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Cdk9-like kinases in complex with T-type cyclins are essential components of the eukaryotic transcription
elongation machinery. The full spectrum of Cdk9/cyclin T targets, as well as the specific consequences of
phosphorylations, is still largely undefined. We identify and characterize here a Cdk9 kinase (PtkA) in the
filamentous ascomycete Aspergillus nidulans. Deletion of ptkA had a lethal effect in later stages of vegetative
growth and completely impeded asexual development. Overexpression of ptk4 affected directionality of polar-
ized growth and the initiation of new branching sites. A green fluorescent protein-tagged PtkA version localized
inside the nucleus during interphase, supporting a role of PtkA in transcription elongation, as observed in
other organisms. We also identified a putative cyclin T homolog, PchA, in the A. nidulans genome and
confirmed its interaction with PtkA in vivo. Surprisingly, the Pcl-like cyclin PclA, previously described to be
involved in asexual development, was also found to interact with PtkA, indicating a possible role of PtkA in
linking transcriptional activity with development and/or morphogenesis in 4. nidulans. This is the first report
of a Cdk9 kinase interacting with a Pcl-like cyclin, revealing interesting new aspects about the involvement of

this Cdk-subfamily in differential gene expression.

Cyclin-dependent kinases (Cdks) are a large group of Ser/
Thr protein kinases that are activated upon binding to a reg-
ulatory cyclin subunit. Initially, they have been characterized as
key regulators of the cell cycle; however, more recently several
Cdk subfamilies have been implicated in other processes such
as transcriptional regulation and mRNA processing (25). The
regulatory network that controls the initiation, elongation, and
termination of the transcription of protein coding genes is
extremely complex and has been mainly studied in mammalian
cells and yeast. The phosphorylation state of the C-terminal
domain (CTD) of the largest subunit of RNA polymerase II
(RNAPII) has emerged as one of the central components of
this network, since the CTD serves as a platform for essential
transcription-related proteins, including components of the
chromatin remodeling and mRNA processing machinery (16,
21). The CTD is composed of heptad repeats with the consen-
sus sequence YSPTSPS that has been evolutionary conserved
in a wide range of organisms (49). However, the number of
these repeats, as well as the degree of sequence conservation,
differs greatly, ranging from 52 highly conserved repeats in
mammals to 26 to 27 highly conserved repeats in yeast (48). In
Aspergillus nidulans there are 19 heptad repeats; however,
apart from one, they all contain one or more substitutions to
the canonical sequence motif. The reason for this degeneracy
is currently unknown. However, it has been proposed that
individual organisms have evolved unique CTD functions that
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are reflected in a distinct array of heptad motifs, recognizing
general core factors as well as species-specific factors (4). Due
to reversible phosphorylation of the Ser-2 and Ser-5 residues
within the consensus repeats, the CTD of the RNAPII cycles
between a hypophosphorylated state that is competent of en-
tering the preinitiation complex and a hyperphosphorylated
state that is capable of processive elongation (19, 29).
Several Cdks, including the Cdk9 subfamily, and at least one
protein phosphatase have been shown to control the CTD
phosphorylation state (16, 21, 38). The human Cdk9 protein is
the kinase subunit of the positive transcription elongation fac-
tor b (P-TEFb) and is required for the RNAPII to leave the
promoter site and enter the transcriptional elongation phase
(37). However, the exact mechanism of how P-TEFb controls
transcriptional elongation is not fully understood. In Drosoph-
ila and mammalian cells, P-TEFb phosphorylates the CTD of
RNAPII, primarily on Ser-2 within the heptad repeats, pro-
ducing the hyperphosphorylated state of the CTD that is re-
quired for elongation (14, 39, 46). In addition, the negative
transcriptional elongation factors DSIF and NELF are also
phosphorylated by P-TEFb (37). In budding yeast, the func-
tions of P-TEFb seem to be split between the essential Burl/
Bur2 complex and the nonessential Ctkl/Ctk2/Ctk3 com-
plex, with both Burl and Ctkl comprising sequence
similarities to Cdk9 from higher eukaryotes (55). Both ki-
nases can phosphorylate the CTD in vitro, but Ctkl seems to
be primarily responsible for Ser-2 phosphorylation during
transcription, whereas Burl also has other targets like the
elongation factor Spt4/Spt5 (24). A similar division of labor
seems to exist in Schizosaccharomyces pombe between the
essential SpCdk9/Pchl and the nonessential Lsk1/Lscl com-
plex (52). The full entity of Cdk9-targets, as well as the
specific consequences of phosphorylations, especially for or-
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TABLE 1. A. nidulans strains used in this study

Strain Genotype or construction® Source or
reference

FGSCA4 Glasgow wild type FGSC®
TNO2A3 pyrG89; argB2 AnkuA::argB; pyroA4 27

GRS pyrG89; wA3; pyroA4 53

SO451 pyrG89; wA3; argB2; pyroA4; AnkuA::argB; sE15 32

SFB1 TNO2A3 transformed with pFB2; (alcA(p)::GFP-PtkA) This study
SFB2 TNO2A3 transformed with pFB2; (alcA(p)::GFP-PtkA) This study
SFB19 GRS transformed with pFB13 and pFB14; (alcA(p):-YFPN-PclA and YFPC-PtkA) This study
SFB49 GRS transformed with pFB25 (alcA(p)::GFP-PtkAK54Q) This study
SFB51 SO451 transformed with ptkA deletion cassette (AptkA, heterokaryotic strain) This study
SFB54 SO451 transformed with ptkA deletion cassette (AptkA, heterokaryotic strain) This study
SFBS5 SO451 transformed with ptkA deletion cassette (AptkA, heterokaryotic strain) This study
SFB69 GRS transformed with pFB13 and pFB22 (alcA(p)::YFPN-PchA and YFPC-PtkA) This study
SFB82 GRS transformed with pFB15 (alcA(p)::GFP-PtkA; three ectopic integrations) This study
SFB83 GRS transformed with pFB15 (alcA(p)::GFP-PtkA; one ectopic integration) This study
SCK9 TNO2A3 transformed with pFB31 (pchA deletion plasmid, ApchA) This study
SCK10 SCK9 transformed with pFB26 (pchA) This study

“ All strains are veAl.
» FGSC, Fungal Genetics Stock Center.

ganisms that lack a canonical CTD sequence, remains
largely undefined.

In mammals, several cyclin subunits have been found to
activate Cdk9-like kinases (T1, T2a, T2b, and K), with cyclin
T1 being the predominant binding partner (11, 36). Unlike for
cell cycle-related cyclins, the protein levels of the transcrip-
tional cyclin T subfamily do not oscillate during different cell
cycle phases. However, there is an upregulation of cyclin T
expression during different developmental programs (13, 22,
41). Accordingly, the Cdk9 homologs in budding and fission
yeast interact with regulatory cyclin partners that show signif-
icant sequence similarities to cyclin T proteins from higher
organisms (34, 59). However, an upregulation of expression
levels during certain cellular situations has not been reported.

Thus far, four Cdks have been characterized in the filamen-
tous ascomycete A. nidulans. The Cdkl homolog NimX in
complex with the essential regulatory subunit NimE®<"® rep-
resents the key cell cycle regulator (28). Together with another
protein kinase, NimA, NimX is required for mitosis entry and
septation (31, 33). It is noteworthy that nimX expression is
upregulated during asexual development (60), which implies
an interaction between developmental regulators and cell cycle
regulators in A. nidulans. This was further emphasized by the
discovery of a second cyclin interaction partner of NimX, the
Pcl-like cyclin PclA (44, 45). As revealed by the expression
pattern and the developmental defect of the deletion mutant,
PclA function is limited to sporulation, where its exact role
remains to be discovered. It was hypothesized that PclA in
complex with NimX is required to accelerate cell cycle pro-
gression during the generation of conidiospores by rapid, re-
peated budding of the phialides (45). Apart from the cell cycle
regulator NimX°®*!, three more Cdks have been characterized
in A. nidulans. The PITSLRE-type kinase NpkA is involved in
a DNA damage signal transduction pathway and also plays a
role in the regulation of cell cycle progression during S-phase
(10). The PhoA and PhoB kinases are almost identical in
sequence and exhibit a high degree of functional redundancy
(3). They are closely related to the Pho85 kinase in Saccharo-
myces cerevisiae, which interacts with the members of the Pcl

cyclin subfamily and is involved in a variety of cellular func-
tions, including morphogenesis, metabolism, and transcription
regulation (20). In A. nidulans, the nonessential PhoA kinase
influences developmental decisions in response to environ-
mental conditions (3). Deletion of the closely related PhoB
kinase has no phenotype. However, in a AphoA background it
is lethal and leads to defects in nuclear division and polarity
(8). Both kinases form complexes with the cyclin AnPho80 (56)
but, interestingly, the Pcl-like cyclin PclA does not interact
with PhoA/PhoB (44).

