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a b s t r a c t
The kaeAKAE1 (suDpro) gene, which was identiﬁed in Aspergillus nidulans as a suppressor of proline auxotrophic
mutations, encodes the orthologue of Saccharomyces cerevisiae Kae1p, a member of the evolutionarily conserved
KEOPS/EKC (Kinase, Endopeptidase and Other Proteins of Small size/Endopeptidase-like and Kinase associated to
transcribed Chromatin) complex. In yeast, this complex has been shown to be involved in tRNA modiﬁcation,
transcription, and genome maintenance. In A. nidulans, mutations in kaeA result in several phenotypic effects,
the derepression of arginine catabolism genes, and changes in the expression levels of several others, including
genes involved in amino acid and siderophore metabolism, sulfate transport, carbon/energy metabolism, translation, and transcription regulation, such as rcoATUP1, which encodes the global transcriptional corepressor.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Kae1p is a subunit of the KEOPS/EKC complex, which is highly
conserved in Archaea, Bacteria and Eukaryota (Galperin and Koonin,
2004, 2010). In Saccharomyces cerevisiae, the complex is composed of
ﬁve subunits. In addition to Kae1p, it includes Bud32p, Cgi121p and
Pcc1p, which are conserved only in Archaea and Eukaryota, and
Gon7p/Pcc2p, which is speciﬁc to Fungi (Downey et al., 2006;
Kisseleva-Romanova et al., 2006; Mao et al., 2008; Daugeron et al.,
2011). Kae1p is a metal-binding protein belonging to the ASKHA (Acetate and Sugar Kinase, Hsp70 chaperone proteins and Actin) protein superfamily (Hurley, 1996; Aravind and Koonin, 1999; Hecker et al., 2008;
Mao et al., 2008). It is encoded by one of the very few genes present in
all of the genomes that have been sequenced to date with the exception
of some highly reduced genomes (Galperin, 2008; Galperin and Koonin,
2010). Eukaryotic genomes also express mitochondrial Qri7p (OSGEPL
Abbreviations: DAB, 1,4-diamino-2-butanone; GSA, glutamic-5-semialdehyde; OAT,
ornithine aminotransferase; RT-qPCR, reverse transcription-quantitative PCR.
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in humans), a paralogue of Kae1p and the orthologue of bacterial YgjD
(Oberto et al., 2009; Wan et al., 2013). Archaeal PaKae1 has been
shown to have DNA-binding and apurinic site endonuclease activities
(Hecker et al., 2007).
Bud32p is an atypical serine/threonine protein kinase (Facchin et al.,
2002) that is homologous to human TP53RK/PRPK, which has been
shown to phosphorylate p53 (Abe et al., 2001). In the KEOPS/EKC complex, Kae1p and Bud32p are closely associated (Mao et al., 2008). Similarly as Kae1p, Bud32p is also highly conserved; in several archaeal
genomes, these two proteins are fused into a single polypeptide. In contrast to Kae1p, Bud32p has no bacterial homologue (Hecker et al., 2008,
2009).
Recent data have shown that the KEOPS/EKC complex participates
in a universal tRNA modiﬁcation: converting adenosine A37 to N6threonylcarbamoyl adenosine (t6A37) (Daugeron et al., 2011; El
Yacoubi et al., 2011; Srinivasan et al., 2011; Perrochia et al., 2013a).
The modiﬁcation of A37 immediately 3′ of anticodons decoding ANN codons is one of the few tRNA modiﬁcations present in all organisms (de
Crecy-Lagard et al., 2007). t6A37 strengthens the interaction of the A–
U codon–anticodon base pair of ANN codons. This prevents frameshifting during translation and enables proper translation initiation at
the AUG start codon, as the initiator tRNAMet is also modiﬁed by t6A37
(Yarian et al., 2002). Both Kae1p and its bacterial orthologue, YgjD,
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were shown to be required for t6A37 modiﬁcation. In yeasts, modiﬁcation of cytoplasmic and mitochondrial tRNAs requires Kae1p and
Qri7p, respectively. It is highly probable that Kae1p and its orthologues
participate in t6A37 modiﬁcation in all organisms. Modiﬁcation of both
cytoplasmic and mitochondrial tRNA pools also requires Sua5p (YrdC
in bacteria), a protein that is highly conserved in all organisms, but is
not part of the KEOPS/EKC complex. It has been proposed that Kae1p
functions as a protein or a tRNA chaperone (El Yacoubi et al., 2009,
2011; Srinivasan et al., 2011). Archaeal KEOPS has been demonstrated
to bind tRNA in vitro, and it was suggested that the complex might
form a platform for the t6A37 modiﬁcation of tRNA (Perrochia et al.,
2013a). Sua5p and Qri7p, the mitochondrial paralogue of Kae1p, were
found to be sufﬁcient for t6A37 biosynthesis in vitro (Wan et al.,
2013). However, the analysis of archaeal KEOPS showed that while
Kae1, Bud32 and Pcc1 are required for the reaction, Cgi121 increases
its efﬁciency (Perrochia et al., 2013b). Recently, a crystal structurebased model of the yeast KEOPS complex has also been proposed
(Zhang et al., 2015).
The involvement of the KEOPS/EKC complex in t6A37 modiﬁcation
explains its exceptional evolutionary conservation because this modiﬁcation is essential for accurate mRNA decoding. This appears to be the
primary function of the complex. However, several effects of mutations
in genes encoding subunits of the complex have also been described,
and their association with t6A37 modiﬁcation is difﬁcult to explain, suggesting that KEOPS/EKC may be multifunctional. Downey et al. (2006)
have shown that the KEOPS/EKC complex is implicated in telomere
elongation and uncapping, and proposed that it promotes an “open”
telomere conformation, allowing an access of both telomerase and exonuclease. The KEOPS/EKC complex was also found to be necessary for
telomere recombination (Hu et al., 2013). In yeast, the Pcc1p subunit
of the complex is required for efﬁcient transcription from promoters induced with α factor and galactose. ChIP data have demonstrated that
Pcc1p is associated with transcribed genes. It is not required to bind
the speciﬁc activator Gal4p, however, it is necessary for the efﬁcient recruitment of TBP, SAGA and Mediator complexes to their respective promoters. Genetic interactions suggest that Pcc1p interacts with RNAPII
and other general transcription factor co-activators. Similarly, Kae1p
was shown to be associated with promoters induced with α factor
and galactose (Kisseleva-Romanova et al., 2006). ChIP data have also
shown that OSGEP and LAGE3, the human homologues of Kae1p and
Pcc1p, are localized in chromatin (Costessi et al., 2012). KisselevaRomanova et al. (2006) suggested that the KEOPS/EKC complex was responsible for regulation of chromatin structure, possibly due to the ATPdependent remodeling activity of Kae1p.
In this paper, we describe the kaeA gene (formerly known as
suDpro), which encodes a member of the KEOPS/EKC complex in the
ﬁlamentous fungus Aspergillus nidulans. kaeA was identiﬁed as a suppressor of proline auxotrophic (pro−) mutations. We characterized
two mutations in kaeA that result in the derepression of arginine catabolic enzymes: arginase and ornithine aminotransferase (OAT). We
showed that kaeA is involved in the regulation of not only arginine catabolic gene expression but also several other genes that control various
domains of cellular metabolism. We identiﬁed genes encoding the remaining proteins of the KEOPS/EKC complex in the A. nidulans genome.
Our results support the hypothesis that in addition to its conserved role
in tRNA modiﬁcation in Eukaryota, the KEOPS/EKC complex may be involved in transcription regulation.

