Aldrich, St. Louis, MO), respectively.

Cells were observed with an Eclipse E600 microscope equipped with DIC
and epifluorescence optics using 60X Plan-Apo or 100X Plan-Fluor objectives
(Nikon, Tokyo, Japan). GFP, mCherry, and DAPI/Calcofluor signals were
observed using standard Chroma filter sets for GFP, Texas red, and DAP]I,
respectively (Chroma, Brattleboro, VT). Images were recorded using an Orca-
100 CCD camera (Hamamatsu Photonics, Hamamatsu City, Japan) driven by
the Metamorph software package (Molecular Devices, Sunnyvale, CA). All
images were assembled using Photoshop 7.0 software (Adobe, San Jose, CA).

RESULTS

SNAD Is Required for SPB Localization of MOBA and
SIDB

A simple BLAST search of the A. nidulans genome with the
SIN components of the fission yeast S. pombe resulted in the
identification of homologues for most of them, except for
Sid4p (Table 2). Because the SNAD protein localizes to the
SPB and is involved in temporal regulation of septation, we
wondered whether it had any interaction with the SIN com-
ponents at the site. Loss of function of either mobA or sidB,
orthologues of the yeast mobl and sid2, abolishes septation
and conidiation (Kim et al., 2006). The snaD290 and deletion
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Table 2. SIN components in S. pombe and A. nidulans

S. pombe A. nidulans Protein feature
Spglp SPGA (AN7206)  Small G-protein

Cdc7p SEPH Protein kinase

Sidlp SEPL (AN8033) Protein kinase

Sid2p SIDB Protein kinase

Cdcl4p SEPM (ANO0655)  Sidlp/SEPM regulator
Moblp MOBA Sid2p /SIDB regulator
Cdcl6p BUBA (AN0281)  Two-component GAP
Byrdp BYRA (AN9413)

Cdcllp SEPK (AN2459) Leu-rich scaffold protein
Sid4p No homologue Coiled coil scaffold protein

No homologue ~ SNAD Coiled coil scaffold protein

(snaDA) mutations exhibit identical phenotypes of a delay in
septation and failed conidiation (Liu and Morris, 2000). Dou-
ble mutants of snaD; mobA and snaD; sidB were created.
Because null mutations of SIN genes like mobA resulted in
complete abolishment of conidiation and formation of colo-
nies with a fluffy appearance (Kim et al., 2006), subculture of
the mutant was a problem. We consequently used condi-
tional mutations in which the mobA or sidB gene was under
the control of the inducible/repressible alcA promoter. The
mutants conidiated when grown on nonrepressing medium
(ie., with glycerol as the sole carbon source) and produced
fluffy colonies resembling the null mutants when grown on
repressing medium (i.e., containing glucose; Kim et al., 2006).
The snaD single mutant produced nonconidiating, but other-
wise robust colonies (Figure 1A). On the medium containing
glucose, the double mutants s#aD290; alcA(p)::GFP-mobA and
snaDA; alcA(p)::GFP-sidB resembled single mutants when ei-
ther mobA or sidB was not expressed (Figure 1A). Therefore, the
loss of SNAD did not cause a phenotype in addition to that
caused by the loss of SIN activity. This suggested to us that
SNAD possibly functions in the SIN pathway.

Next we determined whether SNAD was required for the
localization of SIDB and MOBA. On the completion of mi-
tosis, both SIDB and MOBA appeared at both the SPB and
the division site as a ring (Figure 1B). In the s1aD290 or
snaDA mutation background, functional GFP-MOBA and
GFP-SIDB were never detected at the SPB throughout the
cell cycle. However, they exhibited localization at the divi-
sion site as rings (Figure 1, B and C). As seen in the wild-
type snaD background, the GFP-labeled rings contracted as
septation progressed in the snaD290 or snaDA mutant. These
results thus suggested to us that SNAD was required for the
localization of SIDB and MOBA at the SPB, but not at the
septation site.

The Cdc11p Homolog SEPK Is Required for SIN
Localization at the SPB
Cdcl1p was initially identified as a homolog of the budding
yeast protein Nudlp with very limited identity (Tomlin et
al., 2002). The AN2459 locus was annotated to be a 1781-
amino acid protein with 35% identity and 57% similarity to
the fission yeast Cdcllp protein in the leucine-rich region
toward the C-terminus and was named sepK (T. Nayak and
B. Oakley, unpublished data). A null sepK mutation causes a
significant delay in septation and almost abolishes conidia-
tion (T. Nayak and B. Oakley, unpublished data). The SEPK
protein decorated the SPB as shown by a functional SEPK-
GEFP fusion protein (Figure 2A).