In the present study we characterize a new Cdk, PtkA, in A.
nidulans that displays sequence similarity with members of the
Cdk9 subfamily in yeast and higher organisms. We found that
PtkA plays an essential role in A. nidulans and, since it appears
not to be involved in cell cycle regulation, most likely repre-
sents the first transcription-related Cdk to be characterized in
filamentous fungi. The overexpression phenotype, as well as
the identification of an unusual cyclin interaction partner, re-
veals interesting new aspects about a possible involvement of
Cdk9-like kinases in differential gene expression.

MATERIALS AND METHODS

Strains, plasmids, and culture conditions. Supplemented minimal medium
(MM) and complete medium for A. nidulans were prepared as described earlier,
and standard strain construction procedures were as described by Hill and Kéfer
(18). A list of A. nidulans strains used in the present study is given in Table 1.
Standard laboratory Escherichia coli strains (XL1-Blue, Top10F') were used. The
plasmids are listed in Table 2.

Molecular techniques. Standard DNA transformation procedures were used
for A. nidulans (61) and E. coli (43). For PCR experiments, standard protocols
were applied by using a Biometra TRIO Thermoblock for the reaction cycles.
DNA sequencing was done commercially (MWG Biotech, Ebersberg, Germany).
Genomic DNA was extracted from A. nidulans by using a DNeasy plant minikit
(Qiagen, Hilden, Germany). DNA analyses (Southern hybridizations) were per-
formed as described previously (43).

Deletion of ptkA and pchA. The coding regions of ptkA were replaced by a
deletion cassette containing the pyrG gene of A. fumigatus, which encodes the
orotidine-5'-phosphate decarboxylase and complements the uridine/uracil auxo-
trophy that is imposed by the pyrG89 mutations. The deletion cassette was
generated by fusion PCR as described previously (50) and consists of the pyrG
gene flanked by the upstream and downstream sequences (each ~1,500 bp) of
the target genes. The following primers were used to generate the linear DNA
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TABLE 2. Plasmids used in this study

Plasmid Construction Source or
reference

pCMB17apx alcA(p)::GFP, for N-terminal fusion of GFP to proteins of interest, contains N. crassa pyr-4 9
pCR2.1-TOPO Cloning vector Invitrogen
pDV7 GFP replaced by N-terminal half of YFP in pCMB17apx 51

pDVS8 GFP replaced by C-terminal half of YFP in pCMB17apx 51

pSM14 GFP replaced by 3XHA in pCMB17apx 40

pNZ12 1.7-kb pyroA fragment in pCS1 62

pFB2 N-terminal 0.7-kb ptkA fragment in pCMB17apx This study
pFB10 N-terminal ptkA cDNA fragment (aa 1 to 330) in pGBKT7 This study
pFB13 Full-length ptkA in pDV8 This study
pFB14 Full-length pcl4 in pDV7 This study
pFB15 Full-length ptkA4 in pCMB17apx This study
pFB22 Full-length pchA in pDV7 This study
pFB25 Full-length ptkA with point mutation K54Q in pCMB17apx This study
pFB26 Full-length pchA in pSM14 This study
pFB27 1.5-kb 5-flanking region of pchA with Sfil site in pCR2.1-TOPO This study
pFB28 1.5-kb 3-flanking region of pchA with Sfil site in pCR2.1-TOPO This study
pFB31 pchA deletion plasmid: flanking regions from pFB27 and pFB28 ligated with pyro4 from pNZ12 This study
pCK1 N-terminal ptkA cDNA fragment (aa 24 to 330) in pGBKT7 This study
pCK2 Full-length pcl4 ¢cDNA in pGADT7 This study
pCK3 Full-length pchA ¢cDNA in pGADT7 This study

fragments for fusion PCR (the underlined segments are identical to the 5" end or
the 3’ end of the pyrG marker cassette): for the upstream region, ptkA-P3-for
(GCGTACCGACACTGATTAGG) and ptkA-Pl-rev (GAAGAGCATTGTTT
GAGGCGTTTTCACCATTTGATACTGCGC); and for the downstream re-
gion, ptkA-P5-for (ATCAGTGCCTCCTCTCAGACAGTGAAGCTACCGTC
TACCATAAAAC) and ptkA-P8-rev (AATGCGAAGCACCTGAAGC). The
pyrG marker cassette was amplified by using the primers UP3 (GCCTCAAAC
AATGCTCTTCA) and UP2 (CTGTCTGAGAGGAGGCACTGAT) (32). The
linear deletion fragment was then generated via fusion PCR by using the nested
primers ptkA-P2-for (GCCCCTGTGATATTCTCTCG) and ptkA-P7-rev (TGT
GAAATCATCGCTCTTGCTC). The deletion cassette was transformed into the
AnkuA strain SO451 to increase the frequency of homologues integration (27).

In case of the pchA deletion the flanking regions were amplified by PCR using
genomic DNA and the primers pch4-P3 (CTGACTCGCAGGAACATGAG)
and pchA-P10-Sfi (CGGCCATCTAGGCCGATAAGGGACCAACCAGCAC)
for the upstream region of pchA and the primers pchA-P9-Sfi (CGGCCTGAG
TGGCCCGGACCTACCACGACAGTC) and pchA-P8 (GGAGCACCTACAT
CAGAACG) for the downstream region. The Sfil restriction sites are under-
lined. Both fragments were cloned into pCR2.1-TOPO to generate pFB-27 and
pFB-28. In a three-fragment ligation, the pyro4 gene from plasmid pNZ12 (62)
was ligated between the pchA-flanking regions, resulting in plasmid pFB-31. The
plasmid was transformed into the AnkuA strain TNO2A3. Primary transformants
were screened by PCR for correct integration of the deletion cassette and the
absence of the pchA gene.

Heterokaryon rescue analysis. The essential ptk4 gene function was ascer-
tained and analyzed by using the heterokaryon rescue technique as described
elsewhere (32). In brief, conidia of the primary transformations were carefully
removed from the surface and replica streaked on YAG and YAGUU plates.
After 1 to 3 days of incubation at room temperature, the plates were observed
and scored for growth either per eye or at low power (X40 magnification) in an
Axiophot microscope (Carl Zeiss, Jena, Germany). On selective YAG plates
almost no growth occurred, because the mononuclear conidia either lacked the
nutritional marker gene or the essential ptk4 gene function. On YAGUU plates,
however, pyrG* AptkA~ conidia still could not form colonies, but the ApyrG
ptkA™ conidia were able to grow normally, thus indicating the heterokaryotic
state of the primary transformants. This was confirmed by diagnostic PCR (see
also Fig. 2B). Three individual Aptk4 heterokaryotic strains were selected for
further studies and propagated and stored as described previously (32).

Tagging of proteins with GFP and YFP™/YFPC. To create an N-terminal green
fluorescent protein (GFP) fusion construct of PtkA, a 0.7-kb N-terminal frag-
ment of ptkA (starting from ATG) was amplified from genomic DNA, using the
primers ptkA-Efi-for (GGGGCGCGCCc ATGGGCATAGCGTCACTCGAA
CGG) and ptkA-Efi-rev (GGTTAATTAAACCTTGGTTGCTTATAAGTAGA
TTGGCAGCTGCGCTGGGTCAGCC), and cloned via Ascl/Pacl (the restric-
tion sites are underlined) into the corresponding sites of pCMB17apx, yielding

pFB2. Likewise, the complete ptkA-ORF was amplified with the primers ptkA-
Efi-for and ptkAganz-Efi-rev (GGTTAATTAATCACCGGCGATACGGAC
CCC) and cloned into pCMB17apx, yielding pFB15. To generate a catalytically
inactive mutant, the K54Q point mutation was introduced with the QuikChange
XL mutagenesis kit (Stratagene, Heidelberg, Germany) using the primers
ptkA-KQ-F1 (GATGGCTCCATCGTCGCGCTGCAAAAGATCCTCATGCA
TAATG) and ptkA-KQ-R1 (CATTATGCATGAGGATCTTTTGCAGCGCG
ACGATGGAGCCATC) (the mutation sites are underlined) and pFB15 as a
template, yielding pFB25. All plasmids were verified by sequencing and then
transformed into the uracil/uridine auxotrophic strain TNO2A3 (AnkuA). The
integration events were confirmed by Southern blotting and microscopy (data not
shown).

