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Fungal filamentous growth depends on continuous membrane insertion at the tip, the delivery of membrane-bound positional
markers, and the secretion of enzymes for cell wall biosynthesis. This is achieved through exocytosis. At the same time, polarized
growth requires membrane and protein recycling through endocytosis. Endocytic vesicles are thought to enter the protein degra-
dation pathway or recycle their content to the cell surface. In Saccharomyces cerevisiae, the Rcy1 F-box protein is involved in the
recycling process of a v-SNARE protein. We identified a Rcy1 orthologue, RcyA, in the filamentous fungus Aspergillus nidulans
as a protein interacting with the KipA kinesin-7 motor protein in a yeast two-hybrid screen. The interaction was confirmed
through bimolecular fluorescence complementation. RcyA possesses an F-box domain at the N terminus and a prenylation
(CaaX) motif at the C terminus. RcyA shows also similarity to Sec10, a component of the exocyst complex. The RcyA protein lo-
calized to the hyphal tip and forming septa, likely through transportation on secretory vesicles and partially on early endosomes,
but independently of KipA. Deletion of rcyA did not cause severe morphological changes but caused partial defects in the recy-
cling of the SynA v-SNARE protein and the positioning of the cell end markers TeaA and TeaR. In addition, deletion of rcyA led
to increased concentrations of the KipA protein, whereas the transcript concentration was unaffected. These results suggest that
RcyA probably labels KipA for degradation and thereby controls the protein amount of KipA.

During cellular growth and reproduction, the concentration of
many cellular components needs to be increased. However,

certain cellular components are required only during certain
stages or for special events and thus the turnover of such compo-
nents needs to be strictly regulated (1). Specific labeling of pro-
teins for degradation occurs through covalent labeling of small
modifiers such as ubiquitin. Polyubiquitination depends on E3
ubiquitin ligases in the anaphase-promoting complex/cyclosome
(APC/C) or the Skp/Cullin/F-box (SCF) complex. Polyubiquiti-
nation allows recognition and subsequent proteolysis of the sub-
strate proteins by the 26S proteasome (1). The core of the SCF
complex is formed by Skp1, Rbx1, and cullin (Cul1) as a scaffold
protein. Rbx1 resides in the catalytic part of the complex and binds
to the ubiquitin ligase, whereas Skp1 interacts with the F-box do-
main of different proteins. F-box proteins are specific adaptors to
E3 ligases and determine the fate of different substrate proteins.
The number of F-box proteins ranges from 20 in Saccharomyces
cerevisiae to more than 70 in humans. A similar number of F-box
proteins was reported in Aspergillus nidulans, 42 of which have
already been studied to some extent and play a role in cellular
differentiation and sexual development (2–4).

Another function of ubiquitination is related to the recycling of
membranes. As an alternative to the cytoplasmic proteasome,
monoubiquitination leads to protein degradation through the
vacuole/lysosome pathway. Monoubiquitination can also be a sig-
nal for membrane protein trafficking, sorting of transmembrane
proteins, regulation of transcription factors, and posttranslational
histone modifications (5). A protein involved in the recycling of
membrane proteins in S. cerevisiae is the F-box protein Rcy1 (6).
Rcy1 regulates the endosome-Golgi transport by ubiquitination of
recycling proteins, specifically, the recycling of the v-SNARE pro-
tein synaptobrevin (Snc1) to a nondegradative (Golgi) compart-
ment. Snc1 is recycled from the Golgi compartment to the plasma
membrane via secretory vesicles. Deletion of rcy1 leads to an ac-

cumulation of Snc1 at early endosomes and causes a cold-sensitive
growth defect. Rcy1 is an effector of the Rab GTPase Ypt31/32 and
is also necessary for the recycling of the subtilisin-like protease
Kex2 and the phopholipid translocase Cdc50/Drs2 (7, 8). In con-
trast, the Rcy1 orthologue in Schizosaccharomyces pombe, Pof6, is
involved in cell separation and is essential for viability (9). The role
of Pof6 and Skp1 in cell separation is unclear, but it was speculated
that it could involve the exocyst complex. Moreover, it was pro-
posed that Rcy1/Pof6 forms a non-SCF complex with Skp1 during
v-SNARE recycling, but more recent studies have shown reduced
ubiquitination of Snc1 in rcy1� mutants and an accumulation of
(nonubiquitinable) Snc1-K63R in early endosomes, supporting
the idea that Rcy1/Skp1 is part of a functional ubiquitin-ligase
complex (10).