The fission yeast Cdcllp contains leucine-rich repeats
toward its C-terminus and is required for its interaction with

Molecular Biology of the Cell



Control snaD”
(R21) (LB15)
mobA”~ sidB”
(LBA49) (JKAS)
mobA~; snaD™ sidB"; snaD”
(LBA69) (JKA23-1)

|

GFP-MOBA (Control)

GFP-SIDB (AsnaD)

Figure 1. SNAD functions in the SIN pathway. (A) Colony growth
phenotype of single and double mutants. Strains with names
marked on the right were grown on rich medium containing glu-
cose plus uridine and uracil. Under these growth conditions, the
mobA and sidB genes in the respective strains were repressed, which
caused nonconidiating colonies due to abolishment of septation.
Note the mobA; snaD and sidB; snaD double mutant did not show
more severe phenotypes than mobA and sidB single mutants, respec-
tively. (B) Dependence of the SPB localization of SIDB/MOBA on
SNAD. In control strains, both GFP-MOBA and GFP-SIDB localized
to SPBs (arrows) and septation sites (arrowheads). In the mutants
carrying either the sn2D290 or AsnaD (null) mutation, GFP-MOBA
and GFP-SIDB were no longer localized at the SPB, but still localized
to the septation sites (arrowheads). Scale bar, 5 um.

Sid4p and its localization to the SPB (Krapp et al., 2001;
Tomlin et al., 2002), but its N-terminal sequence shows very
little, if any, homology to the budding yeast Nud1p, which
is required for the interaction with the SIN molecules via
direct protein—protein interaction (Tomlin et al., 2002; Morrell et
al., 2004). Similarly, SEPK showed very limited sequence
homology to Cdcllp in the SIN-interacting domain. There-
fore, we asked whether it also played a role in the localiza-
tion of SIN molecules to the SPB like SNAD. In the presence
of SEPK, GFP-MOBA almost exclusively appeared at the
SPB and the septation site during mitosis and cytokinesis,
and very little if any signal was detected in the cytoplasm
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: Mo
N SEPK-GFP (Control)
NI

GFP-MOBA (Control)

GFP-MOBA (AsepK)

HH1-mCherry

|

GFP-MOBA (AsepK)

Figure 2. Dependence of SPB localization of MOBA on SEPK. (A)
SEPK-GFP localization to the SPB (arrows). (B) GFP-MOBA ap-
peared at SPBs (arrows) and septation sites (arrowheads) in control
cells. (C) In mutant cells carrying the sepKA (null) mutation, the
GFP-MOBA signal appears diffuse in the cytoplasm. The nuclei in
the same hypha were detected using a histone H1 (HH1)-mCherry
fusion protein. (D) GFP-MOBA still decorated the septation site
(arrowhead) in the sepKA mutant. Scale bar, 5 um.

(Figure 2B). When a functional GFP-MOBA fusion was ex-
pressed in the sepK null mutation background, however,
GFP-MOBA no longer appeared at the SPB (Figure 2C), but
it still appeared at the septation site (Figure 2D). It was
noticed that the diffuse cytoplasmic signal of GFP-MOBA
became greatly enhanced compared with that in control cells
expressing SEPK (Figure 2C). Therefore, we concluded that
SEPK, like SNAD, is required for SPB localization of the SIN
components SIDB and MOBA, but not for their localization
to the septation site. This finding also suggests that septation
continues to take place in the absence of SEPK because of the
sustained activity of the SIN at the septation site.