For bimolecular fluorescence complementation (BiFC) analyses, the GFP in
pCMBI17apx was replaced with the N-terminal half (YFPN) or the C-terminal
half (YFPC) of yellow fluorescent protein, yielding pDV7 and pDVS, respec-
tively, as described earlier (51). To create a C-terminal YFPC fusion construct of
PtkA, the Ascl/Pacl fragment from pFB15 was subcloned into the corresponding
sites of pDVS, yielding pFB13. The N-terminal YFPN fusion construct of PclA
was generated by amplification of the complete open reading frame (ORF) from
genomic DNA with the primers pclA-Efi-for (GGGGCGCGCCCATGGATCT
CAACCGAACAGCGC) and pclAganz-Efi-rev (GGTTAATTAACTAAACGC
GAGGCCGCATCCGGTGG). The resulting PCR product was then cloned
via AscI/Pacl into the corresponding sites of pDV7, yielding pFB14. Using
the same strategy, the N-terminal YFPN fusion of PchA was generated, using
the primers pchA-Efi-for (GGGCGCGCCCATGGCGTCCCAACCGCCAG
TCAAA) and pchA-Efi-rev (GGTTAATTAACTACAATTCCCCTTCTTCA
CTTCCAC), yielding pFB22.

Yeast two-hybrid analysis. A yeast two-hybrid analysis was performed using
the Matchmaker Two-Hybrid system (Clontech, Mountain View, CA). For bait
generation, an N-terminal ptk4 cDNA fragment corresponding to amino acids
(aa) 1 to 330 was amplified with the primers pGB-ptkA-for (GGCATATGGG
CATAGCGTCACTCG) and pGB-ptkA-rev2 (GGGATCCTCATGGCGGTGT
CGAGAAATAAGGATG) and cloned via Ndel/BamHI (restriction sites are
underlined) into the pGBKT?7 vector, which contains the GAL4 DNA-BD and
the TRPI marker, yielding pFB10. Since the expression of this construct turned
out to have toxic effects on yeast cells, a shortened bait construct was generated,
containing a ptkA ¢cDNA fragment corresponding to the conserved kinase cata-
lytic domain (aa 24 to 330). This construct was generated by restriction digestion
of pFB10 with EcoRI and BamHI and subcloned into pGBKT7, yielding pCK1.
The complete pclA cDNA was amplified using the primers pclA-prey-for (GGC
ATATGGATCTCAACCGAACAGCGC) and pclA-prey-rev (GGGGATCCCT
AAACGCGAGGCCGCATCC) and then cloned using Ndel/BamHI into the vec-
tor pPGADT7, which contains the GAL4 DNA-AD and the LEU2 marker, yielding
pCK2. Likewise, the complete pchA cDNA was amplified by using the primers
pchA-pGADT7-for (GGCATATGATGGCGTCCCAACCGCCAGTCA) and
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pchA-pGADT7-rev. (GGCCCGGGCTACAATTCCCCTTCTTCACTTC) and
cloned into pGADT?7 using Ndel/Xmal, yielding pCK3. pGBKT7-derived plasmids
were transformed into the yeast strain AH109 (mating type MATa), and pGADT7-
derived plasmids were transformed into the yeast strain Y187 (mating type MATa).
The system uses three reporter genes (HIS3, ADE2, and LacZ) under the control of
the GALA-responsive UAS. Protein interactions were analyzed on selective plates
lacking tryptophan, leucine, and histidine (triple-dropout medium [TDOY]) or lacking
tryptophan, leucine, adenine, and histidine (quadruple-dropout medium [QDOY]).

Protein extracts and Western blotting. To prepare protein extracts, A. nidu-
lans strains were incubated in liquid MM for 24 h at 37°C. To induce the alcA
promoter, this medium was supplemented with 0.2% glucose and 2% threonine.
The mycelium was harvested by filtration through Miracloth (Calbiochem, Hei-
delberg, Germany), dried, and immediately ground in liquid nitrogen. Afterward,
the mycelial powder was resuspended in protein extraction buffer (50 mM Tris-
HCI [pH 8], 0.1% Triton X-100, 250 mM NaCl) containing protease inhibitors (1
mM phenylmethylsulfonyl fluoride) and rotated for 20 min in a head-over-tail
incubator. Cell debris was pelleted by centrifugation (Eppendorf Centrifuge
5403-R; Eppendorf, Hamburg, Germany) at 13,000 rpm and 4°C for 12 min. The
supernatant was used for Western blotting. Equal amounts of samples protein
extracts (150 ng) were loaded on a 8% sodium dodecyl sulfate-polyacrylamide
gel and blotted onto nitrocellulose membranes from Schleicher & Schuell (Das-
sel, Germany). For detection, a monoclonal anti-GFP antibody (product G1544
[Sigma-Aldrich, Munich, Germany]; dilution 1:4,000) was used.

Light and fluorescence microscopy. For live-cell imaging of germlings and
young hyphae, cells were grown on coverslips in 0.5 ml of MM plus 2% glycerol
(derepression of the alcA promoter and thus moderate gene expression), MM
plus 2% threonine (activation of the alcA promoter and thus high gene expres-
sion), or MM plus 2% glucose (repression of the alcA promoter). For pictures of
young hyphae, cells were incubated at 25°C for 1 day. For nuclear staining,
coverslips were mounted on microscope slides with mounting medium containing
DAPI (4',6'-diamidino-2-phenylindole) and VectorShield (Vector Laboratories,
Burlingame, CA). Images were captured at room temperature by using an Axio-
Imager microscope (Zeiss, Jena, Germany). Images were collected and analyzed
by using the AxioVision system (Zeiss).

Gene expression analyses. Transferring development-competent vegetative
hyphae from liquid medium to agar plates, thus inducing development by air
exposition synchronized the asexual development of wild-type A. nidulans cells.
At different time points, the RNA was isolated. For that, the mycelium was
harvested, dried, frozen in liquid N,, and ground to a powder. The total RNA
was isolated by using TRIzol (Invitrogen, NV Leek, Netherlands) according to
the manufacturer’s instructions. After removal of DNA contaminations with
DNase I (Invitrogen), cDNA was synthesized from 1 pg of RNA from each
sample by using a SuperScript first-strand synthesis kit (Invitrogen). The result-
ing cDNA was then used as a template for PCRs with the primers ptkA-F1
(AAGGAAAGCCGATTCTTGCTGG) and ptkA-R1 (CGGGCAGCGCTAGA
AATGC) for ptkA expression analysis, pclA-F3 (AAACAGTACCCACGCTT
TGC) and pclA-R3 (AAGGTGGACGTATCCACTGC) for pclA expression
analysis, and pchA-F2 (CCAACGCTACCAACACCCAC) and pchA-R2 (CTT
CTTCACTTCCACCACCCTC) for pchA expression analysis. To check for
genomic DNA contaminations, all reverse transcription-PCRs (RT-PCRs) were
performed in the absence of reverse transcriptase; however, no bands were
produced.

RESULTS

PtkA is a novel member of the Cdk9 family. The develop-
mental Pcl-like cyclin PclA forms a complex with the main cell
cycle regulator NimX; however, in contrast to yeast, it does not
interact with the Pho85 homologues kinases PhoA and PhoB.
To further investigate the functional role of PclA in A. nidu-
lans, we aimed to identify other possible kinase interaction
partners by performing a BLASTP search of the A. nidulans
genome at the Broad Institute (Cambridge, MA) using the
NimX sequence. We revealed a novel gene that encodes a
predicted protein with 544 aa (gi/14530079/emb/CAC42219.1).
The N-terminal part of the coding sequence (aa 24 to 326)
comprises a kinase catalytic domain (17), and sequence com-
parison with several Cdks revealed extensive similarities,
clearly grouping the new protein into this superfamily (Fig. 1).

