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E

ukaryotic development and differentiation rely to a large extent on differential gene expression, brought about by stagespecific transcription factors, which control the expression of certain sets of genes. In addition, epigenetic control is a common
principle for gene expression control. This phenomenon was
named the histone code, because posttranslational modifications
of histone proteins control the accessibility of certain genome regions for regulatory proteins (1). Another regulatory principle is
much less well understood and named the carboxy-terminal domain (CTD) code (2). This involves the cyclin-dependent kinase
(CDK) Cdk9. Unlike other CDKs, Cdk9 does not regulate the cell
cycle but, rather, promotes RNA synthesis (3). In higher eukaryotes, it has been shown that members of the Cdk9 kinase
family interact with T cyclins and that this complex is a subunit of
the positive transcription elongation factor b (P-TEFb) (4, 5). This
complex phosphorylates the CTD of the large subunit of RNA
polymerase II (RNAPII) and thus promotes the elongation phase
during transcription (6). The CTD contains 52 heptad repeats in
human and 26 in Saccharomyces cerevisiae. Each heptad repeat
contains three serine residues, at positions 2, 5, and 7, and all three
are amenable to phosphorylation. First, Ser5 is phosphorylated by
CDK7 (7). This leads to initiation of transcription but is not sufficient for transcription of the entire gene. RNAPII, rather, pauses
20 to 50 bp downstream from the transcription initiation site until
Cdk9 phosphorylates serine 2. With this event, the checkpoint can
be overcome and transcription continues. The pausing is probably
required for proper capping of the nascent mRNA. The highest
Ser2 phosphorylation levels are normally reached 600 to 1,000
nucleotides downstream from the start site, and a dual-gradient
model of increasing Ser2 and decreasing Ser5 phosphorylation has
been suggested (8, 9). The role of Ser7 is less clear, although its
phosphorylation has been shown in S. cerevisiae (7). Although the
function of Cdk9 seems to be essential in regulation of global gene
expression in all cells, it was shown that expression is highest in
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terminally differentiated cells, suggesting a role in specialized cellular functions. Not surprisingly, some diseases as well as cancer
development were related to altered expression levels of Cdk9.
Hence, human Cdk9 is regarded as a potential drug target in oncology, virology, and cardiology (3). Furthermore, there is first
evidence for gene-specific modulation of gene expression by Cdk9
kinase (10). Likewise, in Aspergillus nidulans we do have evidence
that a Cdk9 homologue specifically affects conidiophore development. A Cdk9 homologue (PtkA) was discovered in a targeted
approach to identify the interaction partners of a Pcl-like cyclin.
This cyclin was named pclA and was the first Pcl-like cyclin described in A. nidulans (11). PclA is important for spore formation
during asexual development and interacts with the main cell cycle
regulator nimX (cdk1) and may therefore have a second role in cell
cycle regulation (12). The pclA-deletion mutant produced fewer
spores, but vegetative growth was not affected. In contrast, deletion of the cdk9 kinase gene ptkA is lethal (13). These results suggest that PtkA conidiophore-specific functions depend on the interaction with PclA.
Here, we performed a screening for further PtkA-interacting
proteins and identified another cyclin as well as a kinase. The
identified cyclin shows sequence similarities to members of the Pcl
cyclin family of S. cerevisiae and was named PclB. The interaction
is quite unusual, because the typical Cdk9-interacting proteins are
members of the T-cyclin family. Deletion of pclB had only a minor
effect on asexual spore formation. However, in combination with
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Cyclin-dependent protein kinases (CDKs) are usually involved in cell cycle regulation. However, Cdk9 is an exception and promotes RNA synthesis through phosphorylation of the carboxy-terminal domain (CTD) of the largest subunit of RNA polymerase
II (RNAPII). The CTD is comprised of repeating heptapeptides, in which serine residues at positions 2, 5, and 7 are of crucial
importance. Ser5 phosphorylation causes transcription initiation and promoter escape. However, RNAPII pauses 20 to 50 bp
downstream from the transcription start site, until Cdk9 phosphorylates Ser2. This event relieves the checkpoint and promotes
the processivity of elongation. Here we present evidence that in the filamentous fungus Aspergillus nidulans, a Cdk9 homologue,
PtkA, serves specific functions in conidiophore development. It was previously shown that PtkA interacts with two cyclins, PclA
and the T cyclin PchA. Using yeast two-hybrid screens, we identified a third cyclin, PclB, and a kinase, PipABud32. Both proteins
were expressed in hyphae and in conidiophores, but interaction between each protein and PtkA was restricted to the conidiophores. Deletion of pchA caused a severe growth defect, and deletion of pipA was lethal, suggesting basic functions in PtkA-dependent gene transcription. In contrast, deletion of pclB in combination with deletion of pclA essentially caused a block in spore
formation. We present evidence that the phosphorylation status of the CTD of RNA polymerase II in the conidiophore changes
upon deletion of pclA or pclB. Our results suggest that tissue-specific modulation of Cdk9 activity by PclA and PclB is required
for proper differentiation.
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TABLE 1 A. nidulans and S. cerevisiae strains used in this study
Strain

Y187
a

Source or reference
!

Glasgow wild type (veA )
pyrG89 pyroA4 argB2 nkuA::argB veA1
pyrG89 wA3 pyroA4 veA1
pabaA1 yA2 "argB::trpC"B trpC801 veA1
pyrG89 "argB::trpC"B pyroA4 "pclA::argB veA1
pclA-deletion strain (pyrG89 pyroA4 pclA::argB) crossed to RMS011
TN02A3 transformed with pchA-deletion cassette
TN02A3 transformed with pKC24 [alcA(p)::GFP::pipA177::pyro]
GR5 transformed with pKC39 [alcA(p)::YFPN::pipA::pyro] and pFB13 [alcA(p)::YFPC::ptkA::pyr4]
GR5 transformed with pKC38 [alcA(p)::YFPN::pclB::pyro] and pFB13 [alcA(p)::YFPC::ptkA::pyr4]
TN02A3 transformed with pipA::GFP::pyrG-fusion construct
TN02A3 transformed with pclB::GFP::pyrG-fusion construct
TN02A3 transformed with pclB deletion cassette, pyrG89 pyroA4 argB2 "nkuA::argB veA1 "pclB::pyrG
SKC34 (pclB deletion) crossed to SKC9 (pchA deletion)
SKC34 (pclB deletion) crossed to SKC7 (pclA deletion)
GR5 transformed with pKC66 [alcA(p)::GFP::ptkA_D173A::pyro]
GR5 transformed with pKC71 [alcA(p)::GFP::ptkA_D155G::pyro]
GR5 transformed with pKC64 [alcA(p)::GFP::ptkA_PITALRE::pyro]
GR5 transformed with pKC87 [alcA(p)::3# HAa::CTD::pyr4]
TN02A3 transformed with pipA deletion cassette, pyrG89 pyroA4 argB2 "nkuA::argB veA1 "pipA::pyrG
GR5 transformed with pKC70 [alcA(p)::GFP::ptkA_GAGA::pyro]
GR5 transformed with pKC65 [alcA(p)::GFP::ptkA_K54Q::pyro]
GR5 transformed with pKC56 [alcA(p)::mRFP::pclB::pyr4] and pFB15 [alcA(p)::GFP::ptkA::pyro]
GR5 transformed with pKC55 [alcA(p)::mRFP::pipA::pyr4] and pFB15 [alcA(p)::GFPptkA::pyro]
SSNI17 transformed with pKC87 [alcA(p)::3# HA::CTD::pyr4]
SKC34 transformed with pKC87 [alcA(p)::3# HA::CTD::pyr4] and pNZ12 (pUMA::pyro)
MATa= trp1-901 leu2-3,112 ura3-52 his3-200 gal4" gal80" LYS2::GAL1UAS-GAL1TATA-His3 GAL2UASGAL2TATA-Ade2 URA3::MEL1UAS-MEL1TATA-lacZ MEL1
MAT$ ura3-52 his3-200 ade2-101 trp1-901 leu2-3,112, gal4" met% gal80" MEL1 URA3::GAL1UASGAL1TATA-lacZ MEL1