SNAD Is Required for SEPK Localization at the SPB, But
Not Vice Versa

Because SNAD and SEPK were both required for the local-
ization of SIN molecules at the SPB, we wondered whether
there was a dependency of localization between them. This
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SEPK-GFP (Control)

SEPK-GFP (snaD290)

GFP-SNAD (Control)

GFP-SNAD (AsepK)

Figure 3. SEPK localization depends on SNAD. (A) SEPK-GFP
decorated SPB in control cells. (B) In the snaD290 mutation back-
ground, the SEPK-GFP signal was no longer detected at the SPB and
was barely detected in the cytoplasm. The same hypha was visual-
ized by the DIC optics. (C) In control cells, GFP-SNAD localized to
SPB. (D) GFP-SNAD localization was not affected in cells carrying
sepKA. Scale bar, 5 um.

test was also inspired by the fact that Sid4p is required for
Cdcl1p localization in fission yeast (Krapp et al., 2001; Tom-
lin et al., 2002). When SEPK-GFP was expressed in the snaD290
background, SEPK-GFP was no longer detected at the SPB in
contrast to control cells (Figure 3, A and B). When GFP-SNAD
was expressed in the sepK null mutation background, however,
it still decorated the SPB as in control cells (Figure 3, C and D).
These results, thus, indicated that SNAD localization to the SPB
was independent of SEPK, but SEPK depended on SNAD for
its localization. Therefore, SNAD may act like Sid4p in fis-
sion yeast as a scaffold protein at the SPB, which is re-
quired for anchoring SIN molecules to the SPB.

ApsB Acts in a Different Pathway from SNAD

Loss-of-function mutations of SNAD completely abolish
conidiation and partially suppress mutations in genes of the
cytoplasmic dynein pathway (Liu and Morris, 2000). Coin-
cidently, another spindle pole body-associated coiled coil
protein ApsB is also known to play a critical role in conidia-
tion, and mutant alleles of the apsB gene partially suppress
poor colony growth caused by the loss of the dynein heavy
chain in A. nidulans as well (Suelmann et al., 1998; Veith et al.,
2005). These similarities prompted us to test whether the
two coiled coil proteins ApsB and SNAD interacted with
each other at the SPB. We first tested whether ApsB was
required for SNAD to localize to the SPB. A GFP-SNAD
fusion protein (encoded by the only copy of snaD in the
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GFP-SNAD (Control)

GFP-SNAD (apsB6)

GFP-SNAD (AapsB)

A

GFP-ApsB (snaD290)

AsnaD
(LB31)

G Control
(LB04)

AapsB AsnaD; AapsB

(SRS1)  (JKA64-1)

Figure 4. ApsB acts in a different pathway from SNAD. (A) GFP-
SNAD localized to the SPB. (B) GFP-SNAD localization was not
affected by the apsB6 mutation. (C) In the apsBA (null) background,
GFP-SNAD still localized to the SPB. (D) GFP-SIDB localization to
SPB (arrows) and septation sites (arrowheads) were not affected by
the apsB6 mutation. (E) GFP-ApsB decorated SPBs (arrows) and
septation sites (arrowheads) in control cells. (F) GFP-ApsB localiza-
tion was not altered in the snaD290 mutation background. (G) The
apsBA; snaDA double mutant formed a much smaller colony than
the single mutants. Scale bar, 5 wm.

genome) decorated the SPB throughout the cell cycle, as
shown previously (Figure 4A; Liu and Morris, 2000). The
apsB deletion (apsBA) and apsB6 alleles exhibit an identical
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phenotype of anucleate primary sterigmata resulting in fail-
ure of conidiation (Clutterbuck, 1994; Suelmann et al., 1998),
and both were tested for their effects on GFP-SNAD local-
ization. In strains carrying either apsB6 or AapsB, the GFP-
SNAD fusion protein was still detected at the SPB (Figure 4,
B and C), indicating that SNAD localization did not require
functional ApsB. We further tested whether ApsB was re-
quired for the SPB localization of the SIN molecules SIDB.
Again, the SIDB localization at the SPB and the septation site
was not dependent on ApsB (Figure 4D).

Conversely, we tested whether SNAD was required for
ApsB localization. The localization of GFP-ApsB was indis-
tinguishable in the presence or absence of SNAD (Figure 4,
E and F). This result suggested that ApsB and SNAD might
act in different pathways in spite of the similarities of their
localization patterns and mutant phenotypes. To test this
possibility, double null mutant of apsB; snaD was created.
The apsBA; snaDA double null mutant failed to conidiate as
did the single null mutants. In addition, the double null
mutant formed colonies of significantly smaller size than
that of wild-type and null mutants, indicating an additive
phenotype in colony growth (Figure 4G). Thus, despite over-
lapping ApsB and SNAD localizations and similar genetic
interactions of snaD-nud and apsB-nud mutations, apsB and
snaD, do not appear to share a function in regulating septa-
tion in A. nidulans.