EUKARYOT. CELL

Within the cyclin-binding region the new protein comprises a
characteristic PITALRE motif instead of the PSTAIRE motif
present in cdc2-like kinases. Thus, it was designated PtkA, for
PITALRE Kkinase in A. nidulans.

The catalytic domain of PtkA shares 44% identical amino
acids with the human Cdk9 protein. Highest similarity was
found with Cdk9 from S. pombe (56% identical and 70% sim-
ilar residues), followed by the Crk1 kinase in Candida albicans
with 48% identities and 67% similarities. Both are functional
orthologs of the Bur1/Sgv1 kinase from S. cerevisiae that shares
44% identical and 59% similar residues with PtkA. Based on
these sequence similarities, we deduced PtkA as a new mem-
ber of the Cdk9 family in A. nidulans. Outside the catalytic
domain, there is only sequence conservation with homologue
kinases in closely related filamentous fungi (e.g., Aspergillus
niger and fumigatus, Neurospora crassa, and Penicillium marnef-
fei), but almost no sequence similarities were found with non-
catalytic domains of Cdk9 kinases from other organisms.

Generation of a ptkA deletion strain. To analyze the function
of the deduced Cdk9 homologue PtkA in A. nidulans, we
constructed a ptkA deletion strain by replacing the coding
sequence with a gene deletion construct obtained by fusion
PCR (SFB54 [see Materials and Methods]). Transformation of
the deletion construct in a KU70-deficient recipient strain re-
sulted in the generation of heterokaryons, implying an essen-
tial cellular function of ptkA in A. nidulans. The deletion could
only be maintained in a heterokaryotic state, where two genet-
ically nonidentical nuclei are present in a common cytoplasm,
with the essential ptkA gene provided by the undeleted nu-
cleus, and the nutritional marker provided by the nucleus con-
taining the deletion construct (32). The heterokaryon forma-
tion was verified by diagnostic PCR, using primer sets that
confirm the presence of both, the correctly integrated deletion
cassette and the parental ptkA gene (Fig. 2B). In addition, we
tested for the heterokaryotic state by plating conidia obtained
from the heterokaryon on selective plates. Since conidia are
mononuclear, only those with the AptkA::pyrG-containing nu-
cleus would be able to grow. However, due to the lack of the
ptkA gene, positive transformants only produced very small
colonies that are barely visible per eye (Fig. 2A).

PtKA is essential for effective vegetative growth and asexual
development in A. nidulans. To examine the growth character-
istics of AptkA cells, conidia of the heterokaryotic primary trans-
formants were streaked onto nutritionally selective (YAG) or
nonselective (YAGUU) plates, incubated for several days at
room temperature, and observed at low magnification (Fig. 3A).
On nonselective plates, the undeleted, ApyrG conidia exhibited
normal growth, with the projection of long germ tubes after 1 day
and the appearance of conidia after 3 to 4 days. On selective
plates, ApyrG conidia are unable to germinate, whereas, in con-
trast, the deleted pyrG™ conidia grow to the extent allowed by the
lack of the essential ptk4 gene. After 1 day, the projection of short
germ tubes was observed that continued hyphal growth up to the
formation of very small colonies, barely visible per eye. After 4
days, hyphal growth stopped. Asexual conidia could not be ob-
served, indicating that ptkA is required for effective vegetative
growth and asexual development in A. nidulans. Next, we exam-
ined a possible effect of the ptkA deletion on the nuclear state. For
that, the conidia of deletion transformants were incubated in
liquid medium lacking uracil/uridine on coverslips and incubated
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FIG. 1. Alignment of Cdk9 homologs from different species as indicated. Identical residues are marked with asterisks; chemical conserved
residues are marked with dots. Residues important for ATP hydrolysis and phosphate transfer, including the conserved Lys 54, are highlighted in
gray, the conserved PITALRE motif within the cyclin binding box is highlighted in in black. The alignment was performed with CLUSTAL W using

standard parameters.

overnight. DAPI staining of AptkA cells revealed no significant
differences in morphology, number, or distribution of nuclei com-
pared to the wild type (Fig. 3B). This indicates that PtkA, similar
to other members of the Cdk9 family, is not involved in regulation
of the nuclear state or mitosis but possibly in transcriptional
regulation.

PtKkA overexpression affects hyphal morphology. In order to
study the essential function of PtkA in more detail, we con-
structed an A. nidulans strain expressing the only ptkA copy as
a GFP fusion protein under the control of the conditional alcA
promoter (SFB1 and SFB2 [see Materials and Methods]). Un-
der repressing conditions (grown on glucose) the mutant
showed a pronounced effect on vegetative growth, leading to
very small colonies compared to the wild type and thus reflect-
ing the phenotype of the deletion mutant to a weaker extent
(Fig. 4A). Under derepressing conditions (glycerol) the wild-
type morphology was restored, providing an internal control
for the functionality of the N-terminal GFP fusion construct.
Under inducing conditions (threonine), the phenotype of the
alcA(p) GFPptkA colonies was also very similar to that of the
wild type. However, individual hyphae of the mutant showed

different defects in polarized growth (Fig. 4B and C). Most
notably, a high proportion of mutant hyphae displayed a curvy
phenotype under inducing conditions (56%). Partially, this ef-
fect could be due to the pourer carbon source threonine since
the wild-type strain also displayed an increased proportion of
curved hyphae in threonine medium (32%). However, the in-
crease in the mutant strain under overexpressing conditions
was still significantly higher (Fig. 4C), indicating that an in-
creased abundance of PtkA somehow interferes with the di-
rectionality of polarized growth. In addition, under inducing
conditions lateral and apical branching was also much more
frequently observed in mutant hyphae than in the wild type. To
confirm that these effects are really due to the overexpression
of ptkA and not an individual characteristic of SFB1, two A.
nidulans strains were generated that ectopically express one
(SFB83) or two (SFBS82) additional ptkA copies under alcA
control. These strains also displayed high proportions of curvy
hyphae under inducing conditions, as well as lateral branching
and hyphal tip splitting. (Fig. 4B and C). Hyperbranching was
even more pronounced in strains with additional ectopic ptkA
copies compared to SFB1. These results point to a role of PtkA
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FIG. 2. Essential function of ptkA4 in A. nidulans. (A) Heterokaryon
rescue analysis of ptkA deletion strains. Conidia from six primary
transformants obtained after transformation of a ptk4 deletion cas-
sette were replica streaked on selective YAG and unselective YAGUU
plates. For four of the six strains tested, the ability of untransformed
conidia to grow on unselective plates and the inability of ptkA4 conidia
to grow on selective plates indicate the essential function of ptkA4 in A.
nidulans. (B) Heterokaryon formation was verified with diagnostic
PCR using the primer pairs as indicated in the scheme. The hetero-
karyotic AptkA strains SFB 54, 55, and 51 (lanes 1 to 3 for each primer
pair) contain both the wild-type and the deletion allele, whereas the
wild-type SO451 (lane 4 for each primer pair) only contains the wild-
type ptkA allele.

in maintaining the directionality of hyphal growth and the
regulation of the initiation of new branching sites.

Active PtKkA is concentrated in the nuclei but changes local-
ization during mitosis. To investigate the subcellular localiza-
tion of PtkA, the alcA(p) GFP-ptkA strain was grown in glycerol
medium and observed in a fluorescence microscope. The pro-
tein clearly localized inside the nucleus, which was confirmed
by costaining with DAPI (Fig. 5A). However, in some hyphae,
a faint cytoplasmic staining was also visible, indicating that the
protein may shuttle between the nucleus and the cytoplasm.
For human Cdk9 it has been shown that nuclear localization is
regulated by autophosphorylation since mutants that either
lack kinase activity or certain phospho-acceptor sites at the C
termini fail to enter the nucleus (26). To investigate whether
PtkA localization is regulated by a similar mechanism, we
generated a PtkA point mutant where a strictly conserved
lysine residue (K54, see Fig. 1) that is essential for ATP-
binding, phosphate transfer, and kinase regulation (17, 42) was
exchanged against glutamine. We constructed an A. nidulans
strain expressing the GFP-labeled PtkA-K54Q mutant under
the control of the alcA promoter and examined localization of
the fusion protein under inducing conditions (Fig. 5B). The
inactive kinase still enters the nucleus. However, a much bigger
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FIG. 3. Phenotypic characterization of the ptkA deletion strain.
(A) The growth characteristics of the Aptk4 mutant were recorded by
plating the conidia of a AptkA heterokaryotic strain on selective YAG
or unselective YAGUU plates. Cells were observed after 1 to 3 days at
low power (X20 to X40 magnification). Deleted conidia were able to
germinate and form germ tubes on selective YAG plates, although
delayed compared to the undeleted conidia on unselective plates. This
indicates that ptkA is not strictly essential for early stages of polarized
growth. However, the AptkA mutant was unable to continue vegetative
growth further than the 3 days stage and never underwent asexual
development and conidia formation. (B) Representative germlings of
the ptkA deletion mutant and the wild type after incubation in selective
medium and DAPI staining. No differences could be seen in nuclear
morphology, number, and distribution, indicating that ptkA4 is not in-
volved in the regulation of the nuclear state or mitosis.

proportion of the protein resided in the cytoplasm compared
to the active kinase. To exclude the possibility that the cyto-
plasmic localization of the mutant PtkA is caused by overex-
pression and leakage from the nucleus, we compared the pro-
tein levels of the mutant and the wild-type GFP fusion by
Western blot analysis (Fig. 5B). We found a lower protein level
for the inactive PtkA than for the wild type, indicating that the
catalytic activity of PtkA and possibly autophosphorylation is
indeed required for the correct localization of the protein.