Fungal Genetic Stock Centre, MO
Fungal Genetic Stock Centre, MO
G. May, Houston, TX
17
11
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
Clontech
Clontech

HA, hemagglutinin.

the deletion of pclA, asexual spore formation was almost completely inhibited, despite normal vegetative growth. In addition to
the new cyclin, we identified a S. cerevisiae Bud32-related kinase,
PipA (14, 15). An interaction between Bud32 and a Cdk9 kinase
has not been reported before in any other organism. In A. nidulans, PipA is essential for viability. Along with the already known
interaction partners of PtkA, PclA and PipA are good future candidates for deciphering the CTD code during A. nidulans development.
MATERIALS AND METHODS
Strains, plasmids, and culture conditions. Supplemented minimal medium (MM) and complete medium (CM) for A. nidulans were prepared as
described by Hill and Käfer (16), and standard strain construction procedures are described by Hill and Käfer (16). A list of A. nidulans strains used
in this study is given in Table 1. Standard laboratory Escherichia coli strain
Top 10 F= was used. Plasmids are listed in Table 2.
Molecular techniques. Standard DNA transformation procedures
were used for A. nidulans (19) and for E. coli and S. cerevisiae (20). For
PCR experiments, standard protocols were applied using a Biometra personal cycler (Biometra, Göttingen, Germany) for the reaction cycles. DNA
sequencing was done commercially (Eurofins MWG Operon, Ebersberg,
Germany). Genomic DNA was extracted from A. nidulans with a DNeasy
plant minikit (Qiagen, Hilden, Germany). DNA analyses (Southern hybridizations) were performed as described by Sambrook and Russell (20).
Deletion of pipA and pclB. pipA flanking regions were amplified by
PCR using genomic DNA and the primers AN2513_P1_LB (5=-CGTCAG
GCCATTGAGAACCAC-3=) and AN2513-P3-KO (5=-gaagagcattgtttgagg
cgGAGAGAGCGGTGATAGTGAGG-3=, where lowercase nucleotides
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indicate a linker) for the upstream region of pipA and AN2513-P4-KO
(5=-atcagtgcctcctctcagacagGACAACGCCGCGCTCTTAGATG-3=) and
Bud32_P6_rev (5=-GCGTGCTGTGAACAGGCAATTAG-3=) for the
downstream region. The pyrG gene from plasmid pFNO3 (S. Osmani,
OH) was amplified by PCR and used as the template together with pipA
flanking regions for the fusion PCR. The deletion cassette was amplified
with the fusion PCR method (21) with the primers AN2513_P2nested
(5=-CTAACCGTGCCATCATTCGTACC-3=) and Bud32_P5_rev (5=-GG
CAGCCGTCAACATTCAAGTC-3=). The resulting PCR product was
transformed into pyrG89-auxotrophic A. nidulans strain TN02A3.
pclB flanking regions were amplified by PCR using genomic DNA and
the primers AN10741_P1_LB (5=-GGTGCCGAGAAATGTCGAGGAC3=) and AN10741-P3-KO (5=-gaagagcattgtttgaggcgCAGGGCGGGATGA
AGGATGAAG-3=) for the upstream region of pipA and AN10741-P4-KO
(5=-atcagtgcctcctctcagacagGCAAGTGCAGAGGTTACGGATG-3=) and
Cyclin_P6_rev (5=-GCACGATATAATAGTGGCACCGC-3=) for the
downstream region. The pyrG gene from plasmid pFNO3 (S. Osmani,
OH) was amplified by PCR and used as the template together with pipA
flanking regions for the fusion PCR. The deletion cassette was amplified
with the fusion PCR method (21) with the primers AN10741_P2nested
(5=-GCGATGGAGACGTCGATTTGACG-3=) and Cyclin_P5_rev (5=-C
TTCGTCGGAGTAGTTCGCAGTG-3=). The resulting PCR product was
transformed into pyrG89-auxotrophic A. nidulans strain TN02A3.
Transformants were screened by PCR for the homologous integration
event. Single integration of the construct was confirmed by Southern blotting. One diploid strain with the homologous integrated deletion cassette
and the remaining open reading frame (ORF) of pipA was selected and
named SKC49. One pclB-deletion strain was selected from the transformants and named SKC34.
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FGSCA4
TN02A3
GR5
RMS011
SSNI30
SKC7
SKC9
SKC13
SKC19
SKC20
SKC27
SKC28
SKC34
SKC40
SKC41
SKC44
SKC45
SKC46
SKC48
SKC49
SKC50
SKC51
SKC72
SKC73
SKC77
SKC79
AH109

Genotype

Cdk9 Kinase in A. nidulans

TABLE 2 Plasmids used in this study
Construction

Source or reference

pMCB17apx
pGBKT7
pGADT7
pGBT9
pDV7
pDV8
pFNO3

alcA(p)::GFP, for N-terminal fusion of GFP to proteins of interest; contains N. crassa pyr4
Yeast two-hybrid bait vector, Gal4-BD
Yeast two-hybrid prey vector, Gal4-AD
Yeast two-hybrid bait vector, Gal4-BD
GFP replaced N-terminal half of YFP in pCMB17apx
GFP replaced C-terminal half of YFP in pCMB17apx
ga5::GFP::pyrG Kanr Ampr

pFB13
pFB15
pKC3
pKC5
pKC6
pKC8
pKC10
pKC19
pKC22
pKC24
pKC38
pKC39
pKC55
pKC56
pKC64
pKC65
pKC66
pKC70

Full-length ptkA in pDV8
Full-length ptkA in pCMB17apx
Full-length ptkA in pGBT9
Truncated ptkA_1/330 in pGBKT7
Truncated ptkA_24/170 in pGBKT7
Full-length pclA in pGADT7
Full-length pchA in pGADT7
Full-length pclB in pGADT7
Full-length pipA in pGADT7
Truncated pipA178 in pMCB17apx
Full-length pclB in pDV7
Full-length pipA in pDV7
Full-length pclB in pCMB17apx, with mRFP instead of GFP
Full-length pipA in pCMB17apx, with mRFP instead of GFP
Full-length PtkA with deletion of PITALRE in pCMB17apx, with pyroA instead of pyr4
Full-length PtkA with point mutation K54Q in pCMB17apx, with pyroA instead of pyr4
Full-length PtkA with point mutation D173A in pCMB17apx, with pyroA instead of pyr4
Full-length PtkA with point mutation G32AG34A in pCMB17apx, with pyroA instead of
pyr4
Full-length PtkA with point mutation D155G in pCMB17apx, with pyroA instead of pyr4
CTD (1574–1746 aa) of the large subunit of RNA polymerase II in pSM14