Actomyosin Ring Dynamics in the sepK and snaD Mutant
Background

Because snaD mutations delay septation during vegetative
growth, we wanted to test whether septation took place at a
slower rate than wild-type cells. As revealed in published
studies in fission yeast, the actomyosin contractile ring can
be marked by tagging the regulatory light chain of type II
myosins known as Rlclp (Le Goff et al., 2000). The A. nidu-
lans homolog of Rlclp, RLCA (for regulatory light chain A)
is encoded by the AN0267 locus based on sequence homol-
ogy. Indeed an RLCA-GFP fusion protein expressed under
the control of its native promoter tracked the contraction of
the actomyosin ring during septation (control cell in Figure
5A, note that the Kymograph in Figure 5A depicts the con-
traction process). In the sepK null and snaD290 mutation
backgrounds, the actomyosin rings labeled by RLCA-GFP

L

t=3500 sec

snaD290

Figure 5. Actomyosin ring contraction in sepK and snaD mutants.
RLCA-GFP was expressed in a control strain and strains carrying
the sepKA or snaD290 mutation. Time-lapse images were taken at
10-s intervals. For each strain, 350 images starting at the beginning
of ring contraction were used to generate kymographs shown in the
middle column. Kymograph images have the orientation with dis-
tance (d) and time (t) illustrated. Images at t = 0 and t = 3500 s are
shown in the left and right columns, respectively.
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contracted similarly to that in control cells (Figure 5A).
Therefore, we concluded that sepK and snaD do not play a
regulatory role in actomyosin ring contraction. They are
probably only required for initiating the assembly of the
actomyosin ring in a timely manner.

A previous study indicated that the sepH1 allele abolished
actomyosin ring assembly when the mutant was grown at a
restrictive temperatures (Bruno et al., 2001). However, in the
fission yeast the SIN pathway is only required for ring
contraction but not for ring assembly (Krapp et al., 2004). We
wanted to further test whether the SIN kinase cascade was
required for the assembly of the actomyosin ring using a
null mutation. Using a strain (CZA28) in which RLCA-GFP
was expressed in a mobA null mutation background, we
attempted to observe an actomyosin ring-like signal. We did
not detect a defined localization site of RLCA-GFP, suggest-
ing that an actomyosin ring failed to form.

The snaD Mutation Can Be Suppressed by
Down-Regulation of a Two-Component GAP

In fission yeast, Cdcl6p and Byrdp function as a two-com-
ponent GAP (GTPase-activating protein) that negatively
regulates the initiation of septation, and deletion of either
component hyperactivates septation, similar to the overex-
pression of SIN components (Song et al., 1996; Furge et al.,
1998; Jwa and Song, 1998). The ANO0281 and AN9413 loci
encode proteins homologous to Cdc16p and Byr4p, respec-
tively (Table 2). Thus, we named them bubA and byrA,
respectively. Strains were created in which only functional
copy of bubA or byrA gene was under the control of the
inducible/repressible alcA promoter (alcA(p)::GFP-bubA or
alcA(p)::mCherry-byrA; Supplementary Figure S1), as de-
scribed previously (Kim ef al., 2006). When the expression of
bubA, byrA, or both genes was turned off by growth on
medium containing glucose, surprisingly, no noticeable
growth phenotype was observed (Figure 6A). The lack of
growth phenotypes was further confirmed by null muta-
tions (T. Nayak and B. Oakley, unpublished data). This
result was rather surprising because in fission yeast cdc16
and byr4 are essential genes. Thus, we were prompted to test
whether the two homologous proteins negatively regulate
the SIN pathway. When the expression of either GFP-bubA
or mCherry-byrA was elevated by growth on medium con-
taining ethanol, colony growth and conidiation were similar
to those of the control strain (Figure 6A). When both GFP-
bubA and mCherry-byrA were expressed at elevated levels,
however, conidiation was almost completely abolished (Fig-
ure 6A). We wondered whether the conidiation phenotype
was linked to possible septation defects. Under repressive
conditions using glucose as the carbon source, hyphae of the
double mutant formed ample septa as revealed by Calcofluor
white labeling (Figure 6B). On induction of overexpression
of both GFP-bubA and mCherry-byrA induced by ethanol,
the double mutant did not form a single septum among
thousands of 16-h germlings examined (Figure 6B). Typi-
cally, germlings form the first septum 7-8 h after conidial
germination (Liu and Morris, 2000). Therefore, we con-
cluded that BUBA and BYRA most likely function as nega-
tive regulators of septation in A. nidulans, as is the case in
fission yeast. In the double mutant, the failure of conidiation
was a direct consequence of the abolition of septation due to
overexpression of both BUBA and BYRA. The only surprise
was that the overexpression of both proteins was required to
abolish septation, which was different from findings in fis-
sion yeast.