311

transcriptomics. proA6, pabaA9, biA1 or proA6, adF9, yA2, phenA2 or
biA1 were used as control suD+ strains. Transformation of A. nidulans
was performed as described by Tilburn et al. (1983) and modiﬁed according to Johnstone et al. (1985). The A. nidulans minimal
chromosome-speciﬁc cosmid pWE15 and pLORIST gene libraries
(Brody et al., 1991) were used for transformation.
The mycelia used in the OAT and arginase assays, and for northern
blot analysis, were grown in minimal medium (10 mM nitrate and 1%
glucose) for 8–10 h at 37 °C and then induced with 10 mM arginine
for 2.5 h. Proline was used at a 0.4 mM concentration. Metabolites necessary to supplement other auxotrophies were added where required
(Pontecorvo et al., 1953).
Sensitivity to 1,4-diamino-2-butanone (DAB) was tested on minimal
medium with 1 mM DAB. Putrescine or spermidine was added at concentration of 1 mM. Sensitivity to ethidium bromide (EtdBr) was tested
on complete medium with 3 μg/ml EtdBr; sensitivity to selenate was
tested on minimal medium with 5 mM methionine as a sole sulfur
source and 0.1 mM sodium selenate. One percent glucose or 2% glycerol
was used as a sole carbon source.
2.2. DNA sequencing, promoter and protein analysis
Subclones of the kaeA gene in pBluescript KS + were sequenced
using the vector and kaeA-speciﬁc primers. PCR-ampliﬁed fragments
from mutant alleles were sequenced using the ABI Prism™ BigDye™
Terminator Cycle Sequencing Kit and kaeA-speciﬁc primers. For each
kaeA allele, three fragments covering the whole kaeA locus were obtained and sequenced. The promoter region was analyzed using the
MatInspector and MatBase Genomatix software suite (www.
genomatix.de). KAEA protein structure was modeled using Modeller
software (Eswar et al., 2006), based on the resolved Kae1 structure
from Pyrococcus abyssi (Hecker et al., 2007).
2.3. Cloning and sequencing of kaeA cDNA
The A. nidulans λZAPII 24 cDNA library (Aramayo and Timberlake,
1990) was screened using plaque hybridization (Sambrook and
Russell, 2001). A radioactively labeled 1039 bp ClaI–NcoI (see Fig. 6)
fragment of the kaeA gene was used as a probe. Phagemids were excised
from several hybridizing plaques and cDNA was sequenced from both
strands.
2.4. Mapping of the 5′ and 3′ mRNA ends of the kaeA gene
The kaeA transcription initiation sites were determined by primer
extension analysis using 6-P-suD primer (Supplementary Table 1).
The total RNA from the proA6, pabaA9, biA1 strains grown on minimal
medium (10 mM nitrate and 1% glucose) or on minimal medium with
10 mM arginine was used for the primer extension reaction, which
was performed as described by de Graaff et al. (1994). The 3′ end of
the kaeA transcript was determined by the sequencing of the 3′ end of
the kaeA cDNA clone.
2.5. Northern blot hybridization analysis

2. Materials and methods

Northern blot hybridization was carried out as described by Macios
et al. (2012). Northern blots were quantiﬁed using the STORM
PhosphorImager™ or FLA-7000 system, and Multi Gauge v.3.0 software
(FujiFilm).

2.1. A. nidulans strains, transformation, and growth conditions

2.6. Arginase and OAT activity assays

proA6, suD25pro, adF9, yA2; metG55 was used as a recipient strain in
transformation experiments. proA6, suD25pro, adF9, yA2, phenA2 and
proA6, suD19pro, pabaA12, biA1 (also referred to as suD25pro and
suD19pro) were used for growth tests, northern blot analysis, and

Arginase and OAT activities were assayed as previously described
(Albrecht and Vogel, 1964; Cybis and Weglenski, 1972; Bradford,
1976; Dzikowska et al., 2003). One speciﬁc unit of activity was deﬁned
as: 1) the OAT activity that produces 1 μmole of glutamic 5-
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semialdehyde per minute; 2) the arginase activity that produces 1
μmole of urea per minute, under standard conditions. Average speciﬁc
activities (±SD) were calculated from the results of at least three independent experiments.
2.7. Sulfate uptake analysis
Sulfate uptake analysis was performed as described in Pilsyk et al.
(2015) with small modiﬁcations. Cultures were grown in MM-S liquid
medium supplemented with 5 mM methionine (repressing conditions),
and 15 μCi of [35S]-labeled H2SO4 (Hartmann Analytic) was added to
each culture with cold sodium sulfate to a ﬁnal concentration of
0.1 mM. The cultures were maintained in a rotary shaker (215 rpm) at
37 °C, and 10-ml aliquots were taken after 10, 30 and 60 min of incubation. For sulfate incorporation measurements, cultures were grown for
18 h at 37 °C in MM-S liquid medium supplemented with 5 mM methionine and 5 μCi of [35S] 0.1 mM sulfate. Sulfate uptake was stopped,
mycelia samples were prepared and as described previously (Pilsyk
et al., 2015). Dried samples were soaked with 1 ml of liquid scintillator
(Ultima Gold™, Perkin Elmer) and radioactivity was measured in a 1209
Rackbeta Vallac scintillation counter (LKB). Transport rates [nmol/mg
dry weight (DW)] and assimilation data (±SD) were estimated on the
basis of at least three measurements.
2.8. RNA isolation, transcriptomics, and RT-qPCR analysis
For transcriptome analysis, suD25pro and the control (proA6, adF9,
yA2, phenA2) strains were grown on minimal medium and total RNA
was isolated as described by Chomczynski and Sacchi (1987). Total
RNA samples from three independent biological replicates were
combined, treated with RQ1 RNase-Free DNase I (Promega), and the
poly A+ RNA was puriﬁed using a Poly(A)Purist™ MAG kit (Ambion).
cDNA was synthesized from 4 μg of polyA+ RNA using the cDNA Synthesis System (Roche), according to the manufacturer's instructions. The
synthesis of the ﬁrst strand was carried out with MIXcDNA primer 5′(T)22V-3′, where V stands for any base but T. Shotgun libraries were prepared according to rapid library protocols (Roche). Sequencing was performed on a Genome Sequencer GS FLX Instrument (Roche), using the
GS FLX Titanium chemistry and following standard protocols.
Reads had a total length of 5.6 × 107 and 4.8 × 107 bp for the control
strain and the kaeA (suD25pro) mutant, respectively. The reads were
cleaned with PRINSEQ (Schmieder and Edwards, 2011) to eliminate short and low quality reads. Then, they were mapped to the
A. nidulans genome (version FGSC A4), provided by the AspGD consortium (Cerqueira et al., 2014), using STAR aligner (Dobin et al., 2013). Finally, 50826 and 47177 reads were mapped to the control strain and the
kaeA (suD25pro) mutant, respectively. Hits to genomic features were
counted using HTSeq-count software from the HTSeq package (wwwhuber.embl.de/users/anders/HTSeq). As there was only one sequence
library for each strain (although it consisted of three pooled biological
replicates), we analyzed the data using the DEGSeq package, which
comprises implemented methods based on MA-plots for the identiﬁcation of differentially expressed genes in the absence of replicates (Wang
et al., 2010). We used the MARS method from the DEGSeq package with
LOESS normalization and other parameters set on default. Output from
the DEGSeq analysis is shown in Suppl. Materials 2. Gene expression was
regarded as signiﬁcantly changed if the P-value was b0.001 and the fold
change was N2. Protein function annotation was performed using the
AspGD (www.aspergillusgenome.org), SGD (www.yeastgenome.org)
and PomBase (www.pombase.org) databases (Cherry et al., 2012;
Wood et al., 2012; Cerqueira et al., 2013).
For RT-qPCR analysis, suD25pro and the control (proA6, adF9, yA2,
phenA2) strains were grown on minimal medium, and total RNA was
isolated as described by Schmitt et al. (1990), using a FastPrep®-24 instrument (MP Biomedicals) for mycelium homogenization. RNA was
treated with DNase I (Roche Diagnostics), phenol-chloroform extracted