V. Efimov (Piscataway, NJ)
Clontech
Clontech
Clontech
18
18
Fungal Genetic Stock
Centre, MO
13
13
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

pKC71
pKC87

Tagging of proteins with mRFP and GFP under the control of the
alcA or the natural promoter. To create an N-terminal monomeric red
fluorescent protein (mRFP) fusion construct of PipA, the full-length pipA
(starting from ATG) was amplified from genomic DNA, using the primers
Bud32_Asc_for (5=-ggcataggcgcgccaATGCCACCAACGAACCGC-3=)
and Bud32_Pac_rev (5=-gctacgttaattaaCTACCCAATCATGCTCCTCTT
CC-3=) and cloned via AscI/PacI (the restriction sites are underlined) into
the corresponding sites of pCMB17apx, yielding pKC55. Likewise, the
truncated pipA ORF was amplified with the primers Bud32_Asc_for and
Bud177_Bam_rev (5=-ggcataggatccCTACCCATGT ATAACACCCGC3=) and cloned into pCMB17apx, yielding pKC24.
To create an mRFP fusion construct of PclB, the full-length pclB (starting from ATG) was amplified from genomic DNA, using the primers P7
Cyclin_Asc_for (5=-ggcataggcgcgccaATGAACAGTGGAGTCGGC-3=)
and P8 Cyclin_Pac_rev (5=-gctacgttaattaaCTACCCAATCATGCTCCTC
TTCC-3=) and cloned via AscI/PacI (the restriction sites are underlined)
into the corresponding sites of pCMB17apx, yielding pKC56.
The N-terminal green fluorescent protein (GFP) fusion construct of
PtkA in pCMB17apx used was described previously (13).
To create a C-terminal GFP fusion construct of PipA under the control
of the natural promoter, pipA flanking regions were amplified by PCR
using genomic DNA and the primers Bud32_P1_for (5=-GCATGGAATG
ATGTCCATGGCG-3=) and Bud32-P3-rev (5=-ctccagcgcctgcaccagctccC
CCAATCATGCTCCTCTTCCTTC-3=) for the upstream region of pipA
and Bud32-P4-for (5=-atcagtgcctcctctcagacagTAGTTACCTATATAACA
GGTATCGAATGG-3=) and Bud32_P6_rev (5=-GCGTGCTGTGAACAG
GCAATTAG-3=) for the downstream region. The gfp-pyrG cassette from
plasmid pFNO3 (S. Osmani, OH) was amplified by PCR and used as
the template together with pipA flanking regions for the fusion PCR. The
gfp-pyrG cassette was amplified with the fusion PCR method (21) with the
primers Bud32_P2_for (5=-CTTCCCCTCCTCTCTTCTTCTC-3=) and
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This study
This study