We further assessed whether down-regulation of bubA
and byrA expression would affect the timing of septation
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Figure 6. Regulation of septation by the BUBA and BYRA pro-

teins. (A) Colony phenotypes of the control strain, alcA(p):
GFP-bubA and alcA(p):mCherry-byrA single mutants, and the
double mutant under repressing conditions (with glucose) and
inducible conditions (with ethanol). All strains conidiated iden-
tically on the glucose medium. On the ethanol medium, only the
alcA(p)::GFP-bubA; alcA(p)::mCherry-byrA double mutant exhib-
ited a phenotype of nonconidiation. (B) The alcA(p)::GFP-bubA;
alcA(p)::mCherry-byrA double mutant formed septa separating
either one or two nuclei when both genes were turned off. No
septum was detected when the strain was grown under inducing
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after conidial germination. Germlings typically form the first
septum after three rounds of mitosis to render a five-nucleus
apical cell and a three-nucleus basal cell (Liu and Morris,
2000; Harris, 2001; Kim et al., 2006). After grown for 6 h,
76.7% of the control germlings had not septated and in
average had nine nuclei/germling (n = 236; Figure 6C).
When both bubA and byrA were down-regulated, however,
74.7% of the germlings have already septated once and had
in average eight nuclei/germling (n = 392; Figure 6C). Sur-
prisingly, 4.3% of the mutant germlings had two septa al-
ready, which were not observed in any control germlings.
This result supported the notion that down-regulation of bubA
and byrA expression did not affect mitotic progression, but
accelerate the execution of septation in growing germlings.

Because snaD and sepK mutations abolished conidiation by
delaying septation, we tested whether down-regulation of
bubA and byrA expression would suppress the conidiation
phenotype. In the snaD290 mutation background, conidia-
tion was restored to a significant level when the expressions
of both bubA and byrA were turned off (Figure 7A). The
suppression of a sepK mutation was also observed when
byrA and bubA expression was repressed although not to the
same level observed with the snaD290 mutation. The sup-
pression of the nonconidiation phenotype caused by the
snaD290 mutation was only brought about by the down-
regulation of both bubA and byrA expressions, not by down-
regulation of each gene. Because down-regulation of bubA
and byrA expression accelerated septation timing, we further
tested whether the down-regulation suppressed the septa-
tion delay brought about by the snaD mutation. To do so, we
examined the number of nuclei in hyphal compartments/
cells between two septa in the snaD/bubA/byrA triple mu-
tant compared with snaD single mutant. Septa were detected
in hyphae grown at 42°C for 13 h. The numbers of nuclei in
hyphal compartments were categorized into three groups:
<8, 8-18, and >18. In the snaD290 mutant, only 17.7% of the
compartments contained <8 nuclei, and 41.6% and 40.7% of
them had 8-18 and >18 nuclei, respectively (n = 113; Figure
7, B and C). In the triple mutant, however, 77.1% of the
compartments contained <8 and the rest 22.9% had 8-18
nuclei, respectively (n = 179; Figure 7, B and C). Thus, we
concluded that activation of septation by down-regulation of
both BUBA and BYRA could suppress the negative impacts
of septation and conidiation due to the loss of either SNAD
or SEPK. This result further strengthened the notion that
SNAD and SEPK functioned in anchoring the SIN compo-
nents to the SPB, to trigger the onset of septation in a timely
manner. Nevertheless, both SNAD and SEPK are not essen-
tial for septation in A. nidulans.