Growth in filamentous fungi depends on the continuous flow
of vesicles, which deliver enzymes for cell wall biosynthesis to the
growing tip (11). In addition, subapical endocytosis is required for
recycling of excess membrane and membrane-bound proteins
(12–15). The direction of vesicle flow is strictly regulated through
the orientation and polarization of the microtubule and the actin
cytoskeletons. Vesicles can be transported along either cytoskele-
ton for specific purposes. Whereas microtubules are necessary for
long-distance transportation of excocytic vesicles and endosomes,
actin serves as track for short-distance transportation of secretory
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vesicles prior to fusion with the membrane. In Aspergillus nidu-
lans, close to the growing tip, almost all microtubules are oriented
with their plus ends toward the tip, whereas actin filaments have
their origin at the tip membrane. This organization is achieved
through interplay between the two cytoskeletons through the ac-
tivity of a class of proteins named cell end markers (16, 17). They
were discovered in S. pombe and were characterized afterward in
A. nidulans (17–20). Cell end markers are transported through
microtubules to the tip, are tethered to the membrane through a
prenyl anchor, and form a protein complex. One of the protein
complex proteins in A. nidulans is the formin SepA. Why the cell
end markers remain at the very tip, although continuous mem-
brane insertion should cause their diffusion along the membrane,
is still an open issue.

In this work, we report on the characterization of RcyA, the A.
nidulans orthologue of Rcy1 and Pof6. In the filamentous fungus,
RcyA appears to be involved in membrane recycling through re-
cycling of v-SNARE, which is necessary for the positioning of cell
end markers. In addition, RcyA controls the concentration of the
kinesin-7 motor protein KipA, suggesting KipA as a novel target of
RcyA.

MATERIALS AND METHODS
Strains, plasmids, and culture conditions. Supplemented minimal me-
dia (MM) for A. nidulans were prepared as described, and standard strain
construction procedures were performed as previously described (21). A
list of A. nidulans strains used in this study is given in Table 1. Standard
laboratory Escherichia coli strains (XL-1 blue and Top 10 F=) were used.
Plasmids are listed in Table 2.

Molecular techniques. Standard DNA transformation procedures
were used for A. nidulans (31) and E. coli (32). For PCR experiments,
standard protocols were applied using a Biometra Personal cycler (Biome-
tra, Göttingen) for the reaction cycles. DNA sequencing was done com-
mercially (eurofins-MWG-operon, Ebersberg, Germany). Genomic DNA
was extracted from A. nidulans with an innuPREP Plant DNA kit (analy-
tikjena, Jena, Germany). DNA analyses (Southern hybridizations) were
performed as described in reference 32.

Deletion of rcyA. rcyA flanking regions were amplified by PCR using
genomic DNA and primers rcyA-p3 (5=-AGGGTGAGCGCACAGCGAA-3=)
and rcyA-p1 (5=-GAAGAGCATTGTTTGAGGCAATGTCTTTTCAAGGA
TTG-3=) for the upstream region of rcyA and rcyA-p5 (5=-ATCAGTGCCTC
CTCTCAGACAGTGCAGCAACCGCTAATGTAT-3=) and rcyA-p8 (5=-CG
TACAGAGTGCTTCCACTT-3=) for the downstream region. The pyrG gene
from plasmid pFNO3 (S. Osmani) was amplified by PCR and used as the
template together with rcyA-flanking regions for the fusion-PCR. The dele-
tion cassette was amplified using the fusion-PCR method (33) and primers
rcyA-p2 (5=-AGTCGAGAGTTCGAAGTCGT-3=) and rcyA-p7 (5=-AGTCT
TTGGCATAGTCCGCA-3=). The resulting PCR product was transformed
into pyrG89-auxotrophic A. nidulans strain TN02A3 (22), and transfor-
mants were selected and confirmed by Southern blotting (34).

Transformants were screened by PCR for the homologous integration
event. Single integration of the construct was confirmed by Southern blot-
ting. One rcyA-deletion strain was selected from the transformants and
named SSH36.

Tagging of proteins with GFP. For fluorescence microscopy, a 0.7-kb
fragment of the rcyA gene was subcloned in the pCMB17apx plasmid (28),
where N-terminal fusions of green fluorescent protein (GFP) to proteins
of interest are expressed under the control of the alcA promoter, contain-
ing Neurospora crassa pyr-4 as a selection marker, yielding pSH13. GFP
and pyr-4 were replaced with mRFP1 and pyroA, yielding pSH30. The
resulting plasmids are listed in Table 2. The primer set used for rcyA was
AN10061-AscI (5=-GGCGCGCCTATGTCAAAAGCGAGGAATGGC-
3=) and AN10061-PacI (5=-TTAATTAACGTAGTTCTTCATCGACCAT