Bud32_P5_rev (5=-GGCAGCCGTCAACATTCAAGTC-3=). The resulting PCR product was transformed into pyrG89-auxotrophic A. nidulans
strain TN02A3.
To create a C-terminal GFP fusion construct of PclB under the control
of the natural promoter, pclB flanking regions were amplified by PCR
using genomic DNA and the primers Cyclin_P1_for (5=-GGATGGCTTG
CCTAACAGCTCTTG-3=) and Cyclin_P3_rev (5=-ctccagcgctgcaccagctcc
CGTCGGGTGTTCCATGTACCAATG-3=) for the upstream region of
pclB and Cyclin-P4-for (5=-atcagtgcctcctctcagacagTGACTCTGGGTATG
GTGACGTG-3=) and Cyclin-P6_rev (5=-GCACGATATAATAGTGGCA
CCGC-3=) for the downstream region. The gfp-pyrG cassette from plasmid pFNO3 (S. Osmani, OH) was amplified by PCR and used as the
template together with pclB flanking regions for the fusion PCR. The
gfp-pyrG cassette was amplified with the fusion PCR method (21) with the
primers Cyclin_P2_for (5=-GTCCGACCATGCCCGTTTCATC-3=) and
Cyclin_P5_rev (5=-CTTCGTCGGAGTAGTTCGCAGTG-3=). The resulting PCR product was transformed into pyrG89-auxotrophic A. nidulans
strain TN02A3.
Transformants were screened by PCR for the homologous integration
event. Single integration of the construct was confirmed by Southern blotting. One pipA-gfp strain (SKC27) and one pclB-gfp strain (SKC28) were
selected from the transformants.
Tagging of proteins with YFPN/YFPC for BiFC analyses. For bimolecular fluorescence complementation (BiFC) analyses, the GFP in
pCMB17apx was replaced with the N-terminal half of yellow fluorescent
protein (YFPN) or the C-terminal half of yellow fluorescent protein
(YFPC), yielding pDV7 and pDV8, respectively, as described earlier (22).
The YFPC fusion construct of PtkA in pDV8, yielding pFB13, was described previously (13). The YFPN fusion construct of PipA was generated
by amplification of the complete ORF from genomic DNA with the primers Bud32_Asc_for and Bud32_Bam_rev (5=-ggcataggatccCTACCCAAT
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cloned in the vector pGBKT7, which contains both the GAL4 DNA binding domain and the TRP1 marker (BD Clontech). cDNA was isolated
from an A. nidulans wild-type strain, amplified, and cloned in the
pGADT7-Rec vector, under the manufacturer’s instructions. The
pGADT7-Rec vector contains the GAL4 DNA-AD and the LEU2 marker
(BD Clontech). pGBKT7- and pGBT9-associated plasmids were transformed in S. cerevisiae AH109 (mating type MATa), and pGADT7-associated plasmids were transformed into S. cerevisiae Y187 (mating type
MAT$).
For yeast two-hybrid analysis, a pipA cDNA fragment was amplified
with primers Bud32_Nde_for (5=-ggcatacatATGCCACCAACGAACCG
C-3=) and Bud32_Bam_rev (5=-ggcataggatccCTACCCAATCATGCTCC
TC-3=) and a pclB cDNA fragment was amplified with the primers Cyclin_Nde_for (5=-GGCATACATATGAACAGTGGAGTCGGCG-3=) and
Cyclin_Bam_rev (5=-GGCATAGGATCCTCACGTCGGGTGTTCC-3=),
and the amplicons were cloned in pGADT7-Rec.
Light and fluorescence microscopy. For live-cell imaging of germlings and young hyphae, cells were grown on coverslips in 0.5 ml MM plus
2% glycerol (derepression of the alcA promoter), MM plus 2% glucose
(repression of the alcA promoter), or MM plus 2% threonine (activation
of the alcA promoter). Cells were incubated at room temperature overnight. For pictures of conidiophores, spores were inoculated on glass
slides coated with MM plus 2% glucose and 0.8% agarose and grown at
37°C for 1 to 2 days. Images were captured at room temperature using an
Axiophot microscope (Zeiss, Jena, Germany). Images were collected and
analyzed with an AxioVision system (Zeiss).
Gene expression analyses. Transferring development-competent
vegetative hyphae from liquid medium to agar plates, thus inducing development by air exposure, synchronized asexual development of wildtype A. nidulans cells. At different time points, RNA was isolated. For that,
the mycelium was harvested, dried, frozen in liquid N2, and ground to a
powder. Total RNA was isolated by using TRIzol reagent (Invitrogen, NV
Leek, Netherlands) according to the manufacturer’s instructions. For the
expression analyses, quantitative real-time PCR was performed by using
100 ng of the isolated RNA for each reaction and an iScript one-step
reverse transcription-PCR (RT-PCR) kit with SYBR green and the iCycler
apparatus of Bio-Rad. For analysis of PclB, the primers Cyclin_for (5=-G
GAGAGGGTGAACCTAGCCTTG-3=) and Cyclin_rev (5=-GAAGTTCC
ATGGCGTTCTCCG-3=) were used, and for analysis of PipA, the primers
Bud_for (5=-CCGCGTCCCTTCCTTCTTACTC-3=) and Bud_rev (5=-G
GGTTTTGACGGGCGGATTTTG-3=) were used. As the housekeeping
gene, &-tubulin (benA) was used.
Protein extracts and Western blotting. To prepare protein extracts
from vegetative hyphae, A. nidulans strains were incubated in liquid MM
for 24 h at 37°C. For the isolation of proteins form asexual structures,
hyphae were transferred to MM plates with cellophane and incubated for
an additional 24 h at 37°C to induce asexual development. To induce the
alcA promoter, the medium was supplemented with 0.2% glucose and 2%
threonine. Mycelium was harvested by filtration through a Miracloth filter (Calbiochem, Heidelberg, Germany), dried, and immediately ground
in liquid nitrogen. Afterwards, the mycelial powder was resuspended in
protein extraction buffer (50 mM Tris-HCl [pH 8], 0.1% Triton X-100,
250 mM NaCl) containing 1 mM protease inhibitor cocktail recommended for fungal and yeast extracts (Sigma-Aldrich, Munich, Germany)
and 1 mM phosphatase inhibitor cocktail 3 (Sigma-Aldrich, Munich, Germany). Samples were rotated for 20 min in a head-over-tail incubator.
Cell debris was pelleted by centrifugation (5403-R centrifuge; Eppendorf,
Hamburg, Germany) at 13,000 rpm and 4°C for 12 min. The supernatant
was used for Western blotting. Equal amounts of protein extracts (75 'g)
were loaded on 8% sodium dodecyl sulfate-polyacrylamide gels for detection of GFP-fusion proteins or on 10% SDS-gels for detection of the CTD.
Proteins were blotted onto polyvinylidene difluoride membranes (Whatman; GE Healthcare, Little Chalfont, United Kingdom), and GFP-tagged
proteins were analyzed with a monoclonal anti-GFP antibody (dilution,
1:8,000; product G1544; Sigma-Aldrich, Munich, Germany). The
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CATGCTCCTC-3=). The resulting PCR product was then cloned via AscI/
BamHI into the corresponding sites of pDV7, yielding pKC39. Using the
same strategy, the YFPN fusion of PclB was generated, using the primers
Cyclin_Asc_for and Cyclin_Bam_rev (5=-ggcataggatccTCACGTCGGGT
GTTCC-3=), yielding pKC38.
To create YFPN fusion constructs of PclB and PipA under the control
of the natural promoter, the same primers were used as described before
in tagging of proteins with gfp. A yfpN-pyro cassette was amplified by PCR
and used as the template together with pclB or pipA flanking regions for
the fusion PCR.
To create a YFPC fusion construct of PtkA under the control of the
natural promoter, ptkA flanking regions were amplified by PCR using
genomic DNA and the primers PtkA_P4 (5=-GAAGGACGTTCTTGGCT
GACC-3=) and PtkA_P6 (5=-ctccagcgcctgcaccagctccCCGGCGATACGG
ACCCCTG-3=) for the upstream region of ptkA and PtkA-P5 (5=-atcagtg
cctcctctcagacagTGAAGCTACCGTCTACCATAAAAC-3=) and PtkA-P7
(5=-TGTGAAATCATCGCTCTTGCTC-3=) for the downstream region. A
yfpC-pyrG-cassette was amplified by PCR and used as the template
together with ptkA flanking regions for the fusion PCR. The yfpC-pyrG
cassette was amplified with the fusion PCR method (21) with the primers
ptkA_F1_neuer (5=-AAGGAAAGCCGATTCTTGCTGG-3=) and PtkA_
KO_R1 (5=-GCGCGCCAAGTTTCGACCC-3=). The resulting PCR product of ptkA-yfpC-pyrG was transformed into A. nidulans strain TN02A3
together with pipA-yfpN-pyro or pclB-yfpN-pyro.
Transformants were screened by PCR for the homologous integration
event. One strain with ptkA-yfpC-pyrG and pipA-yfpN-pyro (SKC29) and
one strain with ptkA-yfpC-pyrG and pipA-yfpN-pyro (SKC30) were selected from the transformants.
Insertion of mutations by site-directed mutagenesis. To introduce
mutations in an N-terminal GFP fusion construct of PtkA, a QuikChange
XL mutagenesis kit (Stratagene, Heidelberg, Germany) was used. To generate the K54Q point mutation, the following primers were used: ptkAKQ-F1 (5=-GATGGCTCCATCGTCGCGCTGCAAAAGATCCTCATGC
ATAATG-3=) and ptkA-KQ-R1 (5=-CATTATGCATGAGGATCTTTTGC
AGCGCGACGATGGAGCCATC-3=) (the mutation sites are underlined),
yielding pKC65. To delete the PITALRE domain, the primers PtkA_
PITALRE_f (5=-PHO-CTACTGAAAATGTTGTCCCACACC-3=, where
PHO indicates phosphorylation of the primer) and PtkA_PITALRE_r
(5=-PHO-CTTTGACGATCAGATAGCTGCC-3=) were used, yielding
pKC64. To generate the G32AG34A point mutations, the primers
PtkA_GAGA_f (5=-GCAAACTGGCGGAGGCCACCTTTGG-3=) and
PtkA_GAGA_r (5=-CCAAAGGTGGCCTCCGCCAGTTTGC-3=) were
used, yielding pKC70. For the D155G point mutation, the primers
PtkA_D155G_f (5=-GTATCCTACACCGCGGCATGAAAGGCTAG-3=)
and PtkA_D155G_r (5=-CTAGCCTTTCATGCCGCGGTGTAGGATAC3=) were used, and for the mutation D173A, the primers PtkA_D173A_f
(5=-CTGCAGATTGCCGCCTTCGGACTGGC-3=) and PtkA_D173A_r
(5=-GCCAGTCCGAAGGCGGCAATCTGCAG-3=) were used, yielding
pKC71 and pKC66, respectively.
All plasmids were verified by sequencing and then transformed into
strain GR5.
Yeast two-hybrid analysis. The yeast two-hybrid screen was performed using a Matchmaker library construction and screening system
(BD Clontech). For bait generation, the primers pGB-Y2H-F1 (5=-GGC
ATATGGGCATAGCGTCACTCGAACGG-3=) and pGB-Y2H-R1 (5=-G
GATCCTCACCGGCGATACGGACCCCT-3=) were used to amplify a
full-length ptkA cDNA fragment, the primers ptkA24/170_Nde (5=-GGC
TACCATATGGAATTCGAGTTCTTAGGCAAACTGGG-3=) and ptkA24/
170_Bam (5=-GGCTACGGATCCTCACTGCAGAATACCTTGGTTGC
TTATAAG-3=) were used to amplify the truncated ptkA fragment from
residues 24 to 170 (ptkA_24/170), and the primers ptkA_Bam_for (5=-G
GATCCATGGGCATAGCGTCACTCG-3=) and ptkA995_Sal_rev (5=-G
GGTCGACTCATGGCGGTGTCGAGAAATAA-3=) were used to amplify
the truncated ptkA_1/330. The full-length ptkA and the truncated ptkA_1/
330 were cloned in the pGBT9 vector, and the truncated ptkA_24/170 was
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TABLE 3 Identification of PtkA-interacting proteins with the PtkA full-length protein as bait
Total no. of amino
acids/size of isolated
clone (amino acids)