DISCUSSION

In this study, we report that the coiled-coil protein SNAD
acts as a scaffold protein that plays a role in anchoring
components of the SIN pathway to the SPB. SNAD is also
required for the localization of another scaffold protein
SEPK. Our data indicate that the localization of SIN compo-

conditions. Septa were detected in the control (TN02A7) hyphae
bordering one or a few nuclei under both growth conditions. Nuclei
were highlighted by arrows, and septa by arrowheads. Scale bar, 5
pm. (C) Quantitative assessment of septum formation after conidial
germination. Germlings were scored for having 0, 1, 2, or 3 septa in
the control (R21) and the alcA(p)::GFP-bubA; alcA(p)::mCherry-byrA
double mutant (CZA2) grown on media containing glucose.
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Figure 7. Suppression of a snaD mutation by down-regulation of
both bubA and byrA expressions. (A) When both bubA and byrA
genes were down-regulated, the conidiation phenotype caused by
the snaD290 mutation was suppressed. Although colonies carrying the
snaD290 mutation did not form conidia so that they were brown, the
triple mutant produced conidia causing the colony color to be green.
(B) Staining of nuclei and septa in the s1aD290 single mutant (LB15)
and the snaD290; alcA(p)::GFP-bubA; alcA(p):mCherry-byrA triple
mutant (CZA16) grown on media containing glucose. Nuclei were
highlighted by arrows, and septa by arrowheads. Scale bar, 10 um.
(C) Quantitative assessment of the number of nuclei in hyphal com-
partments in the snaD290 single mutant (LB15) and the snaD290;
alcA(p)::GFP-bubA;  alcA(p):mCherry-byrA triple mutant (CZA16)
grown on media containing glucose. The compartments were
grouped together for having <8 nuclei, 8-18 nuclei, or >18
nuclei.
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nents to the SPB is critical for timely execution of septation,
but not essential for the event to take place during vegetative
growth. Our results also support the notion that temporal
regulation of septation is essential for conidiation.

Localization of SIN Proteins to the SPB

It has been well established that proteins of the SIN kinase
cascade require the scaffold protein Cdcllp for their local-
ization to the SPB in fission yeast (Krapp et al., 2001; Tomlin
et al., 2002). The budding yeast homolog Nud1p also plays a
critical role in directing MEN (mitotic exit network, analo-
gous to the SIN) proteins to the SPB, and such a role is
mediated by Spc72p, which interacts with the y-tubulin
complex (Gruneberg ef al., 2000). Cdc11p and the A. nidulans
homolog, SEPK, both have leucine-rich C-termini, and they
share 35% sequence identity. Not surprisingly, SEPK is also
required for spindle pole localization of SIN proteins. Unlike
cdc11 or nudl, however, the sepK gene is not essential.

It has been shown that the leucine-rich repeats are re-
quired for Cdcllp to localize to the SPB through its interac-
tion with the other scaffold protein Sid4p (Tomlin ef al.,
2002). Based on sequence homology, no obvious homolog of
Sid4p is encoded by the A. nidulans genome. Because of our
results on the requirement of SNAD for the localization of
SEPK and SIN proteins at the SPB, we wonder if SNAD
might be an analogue of Sid4p. This notion is supported by
the structural features of Sid4p and SNAD. Both proteins are
predicted to form extensive coiled-coil domains and reside
at the SPB in a cell cycle-independent manner. No Sid4p
homolog has been identified in budding yeast either, so
functional conservation may not be reflected in amino acid
sequence conservation. It would be interesting to find out
whether SEPK directly interacts with SNAD as Cdcllp and
Sid4p. Although it plays a critical role in temporal regulation
of septation, snaD, like sepK, is not an essential gene.

Recently, in fission yeast Ppc89p was shown to be the
linker between Sid4 and the core of the SPB (Rosenberg et al.,
2006). Again, no Ppc89p homolog could be identified based
on sequence homology when the A. nidulans genome was
searched. Taken together, we would like to suggest that the
difference beyond SEPK/Cdcllp between A. nidulans and
fission yeast could arise from the structural difference be-
tween the spindle pole bodies in the two organisms.