In addition, the localization of GFP-PtkA was observed by
time-lapse confocal microscopy throughout the cell cycle (see
Fig. S1 in the supplemental material). When mitosis started
the fluorescence signal dispersed into the cytoplasm. After the
completion of mitosis, indicated by the doubling of nuclei
number, it relocalized back into the nucleus. Since A. nidulans
undergoes a partially open mitosis (30), the mitosis specific
dispersal of PtkA indicates that it does not remain associated
with nuclear components during nuclear division.

PtkA interacts with the cyclin T homolog PchA and the
Pcl-like cyclin PclA. Since PtkA is a Cdk, an integral part of its
regulation is the interaction with a cyclin partner. Different
members of the transcriptional cyclin family have been estab-
lished to activate Cdk9 in metazoans, including cyclin T1, T2a,



VoL. 9, 2010 NEW FUNGAL CDK9 WITH UNUSUAL INTERACTION PARTNER 1907
(A) Repressed (glucose) De-repressed (glycerol) Induced (threonine)

//
lé 2

T wt SFB1 SFB82 SFB83

58 . Glycerol

49

. Threonine

alcA(p)-GFP-PtkA

Lateral

alcA(p)-GFP-PtkA
Apical

e branching

branching
20

25

NoBs o

0204

0

0

FIG. 4. Phenotypic characterization of conditional ptk4 mutant strains. (A) Colonies of wild-type (TNO2A3) and alcA(p)::GFP-ptkA (SFB1
and SFB2) strains. Strains were grown for 2 days on MM agar plates containing glucose (repressing conditions), glycerol (derepressing conditions),
or threonine (inducing conditions) as a carbon source. (B) Hyphae of the wild type and strains SFB1, SFB82, and SFB83 with threonine as a carbon
source using differential interference contrast. The arrows indicate phenotypic effects of ptkA overexpression (curvy hyphae in the upper picture
and lateral branching in the lower picture). Hyphae are 3 to 5 um in diameter. (C) Quantification of the phenotypic effects of ptk4 overexpression.
The proportions of curved hyphae and hyphae displaying lateral and apical branching were determined for wild type (GRS) and the strains SFB1,
SFBS82, and SFB83 under derepressing (glycerol medium) and inducing (threonine medium) conditions. For each strain and growth medium, at

least 200 germlings were counted.

T2b, and cyclin K, with cyclin T1 being the predominant bind-
ing partner (11, 35). Accordingly, the S. pombe Cdk9 interacts
with the cyclin T-homolog Pchl. To identify possible cyclin
interaction partners for PtkA, we searched the A. nidulans
genome for cyclin T homologs and found an uncharacterized
ORF (AN4981.2), encoding a predicted 513-aa protein (Fig.
6A). Within the N-terminal half, including the predicted cyclin
box fold (aa 51 to 145), the protein sequence is closely related
to the Pchl cyclin from S. pombe (40% identical and 63%
similar residues); therefore, it was named PchA. Lower se-
quence similarities exist to the N-terminal halves of the human
transcriptional cyclins K (32% identical, 49% similar residues)
and T1 (29% identities, 32% similarities). Based on the se-
quence characteristics, we considered the new protein a likely
cyclin partner of PtkA. We tested this by performing yeast
two-hybrid experiments and indeed found an interaction be-
tween the catalytic domain of PtkA and PchA (Fig. 7A). To
confirm this result and to analyze the localization of the PtkA-
PchA complex in vivo, we used the BiFC method (1). For that,
the N-terminal half of YFP (YFP™) was fused to PchA and the

C-terminal half (YFP®) was fused to PtkA. Strains expressing
only PchA-YFP™ or PtkA-YFP® did not show any YFP fluo-
rescence (not shown). However, the expression of both fusion
proteins together produced a signal inside the nuclei (Fig. 7B),
in agreement with the GFP-PtkA localization observed before
(Fig. 5A). Almost no fluorescence signal was detected in the
cytoplasm, indicating that the interaction of PtkA with PchA is
confined to the nucleus.

To further analyze the function of the newly identified cyclin
PchA, we generated a deletion strain by replacing the coding
sequence with a deletion cassette (see Materials and Meth-
ods). Diagnostic PCR and Southern blotting (Fig. 6B and see
Fig. S2 in the supplemental material) verified the correct in-
tegration and the absence of the pchA gene, and one of the
strains (SCK9) was selected for further analysis. The deletion
mutant displayed a severe growth defect with colony sizes of
ca. 10% compared to wild-type colonies and a severe reduction
in conidial production. All phenotypes were rescued after
transformation with the pchA gene (SCK10, Fig. 6C). These
results are in agreement with the effects of the deletion of
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FIG. 5. PtkA localization. The strains SFB1 and SFB49 were grown
on minimal medium with glycerol as carbon source. Hyphae are 3 to 5
pm in diameter. (A) GFP-PtkA accumulates in the nuclei, as con-
firmed by costaining with DAPI, but also produces a faint signal in the
cytoplasm. (B) The inactive point mutant GFP-PtkA-K54Q is still able
to enter the nucleus; however, a much bigger proportion resides in the
cytoplasm compared to the wild-type protein (upper panel). Expres-
sion levels of mutant and wild-type proteins are compared using West-
ern blot analysis with an anti-GFP antibody (lower panel). (C) PtkA
changes location during mitosis. N-terminal GFP-tagged PtkA (SFB1)
was imaged by time-lapse confocal microscopy as cells passed through
the cell cycle. During interphase, GFP-PtkA predominantly localizes in
the nucleus but disperses into the cytoplasm during mitosis and is
reimported into the daughter nuclei after completion of mitosis. A
video file (see Video S1 in the supplemental materiall) displays the full
time course collected at 1-min intervals over 40 min.
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cyclin T homologue genes in S. cerevisiae or S. pombe, which
also resulted in severe growth defects or lethality, a finding
comparable to the phenotype of ptkA repression (12, 59). Since
in A. nidulans the deletion of the kinase ptkA is lethal, whereas
the deletion of pchA is not, we concluded that there are one or
more other cyclins interacting with PtkA that have not been
identified in our genome search and that allow for survival in
the absence of pchA, albeit with severe defects.