No. of
clones in
screening

Conserved domaina

AN6605.2
AN6827. 1

408/344
122/122

5
1

FAD-dependent oxidoreductase
ssDNA binding protein Ssb3

AN5438.2

422/422

3

Tetratricopeptide repeat protein

AN6600.2

723/604

1

Mis6 domain-containing protein

AN10741.1

241/241

1

Cyclin-dependent protein kinase
complex component

AN11303.1

92/92

1

ATP synthase e chain

AN4730.2

188/188

1

37S ribosomal protein S12

4
3

Hypothetical protein
Hypothetical protein

AN11317.1
AN7249.2
a

Assigned function in other organisms
Replication factor A protein 3: replication factor
A is involved in eukaryotic DNA replication,
recombination and repair
The tetratricopeptide repeat is a structural motif
present in a wide range of proteins. It
mediates protein-protein interactions and the
assembly of multiprotein complexes
Mis6 is an essential centromere connector
protein acting during G1-S phase of the cell
cycle
This family includes many different cyclin
proteins. Members include the G1/S-phasespecific cyclin Pas1 and the phosphate system
cyclin PHO80/PHO85
This family consists of several ATP synthase e
chain sequences which are components of the
CF(0) subunit
Ribosomal protein S12 is one of the proteins
from the small ribosomal subunit

FAD, flavin adenine dinucleotide; ssDNA, single-stranded DNA.

nontagged CTD was detected with the monoclonal antibody 8WG16 (dilution, 1:1,000; Covance, Princeton, NJ). Two monoclonal anti-phosphoCTD antibodies were applied to quantify CTD specifically phosphorylated at Ser2 (dilution, 1:1,000; antibody H5; Covance, Princeton, NJ) and
CTD specifically phosphorylated at Ser5 (dilution, 1:1,000; antibody H14;
Covance, Princeton, NJ).

RESULTS

Identification of novel interaction partners of the Cdk9 kinase
PtkA. The cyclin-dependent kinase PtkA has been shown to interact with two cyclins, PclA (11) and PchA (13). Whereas pchA
deletion caused a severe growth defect, pclA deletion had no effect
on vegetative growth but had an effect only on sporulation. Because Cdk9 kinases are involved in several cellular pathways in
higher eukaryotes, we anticipated that PtkA specificities might be
determined by even more interaction partners in A. nidulans. To
identify such new interacting proteins, we screened a cDNA library by using the Matchmaker library construction and screening kit (Clontech). Full-length PtkA (PtkA_1/545) was cloned into
the standard yeast two-hybrid pGBKT7 vector, in which the constructs are strongly expressed. Corresponding yeast transformants, unfortunately, did not grow well and were unable to mate.
This suggested an inhibitory function of the PtkA kinase. To avoid
the toxic effect, we used instead pGBT9 as the vector, in which
genes are expressed at lower levels. In addition, we constructed a
truncated version of PtkA (PtkA_24/170) lacking a short piece of
the N terminus and the kinase domain, located in the C terminus.
This construct could be screened in the overexpression vector
pGBKT7. In the screening experiment with PtkA_1/545, 120 yeast
colonies grew on the selection medium (SD-Leu-Trp-His, where
SD means synthetic dropout), from which 100 yeast colonies were
able to grow again on the same medium. The screening with
PtkA_24/170 led to the isolation of about 450 yeast colonies, twoJanuary 2013 Volume 12 Number 1

thirds of which were able to grow again on selective medium.
Plasmids from these colonies were isolated, and different plasmids
were identified by restriction fragment length polymorphism
analysis. After sequencing, nine different genes were identified
from the screening with PtkA_1/545 (Table 3) and 10 were identified from the screening with PtkA_24/170 (Table 4), respectively. We have chosen two candidates, AN10741 and AN2513, for
further analysis, because all other putative interacting proteins
seemed to have metabolic functions. The protein for uncharacterized gene AN10741 was named PclB, and the second interacting
protein, AN2513, was named PipA.
PclB is a homologue of Saccharomyces cerevisiae Pcl7 and the
second Pcl-like cyclin identified in A. nidulans. The pclB fulllength cDNA was found once in the yeast two-hybrid screen with
ptkA_1/545 as bait. The ORF (AN10741) is 726 bp long, contains
no introns, and codes for a protein with 242 amino acids. PclB
displays 30% identical residues compared to S. cerevisiae Pcl7. If
chemically similar amino acids are included, the degree of similarity increases to 60%. S. cerevisiae Pcl7 forms a complex with the
kinase Pho85/Pho80 (23), and its expression is regulated during
the cell cycle (24). Because of the homology to Pcl7 and because it
is the second member of the Pcl cyclin family to have been found
in A. nidulans, we named the protein PclB. PclB is also conserved
in other filamentous fungi, but none has yet been analyzed. A.
nidulans PclB contains a predicted cyclin box (49 to 219 aa), a
PEST domain (82 to 92 aa), and a putative destruction box (169 to
177 aa). Furthermore, it contains a predicted Cdk phosphorylation site (87 to 93 aa) and a nuclear export signal, located behind
the cyclin box (208 to 223 aa) (Fig. 1A).
PipA, a new putative serine/threonine kinase. The second interacting protein (AN2513) was named PipA (Fig. 1A), which
stands for PtkA-interacting protein A. The open reading frame
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TABLE 4 Identification of PtkA-interacting proteins using a truncated version of PtkA as bait
Total no. of amino
acids/size of isolated
clone (amino acids)

No. of clones
in screening

Conserved domain

Assigned function in other organisms

AN9297.2

590/388

12

Myosin cross-reactive antigen

AN0369.1
AN0451.2

459/311
215/185

1
6

Methionine aminopeptidase 2B
C-8 sterol isomerase

AN03223.1

796/569

4

6-Phosphofruktokinase alpha subunit

AN7044.2

1

Histidinol phosphatase

Members of this family are thought to have
structural features in common with the
beta chain of the class II antigens
Metallopeptidase family
C-8 sterol isomerase, catalyzes a reaction in
ergosterol biosynthesis
Catalyzes the phosphorylation of fructose6-phosphate to fructose-1,6bisphosphate, a key regulatory step in
the glycolytic pathway
The polymerase and histidinol phosphatase
(PHP) domain is a putative
phosphoesterase domain

AN3847.2
AN3586.2
AN7432.2
AN4202.1

1
1
1
1

Oxidoreductase
Ubiquinone biosynthesis monooxygenase
Ornithine decarboxylase antizyme
Ribosomal protein L16a

1

Serine/threonine-protein kinase Bud32

AN2513.2

285/118

was also not disrupted by any intron. PipA is a protein of 286 aa
with a predicted protein kinase domain (26 to 239 aa), a PEST
domain (188 to 200 aa), and a nuclear localization signal (269 to
283 aa). Homologous proteins are also found in other filamentous
fungi but have not yet been characterized. PipA shows homology
to the kinase Bud32 of S. cerevisiae (36% identical and 49% conserved). In S. cerevisiae, Bud32 comprises part of the KEOPS/EKC
complex, which is known to play a role during transcription and
to be important for maintenance of the telomeres and separation
of the chromosomes (15, 25). Furthermore, Bud32 is an atypical
serine/threonine kinase, because it is shorter and some conserved
domains are missing compared to the sequences of other known
kinases (14, 26). Deletion of BUD32 causes slower growth, reduced survival of the cells in the stationary growth phase, inhibition of sporulation of homozygous diploids, as well as inhibition
of meiotic divisions (26, 27).
Interaction of PtkA with PipA and PclB is restricted to the
head of the conidiophore. To verify the interaction of PtkA with
PipA and PclB, a yeast two-hybrid assay with different bait constructs was performed (Fig. 1B). Full-length PtkA was used as bait,
as were two truncated versions, PtkA_24/170 and PtkA_1/330.
The truncated PtkA_24/170 contains a large part of the kinase
domain and most of the conserved domains, and the PtkA_1/330
construct includes the whole kinase domain. Interaction of PipA
and PclB with PtkA could be shown with the three different bait
constructs, showing that the kinase domain of PtkA is sufficient
for the interaction with these proteins. To confirm these results
and to analyze the localization of the PtkA-PipA and PtkA-PclB
complexes in vivo, we used bimolecular fluorescence complementation (BiFC) (Fig. 1C). To this end, the N-terminal half of YFP
was fused to PipA and PclB and the C-terminal half of YFP was
fused to PtkA. Strains expressing PtkA-YFPC and PipA-YFPN or
28
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Ribosomal protein L13 is one of the
proteins from the large ribosomal
subunit
Bud32 is a subunit of the KEOPS/EKC
complex, which plays a role in
transcription and maintenance of
telomeres