and ethanol precipitated. RNA quality and concentration was measured
using RNA Nano chip on the 2100 Bioanalyzer instrument (Agilent
Technologies) and only RNA samples with RIN value (RNA Integrity
Numbers) not lower than 9.0 were selected for reverse transcription.
cDNA was synthesized from 2 μg of total RNA using SuperScript® III Reverse Transcriptase (Invitrogen, Life Technologies) and a mixture of
oligo-dT and random hexamer primers, according to the supplier's protocol. Real-time RT-PCR was performed using the LightCycler® 480 II
System (Roche Diagnostics) with speciﬁc primers for agaA, otaA, mirB,
puA, sB, rcoA genes and SYBR Green detection. Four biological replicates
were analyzed for both strains with two technical replicates for each.
RT-qPCR was performed in triplicate, in 384-well plates with each 10μl reaction mixture containing 5 μl of LightCycler®480 SYBR Green I
Master mix (Roche Laboratories), two primers (3 pmol of each) and
2 μl of diluted template cDNA. Reactions were pipetted using JANUS®
Extended Integrator 8-tip Automated Workstation (PerkinElmer). Efﬁciency (E) and speciﬁcity of each pair of primers were tested in RTqPCR reactions using 6-point standard curves of 5-fold diluted cDNA
of the control strain. Subsequently, the melting curve analysis was performed. E value for all primer pairs used was in the range of 1.93–2.00.
Cp values were calculated using LightCycler®480 Software 1.5 (Roche
Diagnostics), based on the Second Derivative Maximum Method. The
qPCR data were analyzed on the R statistical platform, using the HTqPCR
package (Dvinge and Bertone, 2009). Cp values were normalized using
18S as an endogenous control. Differential expression was assessed
using a t-test with a Benjamini & Hochberg correction, using the wild
type as a reference.
2.9. Confocal microscopy
Conidia were grown in complete medium in 60 μ-Dish ibiTreat
(ibidi) for 13 h at 30 °C. For the visualization of the mitochondria, hyphae were incubated with MitoTracker® Red CMXRos (Life Technologies) for 1 h at 30 °C. Imaging of hyphae was performed using an
Olympus microscope FluoView FV1000 with 60x/NA = 1.4 objective.
3. Results and discussion
Arginine catabolism in A. nidulans is a good model to study the regulation of gene expression in lower Eukaryotes, at both the transcriptional (Dzikowska et al., 2003; Macios et al., 2012) and
posttranscriptional level (Olszewska et al., 2007; Krol et al., 2013). Several non-allelic regulatory mutations resulting in the derepression of the
arginine catabolic enzymes, arginase and OAT, were identiﬁed as suppressors of proline auxotrophic (pro−) mutations (Weglenski, 1967;
Piotrowska et al., 1969; Klimczuk and Weglenski, 1974). In A. nidulans
as in many other microorganisms, proline is synthesized from glutamate via glutamic-5-semialdehyde (GSA) (Fig. 1). Because proline can
also be synthesized by an alternative pathway from exogenous arginine,
via ornithine and GSA, in two reactions catalyzed by arginase and OAT,
and encoded by agaA and otaA, respectively, the growth of pro−
mutants blocked prior to GSA can be restored by the addition of either
proline or arginine to the growth medium. However, this alternative
proline synthesis pathway is apparently not functional when the pro−
mutant is grown on arginine-free medium. The addition of arginine results in the induction of arginase and OAT activities, allowing the utilization of arginine for proline synthesis (Bartnik and Weglenski, 1974;
Borsuk et al., 1999; Dzikowska et al., 1999). This induction depends on
the pathway-speciﬁc activator ARCA (Empel et al., 2001).
3.1. Pleiotropic effects of the suDpro mutants
Using the classic UV irradiation method, suD19pro and suD25pro
mutants were obtained as suppressors of mutations in the proA locus
(Weglenski, 1967; Piotrowska et al., 1969; Klimczuk and Weglenski,
1974). Both suppressor mutations are recessive and resulted in ca. 10-
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Fig. 1. Arginine and ornithine metabolism in fungi. The continuous lines represent
biosynthetic pathways, and the broken lines represent catabolic pathways. The position
of metabolic blocks resulting from pro− mutations is indicated. The mitochondrion is
shown in gray. Abbreviations: OAT — ornithine aminotransferase; PO — proline oxidase;
P5CR — pyrroline-5-carboxylate reductase; P5CDH — pyrroline-5-carboxylate
dehydrogenase; OCT — ornithine carbamoyltransferase; ODC — ornithine decarboxylase
SIDA — ornithine N5-oxygenase; AMCA — mitochondrial ornithine transporter.

fold increase of uninduced arginase and OAT activity levels, compared to
that observed in mycelium of the suD+ strain (Fig. 2A). The enzyme activities correlate well with levels of agaA and otaA mRNA measured by
northern hybridization (Fig. 2B), RT-qPCR (Fig. 9 and Sup. Fig. 7), and
transcriptome analysis (see part 3.4).
Apart from the elevated basal level of arginine catabolic enzymes,
suDpro mutations caused several other phenotypic effects (Fig. 3).
Both suD19pro and suD25pro mutants grew more slowly than the WT

Fig. 3. Pleiotropic effects of suD19pro and suD25pro mutations. The growth of the
suD19pro, suD25pro and the wild-type control strain (WT) was compared on complete
(CM) and minimal (MM) medium with ethidium bromide (EtdBr), spermidine, putrescine
and/or DAB, on minimal medium with methionine as a sulfur source and with or without
selenate (MM-S + Met), and on minimal medium with glycerol as a carbon source (MMC + glycerol).

Fig. 2. suDpro19 and suDpro25 mutations result in elevated expression level of arginine catabolism genes. (A) Average arginase and OAT speciﬁc activity (±SD) in mycelium grown in
minimal medium with or without arginine. (B) agaA and otaA transcript level on minimal medium without (−) or with (+) arginine. (C) Relative amounts of agaA and otaA mRNAs
on medium without arginine (uninduced conditions).
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on the complete and minimal medium. The growth of suppressor mutants is much more strongly inhibited than that of the WT by selenate
which is a toxic analog of sulfate. Selenate is transported into the cell
by sulfate permease, a product of the sB gene (Arst, 1968; Pilsyk et al.,
2007; Pilsyk and Paszewski, 2009). Sulfate uptake and incorporation
are derepressed in kaeA mutants (Fig. 4), resulting in selenate sensitivity. RT-qPCR analysis indicates that this derepression most likely does
not result from an increased level of sB transcription (Fig. 9 and Sup.
Fig. 7), suggesting that KAEA protein may be involved in the regulation
of sulfate permease activity at the posttranscriptional level.
Suppressor mutants are also much more sensitive than the WT to
the ornithine decarboxylase (ODC) inhibitor DAB, which prevents the
conversion of ornithine to putrescine (Fig. 1). The effect of DAB can be
reversed by the addition of putrescine or spermidine (Fig. 3). RT-qPCR
(Fig. 9 and Sup. Fig. 7) and transcriptome analysis (data not shown) indicate that the DAB sensitivity of the suppressor mutants does not result
from changes in the mRNA level of puA, which encodes ODC. However,
this sensitivity may result from the lowered expression of the putative
polyamine efﬂux transporter revealed by transcriptomics (see part 3.4).
Growth of suD19pro and suD25pro is even more impaired when glucose is replaced as the sole carbon source in the minimal medium by
glycerol, suggesting a defect in respiration. This result correlates with
a changed mitochondrial structure, which aggregate in clumps in both
mutants studied, especially in suD25pro (Fig. 5). A defect in mitochondrial function may also explain the higher sensitivity of these mutants
to ethidium bromide (Fig. 3), which is known to preferentially inhibit

Fig. 4. Sulfate incorporation and uptake in kaeA mutants and wild-type strains.
(A) Average sulfate incorporation level in mycelium grown for 18 h in minimal medium
supplemented with 5 mM methionine and [35S] sulfate. (B) Kinetics of sulfate uptake
(see Materials and methods section for details). DW — dry weight.

mitochondrial DNA replication. In S. cerevisiae, mutations in ABF2,
which is essential for mtDNA maintenance, are sensitive to ethidium
bromide (Chen et al., 2005). Similar phenotypes were reported in
S. cerevisiae and Caenorhabditis elegans with mutations in QRI7/OSGEPL,
the mitochondrial paralogue of KAE1 (Oberto et al., 2009). However, to
our knowledge, no mitochondrial defects have been reported for KAE1
mutants in S. cerevisiae. We have identiﬁed a QRI7 orthologue in
A. nidulans (AN8780), but the sensitivity of the suDpro mutants to
ethidium bromide suggests that KAEA may also be important for mitochondrial function and maintenance in this organism.