Our original aim was to identify kinase interaction partners
for the developmental cyclin PclA in addition to the already-
reported interaction with NimX (44). Therefore, we again per-
formed yeast-two hybrid experiments with the full-length PclA
protein and indeed found a strong interaction with the catalytic
domain of PtkA (Fig. 7A). To confirm this result, we used
BiFC analysis, which also supported the formation of PtkA-
PclA complexes in vivo (Fig. 7B). The hypothesis that PchA
and PclA are the two main interaction partners of PtkA was
further supported by the fact that the generation of a pcl4-
pchA double mutant was unsuccessful, indicating a lethal phe-
notype comparable to the ptkA deletion.

pchA and pclA are differentially expressed during asexual
development. Next, we examined the expression profiles of
ptkA and its interacting cyclins during different phases of de-
velopment. For that, asexual development of the wild-type
strain FGSCA4 was synchronized by air exposition of a liquid
culture, and the total RNA was isolated at different time points
of development (Fig. 8A). RT-PCR experiments with ptkA
primers gave similar bands for all time points (Fig. 8B), indi-
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FIG. 6. Characterization of the newly identified cyclin PchA. (A) Alignment of cyclin T homologs from different species as indicated. Identical
residues are marked with asterisks; chemical conserved residues are marked with dots. The N-terminal cyclin box is shaded in light gray. The
putative PEST and NLS motifs in the PchA sequence are highlighted in black or dark gray, respectively. The alignment was done with CLUSTAL
W using standard parameters. (B) Confirmation of the pchA deletion event by diagnostic PCR using the primer pairs as indicated in the scheme.
(C) Comparison of colony growth of the pchA deletion strain (SCK9), the wild type (TNO2A3), and the deletion strain recomplemented with pchA

(SCK10). Colonies were grown for 3 days on MAG/UU.
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FIG. 7. Interaction of PtkA and the cyclins PchA and PclA. (A) Yeast two-hybrid interaction between the GAL4 DNA-binding domain fused
to the catalytic domain of PtkA (PtkA-BD) and the GAL4 activation domain fused to full-length PchA (PchA-AD) or PclA (PclA-AD). To test
for interaction, the mated yeasts were grown on nutritionally selective SD/—Leu/—Trp/—His or SD/—Leu/—Trp/—His/—Ade plates. (B) BiFC
analysis of PtkA with PchA or PclA. In SFB69 expressing PtkA tagged with the N-terminal half of YFP and PchA tagged with the C-terminal half,
a YFP signal was detected within the nuclei. For PtkA-PclA complexes a nuclear localization pattern and a fainter signal in the cytoplasm was
observed in SFB19 expressing PtkA tagged with YFP™ and PclA tagged with YFPC. Hyphae are 3 to 5 wm in diameter.
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FIG. 8. Expression profiles of ptkA, pchA, and pclA during asexual
development. (A) Developmental time course of synchronized A. nidu-
lans cells. The total RNA was isolated after different time points as
indicated. (B) Semiquantitative RT-PCR analysis using specific prim-
ers for ptkA, pchA, and pclA. Similar bands for all time points indicate
constitutive expression of ptkA during development. In contrast, the
expression of both cyclins pchA and pclA becomes upregulated after
7 h. For pclA the expression level stays high for the rest of the time
course, but for pchA it goes down again at 11 h, indicating that PchA
is not needed for later stages of development. To check for genomic
DNA contaminations, all RT-PCRs were run in the absence of reverse
transcriptase, but no bands were produced (not shown).

cating that ptkA is constitutively expressed throughout devel-
opment. In contrast, both cyclins exhibited differential expres-
sion profiles. pchA mRNA levels were unregulated between 7
and 11 h of development, which is about when the conidio-
phores are formed. Interestingly, after 11 h the expression
went down again, indicating that PchA may be not required for
later stages of development. pcL4 mRNA levels also increased
after 7 h of development but remained at that level for the
whole time course. This is in agreement with Northern blot
analysis results published earlier (45) and reflects the role of
PclA during the generation of conidiospores.

DISCUSSION

In this study we identified and characterized the Cdk PtkA in
the filamentous ascomycete A. nidulans. Isolated by screening
of the A. nidulans genome for sequences related to the Cdc2
homolog NimX, the protein sequence reveals extensive simi-
larities to Cdk9-like kinases, including the characteristic
PITALRE motif in the cyclin-binding box, and thus clearly
grouped into this subfamily. In complex with T-type cyclins,
Cdk9-like kinases are involved in the stimulation of transcrip-
tional elongation, chromatin remodeling, and mRNA process-
ing in various organisms (2, 37, 55). We show here that dele-
tion of ptkA in A. nidulans causes lethality during vegetative
growth and, since no asexual spores are produced, can only be
propagated in a heterokaryon. The germination of AptkA
spores is delayed, but germ tubes otherwise showed no mor-
phological defects, which would account for the detrimental
effect of ptkA deletion in later growth stages. This either means
that PtkA does not become essential until a certain cell size has
been reached, possibly reflecting an increased need for tran-
scriptional activity to continue cellular growth, or that, alter-
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natively, PtkA might be sufficiently stable so that a small
amount of protein from the heterokaryotic phase supports
growth for a limited time. The growth characteristics of a strain
carrying a conditional ptkA allele confirm the essential role of
PtkA in A. nidulans, since under repressing conditions only
very small colonies are produced. The absence of any recog-
nizable defect in nuclear morphology and/or nuclei number in
the ptkA deletion mutant, which would be expected in case of
a functional role in cell cycle regulation, supports the view that
PtkA is a transcription-related rather than cell cycle-related
Cdk.

A GFP-labeled PtkA version accumulated inside the nuclei.
Since no nuclear localization signal was identified in the pro-
tein sequence, we suggest that nuclear entry depends on the
interaction with either a cyclin binding partner or a target
protein. In addition, we discovered that the nuclear localiza-
tion is partly dependent on the kinase activity, since an inactive
GFP-labeled point mutant produced a fluorescent signal in
both nuclear and cytoplasmic compartments. A similar effect
was described for human Cdk9, where nuclear accumulation is
dependent on catalytic activity, as well as phosphoacceptor
sites in the C terminus (26). This indicates that autophosphor-
ylation is required for the correct localization of hCdk9, and we
suggest a similar mechanism for PtkA. During mitosis, the
kinase gets dispersed in the cytoplasm. Since A. nidulans un-
dergoes a partially open mitosis (6, 7), this indicates that PtkA
does not remain associated with nuclear structures during nu-
clear division. A similar localization pattern was also observed
for RNAPII (47), possibly reflecting the general downregula-
tion of transcription during mitosis (57, 58).

Based on the phenotypes associated with the ptkA and pchA
deletions, the protein sequence characteristics, and the local-
ization studies, we hypothesize a role of PtkA in controlling
transcriptional activity in A. nidulans, although direct proof for
this is still missing and subject of our current investigations.
Different transcriptional T-type cyclins (cyclins T1, T2a, T2b,
and K) have been established to activate Cdk9 kinase activity
in various organisms. Accordingly, we identified a novel cyclin
protein in A. nidulans, PchA, that comprises significant se-
quence similarities to the cyclin T-homolog Pchl from S.
pombe and the human cyclins T1 and K. Using yeast-two-
hybrid and BiFC analysis, we show that PchA interacts with
PtkA in vivo, suggesting PchA to be an activating cyclin for
PtkA in A. nidulans. Accordingly, the deletion of pchA resulted
in a severe growth defect and the complete absence of asexual
development, which is comparable to the effects of cyclin T
deletions in yeast cells (12, 59).

Surprisingly, we identified the Pcl-like cyclin PclA as a sec-
ond cyclin interaction partner for PtkA in vivo. In yeast, mem-
bers of the Pcl cyclin family interact with the Pho85-kinase and
are involved in a variety of cellular processes, including envi-
ronmental signaling, cell cycle regulation, and polarized
growth (20). Although the targets of the different Pho85-Pcl
complexes include a number of transcription factors, the Pcl
cyclins are not transcription related in the sense of a direct
involvement in the transcriptional machinery. We show here in
A. nidulans that PtkA is an interacting kinase of PclA, which is
to our knowledge the first report of a Cdk9-like kinase to form
a complex with a canonical cyclin. Since PclA is essential for
spore generation, this may indicate a functional role of PtkA/
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PclA complexes in asexual development. Furthermore, both
cyclins PclA and PchA are upregulated during spore genera-
tion, and the complete lack of asexual development in the ptkA
and pchA deletion mutants supports an involvement of PtkA in
this developmental program.

We hypothesize that PtkA links the regulation of transcrip-
tional activity with cellular processes such as development or
morphogenesis in A. nidulans. This idea is supported by the
phenotype of ptkA-overexpressing strains that show a signifi-
cantly increased proportion of curved and hyperbranched hy-
phae, indicating a functional role of PtkA in the initiation and
directionality of polarized growth. The exact mechanism of
how PtkA regulates these processes is not elucidated here;
however, the nuclear localization of PtkA rather than at hyphal
tips or the cytoskeleton indicates that the kinase does not
directly influence spatial organization of the cytoskeleton but
acts indirectly via gene expression. A similar function has been
proposed for the Cdk9 homolog Crk1 in the dimorphic fungus
Candida albicans. A crkl deletion mutant is viable but shows
defects in hyphal development due to an impaired induction of
hyphal specific genes (5).