PclB-YFPN showed a strong YFP signal, which was restricted to
metulae, phialides, and conidia. The same results were obtained
when constructs were expressed from the natural or the alcA promoter. No signal could be detected in hyphae, either in the cytoplasm or in nuclei, despite the presence of all three proteins (see
below). In comparison, PclA and PchA interactions with PtkA
were detected in the nuclei of hyphae (13).
PclB and PipA reside in the cytoplasm and in the nuclei of
hyphae and conidiophores. Because the interaction of PtkA with
PclB and PipA was restricted to the conidiophore, we tested
whether expression of the two proteins was also restricted to this
developmental phase (Fig. 2). To this end, A. nidulans strains
which contained GFP-PtkA in combination with mRFP-PipA or
mRFP-PclB were constructed. All proteins were C-terminally
tagged at their native locus. To generate these constructs, a fusion
PCR method was used (21). The fusion PCR was set up with two
flanking sequences and a GFP-pyrG cassette derived from pFNO3.
Transgenic A. nidulans colonies were tested for homologous integration of the constructs by PCR and Southern blotting (results
not shown). All proteins were detectable in hyphae and in conidiophores in the cytoplasm and also in nuclei. In addition to the
subcellular localization using the native promoter (Fig. 2A and C),
the tagged proteins were also expressed from the alcA promoter
(Fig. 2B and D). After moderate induction of the promoter, clear
signals which unambiguously demonstrated nuclear localization
of some fraction of the proteins were observed. GFP-PtkA could
mainly be observed in the nuclei of hyphae, in metulae, phialides,
and spores, with only faint signals observed in the cytoplasm.
mRFP-PipA appeared in metulae, phialides, and spores, with
strong signals observed in nuclei and the cytoplasm (Fig. 2D). The
mRFP-PclB fusion protein had the same localization pattern as
Eukaryotic Cell
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PipA. It was also found in nuclei, but the protein did not specifically accumulate in these organelles (Fig. 2B).
Besides the protein localization, the expression of pipA and
pclB was tested during different stages of development (Fig. 3).
Asexual development of the wild-type strain FGSCA4 was synchronized by air exposure of mycelium grown in liquid culture,
and total RNA was isolated at different time points and used as the
template for quantitative real-time PCR experiments. Whereas
pipA and pchA appeared to be constitutively expressed throughout
development, the expression of pclB changed during development. The expression after 5 h postinduction of asexual development was higher than that in hyphae and decreased with time to
the lowest level after 9 h. After that time point, the mRNA level
January 2013 Volume 12 Number 1

increased again, with a maximum occurring after 24 h. The high
levels of pclB and pipA expression during the formation of the
conidiophores are in agreement with the results of the interaction
and localization studies and thus imply a function of these proteins during later stages of asexual development. The analysis was
repeated with strains containing tagged versions of the proteins,
and similar expression patterns were obtained (data not shown).
pipA is important for normal growth and development. In
order to account for the putative lethality of pipA deletion, we first
tried to downregulate pipA using the alcA promoter (Fig. 4A). A
ca. 500-bp fragment was amplified from the region 5= of the pipA
open reading frame and cloned in frame with GFP under the control of the alcA promoter (pMCB17apx). Integration of the circuec.asm.org 29
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FIG 1 Isolation of two new PtkA-interacting proteins. (A) Scheme of the two proteins. Conserved domains of PipA and PclB. The PipA protein is 286 aa long
and contains a kinase domain, a PEST domain, and a nuclear localization signal (NLS). PclB is 242 aa long and contains a cyclin domain, a PEST domain, and
a destruction box. The PEST domain and a destruction box are both signals for degradation of proteins. The nuclear export signal (NES) is a sign for localization
of the protein in the nucleus and possible export in the cytoplasm. (B) Yeast two-hybrid assay with PtkA and PipA or PclB. The interaction of PipA and PclB with
PtkA was tested with three different PtkA constructs, the full-length PtkA_1/545 and two truncated constructs, PtkA_1/330 and PtkA_24/170. TDO, triple
dropout. (C) BiFC analyses to confirm the interaction of PtkA with PipA and PclB. In SKC19 expressing PtkA tagged with the N-terminal half of YFP and PipA
tagged with the C-terminal half, a YFP signal was detected in the head of the conidiophore but not in hyphae. Strain SKC20 expressing YFPN-PtkA and YFPC-PclB
also showed a YFP signal, which was restricted to the conidiophore and was not observed in the hyphae. DIC, differential inference contrast.
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the cytoplasm of hyphae. (B) Localization of PclB expressed from the alcA promoter. Strain SKC72 was grown on minimal medium with glycerol as the carbon
source. mRFP-tagged PclB mainly localized to the cytoplasm, but it also localized in the cytoplasm of hyphae and conidiophores. Localization in the nucleus was
confirmed by an overlay with the GFP signal of PtkA. (C) PipA tagged with GFP expressed from the natural promoter localized to the head of the conidiophore
and mainly to the cytoplasm of hyphae. (D) Localization of PipA expressed from the alcA promoter. Strain SKC73 was grown on minimal medium with glycerol
as a carbon source. mRFP-tagged PipA localized to the nucleus and the cytoplasm of hyphae and conidiophores. The localization in the nucleus was confirmed
by an overlay with the GFP signal of PtkA.

lar plasmid in the pipA locus results in duplication of the 500-bp
fragment and placement of the full-length gene under alcA promoter control. Growth of the strain on medium containing glucose led to repression of the alcA promoter and caused a decrease
in asexual spore formation, although the morphology of the conidiophores did not differ from wild type. The reduced spore production resulted in loss of the green color of wild-type colonies
and an increased production of aerial hyphae. Furthermore, most
of the vegetative hyphae showed a curved phenotype with multiple branches under repressing conditions. Under derepressing
conditions (medium with glycerol), the strain showed wild-type
morphology, proving the functionality of the N-terminal GFP fusion construct. Under inducing conditions (medium with threonine), asexual development was completely blocked. The produced hyphae showed a phenotype similar to that of hyphae
formed under repressing conditions, as they developed more
branches and curves, whereas the wild type grew straight. These
30
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results suggest that A. nidulans hyphal growth and asexual development are very sensitive to changes in PipA concentration.
pipA is an essential gene. To further analyze the function of
pipA, we aimed to construct a pipA-deletion strain by replacing
the coding sequence with a deletion construct obtained by fusion
PCR (Fig. 4A). Protoplasts of a KU70-deficient recipient strain
were produced and transformed with the deletion construct.
Transformants were tested for the loss of the ORF and homologous integration of the deletion cassette. The correct integration of
the deletion cassette was confirmed by PCR and Southern blotting
(Fig. 4B and C). However, the ORF of pipA was still detectable by
PCR and Southern blotting. This was a first indication that pipA
deletion is lethal and that only heterokaryotic or dikaryotic strains
survived. In order to study whether the strain was a diploid, medium with benomyl was used to induce haploidization. The putative diploid strain was inoculated in the center of a plate and incubated for several days. Benomyl destabilizes microtubules and
Eukaryotic Cell
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FIG 2 Localization of PipA and PclB. (A) PclB tagged with GFP expressed from the natural promoter localized to the head of the conidiophore and mainly to
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isolated after different time points, indicated by the scheme below the graph, to
monitor gene expression during development. Transcripts were quantified
relative to &-tubulin (benA). The expression level during the asexual development (5 h to 24 h) was compared to the expression during vegetative growth
(0 h).