Septation in the Absence of SNAD or SEPK

In budding and fission yeasts, SPB localization of MEN and
SIN proteins is essential for septation and ultimately for
mitotic exit and cell viability (Wolfe and Gould, 2005). De-
spite their critical role in temporal regulation of septation in
A. nidulans, SEPK and SNAD are not essential for septation.
Using laser ablation tools, the SPB has been shown to be
essential for cytokinesis in fission yeast (Magidson et al.,
2006). This result supports the notion that Sid2-Moblp
might need to be activated at the SPB before being translo-
cated to the cell division site. Apparently, such a require-
ment is not absolutely needed in A. nidulans and probably in
other filamentous ascomycetes as well. In the absence of
either SEPK or SNAD, the efficiency of activation is dis-
counted, which leads to a delay in septation. Nevertheless, it
is possible that SIDB-MOBA can be activated in the cytosol
before decorating the contractile ring. The fission yeast polo
kinase Plolp can induce septum formation in G1 and G2
phases upon overexpression (Ohkura et al., 1995). It would
be tempting to suggest that the A. nidulans polo kinase
PLKA might activate the SIN in the cytosol. However, the
fact that overexpression of PLKA inhibits septation tends to
rule out such a possibility in A. nidulans (Bachewich et al.,
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2005). It remains to be characterized how SIDB-MOBA can
be activated in the cytoplasm and translocated to the septa-
tion site.

Earlier studies have indicated that septation is absolutely
required for conidiation in A. nidulans (Harris et al., 1994).
Our studies show that simply delaying septation signifi-
cantly inhibits if not abolishes conidiation although it does
not seriously affect vegetative hyphal growth as shown in
the sepK and snaD mutants. Conidia contain single nuclei in
A. nidulans (Adams et al., 1998). Temporal deregulation of
septation would have much more impact on conidiation
than on hyphal growth. Surprisingly, delay of septation
does not result in multinucleate conidia. This fact suggests to
us that temporal deregulation of septation might trigger an
inhibitory signal to turn off conidiation. Alternatively, the
deregulation might prevent proper activation of conidiation
due to, for example, abnormal spatial distribution and/or
accumulation of developmental regulators caused by the
delay.

Al}’;hough septation is not always coupled with mitosis
during vegetative growth in A. nidulans, they are most likely
coupled during conidiation as the spores are uninucleate.
We suggest that tight coupling of the two events is depen-
dent on SPB localization of the SIN components. Because of
failed SIN localization to the SPB in the snaD and sepK
mutants, inability to execute septation on time after mitosis
may eventually cause the abortion of conidiation.

Nonoverlapping Roles of BUBA and BYRA

Our results showed that overexpression of either BUBA or
BYRA did not show an obvious phenotype, but simulta-
neous overexpression of both proteins abolished septation
and conidiation. The results were distinct from those in
fission yeast in which Byr4p acts as a scaffold protein for
mediating the interaction between Spglp and its GAP cata-
lytic subunit Cdc16p (Song et al., 1996; Furge et al., 1998). The
results in fission yeast indicate that compromising the func-
tion of either protein would hyperactivate septation. Our
results suggest that BUBA and BYRA negatively regulate
their G-protein target SPGA by two different mechanisms.
Although there is little if any doubt that BUBA acts as a
GAP, BYRA might not be part of this GAP. This hypothesis
is supported by recent findings on the budding yeast homo-
logues of Cdc16p and Byr4dp, Bub2, and Bfal (Ro ef al., 2002;
Fraschini et al., 2008). Although Bub2 and Bfal form a com-
plex, their functions are not completely overlapping in terms
of regulating mitotic exit (Ro ef al., 2002; Fraschini et al.,
2006). As a matter of fact, a recent report suggests that Bfal
negatively regulates its target G-protein Tem1 by acting as a
guanine-nucleotide dissociation inhibitor (Fraschini ef al.,
2008). In our experiments, we did not observe an mCherry-
BYRA signal (even upon overexpression) at the SPB where
GFP-BUBA was clearly detected (data not shown). There-
fore, our results suggest that being negative regulators of
SPGA, BUBA, and BYRA act independently at different sites.

Actomyosin Ring Contraction without an Active SIN

Earlier conclusions suggest that the primary function of the
SIN pathway is also essential to trigger the contraction of the
actomyosin ring during cytokinesis in yeasts (Krapp et al.,
2004). In our experiments, when the mobA gene was deleted,
we no longer observed the ring using the RLCA-GFP fusion
as a marker. This finding echoed an earlier report showing
that sepH1 mutant cells failed to form the ring at restrictive
temperature (Bruno et al., 2001). More recently, it has been
found that the SIN is also involved in actomyosin ring
assembly in fission yeast (Hachet and Simanis, 2008; Huang
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et al., 2008). In yeast the SIN and the aniline-like protein
Midlp play partially redundant roles for ring assembly.
Using the yeast Mid1lp sequence, we did not detect an ob-
vious homolog in A. nidulans. Hence, the absence of a Mid1p
homolog would explain why the SIN becomes indispensible
for regulating the assembly of the actomyosin ring in this
filamentous fungus.