TABLE 1 A. nidulans strains used in this studya

Strain Genotype Reference or source

TN02A3 pyrG89 argB2 �nkuA::argB pyroA4 22
RMS011 pabaA1 yA2 �argB::trpC�B trpC801

veA1
23

SJW02 wA3 pyroA4 alcA(p)-GFP-tubA
�argB::trpC�B

J. Warmbold, Marburg,
Germany

SSK44 pabaA1 wA3 �argB::trpC�B �kipA::
pyr4 veA1

24

SSK92 wA3 pyroA4 alcA(p)-GFP-kipA 24
SSK114 pyrG89 �argB::trpC�B pyroA4 veA1

alcA(p)-GFP-kipArigor::pyr-4
24

LO1535 fwA1 nicA2 pyrG89 pyroA4 �nkuA::
argB synA(p)-GFP-synA

25

SNT56 pabaA1 teaA(p)-mRFP1-teaA
teaR(p)-GFP-teaR

19

SNZ14 alcA(p)-GFP-uncArigor pyroA4 26
SSH01 TN02A3 transformed with pSH13

[alcA(p)-GFP-rcyA]
This study

SSH08 SSK44 crossed with SSH01 [�kipA
alcA(p)-GFP-rcyA]

This study

SSH14 TN02A3 transformed with pSH30
[alcA(p)-mRFP1-rcyA pyrG89]

This study

SSH27 wA3 yA2 �argB::trpC�B trpC801
[alcA(p)-GFP-kipA]

27

SSH36 �rcyA::pyrGAf in TN02A3 pyroA4 This study
SSH37 SSK92 crossed with SSH14

[alcA(p)-GFP-kipA
alcA(p)-mRFP1-rcyA]

This study

SSH43 SSH27 crossed with SSH36
[alcA(p)-GFP-kipA �rcyA]

This study

SSH44 SNT56 crossed with SSH36 [�rcyA
teaA(p)-mRFP1-teaA
teaR(p)GFP-teaR]

This study

SSH55 SNZ14 crossed with SSH14
[alcA(p)-gfp-uncArigor

alcA(p)-mRFP1-rcyA]

This study

SSH56 LO1535 crossed with SSH14
[synA(p)-GFP-synA
alcA(p)-mRFP1-rcyA]

This study

SSH66 SSK114 crossed with SSH14
[alcA(p)-GFP-kipArigor

alcA(p)-mRFP1-rcyA]

This study

SSH67 TN02A3 transformed with pSH46
[alcA(p)-mRFP1-rcyA�F-box
pyrG89]

This study

SSH69 SSH67 crossed with SSH27
[alcA(p)-mRFP1-rcyA�F-box
alcA(p)-GFP-kipA]

This study

SSH73 TN02A3 transformed with pSH47
[rcy(p)-GFP-rcyA pyroA4]

This study

SSH89 SSH36 crossed with LO1535 [�rcyA
synA(p)-GFP-synA]

This study

SSH91 SSK114 crossed with SSH14
[alcA(p)-GFP-kinArigor

alcA(p)-mRFP1-rcyA]

This study

SCos135 TN02A3 transformed with p1789
[alcA(p)-GFP-rabA pyrG89]

C. Seidel, Karlsruhe,
Germany

SNG67 SCos135 crossed with RMS011
[alcA(p)-GFP-rabA pabaA1]

This study

SSH93 SNG67 crossed with SSH14
[alcA(p)-GFP-rabA
alcA(p)-mRFP1-rcyA]

This study

a All strains harbored the veA1 mutation in addition.
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C-3=) (cloning sites are underlined). The �F box-deletion mutant was
generated with the primers Delta-Fbox (5=-GGCGCGCCTAGGATAGG
TTGCTGGGATGAAG-3=) and AN10061-PacI, and the PCR fragment
was cloned into AscI-PacI-digested pSH30. All of these plasmids were
transformed into the uracil-auxotrophic TN02A3 (�nkuA) strain (Table
1). The integration events were confirmed by PCR and Southern blotting.

Light/fluorescence microscopy. For live-cell imaging of germlings
and young hyphae, cells were grown on coverslips in 0.4 ml MM plus 2%
glycerol (derepression of the alcA promoter), MM plus 2% glucose (re-
pression of the alcA promoter), or MM plus 2% threonine (induction of
the alcA promoter) (35). Cells were incubated at room temperature over-
night. Images were captured at room temperature using an Axiophot
microscope (Zeiss, Jena, Germany). Images were collected and analyzed
with the AxioVision system (Zeiss).

For FM4-64 staining, germlings were grown in MM plus 2% glucose
medium overnight and stained with 0.3 ml medium containing 10 �M
FM4-64 (from a stock solution in dimethyl sulfoxide [DMSO]), kept for
15 min, washed in 2.5 ml of medium, and transferred to 2.5 ml of fresh
medium (36).