3.2. suDpro codes for a protein of the Kae1 family
We have cloned the suDpro gene by co-transformation of the
suD25pro strain with the A. nidulans minimal chromosome-speciﬁc
cosmid library and the plasmid pUG11-41, bearing the metG gene
(Sienko and Paszewski, 1999). The frequency of co-transformation in
A. nidulans is sufﬁciently high (Dzikowska and Weglenski, 1989) to assume that among met+ transformants the pro− phenotype would appear. We selected met+ transformants that had lost the suppressor
phenotype, i.e., in the proA− background they did not grow on the
proline-free medium (for details see Suppl. Materials 1). The suDpro
gene was sequenced and identiﬁed as AN6569 in the A. nidulans
genome.
A cDNA copy of the suDpro gene was isolated from the A. nidulans
cDNA library and sequenced. It contains an open reading frame coding
for a protein of 363 amino acids. The coding sequence of the suDpro
gene was submitted to GenBank (http://www.ncbi.nlm.nih.gov) as
Emericella nidulans partial suDpro gene, intronic sequence, wild type
(accession no. AJ293803). The gene contains one typical, short fungal
intron of 66 bp in the coding sequence. Interestingly, the intron in
suDpro published in the A. nidulans genome sequence database (www.
broadinstitute.org/annotation/genome/aspergillus_group) is 12 bp
shorter at its 3′ end (Fig. 6), suggesting differential splicing. The transcription start site was identiﬁed at position − 109 in relation to ATG
(Suppl. Fig. 1), and the polyadenylation site was 46 bp downstream of
the stop codon.
The promoter region of suDpro is shown in Fig. 6. It contains two
TATA-like sequences and potential binding sites for GATA factors
(Scazzocchio, 2000), BRLA (Chang and Timberlake, 1993), ABAA
(Andrianopoulos and Timberlake, 1994) and AnCF (Brakhage et al.,
1999). We have also identiﬁed a sequence identical to the yeast sterol
regulatory element (Vik and Rine, 2001). It is worth noting that the distance between the suDpro transcription start site and the ATG of the 5′
neighbor gene (AN6568) is very short (351 bp), suggesting that this region may function as a bidirectional promoter.
The suDpro gene potentially codes for a 363-aa-long protein predicted to have MW = 39.3 kDa. A BLAST search showed extremely high similarity between this protein and the eukaryotic Kae1 protein family
(Hecker et al., 2007; Mao et al., 2008). Therefore, we renamed from
suDpro to kaeA. Similar to other proteins of this family, KAEA protein
contains all motifs speciﬁc to the ASKHA chaperone superfamily,
i.e., α/β structures, a metal-binding domain, and a speciﬁc ATPbinding site, as well as two unique inserts characteristic to the Kae1
family (Hurley, 1996; Aravind and Koonin, 1999; Hecker et al., 2008;
Mao et al., 2008). Interestingly, the potential differential splicing could
yield a protein with four additional and one changed amino acid within
the conserved α3 domain (Fig. 7).
As KAEA homologues are elements of the EKC/KEOPS complex, we
searched the A. nidulans genome for other members of this complex
using Position-Speciﬁc Iterative BLAST (PSI-BLAST) (Altschul and
Koonin, 1998). AN2513 was identiﬁed as a homologue of Bud32p
(Suppl. Fig. 2), AN11910 — Cgi121p (Suppl. Fig. 3), and AN2845 —
Pcc1p (Suppl. Fig. 4). AN11901 was recognized as a homologue of the
fungi-speciﬁc Gon7p/Pcc2p subunit (Suppl. Fig. 5).
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Fig. 5. The structure of the mitochondrial network is changed in suD19pro and suD25pro. The mitochondrial structures in suD19pro, suD25pro and the wild-type control strain (wt) were
compared using a confocal microscope. The mitochondria were visualized with MitoTracker® Red CMXRos.

3.3. Characterization of suD19pro and suD25pro mutations
The suD19pro and suD25pro alleles of kaeA were sequenced. Both
mutations are short deletions in the coding region, which do not change
the reading frame (Fig. 6). A model of the KAEA structure shows that
amino acids from both deleted regions are localized on the protein surface (Suppl. Fig. 6); it is possible that these deletions inﬂuence the

interaction of KAEA with other proteins. The deletion in suD19pro encompasses twelve base pairs, resulting in a lack of four amino acids
(STPQ) in the non-conserved linker between the β2 and β3 sheets
(Fig. 7). However, shortening this linker might inﬂuence the interaction
with Bud32p, as it has been shown that the structure of the next β3-α1
linker of Kae1p is changed after the binding of this kinase (Mao et al.,
2008). The deletion in suD25pro is shorter (nine base pairs) and results

Fig. 6. Sequence of the kaeA (suDpro) gene. The transcription start site is marked in dark gray. Putative TATA box, start and stop codons of kaeA and start codon (CAT) of a neighboring
divergently transcribed AN6568 gene, are bolded and underlined. Putative transcription factor-binding sites in both orientations are bolded; GATA — GATA factor-binding site; CATT
CC — ABAA-binding site; CCAAT — AnCF-binding site; GAGGGG — BRLA-binding site; TCGTATAAT — yeast sterol regulatory element. * — polyadenylation site. Intron — small letters
(small underlined — nucleotides not present in the intron identiﬁed by the Broad Institute). Italic light gray — deletion in suD19pro, italic light gray and underlined — deletion in suD25pro.
Recognition sites for ClaI and NcoI are indicated over the sequence.
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Fig. 7. Sequence alignment of A. nidulans KAEA, its potential splicing variant (KAEA + 4), S. cerevisiae Kae1p and human OSGEP. β sheets, α- and 310 helices (3/10-1 and 3/10-2) are
indicated over the sequence, according to Mao et al. (2008). Violet — residues of KAEA coordinating metal binding. Pink — residues of KAEA coordinating ATP binding. Red — deletion
in suDpro19, blue — deletion in suD25pro (KTGF replaced by N). Inserts unique to the Kae1 family are framed: in red — insert 1, in green — insert 2. In bold — additional amino acids in
KAEA resulting from the potential differential splicing. Alignment was obtained using Clustal Omega software (Sievers et al., 2011).

in a replacement of four amino acids (KTGF) by one (N) in a C-terminal
part of the α3′ helix. This deletion encompasses conserved amino acids
(bases K/R and G), and may change the structure of the linker between
the α3′ and 3/10-1 helix (Fig. 7). The latter was shown to interact with
Pcc1p (Mao et al., 2008). It is also possible that both suDpro mutations
could inﬂuence the binding of KAEA to other proteins that are not part
of the KEOPS/EKC complex. It has been reported that subunits of the
complex may have additional, individual functions. For example,
Bud32p interacts with Grx4p glutaredoxin, suggesting additional functions of this kinase in yeast (Peggion et al., 2008).
3.4. Mutation in kaeA affects expression of several genes
We have shown that mutations in kaeA result in pleiotropic effects.
This was to be expected, given the multiple functions ascribed to the
EKC/KEOPS complex in other organisms. We have compared the
transcriptomes of a kaeA mutant (suD25pro) and the control isogenic
strain grown on minimal medium, to identify genes whose transcription

is affected by the mutation. The kaeA mutant shows signiﬁcant changes
in gene expression, with 36 genes upregulated and 107 genes downregulated in the mutant compared to the wild type (P-value b0.001 and at
least two-fold change in the level of expression) (Fig. 8 and Supplementary Table 2). As expected, agaA and otaA were identiﬁed among the upregulated genes, in agreement with the northern hybridization results
(Fig. 2B) and RT-qPCR (Fig. 9 and Suppl. Fig. 7). This conﬁrms the reliability of the transcriptomic analysis.
The expression proﬁle of the kaeA mutant (suD25pro) is enriched for
genes involved in amino acid/siderophore metabolism and carbon/energy metabolism (Fig. 8). It is very probable that at least some effects
of the kaeA mutation on the transcription level of several genes are indirect, as was shown in yeast. Transcriptome analysis of the S. cerevisiae
KAE1-18 thermosensitive mutant revealed that the mutation resulted
in upregulation of several genes coding for enzymes of the amino acid
biosynthetic pathways (Daugeron et al., 2011). Derepression of these
genes seems plausible, as this mutation results in the upregulation of
GCN4, which encodes the global transcriptional activator of amino acid
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Fig. 8. Genes up- and downregulated in the kaeA (suD25pro) mutant (see Suppl. Table 1 for details).

biosynthesis. GCN4 expression is regulated at the translation level
(Hinnebusch, 2005). Daugeron et al. (2011) proposed that overexpression of Gcn4p in the KAE-18 mutant results from the misregulation of
GCN4 mRNA translation. In A. nidulans, the accumulation of the CPCA
protein, the homologue of Gcn4p, might also be due to a lower rate of
degradation. In yeast, the degradation of Gcn4p was shown to depend
on Pcl5p cyclin (Aviram et al., 2008); we observed that the expression
of the PCL5 homologue (AN9500) is downregulated in the kaeA mutant
(see Supplementary Table 2). The mutation of kaeA also results in slight
downregulation of jlbA, which codes for another transcription factor
proposed to be involved in regulation of amino acid biosynthesis
(Strittmatter et al., 2001). This might explain the downregulation of
some of these genes in the kaeA mutant.
As described above, both arginine catabolism genes, agaA and otaA,
are upregulated in the kaeA mutant. Ornithine is not only a precursor
to arginine metabolism but also a substrate for polyamine and
siderophore biosynthesis (Fig. 1). This suggests that changes in arginine/ornithine metabolism could inﬂuence the concentration of these
compounds. Several genes' expression level is much lower in the kaeA
mutant compared to the wild type, including AN7295, the homologue
of S. cerevisiae TPO1 and Candida albicans FLU1, which encodes a major

Fig. 9. Quantitative transcriptional analysis of selected genes. Relative expression of agaA,
otaA, mirB, puA, sB and rcoA genes in the kaeA25 mutant in comparison with the
control strain was calculated by RT-qPCR analysis (see Materials and methods section
for details). For 18SrRNA, puA and sB the difference between the two strains is not
signiﬁcant (P-value N 0.05). FC — fold change (kaeA/control).