There are several indications that Cdk9-like kinases are not
simply supporting global transcription but are rather involved
in differential gene expression in response to certain stimuli.
For example, recent microarray analyses in yeast and human
cells after specific inhibition of Cdk9 revealed that certain
genes involved in different pathways such as stress response or
cell division are especially dependent on Cdk9 activity, whereas
others are much less dependent or even independent (15, 52).
However, the mechanism of how different gene sets are distin-
guished with respect to Cdk9 recruitment or activity has not yet
been elucidated. One possibility is the local chromatin envi-
ronment, since in budding yeast Burl was found to regulate
histone ubiquitination and methylation (23, 55)—a need that
could vary at different gene loci (52). Alternatively, several
activating factors are known to recruit the P-TEFb complex,
such as, for example, the HIV transactivator protein Tat,
thereby stimulating transcription of the respective genes (37).
Notably, only one of the four known hCdk9-interacting cyclins
can bind to Tat (54), suggesting that different Cdk9/cyclin
complexes are specifically recruited to certain genes (14). In
the present study we show that the Cdk9 homolog PtkA in A.
nidulans interacts with at least two different cyclins, including
PclA. Thus far, Pcl-like cyclins are not known to activate Cdk9-
like kinases. However, since they are involved in the response
to a large variety of internal and external cues, it is conceivable
that this cyclin family plays a role in the differential control of
transcriptional activity. Further work is required to confirm
this hypothesis, including the elucidation of the mechanism
how PtkA/cyclin complexes activate transcription in A. nidu-
lans, the identification of genes to which they are recruited,
and the discovery of possible other cyclin binding partners.

ACKNOWLEDGMENTS

This study was supported by the Deutsche Forschungsgemeinschaft
(Research Fellowship for F.B. [BA 3726/1-1]), the Baden-Wiirttem-
berg Stiftung (Eliteprogramm fiir Postdoktoranden), and National In-
stitutes of Health grant GM042564 to S.A.O.

We thank Nadine Zekert for helpful discussions and help with the
fluorescence microscopy.



VoL. 9, 2010

10.

11.

12.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

. Chay

REFERENCES

. Blumenstein, A., K. Vienken, R. Tasler, J. Purschwitz, D. Veith, N.

Frankenberg-Dinkel, and R. Fischer. 2005. The Aspergillus nidulans phy-
tochrome FphA represses sexual development in red light. Curr. Biol.
15:1833-1838.

. Bres, V., S. M. Yoh, and K. A. Jones. 2008. The multi-tasking P-TEFb

complex. Curr. Opin. Cell Biol. 20:334-340.

. Bussink, H. J., and S. A. Osmani. 1998. A cyclin-dependent kinase family

member (PHOA) is required to link developmental fate to environmental
conditions in Aspergillus nidulans. EMBO J. 17:3990-4003.

R. D., M. Heid nn, C. Hintermair, and D. Eick. 2008. Molec-
ular evolution of the RNA polymerase II CTD. Trends Genet. 24:289-296.

. Chen, J., S. Zhou, Q. Wang, X. Chen, T. Pan, and H. Liu. 2000. Crk1, a novel

Cdc2-related protein kinase, is required for hyphal development and viru-
lence in Candida albicans. Mol. Cell. Biol. 20:8696-8708.

. De Souza, C. P., S. B. Hashmi, K. P. Horn, and S. A. Osmani. 2006. A point

mutation in the Aspergillus nidulans sonBNup98 nuclear pore complex gene
causes conditional DNA damage sensitivity. Genetics 174:1881-1893.

. De Souza, C. P., A. H. Osmani, S. B. Hashmi, and S. A. Osmani. 2004. Partial

nuclear pore complex disassembly during closed mitosis in Aspergillus nidu-
lans. Curr. Biol. 14:1973-1984.

. Dou, X., D. Wu, W. An, J. Davies, S. B. Hashmi, L. UKkil, and S. A. Osmani.

2003. The PHOA and PHOB cyclin-dependent kinases perform an essential
function in Aspergillus nidulans. Genetics 165:1105-1115.

. Efimov, V., J. Zhang, and X. Xiang. 2006. CLIP-170 homologue and NUDE

play overlapping roles in NUDF localization in Aspergillus nidulans. Mol.
Biol. Cell 17:2021-2034.

Fagundes, M. R, J. F. Lima, M. Savoldi, I. Malavazi, R. E. Larson, M. H.
Goldman, and G. H. Goldman. 2004. The Aspergillus nidulans npkA gene
encodes a Cdc2-related kinase that genetically interacts with the UvsBATR
kinase. Genetics 167:1629-1641.

Fu,T.]J.,J. Peng, G. Lee, D. H. Price, and O. Flores. 1999. Cyclin K functions
as a CDKO9 regulatory subunit and participates in RNA polymerase II tran-
scription. J. Biol. Chem. 274:34527-34530.

Furnari, B. A., P. Russell, and J. Leatherwood. 1997. Pchl(+), a second
essential C-type cyclin gene in Schizosaccharomyces pombe. J. Biol. Chem.
272:12100-12106.

. Garriga, J., S. Bhattacharya, J. Calbo, R. M. Marshall, M. Truongcao, D. S.

Haines, and X. Grana. 2003. CDKO9 is constitutively expressed throughout
the cell cycle, and its steady-state expression is independent of SKP2. Mol.
Cell. Biol. 23:5165-5173.

Garriga, J., and X. Grana. 2004. Cellular control of gene expression by
T-type cyclin/CDK9 complexes. Gene 337:15-23.

Garriga, J., H. Xie, Z. Obradovic, and X. Grana. 2009. Selective control of
gene expression by CDK9 in human cells. J. Cell. Physiol. 222:200-208.
Guo, Z., and J. W. Stiller. 2004. Comparative genomics of cyclin-dependent
kinases suggest co-evolution of the RNAP II C-terminal domain and CTD-
directed CDKs. BMC Genomics 5:69.

Hanks, S. K., A. M. Quinn, and T. Hunter. 1988. The protein kinase family:
conserved features and deduced phylogeny of the catalytic domains. Science
241:42-52.

Hill, T. W., and E. Kifer. 2001. Improved protocols for Aspergillus minimal
medium: trace element and minimal medium salt stock solutions. Fungal
Genet. Newsl. 48:20-21.

Hirose, Y., and J. L. Manley. 2000. RNA polymerase II and the integration
of nuclear events. Genes Dev. 14:1415-1429.

Huang, D., H. Friesen, and B. Andrews. 2007. Pho85, a multifunctional
cyclin-dependent protein kinase in budding yeast. Mol. Microbiol. 66:303—
314.

Kobor, M. S., and J. Greenblatt. 2002. Regulation of transcription elonga-
tion by phosphorylation. Biochim. Biophys. Acta 1577:261-275.

Kohoutek, J., Q. Li, D. Blazek, Z. Luo, H. Jiang, and B. M. Peterlin. 2009.
Cyclin T2 is essential for mouse embryogenesis. Mol. Cell. Biol. 29:3280-
3285.

Laribee, R. N., N. J. Krogan, T. Xiao, Y. Shibata, T. R. Hughes, J. F.
Greenblatt, and B. D. Strahl. 2005. BUR kinase selectively regulates H3 K4
trimethylation and H2B ubiquitylation through recruitment of the PAF elon-
gation complex. Curr. Biol. 15:1487-1493.

Liu, Y., L. Warfield, C. Zhang, J. Luo, J. Allen, W. H. Lang, J. Ranish, K. M.
Shokat, and S. Hahn. 2009. Phosphorylation of the transcription elongation
factor Spt5 by yeast Burl kinase stimulates recruitment of the PAF complex.
Mol. Cell. Biol. 29:4852-4863.

Loyer, P., J. H. Trembley, R. Katona, V. J. Kidd, and J. M. Lahti. 2005. Role
of CDK/cyclin complexes in transcription and RNA splicing. Cell Signal.
17:1033-1051.

Napolitano, G., B. Majello, and L. Lania. 2003. Catalytic activity of Cdk9 is
required for nuclear colocalization of the Cdk9/cyclin T1 (P-TEFb) complex.
J. Cell Physiol. 197:1-7.

Nayak, T., E. Szewczyk, C. E. Oakley, A. Osmani, L. Ukil, S. L. Murray, M. J.
Hynes, S. A. Osmani, and B. R. Oakley. 2006. A versatile and efficient
gene-targeting system for Aspergillus nidulans. Genetics 172:1557-1566.