causes random losses of chromosomes during mitosis. Because
aneuploid A. nidulans strains are rather unstable, the number of
chromosomes is rapidly reduced to the haploid set in aneuploid
nuclei. The progeny may therefore represent different genotypes,
which may be visible by sector formation in colonies. Although we
obtained sectoring colonies, we were unable to isolate homokaryotic pipA-deletion strains but always obtained either wild-type or
still diploid strains. These results suggest that pipA is an essential
gene.
Genetic interaction between pclB and pclA. To analyze the
function of pclB, a deletion strain was produced, as was a strain
expressing full-length pclB as a GFP fusion protein under the control of the inducible alcA promoter (Fig. 5A). Deletion of pclB was
confirmed by Southern blotting and PCR. The strain did not show
any discernible phenotype with regard to hyphal growth. However, spore production was significantly reduced. The strain expressing pclB under alcA promoter control also showed no differences in vegetative growth, regardless of repression or induction
of pclB. These results show that A. nidulans growth is not sensitive
to different PclB protein concentrations.
To investigate the genetic interaction between pclB and the
other known PtkA-interacting cyclins, PclA and PchA, corresponding double-deletion mutants were produced (Fig. 5B). The
pclA-deletion mutant was characterized by a reduced number of
asexual spores (11). The pclB pclA double-deletion strain displayed an additive effect of the pclA- and the pclB-deletion phenotypes, and even fewer spores were produced. Furthermore, most
of the conidiophores showed abnormal morphologies but were
still able to produce some spores. The pclB pchA double-deletion
strain produced the same tiny colonies as the pchA mutant. Conidiophore morphology was severely impaired, and spore formation was almost completely blocked (Fig. 5C).
January 2013 Volume 12 Number 1

FIG 4 Characterization of PipA. (A) Colonies of wild-type strain TN02A3 and
strain SKC13 [alcA(p)::GFP::pipA177] on MM with different carbon sources,
as indicated. Strains were grown for 2 days on MM agar plates containing
glucose (repressing conditions), glycerol (derepressing conditions), or threonine (inducing conditions). (B) Deletion strategy and confirmation of the
homologous integration of the deletion cassette by diagnostic PCR using the
primer pairs indicated in the scheme. Comparison of the "pipA/pipA diploid
strain (SKC49) and the wild-type (Wt) strain (TN02A3). Colonies were grown
for 3 days on yeast agar glucose. LB, left border; RB, right border. (C) Haploidization of SKC49 on medium with 0.3 'g/ml benomyl. The pipA mutant
grown on medium with benomyl produced several sectors. Spores were collected from different sectors, and corresponding colonies were tested by PCR
for the pipA-knockout or wild-type situation. Some colonies were haploid
after growing on benomyl medium but contained only the pipA ORF (sectors
5 and 6), whereas other colonies were still diploid (sectors 1 to 4).

The conserved domains of PtkA are essential for the localization and the ability to interact with other proteins. To investigate if certain domains in PtkA are important for the subcellular
localization and the ability to interact with other proteins, five
important domains were mutated. The exchange of the conserved
sequences was performed by site-directed mutagenesis using a
plasmid containing ptkA with N-terminal GFP under the control
of the alcA promoter. The conserved glycine-rich region, which is
important for the correct binding and positioning of ATP, was
mutated by the exchange of two glycines to alanine (G32A and
G34A) (28). The conserved lysine (K54) is needed for the transfer
of phosphate to the substrate and was mutated to a glutamine
(K54Q) (29). The invariable PITALRE sequence, important for
cyclin binding, was deleted (30). The next important amino acid is
ec.asm.org 31
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FIG 3 Gene expression analyses by quantitative RT-PCR. Total RNA was
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the aspartate of the DMKAAN domain, which facilitates the release of the substrate after the phosphate transfer and was exchanged to a glycine (D155G) (31). In the conserved DFG domain, which is needed for the transfer of the phosphate residue
and the binding of ATP, aspartate was changed to alanine
(D173A) (32). PtkA-GFP was detected in the nuclei of hyphae and
conidiophores, with faint GFP signals detected in the cytoplasm.
All mutated PtkA-GFP fusion proteins mainly localized in the
cytoplasm and only partly localized in the nuclei. To exclude localization artifacts due to the degradation of the GFP-PtkA fusion
proteins, protein integrity and abundance were analyzed in Western blots. All GFP-PtkA constructs were present in similar
32
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FIG 5 Characterization of the cyclin PclB. (A) Deletion strategy and confirmation of pclB deletion by diagnostic PCR using the primer pairs indicated in
the scheme. Comparison of the pclB-deletion strain (SKC34) and the wild type
(TN02A3). Colonies were grown for 3 days on MM. LB, left border; RB, right
border. (B) Characterization of double-deletion mutants of the different cyclins interacting with PtkA. Conidiophore stalks are about 8 'm in diameter.
(C) Quantification of asexual spores of wild-type (TN02A3), the pclA- and
pclB-deletion strains, and the pclA pclB double-deletion strain. Strains were
grown on MM agar plates, and spores were counted after 24, 48, 72, and 96 h.

amounts independent of the mutation of different domains of
PtkA (Fig. 6B). The localization results thus indicate an important
role of all conserved domains for proper localization and activity
of PtkA.
To test the relevance of the different domains for the interaction of PtkA with other interacting proteins (PclA, PclB, PchA,
and PipA), yeast two-hybrid analyses were performed using the
same modified PtkAs. To select for the incorporation of the two
plasmids and for the interactions, different selection media were
used. Although the presence of both plasmids could be demonstrated, no interaction was detected (data not shown). In accordance with the loss of the normal localization pattern, the mutation of the conserved domains also inhibited the interaction with
the different interaction partners.
Evidence for a possible role of Pcl cyclins in controlling the
phosphorylation status of the CTD of the large subunit of RNA
polymerase II. Given that Cdk9 kinases are involved in the regulation of RNA polymerase II, we anticipated that A. nidulans PtkA
fulfills a similar function and that the identified PtkA interaction
partners may control PtkA activity and thereby control RNA polymerase II. The control of RNA polymerase II activity should involve the phosphorylation status of the CTD. Several approaches
were undertaken to test this hypothesis. Three antibodies (for human and yeast) which can be used to analyze the phosphorylation
status of RNA polymerase II are commercially available. The antibody 8WG16 recognizes the unphosphorylated form. The antibody H5 is derived against phosphorylated serine 2 (Ser2) and
H14 is derived against serine 5 (Ser5) in the heptad repeat of the
CTD. One obvious experiment to analyze the phosphorylation
status is, of course, to quantify the amounts of RNA polymerase
and the phosphorylated forms in cell extracts of A. nidulans. However, the protein concentrations of RNA polymerase appeared to
be below our detection limit. Therefore, we aimed at the establishment of an in vitro phosphorylation assay. To this end, we successfully expressed PclA, PclB, PtkA, and the CTD in E. coli. Unfortunately, most proteins were insoluble and thus could not be used in
the assay. Next, we overexpressed the CTD (pKC87) in A. nidulans
wild type and pclA (SSNI30) and pclB (SKC34) mutant strains.
Strains were incubated in liquid medium for 24 h at 37°C and then
induced for asexual development, and after an additional 24 h,
protein extracts were prepared. The CTD could be detected in all
protein samples prepared from vegetative hyphae (Fig. 7A and B)
or conidiophores (Fig. 7C and D). Interestingly, the concentration
of the CTD was very low in wild-type conidiophores, whereas the
protein was very abundant in pclA- or pclB-deletion strains, suggesting that the presence of either cyclin renders the CTD rather
unstable (Fig. 7C and D), indicating a connection between Pcl
cyclins and the CTD.
In order to determine the phosphorylation status of the CTD,
phosphorylation of Ser2 and Ser5 of the CTD was compared between wild type and the deletion mutants. The intensities of all
bands in the Western blot were quantified and normalized using
the signals obtained with the anti-CTD antibody (8WG16) in the
wild-type strain. Afterwards, the values obtained with the phosphorylation-specific antibodies were compared between the wildtype and the pcl-deletion strains. In hyphae, the phosphorylation
of Ser2 decreased slightly in the absence of PclA or PclB, whereas
Ser5 phosphorylation increased almost two times in the case of
pclA deletion (Fig. 7A and B). The experiment was repeated four
times. In conidiophores, phosphorylation of Ser2 in the pclA-de-
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mutated versions of PtkA in hyphae and conidiophores. Only the unmodified PtkA protein localized within nuclei. (B) Detection of GFP-PtkA fusion proteins
by Western blotting. Equal amounts of protein were analyzed with the anti-GFP antibody.