Real-time PCR (RT-PCR). For RNA isolation, mycelium was col-
lected, shock-frozen in liquid nitrogen, and lyophilized. RNA was ex-
tracted with a Fungal RNA kit from Omega Bio-Tek following the man-
ufacturer’s protocol. RNA samples were obtained from TN02A3 (wild-
type strain) and SSH36 (�rcyA strain). For DNA digestion, an Ambion
Turbo DNA Free kit was used. For real-time PCR, a Bioline SensiFast
SYBR kit and a Fluorescein One Step kit were used according to the man-
ufacturer’s protocol. Three technical replicates were performed. Histone
H2B was taken as the housekeeping gene. kipA was amplified with primers
RT-kipA-For (5=-GAGTGGATAGTGGATGCTCGTC-3=) and RT-kip-
A-Rev (5=-CCATCACCCTCCTTACCAAACG-3=). For normalization of
the kipA transcript levels, histone 2B primers H2B-RT fwd (5=-CTGCCG
AGAAGAAGCCTAGCAC-3=) and H2B-RT rev (5=-GAAGAGTAGGTC
TCCTTCCTGGTC-3=) were used.

Western blotting. A. nidulans strains SSH27 (GFP-KipA) and SSH43
(GFP-KipA, �rcyA) were cultured in MM plus 2% glucose and strain
SSH69 (GFP-KipA, mRFP1-RcyA�F-box) in MM plus 2% threonine and
0.2% glucose for 24 h. The mycelium was ground in liquid nitrogen,
resuspended in protein extraction buffer (50 mM Tris-HCl [pH 7.4], 150
mM NaCl, 5 mM EDTA), supplemented with a cocktail of protease inhib-
itor (Sigma), and centrifuged at 10,000 � g for 15 min. The supernatant
(clarified cell lysate) and a MiniProtean system (Bio-Rad) were used for
Western blotting following the manufacturer’s instructions and a poly-
clonal anti-GFP antibody (Sigma) and a monoclonal anti gamma-tubulin
antibody (Sigma) as internal controls for the basal protein amount. The
signal intensities of the Western blotting bands were measured with a
Chemi-Smart-5100 geldoc device (Peqlab) and quantified with the
ChemiCap program (peqlab). The wild-type value was set to 100%. The
experiment was repeated twice with three different amounts of total pro-
tein.

RESULTS
Identification of the RcyA F-box protein in a yeast two-hybrid
screening with KipA as bait. In a yeast two-hybrid screening with
the KipA kinesin-7 motor protein of A. nidulans, several interact-
ing proteins were identified (27). One of the candidates character-
ized here was AN10061. The yeast two-hybrid clone spans 1.4 kb
of a cDNA corresponding to a region close to the 3= end of the gene
(Fig. 1A). The complete cDNA comprises 2.6 kb and encodes a
polypeptide of 880 amino acids, which shares 35% amino acid
identity with Sls2 of Yarrowia lipolytica (37), 29% identity with
Rcy1 of S. cerevisiae (6, 38), and 32.5% identity with Pof6 of S.
pombe (9). In accordance with the budding yeast’s name, we used
the name rcyA for the A. nidulans gene. The A. nidulans RcyA
polypeptide of between 100 to 850 amino acids also shares 25%
identity and 40% similarity with exocyst complex component
Sec10. In addition, RcyA contains an F-box domain at the N ter-
minus. Sec10 is conserved in all eukaryotes, and the A. nidulans
orthologue is AN8879 (39, 40). This A. nidulans Sec10 orthologue
shares 24% identity and 39% similarity with the human Sec10
protein. At the extreme C terminus of RcyA, a putative prenyla-
tion motif (CaaX) was detected using the PrePS program (http:
//mendel.imp.ac.at/sat/PrePS/index.html). Proteins with these
three features (similarity to Sec10, F-box proteins at the N termi-
nus, and a CaaX motif at the C terminus) were found only in fungi,
while Sec10 orthologues are present in all eukaryotes (Fig. 1B).

Localization of GFP-RcyA. In order to unravel the molecular
function of RcyA, we studied the subcellular distribution of the
protein. RcyA was fused to GFP at the N terminus and expressed
from the endogenous promoter or the inducible promoter of the
alcohol dehydrogenase (alcA) (35). With glucose as the carbon
source, the promoter is repressed; with glycerol as the carbon
source, it is derepressed and expressed at a low level; and with
threonine or ethanol as the carbon source, high expression levels
can be obtained. The localization pattern of GFP-RcyA expressed
under the control of the endogenous promoter was similar to that
of GFP-RcyA expressed under the control of the alcA promoter
derepressed condition with glycerol as the carbon source. GFP-
RcyA accumulated at the tip in a dynamic manner (Fig. 2A; see
also Movie S1 in the supplemental material). The fluorescence
signal sometimes moved back from the tip to a subapical region
(Fig. 2A and B, arrows). Along hyphae, especially in regions fur-
ther back, GFP-RcyA moved as small spots bidirectionally (Fig.
2C, arrowheads) and localized in larger accumulations close to the
nuclei (Fig. 2B and C, arrows). The small spots moved at 2.0 �m/s
on average (1.8 �m/s � 0.5 �m/s standard deviation [SD]; n �
10) and at a maximum of 3.0 �m/s (Fig. 2C). GFP-RcyA also
localized at forming septa (Fig. 2D, arrow) but not at mature septa
(Fig. 2D, arrowhead).