NEW FUNGAL CDK9 WITH UNUSUAL INTERACTION PARTNER

28

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

1911

. O’Connell, M. J., A. H. Osmani, N. R. Morris, and S. A. Osmani. 1992. An
extra copy of nimE®°"B elevates pre-MPF levels and partially suppresses
mutation of nimT? in Aspergillus nidulans. EMBO J. 11:2139-2149.
Oelgeschlager, T. 2002. Regulation of RNA polymerase II activity by CTD
phosphorylation and cell cycle control. J. Cell Physiol. 190:160-169.
Osmani, A. H., J. Davies, H. L. Liu, A. Nile, and S. A. Osmani. 2006.
Systematic deletion and mitotic localization of the nuclear pore complex
proteins of Aspergillus nidulans. Mol. Biol. Cell 17:4946-4961.

Osmani, A. H., S. L. McGuire, K. L. O’Donnell, R. T. Pu, and S. A. Osmani.
1991. Role of the cell-cycle-regulated NIMA protein kinase during G, and
mitosis: evidence for two pathways of mitotic regulation. Cold Spring Harbor
Symp. Quant. Biol. 56:549-555.

Osmani, A. H., B. R. Oakley, and S. A. Osmani. 2006. Identification and
analysis of essential Aspergillus nidulans genes using the heterokaryon rescue
technique. Nat. Protoc. 1:2517-2526.

Osmani, A. H., N. van Peij, M. Mischke, M. J. O’Connell, and S. A. Osmani.
1994. A single p34°9¢? protein kinase (encoded by nimX<?“?) is required at G,
and G, in Aspergillus nidulans. J. Cell Sci. 107:1519-1528.

Pei, Y., and S. Shuman. 2003. Characterization of the Schizosaccharomyces
pombe Cdk9/Pchl protein kinase: Spt5 phosphorylation, autophosphoryla-
tion, and mutational analysis. J. Biol. Chem. 278:43346-43356.

Peng, J., N. F. Marshall, and D. H. Price. 1998. Identification of a cyclin
subunit required for the function of Drosophila P-TEFb. J. Biol. Chem.
273:13855-13860.

Peng, J., Y. Zhu, J. T. Milton, and D. H. Price. 1998. Identification of
multiple cyclin subunits of human P-TEFb. Genes Dev. 12:755-762.
Peterlin, B. M., and D. H. Price. 2006. Controlling the elongation phase of
transcription with P-TEFb. Mol. Cell 23:297-305.

Prelich, G. 2002. RNA polymerase II carboxy-terminal domain kinases:
emerging clues to their function. Eukaryot. Cell 1:153-162.

Price, D. H. 2000. P-TEFb, a cyclin-dependent kinase controlling elongation
by RNA polymerase II. Mol. Cell. Biol. 20:2629-2634.

Purschwitz, J., S. Miiller, and R. Fischer. 2008. Mapping the interaction sites
of Aspergillus nidulans phytochrome FphA with the global regulator VeA and
the White Collar protein LreB. Mol. Genet. Genomics 281:35-42.
Romano, G., and A. Giordano. 2008. Role of the cyclin-dependent kinase
9-related pathway in mammalian gene expression and human diseases. Cell
Cycle 7:3664-3668.

Sabo, A., M. Lusic, A. Cereseto, and M. Giacca. 2008. Acetylation of con-
served lysines in the catalytic core of cyclin-dependent kinase 9 inhibits
kinase activity and regulates transcription. Mol. Cell. Biol. 28:2201-2212.
Sambrook, J., and D. W. Russel. 1999. Molecular cloning: a laboratory
manual. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY.
Schier, N., and R. Fischer. 2002. The Aspergillus nidulans cyclin PclA accu-
mulates in the nucleus and interacts with the central cell cycle regulator
NimX(Cdc2). FEBS Lett. 523:143-146.

Schier, N., R. Liese, and R. Fischer. 2001. A Pcl-like cyclin of Aspergillus
nidulans is transcriptionally activated by developmental regulators and is
involved in sporulation. Mol. Cell. Biol. 21:4075-4088.

Shim, E. Y., A. K. Walker, Y. Shi, and T. K. Blackwell. 2002. CDK-9/cyclin
T (P-TEFDb) is required in two postinitiation pathways for transcription in the
Caenorhabditis elegans embryo. Genes Dev. 16:2135-2146.

Son, S., and S. A. Osmani. 2009. Analysis of all protein phosphatase genes
in Aspergillus nidulans identifies a new mitotic regulator, fcpl. Eukaryot. Cell
8:573-585.

Stiller, J. W., and M. S. Cook. 2004. Functional unit of the RNA polymerase IT
C-terminal domain lies within heptapeptide pairs. Eukaryot. Cell 3:735-740.
Stiller, J. W., and B. D. Hall. 2002. Evolution of the RNA polymerase II
C-terminal domain. Proc. Natl. Acad. Sci. U. S. A. 99:6091-6096.
Szewczyk, E., T. Nayak, C. E. Oakley, H. Edgerton, Y. Xiong, N. Taheri-
Talesh, S. A. Osmani, and B. R. Oakley. 2006. Fusion PCR and gene tar-
geting in Aspergillus nidulans. Nat. Protoc. 1:3111-3120.

Takeshita, N., Y. Higashitsuji, S. Konzack, and R. Fischer. 2008. Apical
sterol-rich membranes are essential for localizing cell end markers that
determine growth directionality in the filamentous fungus Aspergillus nidu-
lans. Mol. Biol. Cell 19:339-351.

Viladevall, L., C. V. St Amour, A. Rosebrock, S. Schneider, C. Zhang, J. J.
Allen, K. M. Shokat, B. Schwer, J. K. Leatherwood, and R. P. Fisher. 2009.
TFIIH and P-TEFb coordinate transcription with capping enzyme recruit-
ment at specific genes in fission yeast. Mol. Cell 33:738-751.

Waring, R. B., G. S. May, and N. R. Morris. 1989. Characterization of an
inducible expression system in Aspergillus nidulans using alcA and tubulin
coding genes. Gene 79:119-130.

Wimmer, J., K. Fujinaga, R. Taube, T. P. Cujec, Y. Zhu, J. Peng, D. H. Price,
and B. M. Peterlin. 1999. Interactions between Tat and TAR and human
immunodeficiency virus replication are facilitated by human cyclin T1 but
not cyclins T2a or T2b. Virology 255:182-189.

Wood, A., and A. Shilatifard. 2006. Bur1/Bur2 and the Ctk complex in yeast:
the split personality of mammalian P-TEFb. Cell Cycle 5:1066-1068.

Wu, D., X. Dou, S. B. Hashmi, and S. A. Osmani. 2004. The Pho80-like cyclin
of Aspergillus nidulans regulates development independently of its role in
phosphate acquisition. J. Biol. Chem. 279:37693-37703.



1912

57.

58.

59.

60.

BATHE ET AL.

Xu, Y. X,, Y. Hirose, X. Z. Zhou, K. P. Lu, and J. L. Manley. 2003. Pinl
modulates the structure and function of human RNA polymerase II. Genes
Dev. 17:2765-2776.

Xu, Y. X,, and J. L. Manley. 2007. Pinl modulates RNA polymerase II
activity during the transcription cycle. Genes Dev. 21:2950-2962.

Yao, S., A. Neiman, and G. Prelich. 2000. BUR1 and BUR2 encode a
divergent cyclin-dependent kinase-cyclin complex important for transcrip-
tion in vivo. Mol. Cell. Biol. 20:7080-7087.

Ye, X. S., S.-L. Lee, T. D. Wolkow, S.-L. McGuire, J. E. Hamer, G. C. Wood,

61.

62.

EUKARYOT. CELL

and S. A. Osmani. 1999. Interaction between developmental and cell cycle
regulators is required for morphogenesis in Aspergillus nidulans. EMBO
18:6994-7001.

Yelton, M. M., J. E. Hamer, and W. E. Timberlake. 1984. Transformation of
Aspergillus nidulans by using a trpC plasmid. Proc. Natl. Acad. Sci. U. S. A.
81:1470-1474.

Zekert, N., and R. Fischer. 2009. The Aspergillus nidulans kinesin-3 UncA
motor moves vesicles along a subpopulation of microtubules. Mol. Biol. Cell
20:673-684.