plasma membrane polyamine efﬂux transporter, a member of the
major facilitator superfamily (MFS) of transporters (Albertsen et al.,
2003; Kashiwagi and Igarashi, 2011; Li et al., 2013). Both proteins
were shown to be involved in the excretion of excess intercellular polyamines and might be involved in the efﬂux of DAB, the toxic analog of
putrescine. The lower expression of AN7295 in the kaeA mutant strains
could explain their higher sensitivity to DAB.
Siderophores are ferric iron-speciﬁc chelators excreted by most
fungi to mobilize extracellular iron or employed for intercellular iron
storage (Haas, 2003, 2012). In the kaeA mutant, among genes participating in siderophore biosynthesis and uptake, sidA, which encodes ornithine monooxygenase (Eisendle et al., 2003), is upregulated, while
sidG and mirB, which encode fusarinine C transacetylase and the
trisacetylfusarinine C transporter (Schrettl et al., 2007) (Haas et al.,
2003), respectively, are downregulated. For the mirB transcript, this result was conﬁrmed by RT-qPCR (Fig. 9 and Suppl Fig. 7). It is possible
that the misregulation of these genes leads to a change in the cellular
iron concentration and results in changes in several metabolic processes, including ribosomal biogenesis and translation, as was suggested by
Schrettl et al. (2010).
rcoA is among genes upregulated in the kaeA mutant; this result was
conﬁrmed by RT-qPCR (Fig. 9 and Suppl Fig. 7). TUP1, which encodes the
global corepressor of transcription, is a homologue of rcoA in
S. cerevisiae. Tup1p forms a complex with Cyc8p/Ssn6p (Varanasi
et al., 1996) and inhibits transcription by various mechanisms. These include interaction with the N-terminal tails of histones H3 and H4
(Edmondson et al., 1996; Davie et al., 2002) and/or different histone
deacetylases (Watson et al., 2000; Wu et al., 2001; Davie et al., 2003),
the establishment of repressive chromatin structure (Fleming et al.,
2014), or direct interaction with subunits of the mediator complex
(Gromoller and Lehming, 2000; Lee et al., 2000; PapamichosChronakis et al., 2000). On the other hand, Tup1p appears to enhance
the expression of some genes (Zhang and Guarente, 1994; Conlan
et al., 1999). Recently, it was proposed that Tup1p masks the activation
domain of activators and blocks the recruitment of coactivators (Wong
and Struhl, 2011). Tup1p is recruited to target promoters by speciﬁc
DNA-binding factors and regulates the expression of several genes involved in mating, glucose and oxygen use, stress response, and DNA
damage (Smith and Johnson, 2000). In A. nidulans, rcoA is involved in
the regulation of fungal growth and development and, to lesser extent,
in carbon regulation (Hicks et al., 2001; Todd et al., 2006). rcoA has been
demonstrated to be essential for the maintenance of the closed chromatin structure of some promoters (Garcia et al., 2008). It is possible that
changes in the expression of some genes observed in kaeA mutant result
from the upregulation of the rcoA gene in this strain. In fact, yeast
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homologues of several genes up or downregulated in the kaeA mutant,
have been shown to be regulated by Tup1p (see Supplementary
Table 2) (Hu et al., 2007; Venters et al., 2011).
Although the involvement of the KEOPS/EKC complex in tRNA
modiﬁcation is well documented, the role of this complex in other
cellular processes is still unresolved. Moreover, the presence of the
ﬁfth Pcc2p/Gon7p additional subunit in fungi suggests a speciﬁc function of the complex in this organismal group. It was proposed that
KEOPS/EKC regulates the accessibility of chromatin and recruits
transcription factors to speciﬁc promoters (Downey et al., 2006;
Kisseleva-Romanova et al., 2006; Costessi et al., 2012). PIPA, the
Bud32p orthologue in A. nidulans, was shown to interact with the
Cdk9 kinase homologue (PTKA) (Kempf et al., 2013). Cdk9 phosphorylates serine 2 in repeating heptapeptides of the C-terminal domain of
the largest subunit of RNA polymerase II. This modiﬁcation is necessary
to switch from transcription initiation to elongation. PIPA/PTKA interaction is restricted to the head of the conidiophore, indicating that Bud32
(PIPA), and possibly the whole KEOPS/EKC complex, is involved in transcriptional regulation during A. nidulans development. Genetic data suggest that KAEA may also be involved in the transcriptional regulation of
the arginine catabolic genes. Both kaeA mutations, suD19pro and
suD25pro, result in the derepression of agaA and otaA transcription
under non-inducing conditions, i.e., in the absence of exogenous arginine. The arcA gene, which codes for the pathway-speciﬁc activator, is
indispensable for agaA and otaA induction by arginine. A recessive
arcAr3 mutation results in non-inducibility of these genes and the inability to utilize arginine as a proline or nitrogen source (Bartnik and
Weglenski, 1974; Empel et al., 2001). The arcAr3 mutation was shown
to be epistatic against kaeA mutations; in the double arcAr3; suDpro mutant, arginase and OAT are not inducible by arginine (Bartnik and
Weglenski, 1974). This genetic interaction suggests that KAEA collaborates with the ARCA activator.
In conclusion, it is possible that several of the pleiotropic effects of
the suDpro mutations are indirect and result from the changed expression levels of global regulators such as cpcAGCN4 and rcoATUP1 However,
to the best of our knowledge, only GCN4, but not TUP1, has been
shown to be regulated at the translational level. We postulate that the
expression of some genes, e.g., arginine catabolism genes, may be directly regulated at the level of transcription by the KAEA, and possibly
the KEOPS/EKC complex.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.gene.2015.07.066.
Acknowledgments
We thank Aleksander Chlebowski for his help with confocal microscopy and Ewa Bartnik for the critical reading of the manuscript. The
A. nidulans minimal chromosome-speciﬁc cosmid pWE15 and pLORIST
gene libraries and the λZAPII 24 developmental cDNA library were
obtained from the Fungal Genetics Stock Center. This work was supported by the Polish Ministry of Science and Higher Education Grant
NN301506438, National Science Centre Grant 2012/07/B/NZ2/02037,
and the project ﬁnancing agreements POIG.02.02.00-14-024/08-00
(CePT). AspGD, SGD and PomBase provided invaluable resources for
genome analysis.
References
Abe, Y., Matsumoto, S., Wei, S., Nezu, K., Miyoshi, A., Kito, K., Ueda, N., Shigemoto, K.,
Hitsumoto, Y., Nikawa, J., Enomoto, Y., 2001. Cloning and characterization of a p53related protein kinase expressed in interleukin-2-activated cytotoxic T-cells, epithelial tumor cell lines, and the testes. J. Biol. Chem. 276, 44003–44011.
Albertsen, M., Bellahn, I., Kramer, R., Waffenschmidt, S., 2003. Localization and function of
the yeast multidrug transporter Tpo1p. J. Biol. Chem. 278, 12820–12825.
Albrecht, A.M., Vogel, H.J., 1964. Acetylornithine delta-transaminase. Partial puriﬁcation
and repression behavior. J. Biol. Chem. 239, 1872–1876.
Altschul, S.F., Koonin, E.V., 1998. Iterated proﬁle searches with PSI-BLAST—a tool for discovery in protein databases. Trends Biochem. Sci. 23, 444–447.