RcyA transport. Because RcyA was identified as a kinesin-7-
interacting protein by yeast two-hybrid screening (27), we antic-
ipated that the dynamics of RcyA would depend on KipA. To test
this hypothesis, we studied the localization of RcyA in the absence
of KipA. However, no obvious difference from the wild type was
observed. GFP-RcyA still accumulated at hyphal tips in the kipA-
deletion strain and moved bidirectionally on small spots at a sim-
ilar speed (Fig. 3A and data not shown). In addition, the signal of
GFP-KipA at microtubule plus ends did not colocalize with that of
mRFP1-RcyA (data not shown). In the case of KipA, a rigor ver-
sion of the motor was used. Such rigor variants of kinesin bind

TABLE 2 List of plasmids used in this study

Plasmid Description
Reference or
source

pCMB17apx alcA(p)-GFP, for N-terminal tagging of
GFP to proteins of interest; contains
N. crassa pyr-4

28

pDM8 GFP replaced mRFP1 in pCMB17apx 29
P1789 alcA(p)-GFP-rabA::argB 30
pSH13 alcA(p)-GFP-rcyA::pyr-4 This study
pSH30 alcA(p)-mRFP1-rcyA::pyroAAf This study
pSH46 alcA(p)-mRFP1-rcyA�F-box::pyroAAf This study
pSH47 rcyA(p)-GFP-rcyA::pyr4 This study
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irreversibly to microtubules (26, 41, 42). In a strain expressing
GFP-KipArigor, mRFP-RcyA did not colocalize along the microtu-
bules decorated with GFP-KipArigor (Fig. 3B). These results indi-
cate that KipA is not required for RcyA movement and distribu-
tion in the hyphae.

The dynamic behavior of GFP-RcyA around the hyphal tip
resembled the movement of secretory vesicles. Therefore, we
compared the localization of mRFP1-RcyA with that of GFP-SynA
(v-SNARE) as a marker for such vesicles (Fig. 3C; see also Movie
S2 in the supplemental material) (25). Since the fluorescent signal
of secretory vesicles appeared to be very weak and since the vesicles
moved very quickly, it was hard to document exact colocalization
in movies, but their dynamic behaviors looked very similar. Be-
sides that, SynA and RcyA colocalized at small dots at subapical
regions, which might represent the late Golgi or trans-Golgi net-
work (Fig. 3C, arrows) (43). Because conventional kinesin (kine-
sin-1) is involved in protein secretion, we hypothesized that KinA
could be involved in RcyA movement (44–46). Indeed, mRFP-
RcyA colocalized with GFP-KinArigor (Fig. 3D) (47). These results
further suggest that RcyA is transported to the hyphal tip on se-
cretory vesicles.

Because the bidirectional movement of RcyA at backward regions
resembled the movement of early endosomes (26, 30), we compared
the localization of mRFP1-RcyA with that of GFP-RabA (Rab GT-
Pase) as a marker for early endosomes (Fig. 3E and F; see also Movie

S2 in the supplemental material). However, colocalization of RabA
and RcyA was hardly observed. Likewise, mRFP-RcyA colocalized
only partially along microtubules decorated with GFP-UncArigor (Fig.
3G). UncA is involved in early endosome movement (15, 26). These
results suggest that only a fraction of RcyA is transported along mi-
crotubules on early endosomes.

Deletion of rcyA. In order to determine the function of RcyA
in A. nidulans, we created an rcyA-deletion strain. The rcyA-dele-
tion strain grew as well as the wild type on agar plates, and no effect
on conidiation or conidium density was observed (Fig. 4A). How-
ever, hyphae of the rcyA-deletion strain sometimes showed abnor-
mal swellings, branch formation close to the tip, and split tips (Fig.
4B). The abnormal swellings around the tip were observed in 5%
of the hyphae, and the tip split phenotype was observed in 1% of
the hyphal tips (n � 400), but this phenotype was not observed in
the wild type.