To date, substrate(s) of the SIN kinase cascade at the
actomyosin ring have not been firmly identified or con-
firmed. It has been widely speculated that proteins like
Etd1p might link the SIN to actomyosin ring contraction in
fission yeast (Daga ef al., 2005). Unfortunately, so far no
Etd1p homologues have been identified in other fungi. Be-
cause the conclusion that the SIN is not required for ring
assembly was made using temperature-sensitive mutations,
it would be intriguing to know if an actomyosin ring could
still be formed in a null SIN mutant in fission yeast. Our
results suggest that putative SIN substrate(s) might lie more
upstream than previously thought. They could play essen-
tial roles in assembling the actomyosin ring. Clearly, iden-
tification of SIN substrates would be a critical task in order
to understand how the SIN pathway regulates the onset of
septation in A. nidulans and other fungi.

Suppression of Cytoplasmic Dynein Mutations by snaD

The nud mutations in the cytoplasmic dynein pathway lead
to the formation of anucleate apical cells after failure of
nuclear migration in developing germlings (Liu and Morris,
2000). This results in significant inhibitions of hyphal exten-
sion and colony growth. snaD alleles partially suppress nud
mutations (Goldman and Morris, 1995; Liu and Morris,
2000). After the phenotype of the snaD mutation was deter-
mined, it was suggested that the suppression of nudA and
mutations in other genes of the cytoplasmic dynein pathway
was due to the delay in septation (Liu and Morris, 2000).
Because, based on current work, SNAD acts in the SIN
pathway, suppression of the nudA mutation would be ex-
pected if septation were inhibited by down-regulation of
SIN components. Indeed we tested this prediction by con-
structing a nudA1; alcA(p)::GFP-mobA strain, which would
allow us to turn off the expression of the only mobA gene on
rich medium containing glucose. At the restrictive temper-
ature of 42°C, a strain carrying the nudAl temperature-
sensitive allele formed a tiny colony as previously reported
(Xiang et al., 1994). The nudA1; alcA(p)::GFP-mobA double
mutant formed a colony larger than the nudA1 single mutant
(Supplementary Figure S2). Therefore, this result confirms
our earlier hypothesis that down-regulating septation leads
to suppression of nud.

SNAD and ApsB Are Involved in Different Pathways at
the SPB

Because of the phenotypic similarities of snaD and apsB
mutations, and of the fact that SNAD and ApsB are SPB
proteins, we first suspected that snaD and apsB might act in
a common pathway. Our results indicate, however, that this
is not the case. Thus, these two SPB proteins are likely
involved in two different pathways. Results presented here
point to a critical role for SNAD as a scaffold protein to allow
SIN components to localize to the SPB. ApsB seem to be
directly involved in microtubule organization as apsB mu-
tants cause a dramatic reduction of astral microtubules has
been observed (Veith ef al., 2005). In fact, the fission yeast
ApsB homologue Mtolp associates with the y-tubulin com-
plex and is required for recruiting this complex to interphase
microtubule-organizing centers and microtubules (Zimmer-
man and Chang, 2005). Thus, ApsB is involved in microtu-
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bule organization while SNAD plays a role in temporal
regulation of septation. The suppression of nud mutations by
snaD could be attributed to the effect of delay in septation so
that anucleate apical cells are formed less frequently. The
suppression of nud mutations by apsB could be directly
linked to microtubule-dependent nuclear migration. It was
reported that modification of microtubule dynamics by apsB
mutations could improve nuclear migration when the pri-
mary motor dynein was absent (Veith et al., 2005). It is
noteworthy that destabilization of microtubules by an a-tu-
bulin mutation or by treatment with low doses of the anti-
microtubule agent benomyl could also suppress nud muta-
tions (Willins et al., 1995). Therefore, snaD and apsB
mutations cause suppression of nud mutations, but through
very different mechanisms.

In summary, our results suggest that the coiled-coil pro-
tein SNAD acts at the SPB and plays a role in anchoring the
SIN components. When the SIN fails to localize to the SPB in
the absence of SNAD, septation is delayed although not
eliminated, and conidiation is completely abolished. There-
fore, timely execution of septation is a prerequisite for
conidiation in the filamentous ascomycete A. nidulans.
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