Andrianopoulos, A., Timberlake, W.E., 1994. The Aspergillus nidulans abaA gene encodes a
transcriptional activator that acts as a genetic switch to control development. Mol.
Cell. Biol. 14, 2503–2515.
Aramayo, R., Timberlake, W.E., 1990. Sequence and molecular structure of the Aspergillus
nidulans yA (laccase I) gene. Nucleic Acids Res. 18, 3415.
Aravind, L., Koonin, E.V., 1999. Gleaning non-trivial structural, functional and evolutionary
information about proteins by iterative database searches. J. Mol. Biol. 287,
1023–1040.
Arst Jr., H.N., 1968. Genetic analysis of the ﬁrst steps of sulphate metabolism in Aspergillus
nidulans. Nature 219, 268–270.
Aviram, S., Simon, E., Gildor, T., Glaser, F., Kornitzer, D., 2008. Autophosphorylationinduced degradation of the Pho85 cyclin Pcl5 is essential for response to amino
acid limitation. Mol. Cell. Biol. 28, 6858–6869.
Bartnik, E., Weglenski, P., 1974. Regulation of arginine catabolism in Aspergillus nidulans.
Nature 250, 590–592.
Borsuk, P., Dzikowska, A., Empel, J., Grzelak, A., Grzeskowiak, R., Weglenski, P., 1999.
Structure of the arginase coding gene and its transcript in Aspergillus nidulans. Acta
Biochim. Pol. 46, 391–403.
Bradford, M.M., 1976. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein–dye binding. Anal. Biochem.
72, 248–254.
Brakhage, A.A., Andrianopoulos, A., Kato, M., Steidl, S., Davis, M.A., Tsukagoshi, N., Hynes,
M.J., 1999. HAP-Like CCAAT-binding complexes in ﬁlamentous fungi: implications for
biotechnology. Fungal Genet. Biol. 27, 243–252.
Brody, H., Grifﬁth, J., Cuticchia, A.J., Arnold, J., Timberlake, W.E., 1991. Chromosomespeciﬁc recombinant DNA libraries from the fungus Aspergillus nidulans. Nucleic
Acids Res. 19, 3105–3109.
Cerqueira, G.C., Arnaud, M.B., Inglis, D.O., Skrzypek, M.S., Binkley, G., Simison, M.,
Miyasato, S.R., Binkley, J., Orvis, J., Shah, P., Wymore, F., Sherlock, G., Wortman, J.R.,
2013. The Aspergillus Genome Database: multispecies curation and incorporation
of RNA-Seq data to improve structural gene annotations. Nucleic Acids Res. 42,
D705–D710.
Cerqueira, G.C., Arnaud, M.B., Inglis, D.O., Skrzypek, M.S., Binkley, G., Simison, M.,
Miyasato, S.R., Binkley, J., Orvis, J., Shah, P., Wymore, F., Sherlock, G., Wortman, J.R.,
2014. The Aspergillus Genome Database: multispecies curation and incorporation
of RNA-Seq data to improve structural gene annotations (database issue). Nucleic
Acids Res. 42, D705–D710.
Chang, Y.C., Timberlake, W.E., 1993. Identiﬁcation of Aspergillus brlA response elements
(BREs) by genetic selection in yeast. Genetics 133, 29–38.
Chen, X.J., Wang, X., Kaufman, B.A., Butow, R.A., 2005. Aconitase couples metabolic regulation to mitochondrial DNA maintenance. Science 307, 714–717.
Cherry, J.M., Hong, E.L., Amundsen, C., Balakrishnan, R., Binkley, G., Chan, E.T., Christie,
K.R., Costanzo, M.C., Dwight, S.S., Engel, S.R., Fisk, D.G., Hirschman, J.E., Hitz, B.C.,
Karra, K., Krieger, C.J., Miyasato, S.R., Nash, R.S., Park, J., Skrzypek, M.S., Simison, M.,
Weng, S., Wong, E.D., 2012. Saccharomyces Genome Database: the genomics resource
of budding yeast. Nucleic Acids Res. 40, D700–D705.
Chomczynski, P., Sacchi, N., 1987. Single-step method of RNA isolation by acid
guanidinium thiocyanate-phenol-chloroform extraction. Anal. Biochem. 162,
156–159.
Conlan, R.S., Gounalaki, N., Hatzis, P., Tzamarias, D., 1999. The Tup1–Cyc8 protein complex
can shift from a transcriptional co-repressor to a transcriptional co-activator. J. Biol.
Chem. 274, 205–210.
Costessi, A., Mahrour, N., Sharma, V., Stunnenberg, R., Stoel, M.A., Tijchon, E., Conaway, J.W.,
Conaway, R.C., Stunnenberg, H.G., 2012. The human EKC/KEOPS complex is recruited to
Cullin2 ubiquitin ligases by the human tumour antigen PRAME. PLoS One 7, e42822.
Cybis, J., Weglenski, P., 1972. Arginase induction in Aspergillus nidulans. The appearance
and decay of the coding capacity of messenger. Eur. J. Biochem. 30, 262–268.
Daugeron, M.C., Lenstra, T.L., Frizzarin, M., El Yacoubi, B., Liu, X., Baudin-Baillieu, A.,
Lijnzaad, P., Decourty, L., Saveanu, C., Jacquier, A., Holstege, F.C., de Crecy-Lagard, V.,
van Tilbeurgh, H., Libri, D., 2011. Gcn4 misregulation reveals a direct role for the evolutionary conserved EKC/KEOPS in the t6A modiﬁcation of tRNAs. Nucleic Acids Res.
39, 6148–6160.
Davie, J.K., Trumbly, R.J., Dent, S.Y., 2002. Histone-dependent association of Tup1–Ssn6
with repressed genes in vivo. Mol. Cell. Biol. 22, 693–703.
Davie, J.K., Edmondson, D.G., Coco, C.B., Dent, S.Y., 2003. Tup1–Ssn6 interacts with multiple class I histone deacetylases in vivo. J. Biol. Chem. 278, 50158–50162.
de Crecy-Lagard, V., Marck, C., Brochier-Armanet, C., Grosjean, H., 2007. Comparative
RNomics and modomics in Mollicutes: prediction of gene function and evolutionary
implications. IUBMB Life 59, 634–658.
de Graaff, L.H., van den Broeck, H.C., van Ooijen, A.J., Visser, J., 1994. Regulation of the
xylanase-encoding xlnA gene of Aspergillus tubingensis. Mol. Microbiol. 12, 479–490.
Dobin, A., Davis, C.A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., Batut, P., Chaisson, M.,
Gingeras, T.R., 2013. STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29, 15–21.
Downey, M., Houlsworth, R., Maringele, L., Rollie, A., Brehme, M., Galicia, S., Guillard, S.,
Partington, M., Zubko, M.K., Krogan, N.J., Emili, A., Greenblatt, J.F., Harrington, L.,
Lydall, D., Durocher, D., 2006. A genome-wide screen identiﬁes the evolutionarily
conserved KEOPS complex as a telomere regulator. Cell 124, 1155–1168.
Dvinge, H., Bertone, P., 2009. HTqPCR: high-throughput analysis and visualization of
quantitative real-time PCR data in R. Bioinformatics 25, 3325–3326.
Dzikowska, A., Weglenski, P., 1989. Enhancement of Aspergillus nidulans transformation
by the ans1 sequence. Acta Microbiol. Pol. 38, 217–223.
Dzikowska, A., Swianiewicz, M., Talarczyk, A., Wisniewska, M., Goras, M., Scazzocchio, C.,
Weglenski, P., 1999. Cloning, characterisation and regulation of the ornithine transaminase (otaA) gene of Aspergillus nidulans. Curr. Genet. 35, 118–126.
Dzikowska, A., Kacprzak, M., Tomecki, R., Koper, M., Scazzocchio, C., Weglenski, P., 2003.
Speciﬁc induction and carbon/nitrogen repression of arginine catabolism gene of