Because Rcy1 in S. cerevisiae is thought to be involved in mem-
brane recycling but not in endocytosis, we tested whether the ab-
sence of RcyA in A. nidulans would affect membrane recycling. To
this end, the membrane was stained with the fluorescent dye
FM4-64 (36). Hyphae were incubated 15 min in the presence of
the dye and then, after washing with media, immediately analyzed
in the microscope at room temperature. The rcyA-deletion strain
did not show obvious differences from the wild type in the inter-
nalization of FM4-64 (data not shown). When we treated the hy-

FIG 1 (A) Scheme of the RcyA protein. The F-box domain, the region with similarity to Sec10, and the CAAX motif are labeled. The original yeast two-hybrid
(Y2H) clone is indicated above the scheme. (B) Relatedness analysis of RcyA. Fungal orthologues of RcyA and of Sec10 were aligned by tCoffee, and the tree was
plotted at the EBI website (http://www.ebi.ac.uk/Tools/msa/tcoffee/). For the alignment, we used the Rcy1 orthologues of the following organisms: Saccharo-
myces cerevisiae (Rcy1p) (YJL204C), Saccharomyces paradoxus (spar343-g75.1), Saccharomyces mikatae (smik835-g3.1), Saccharomyces bayanus (sbayc610-g6.1),
Candida glabrata (CAGL0F02497g), Saccharomyces castellii (Scas531.3), Kluyveromyces waltii (Kwal33.13585), Kluyveromyces lactis (KLLA0C03300g), Saccha-
romyces kluyveri (SAKL0C04004g), Ashbya gossypii (AFR644C), Candida lusitaniae (CLUG04919), Debaryomyces hansenii (DEHA2E19052g), Candida guillier-
mondii (PGUG03406.1), Candida tropicalis1 (CTRG05296.3), Candida tropicalis2 (CTRG06241.3), Candida albicans (orf19.3203), Candida parapsilosis
(CPAG03322), Lodderomyces elongisporus (LELG03751), Yarrowia lipolytica (Sls2) (YALI0B19074g), Aspergillus nidulans (RcyA) (AN10061), Neurospora crassa
(NCU03658), Schizosaccharomyces japonicus (SJAG02753), Schizosaccharomyces octosporus (SOCG02810), and Schizosaccharomyces pombe (Pof6) (SPCC18.04).
In addition, we included the Se10 orthologues of the following organisms (boxed): Saccharomyces cerevisiae (YLR166C), Aspergillus nidulans (AN8879),
Schizosaccharomyces pombe (SEC10) (SPAC13F5.06c), and Homo sapiens (hSec10) gi�24418661�sp�O00471.1�.
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phae with the dye on ice for 15 min before microscopic analysis,
the internalization of FM4-64 was partially delayed in the rcyA-
deletion strain (data not shown). However, this could have been
an indirect effect, given that the rcy1 deletion caused a cold-sensi-
tive phenotype in S. cerevisiae (10). Next, we tried to analyze mem-
brane recycling, which means the transport of internalized dye
from early endosomes back to the plasma membrane. It was hard
to clearly visualize membrane recycling using this method, and no
clear difference was observed in the numbers and sizes of early
endosomes between the wild-type strain and the rcyA-deletion
strain (data not shown).

Because S. cerevisiae Rcy1 is involved in v-SNARE Snc1 recy-
cling, the localization of GFP-SynA (v-SNARE) was investigated
in the rcyA-deletion strain (Fig. 4C). GFP-SynA localized at most
hyphal tips without any obvious differences from the wild type
(Fig. 4C, upper panel, and Fig. 3C), but accumulation of GFP-
SynA was observed at subapical regions in abnormally swollen tips
(Fig. 4C, lower panel).

Since the hyphae of the rcyA-deletion strain sometimes showed
abnormal swellings or branch formation close to the tip, we inves-
tigated the localization of the two cell end markers TeaA and TeaR.
Whereas both proteins were restricted to an area along the cyto-

plasmic membrane at the tip in the wild type, both proteins ap-
peared less concentrated at the plasma membrane and localized at
subapical swellings and also in the cytoplasm in the rcyA-deletion
strain (Fig. 4D).

Overexpression of rcyA. If RcyA is involved in membrane re-
cycling, we anticipated not only that downregulation of rcyA
would disturb hyphal morphology but also that an increase of the
concentration could affect hyphal growth and morphology. To
test this hypothesis, the alcA(p)-GFP-rcyA construct was induced
with threonine as the carbon source. The first obvious phenotypic
changes were the much slower colony growth compared to the
wild type and the lack of conidia (Fig. 5A). Under repressed con-
ditions (with glucose as the carbon source), colonies grew as fast as
the wild type. The expression level of GFP-RcyA under induced
and repressed conditions was visible as the intensity of the GFP
signal (Fig. 5B). Another phenotype concerned spore germina-
tion. A. nidulans conidia normally form a second germ tube at the
side opposite the first one (Fig. 5C, left) (48). However, conidia of
the rcyA-overexpression strain sometimes did not form second
germ tubes (35%; n � 100) or formed a second germ tube at a
random position (10%; n � 100). If there was a second germ tube,
occasionally it appeared swollen (Fig. 5C, right).