letion strain increased in comparison to that in the wild type,
whereas phosphorylation of Ser5 was reduced (Fig. 7C and D). In
comparison, the phosphorylation pattern in the "pclB strain resembled the pattern obtained in vegetative hyphae; Ser2 phosphorylation was reduced and Ser5 phosphorylation was increased
(Fig. 7C and D). The experiment was repeated several times, but in
many cases, the CTD concentration in wild type was below the
detection limit. Therefore, those samples could not be normalized. Taken together, our results strongly suggest a relation between Pcl cyclins and RNA polymerase II.
DISCUSSION

It has been shown in different organisms that transcription is regulated by a complex which is called P-TEFb in mammalian cells
and consists of the Cdk9 kinase and a member of the T-cyclin
family (33). This complex is important for the phosphorylation of
the CTD of the large subunit of RNA polymerase II and thus
regulates the transition from the initiation to the elongation phase
(6, 34). In C. elegans, it has been shown that Cdk9 is essential for
the expression of genes during early development (35). A genespecific function of Cdk9 was also demonstrated in mammalian
cells, because the inhibition of Cdk9 resulted in up- and downregulation of certain genes and not in a breakdown of the whole
RNA synthesis (10). However, the exact mechanism by which
Cdk9 exerts a specific effect on the expression of certain genes
remains enigmatic.
Here we studied the A. nidulans Cdk9 homologue PtkA and
identified two new interaction partners of PtkA, in addition to the
previously characterized T cyclin, PchA and the Pcl-like cyclin
PclA (11, 13). Hence, in total, four different Cdk9 interaction
partners which are likely to control PtkA activity alone or in combination are now known. Deletion of pchA severely impaired vegJanuary 2013 Volume 12 Number 1

etative growth, and pipA deletion was lethal, suggesting that it has
basic functions in the transcription machinery. In agreement with
that, PchA interacted with PtkA in nuclei of hyphae in vivo (13).
PipA did not interact with PtkA in hyphae. However, PipA could
serve a PtkA-independent function in hyphae, because the S. cerevisiae PipA homologue Bud32 is part of the KEOPS/EKC complex,
which is also known to be involved in transcription. In addition, it
plays a role in telomere maintenance and mitosis (15, 25). Our interaction results with PtkA in the conidiophore indicate that PipA may
additionally play specific functions during development.
Most interestingly, however, is the finding that two cyclins, PclA
and PclB, apparently contribute to the functioning of PtkA in conidiophore development. Deletion was not lethal but specifically affected
spore production. This could be due to an interaction with NimX
(Cdk1), as has been shown before (12, 36). However, a second possibility is that PtkA controls the phosphorylation status of RNA polymerase II, as it has been shown for other Cdk9 kinases. Indeed, we
found that the phosphorylation status of the CTD of the large
subunit of RNA polymerase II changes upon deletion of either
pclA or pclB. The most drastic change was that the CTD was hardly
detectable in conidiophores, whereas in pclA- and pclB-deletion
strains, the protein appeared as a strong band in Western blots.
This suggests instability of the CTD in conidiophores and could be
explained by different phosphorylation states of the protein in the
absence of either PclA or PclB. In addition, we found that Ser2
phosphorylation increased and Ser5 phosphorylation decreased
after pclA deletion. In contrast, the phosphorylation pattern was
opposite in pclB-deletion strains. We take these results as first
evidence that PtkA—in combination with different Pcl cyclins—
controls the phosphorylation status of RNA polymerase II. Hence,
our results suggest a new level of regulation of asexual development. A. nidulans is an attractive model for studying eukaryotic
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FIG 6 Conserved domains of PtkA are necessary for nuclear localization and the ability to interact with its partners. (A) Localization of PtkA and different
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development (37, 38). Using developmental mutants and complementation approaches for gene isolation, a number of important
regulators as well as differentially regulated proteins have been
identified and a central cascade of transcription factors has been
characterized. One of the central master regulators is a Cys2His2
zinc finger transcription factor called bristle (brlA). Corresponding mutants fail to develop conidiophores beyond the stalk stage
(39, 40). The BrlA protein controls downstream genes like a
second APSES transcription factor, AbaA (41). This protein is
important for the sterigma differentiation during conidiophore
development, because abaA-null mutants produce aconidial conidiophores, which are not able to produce sporogenous phialides.
34
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One of the early developmental mutants had a mutation for
conidial pigmentation. The isolation of the genes revealed a laccase (yA) and a polyketide synthase (wA) (42, 43). Such transcriptionally regulated genes were important tools for investigating the
functioning of the transcriptional regulators.
Besides transcriptional induction of developmental genes,
control of gene expression through microRNAs was shown for
some genes, such as brlA and stuA (44–46).
Most likely, chromatin remodeling is also important in development of A. nidulans. There is already ample evidence for an
important role of the histone code in the control of secondary
metabolism (47, 48).
Eukaryotic Cell
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FIG 7 Analysis of the phosphorylation status of the CTD of RNA polymerase II in wild-type and pcl-deletion strains. Equal amounts of protein were analyzed
for the CTD concentration with antibody 8WG16 and for Ser2 and Ser5 phosphorylation with the antibodies H5 and H14, respectively. The intensities of the
bands in the Western blot were quantified using ImageJ software. (A, B) Analysis of hyphae. The values represent the means of four independent experiments.
The bars represent the standard deviations. (C, D) Analysis of conidiophores. A representative experiment is displayed. The amount of CTD in wild type was often
below the detection limit. The following strains were used: SKC48, SKC77, and SKC79.

Cdk9 Kinase in A. nidulans

Here, we present evidence that modulation of RNA polymerase II through the Cdk9 kinase PtkA is involved in developmental
control. Of course, one of the major challenges for future research
will be the identification of target genes whose activity is controlled in a PtkA-dependent manner. A. nidulans appears to be a
nice model system with many possibilities to unravel the CTD
code and its interplay with the histone code.
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