A. Dzikowska et al. / Gene 573 (2015) 310–320
Aspergillus nidulans—functional in vivo analysis of the otaA promoter. Fungal Genet.
Biol. 38, 175–186.
Edmondson, D.G., Smith, M.M., Roth, S.Y., 1996. Repression domain of the yeast global repressor Tup1 interacts directly with histones H3 and H4. Genes Dev. 10, 1247–1259.
Eisendle, M., Oberegger, H., Zadra, I., Haas, H., 2003. The siderophore system is essential
for viability of Aspergillus nidulans: functional analysis of two genes encoding lornithine N 5-monooxygenase (sidA) and a non-ribosomal peptide synthetase
(sidC). Mol. Microbiol. 49, 359–375.
El Yacoubi, B., Lyons, B., Cruz, Y., Reddy, R., Nordin, B., Agnelli, F., Williamson, J.R.,
Schimmel, P., Swairjo, M.A., de Crecy-Lagard, V., 2009. The universal YrdC/Sua5 family
is required for the formation of threonylcarbamoyladenosine in tRNA. Nucleic Acids
Res. 37, 2894–2909.
El Yacoubi, B., Hatin, I., Deutsch, C., Kahveci, T., Rousset, J.P., Iwata-Reuyl, D., Murzin, A.G.,
de Crecy-Lagard, V., 2011. A role for the universal Kae1/Qri7/YgjD (COG0533) family
in tRNA modiﬁcation. EMBO J. 30, 882–893.
Empel, J., Sitkiewicz, I., Andrukiewicz, A., Lasocki, K., Borsuk, P., Weglenski, P., 2001. arcA,
the regulatory gene for the arginine catabolic pathway in Aspergillus nidulans. Mol.
Genet. Genomics 266, 591–597.
Eswar, N., Webb, B., Marti-Renom, M.A., Madhusudhan, M.S., Eramian, D., Shen, M.Y.,
Pieper, U., Sali, A., 2006. Comparative protein structure modeling using Modeller.
Curr. Protoc. Bioinformatics (Chapter 5, Unit 5 6, Supplement 15, 5.6.1-5.6.30).
Facchin, S., Lopreiato, R., Stocchetto, S., Arrigoni, G., Cesaro, L., Marin, O., Carignani, G.,
Pinna, L.A., 2002. Structure–function analysis of yeast piD261/Bud32, an atypical protein kinase essential for normal cell life. Biochem. J. 364, 457–463.
Fleming, A.B., Beggs, S., Church, M., Tsukihashi, Y., Pennings, S., 2014. The yeast Cyc8–
Tup1 complex cooperates with Hda1p and Rpd3p histone deacetylases to robustly repress transcription of the subtelomeric FLO1 gene. Biochim. Biophys. Acta 1839,
1242–1255.
Galperin, M.Y., 2008. Social bacteria and asocial eukaryotes. Environ. Microbiol. 10,
281–288.
Galperin, M.Y., Koonin, E.V., 2004. ‘Conserved hypothetical’ proteins: prioritization of targets for experimental study. Nucleic Acids Res. 32, 5452–5463.
Galperin, M.Y., Koonin, E.V., 2010. From complete genome sequence to ‘complete’ understanding? Trends Biotechnol. 28, 398–406.
Garcia, I., Mathieu, M., Nikolaev, I., Felenbok, B., Scazzocchio, C., 2008. Roles of the Aspergillus nidulans homologues of Tup1 and Ssn6 in chromatin structure and cell viability.
FEMS Microbiol. Lett. 289, 146–154.
Gromoller, A., Lehming, N., 2000. Srb7p is a physical and physiological target of Tup1p.
EMBO J. 19, 6845–6852.
Haas, H., 2003. Molecular genetics of fungal siderophore biosynthesis and uptake: the role
of siderophores in iron uptake and storage. Appl. Microbiol. Biotechnol. 62, 316–330.
Haas, H., 2012. Iron — a key nexus in the virulence of Aspergillus fumigatus. Front.
Microbiol. 3, 28.
Haas, H., Schoeser, M., Lesuisse, E., Ernst, J.F., Parson, W., Abt, B., Winkelmann, G.,
Oberegger, H., 2003. Characterization of the Aspergillus nidulans transporters for the
siderophores enterobactin and triacetylfusarinine C. Biochem. J. 371, 505–513.
Hecker, A., Leulliot, N., Gadelle, D., Graille, M., Justome, A., Dorlet, P., Brochier, C.,
Quevillon-Cheruel, S., Le Cam, E., van Tilbeurgh, H., Forterre, P., 2007. An archaeal
orthologue of the universal protein Kae1 is an iron metalloprotein which exhibits
atypical DNA-binding properties and apurinic-endonuclease activity in vitro. Nucleic
Acids Res. 35, 6042–6051.
Hecker, A., Lopreiato, R., Graille, M., Collinet, B., Forterre, P., Libri, D., van Tilbeurgh, H.,
2008. Structure of the archaeal Kae1/Bud32 fusion protein MJ1130: a model for the
eukaryotic EKC/KEOPS subcomplex. EMBO J. 27, 2340–2351.
Hecker, A., Graille, M., Madec, E., Gadelle, D., Le Cam, E., van Tilbergh, H., Forterre, P., 2009.
The universal Kae1 protein and the associated Bud32 kinase (PRPK), a mysterious
protein couple probably essential for genome maintenance in Archaea and Eukarya.
Biochem. Soc. Trans. 37, 29–35.
Hicks, J., Lockington, R.A., Strauss, J., Dieringer, D., Kubicek, C.P., Kelly, J., Keller, N., 2001.
RcoA has pleiotropic effects on Aspergillus nidulans cellular development. Mol.
Microbiol. 39, 1482–1493.
Hinnebusch, A.G., 2005. Translational regulation of GCN4 and the general amino acid control of yeast. Annu. Rev. Microbiol. 59, 407–450.
Hu, Z., Killion, P.J., Iyer, V.R., 2007. Genetic reconstruction of a functional transcriptional
regulatory network. Nat. Genet. 39, 683–687.
Hu, Y., Tang, H.B., Liu, N.N., Tong, X.J., Dang, W., Duan, Y.M., Fu, X.H., Zhang, Y., Peng, J.,
Meng, F.L., Zhou, J.Q., 2013. Telomerase-null survivor screening identiﬁes novel telomere recombination regulators. PLoS Genet. 9, e1003208.
Hurley, J.H., 1996. The sugar kinase/heat shock protein 70/actin superfamily: implications of
conserved structure for mechanism. Annu. Rev. Biophys. Biomol. Struct. 25, 137–162.
Johnstone, I.L., Hughes, S.G., Clutterbuck, A.J., 1985. Cloning an Aspergillus nidulans developmental gene by transformation. EMBO J. 4, 1307–1311.
Kashiwagi, K., Igarashi, K., 2011. Identiﬁcation and assays of polyamine transport
systems in Escherichia coli and Saccharomyces cerevisiae. Methods Mol. Biol.
720, 295–308.
Kempf, C., Bathe, F., Fischer, R., 2013. Evidence that two Pcl-like cyclins control Cdk9 activity during cell differentiation in Aspergillus nidulans asexual development.
Eukaryot. Cell 12, 23–36.
Kisseleva-Romanova, E., Lopreiato, R., Baudin-Baillieu, A., Rousselle, J.C., Ilan, L., Hofmann,
K., Namane, A., Mann, C., Libri, D., 2006. Yeast homolog of a cancer-testis antigen deﬁnes a new transcription complex. EMBO J. 25, 3576–3585.
Klimczuk, J., Weglenski, P., 1974. New proline suppressor mutants in Aspergillus nidulans.
Acta Microbiol. Pol. A 6, 93–100.
Krol, K., Morozov, I.Y., Jones, M.G., Wyszomirski, T., Weglenski, P., Dzikowska, A., Caddick,
M.X., 2013. RrmA regulates the stability of speciﬁc transcripts in response to both nitrogen source and oxidative stress. Mol. Microbiol. 89, 975–988.