FIG 2 Localization of RcyA in A. nidulans. (A) GFP-RcyA was expressed under the control of the native promoter (SSH73). The elapsed time is given in seconds.
(B) Time-lapse fluorescence microscopy images and the corresponding kymograph of the strain (SSH01). The three images correspond to three consecutive
frames (300 ms each). The complete sequence spans 10 s. (C) A single picture of a time-lapse sequence of GFP-RcyA in strain SSH01 with the corresponding
kymograph. The arrowheads indicate rapid moving RcyA spots. (D) Localization of mFRP1-RcyA at a forming septum (arrow) in the SSH54 strain. Strains with
the RcyA construct under the control of the alcA promoter were grown with MM plus 2% glycerol in the medium. Scale bars represent 5 �m.
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RcyA controls the concentration of KipA. As described above,
RcyA localization was independent of KipA. On the other hand,
RcyA was isolated as a KipA-interacting protein. Therefore, we
studied the role of this interaction. First, we confirmed the inter-
action using the bimolecular fluorescence complementation
(BiFC) method. A bright signal close to the hyphal tip indicated
that this interaction test result was positive (Fig. 6A).

In order to characterize the role of the two important motifs of
RcyA, the CaaX motif and the F-box domain, we created strains in
which the corresponding regions were deleted. When the CaaX
motif was missing, no mRFP1 signal was observed at hyphal tips
and forming seta but very weak staining of the cytoplasm was
observed (Fig. 6B, data not shown). In contrast, deletion of the
F-box domain of RcyA showed signal accumulation around the
tips of hyphae (Fig. 6C). Other morphological features resembled
the ones observed for the rcyA deletion.

S. cerevisiae Rcy1 was shown to control the turnover of several
proteins (9). We hypothesized that A. nidulans RcyA could be
involved in the turnover of KipA and thus that kinesin-7 could
be a novel target for the F-box protein. In order to test this
hypothesis, we compared the KipA concentration, as a GFP-
KipA fusion protein, in an rcyA-deletion strain with the con-
centration in the wild type. GFP-KipA associates with the mi-
crotubule plus ends and appears as comet-like moving
structures in the wild type (Fig. 6D, left) (24). In contrast, in
the absence of RcyA, microtubules were evenly decorated (Fig.
6D, right). Such a decoration of the entire microtubule was also
observed when KipA was overexpressed (24). This result sug-
gested that the KipA protein concentration was higher in the
rcyA-deletion strain than in the wild type. To further prove this
hypothesis, the protein amount of GFP-KipA was determined
by Western blot analysis (Fig. 6E). As a control, gamma-tubu-

lin was chosen. Indeed, the KipA concentration was increased
by about 50% in the rcyA-deletion strain in comparison to the
wild type (Fig. 6E and F). Likewise, the KipA concentration was
increased when only the F-box domain of RcyA was deleted
(Fig. 6F). Because the GFP-kipA construct was expressed from
the alcA promoter in both the wild-type strain and the �rcyA
strain, an effect of RcyA on the transcription of kipA was un-
likely. Indeed, the mRNA levels of kipA revealed no difference
in the two strains (Fig. 6G). These results suggest that the RcyA
interaction is necessary for the control of the KipA turnover
and that RcyA is the specific adaptor for KipA in the ubiquiti-
nation and subsequent proteasome-degradation pathway.

DISCUSSION

The growth form of filamentous fungi requires massive mem-
brane flow for the continuous extension of the plasma mem-
brane at hyphal tips and the delivery of enzymes required for
cell wall biosynthesis. Both are achieved through the fusion of
secretory vesicles with the membrane at the growing tip. How-
ever, there is excellent evidence that endocytosis is also impor-
tant for polar growth (12, 49). On the one hand, excess mem-
brane can be removed through endocytosis. Likewise, a slaB
mutant in which membrane internalization is inhibited shows
massive invaginations of the membrane (50). SlaB is a key reg-
ulator of F-actin and the endocytic internalization machinery.
Interestingly, deletion of the gene is lethal, showing the impor-
tance of endocytosis for polar growth. However, deletion of
rcyA did not show any obvious severe morphological pheno-
types or defects in the uptake of FM4-64. This is in agreement
with the findings in S. cerevisiae, where only membrane recycling
but not membrane internalization is disturbed in the rcy1-dele-
tion strain (10).

FIG 3 Transport of RcyA. (A) Fluorescence microscopy image of GFP-RcyA in kipA-deletion strain SSH08. (B) mRFP1-RcyA did not colocalize along the
microtubule decorated with GFP-KipArigor in strain SSH66. (C) Colocalization of GFP-SynA (secretory vesicles) and mRFP1-RcyA in strain SSH56. (D)
mRFP1-RcyA colocalized along the microtubule decorated with GFP-KinArigor in strain SSH91. (E and F) mRFP1-RcyA did not colocalize with GFP-RabA (early
endosomes) around the hyphal tip (E) and backward region (F) in strain SSH93. (G) mRFP1-RcyA partially colocalized along the microtubule decorated with
GFP-UncArigor in strain SSH55. Scale bars represent 5 �m.
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On the other hand, endocytosis actively occurs at a subapical
ring of the hyphae and could contribute to the maintenance of
polarity by recycling necessary components, such as cell end
marker proteins (50). We found that the distribution of cell end
marker proteins such as TeaR and TeaA in A. nidulans is impaired
in the absence of RcyA. Since cell end marker proteins define the
growth direction and are involved in branch formation, the mis-
distribution could be the reason for the observed changes in polar
growth and branching in some minor fraction of the hyphae. Rcy1
in S. cerevisiae is thought to be involved in membrane recycling
through the recycling of the v-SNARE Snc1 (8, 10). The v-SNARE
SynA in A. nidulans occasionally accumulated at subapical regions
in abnormally swollen tips (Fig. 4C, lower panel). This result sup-
ports the idea of a conserved function of RcyA with respect to
SynA recycling; however, the defect of SynA recycling in the rcyA-
deletion strain was only partial and appeared weaker than that of
S. cerevisiae.

In comparison to the described role of S. cerevisiae Rcy1, Pof6
in S. pombe plays a critical role in cell separation, and gene deletion
is lethal (9). We did not find any evidence for such a role in A.

nidulans, although RcyA was found at septa. Of course, A. nidu-
lans does not require cell separation and thus one would not ex-
pect a phenotype during vegetative growth. Since conidia are
formed in a budding-like process, one would also not expect a
phenotype corresponding to sporulation. However, one would
expect a role of RcyA in filamentous fungi with a dimorphic switch
between the filamentous form and a fission-yeast form, such as
Penicillium marneffei.

Additionally, we identified KipA as a novel putative target for
RcyA. The cellular concentration of KipA protein was increased
upon deletion of the gene, while the gene expression level was
comparable. We propose that RcyA is the E3 ubiquitin ligase
adaptor responsible for the specific degradation of KipA in a SCF
complex and that RcyA is necessary for the control of the KipA
turnover. Here we cannot exclude the possibility that the increase
of KipA protein levels in the rcyA-deletion strain is due to trans-
lational control. To exclude this possibility, the half-life time of
KipA needs to be investigated. The overexpression of rcyA did not
reduce the KipA concentration significantly and did not pheno-
copy the kipA-deletion phenotype (data not shown), suggesting
that the residual KipA amount is sufficient. However, there is
some similarity between the kipA-deletion phenotype and the
rcyA-deletion phenotype, because both deletions disturb cell end
marker organization. Nevertheless, TeaR was scattered along the
plasma membrane in the rcyA-deletion strain, whereas it was or-
ganized in a compact structure in the kipA-deletion strain. This

FIG 4 Deletion of rcyA. (A) Colonies of an rcyA-deletion strain (SSH36) and
the wild-type (WT) strain (TN02A3) grown on MM with 2% glucose. Plates
were incubated at 37°C for 48 h. (B) Swellings around the tips (arrows, upper)
and the tip split phenotype (lower panel) in the rcyA-deletion strain. (C) Nor-
mal localization of GFP-SynA at most hyphal tips (upper panel) and accumu-
lation of GFP-SynA at the subapical region of abnormally swollen tips in strain
SSH89 (�rcyA) (lower panel). (D) Localization of the cell end markers
mRFP1-TeaA and GFP-TeaR in the SNT56 (WT, upper panel) and SSH44
(�rcyA, lower panel) control strains. Scale bars represent 5 �m.

FIG 5 Overexpression of rcyA. (A) Colonies of the wild-type and SSH14
strains grown on MM plus 2% threonine (left) or MM plus 2% glucose (right).
Plates were incubated at 37°C for 48 h. (B) Differential interference contrast
(DIC) and GFP signal of SSH14 grown on MM plus 2% threonine (left) or MM
plus 2% glucose (right). (C) DIC images of the wild-type and SSH14 germ
tubes grown in MM plus 2% threonine. Scale bars represent 5 �m.
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difference might be explained if we assume that membrane recy-
cling is unaffected in the kipA-deletion strain but disturbed in the
absence of RcyA. Taken together, our results are further evidence
for a role of the endocytic ring in polarity maintenance and the
importance of endocytosis in polar growth.
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