319

Lee, M., Chatterjee, S., Struhl, K., 2000. Genetic analysis of the role of Pol II holoenzyme
components in repression by the Cyc8–Tup1 corepressor in yeast. Genetics 155,
1535–1542.
Li, R., Kumar, R., Tati, S., Puri, S., Edgerton, M., 2013. Candida albicans ﬂu1-mediated efﬂux
of salivary histatin 5 reduces its cytosolic concentration and fungicidal activity.
Antimicrob. Agents Chemother. 57, 1832–1839.
Macios, M., Caddick, M.X., Weglenski, P., Scazzocchio, C., Dzikowska, A., 2012. The GATA
factors AREA and AREB together with the co-repressor NMRA, negatively regulate arginine catabolism in Aspergillus nidulans in response to nitrogen and carbon source.
Fungal Genet. Biol. 49, 189–198.
Mao, D.Y., Neculai, D., Downey, M., Orlicky, S., Haffani, Y.Z., Ceccarelli, D.F., Ho, J.S., Szilard,
R.K., Zhang, W., Ho, C.S., Wan, L., Fares, C., Rumpel, S., Kurinov, I., Arrowsmith, C.H.,
Durocher, D., Sicheri, F., 2008. Atomic structure of the KEOPS complex: an ancient
protein kinase-containing molecular machine. Mol. Cell 32, 259–275.
Oberto, J., Breuil, N., Hecker, A., Farina, F., Brochier-Armanet, C., Culetto, E., Forterre, P.,
2009. Qri7/OSGEPL, the mitochondrial version of the universal Kae1/YgjD protein,
is essential for mitochondrial genome maintenance. Nucleic Acids Res. 37,
5343–5352.
Olszewska, A., Krol, K., Weglenski, P., Dzikowska, A., 2007. Arginine catabolism in Aspergillus nidulans is regulated by the rrmA gene coding for the RNA-binding protein. Fungal
Genet. Biol. 44, 1285–1297.
Papamichos-Chronakis, M., Conlan, R.S., Gounalaki, N., Copf, T., Tzamarias, D., 2000. Hrs1/
Med3 is a Cyc8–Tup1 corepressor target in the RNA polymerase II holoenzyme. J. Biol.
Chem. 275, 8397–8403.
Peggion, C., Lopreiato, R., Casanova, E., Ruzzene, M., Facchin, S., Pinna, L.A., Carignani, G.,
Sartori, G., 2008. Phosphorylation of the Saccharomyces cerevisiae Grx4p glutaredoxin
by the Bud32p kinase unveils a novel signaling pathway involving Sch9p, a yeast
member of the Akt/PKB subfamily. FEBS J. 275, 5919–5933.
Perrochia, L., Crozat, E., Hecker, A., Zhang, W., Bareille, J., Collinet, B., van Tilbeurgh, H.,
Forterre, P., Basta, T., 2013a. In vitro biosynthesis of a universal t6A tRNA modiﬁcation
in Archaea and Eukarya. Nucleic Acids Res. 41, 1953–1964.
Perrochia, L., Guetta, D., Hecker, A., Forterre, P., Basta, T., 2013b. Functional assignment of
KEOPS/EKC complex subunits in the biosynthesis of the universal t6A tRNA modiﬁcation. Nucleic Acids Res. 41, 9484–9499.
Pilsyk, S., Paszewski, A., 2009. The Aspergillus nidulans pigP gene encodes a subunit of GPIN-acetylglucosaminyltransferase which inﬂuences ﬁlamentation and protein secretion. Curr. Genet. 55, 301–309.
Pilsyk, S., Natorff, R., Sienko, M., Paszewski, A., 2007. Sulfate transport in Aspergillus
nidulans: a novel gene encoding alternative sulfate transporter. Fungal Genet. Biol.
44, 715–725.
Pilsyk, S., Natorff, R., Gawinska-Urbanowicz, H., Kruszewska, J.S., 2015. Fusarium
sambucinum astA gene expressed during potato infection is a functional orthologue
of Aspergillus nidulans astA. Fungal Biol. 119, 509–517.
Piotrowska, M., Sawicki, M., Weglenski, P., 1969. Mutants of the arginine–proline pathway in Aspergillus nidulans. J. Gen. Microbiol. 55, 301–305.
Pontecorvo, G., Roper, J.A., Hemmons, L.M., Macdonald, K.D., Bufton, A.W., 1953. The genetics of Aspergillus nidulans. Adv. Genet. 5, 141–238.
Sambrook, J., Russell, D.W., 2001. Molecular Cloning: A Laboratory Manual. 3rd ed. Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y.
Scazzocchio, C., 2000. The fungal GATA factors. Curr. Opin. Microbiol. 3, 126–131.
Schmieder, R., Edwards, R., 2011. Quality control and preprocessing of metagenomic
datasets. Bioinformatics 27, 863–864.
Schmitt, M.E., Brown, T.A., Trumpower, B.L., 1990. A rapid and simple method for preparation
of RNA from Saccharomyces cerevisiae. Nucleic Acids Res. 25, 3091–3092.
Schrettl, M., Bignell, E., Kragl, C., Sabiha, Y., Loss, O., Eisendle, M., Wallner, A., Arst Jr., H.N.,
Haynes, K., Haas, H., 2007. Distinct roles for intra- and extracellular siderophores during Aspergillus fumigatus infection. PLoS Pathog. 3, 1195–1207.
Schrettl, M., Beckmann, N., Varga, J., Heinekamp, T., Jacobsen, I.D., Jochl, C., Moussa, T.A.,
Wang, S., Gsaller, F., Blatzer, M., Werner, E.R., Niermann, W.C., Brakhage, A.A., Haas,
H., 2010. HapX-mediated adaption to iron starvation is crucial for virulence of Aspergillus fumigatus. PLoS Pathog. 6, e1001124.
Sienko, M., Paszewski, A., 1999. The metG gene of Aspergillus nidulans encoding cystathionine beta-lyase: cloning and analysis. Curr. Genet. 35, 638–646.
Sievers, F., Wilm, A., Dineen, D., Gibson, T.J., Karplus, K., Li, W., Lopez, R., McWilliam, H.,
Remmert, M., Soding, J., Thompson, J.D., Higgins, D.G., 2011. Fast, scalable generation
of high-quality protein multiple sequence alignments using Clustal Omega. Mol. Syst.
Biol. 7, 539.
Smith, R.L., Johnson, A.D., 2000. Turning genes off by Ssn6–Tup1: a conserved system of
transcriptional repression in eukaryotes. Trends Biochem. Sci. 25, 325–330.
Srinivasan, M., Mehta, P., Yu, Y., Prugar, E., Koonin, E.V., Karzai, A.W., Sternglanz, R., 2011.
The highly conserved KEOPS/EKC complex is essential for a universal tRNA modiﬁcation, t6A. EMBO J. 30, 873–881.
Strittmatter, A.W., Irniger, S., Braus, G.H., 2001. Induction of jlbA mRNA synthesis for a putative bZIP protein of Aspergillus nidulans by amino acid starvation. Curr. Genet. 39,
327–334.
Tilburn, J., Scazzocchio, C., Taylor, G.G., Zabicky-Zissman, J.H., Lockington, R.A., Davies,
R.W., 1983. Transformation by integration in Aspergillus nidulans. Gene 26, 205–221.
Todd, R.B., Hynes, M.J., Andrianopoulos, A., 2006. The Aspergillus nidulans rcoA gene is required for veA-dependent sexual development. Genetics 174, 1685–1688.
Varanasi, U.S., Klis, M., Mikesell, P.B., Trumbly, R.J., 1996. The Cyc8 (Ssn6)–Tup1 corepressor complex is composed of one Cyc8 and four Tup1 subunits. Mol. Cell. Biol. 16,
6707–6714.
Venters, B.J., Wachi, S., Mavrich, T.N., Andersen, B.E., Jena, P., Sinnamon, A.J., Jain, P.,
Rolleri, N.S., Jiang, C., Hemeryck-Walsh, C., Pugh, B.F., 2011. A comprehensive genomic binding map of gene and chromatin regulatory proteins in Saccharomyces. Mol.
Cell 41, 480–492.

320

A. Dzikowska et al. / Gene 573 (2015) 310–320

Vik, A., Rine, J., 2001. Upc2p and Ecm22p, dual regulators of sterol biosynthesis in Saccharomyces cerevisiae. Mol. Cell. Biol. 21, 6395–6405.
Wan, L.C., Mao, D.Y., Neculai, D., Strecker, J., Chiovitti, D., Kurinov, I., Poda, G.,
Thevakumaran, N., Yuan, F., Szilard, R.K., Lissina, E., Nislow, C., Caudy, A.A.,
Durocher, D., Sicheri, F., 2013. Reconstitution and characterization of eukaryotic N6threonylcarbamoylation of tRNA using a minimal enzyme system. Nucleic Acids
Res. 41, 6332–6346.
Wang, L., Feng, Z., Wang, X., Wang, X., Zhang, X., 2010. DEGseq: an R package for identifying differentially expressed genes from RNA-seq data. Bioinformatics 26, 136–138.
Watson, A.D., Edmondson, D.G., Bone, J.R., Mukai, Y., Yu, Y., Du, W., Stillman, D.J., Roth, S.Y.,
2000. Ssn6–Tup1 interacts with class I histone deacetylases required for repression.
Genes Dev. 14, 2737–2744.
Weglenski, P., 1967. The mechanism of action of proline suppressors in Aspergillus
nidulans. J. Gen. Microbiol. 47, 77–85.
Wong, K.H., Struhl, K., 2011. The Cyc8–Tup1 complex inhibits transcription primarily by
masking the activation domain of the recruiting protein. Genes Dev. 25, 2525–2539.

Wood, V., Harris, M.A., McDowall, M.D., Rutherford, K., Vaughan, B.W., Staines, D.M.,
Aslett, M., Lock, A., Bahler, J., Kersey, P.J., Oliver, S.G., 2012. PomBase: a comprehensive
online resource for ﬁssion yeast. Nucleic Acids Res. 40, D695–D699.
Wu, J., Suka, N., Carlson, M., Grunstein, M., 2001. TUP1 utilizes histone H3/H2B-speciﬁc
HDA1 deacetylase to repress gene activity in yeast. Mol. Cell 7, 117–126.
Yarian, C., Townsend, H., Czestkowski, W., Sochacka, E., Malkiewicz, A.J., Guenther, R.,
Miskiewicz, A., Agris, P.F., 2002. Accurate translation of the genetic code depends
on tRNA modiﬁed nucleosides. J. Biol. Chem. 277, 16391–16395.
Zhang, L., Guarente, L., 1994. Evidence that TUP1/SSN6 has a positive effect on the activity
of the yeast activator HAP1. Genetics 136, 813–817.
Zhang, W., Collinet, B., Graille, M., Daugeron, M.-C., Lazar, N., Libri, D., Durand, D.,
Tilbeurgh, H., 2015. Crystal structures of the Gon7/Pcc1 and Bud32/Cgi121 complexes
provide a model for the complete yeast KEOPS complex. Nucleic Acids Res. 43,
3358–3372.

