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ABSTRACT

Poly(ADP-ribose) polymerase (PARP) is a highly conserved enzyme involved in multiple aspects of
animal and plant cell physiology. For example, PARP is thought to be intimately involved in the early
signaling events that trigger the DNA damage response. However, the genetic dissection of PARP function
has been hindered by the presence of multiple homologs in most animal and plant species. Here, we
present the first functional characterization of a putative PARP homolog (PrpA) in a microbial system
(Aspergillus nidulans). PrpA belongs to a group of PARP homologs that includes representatives from
filamentous fungi and protists. The genetic analysis of prpA demonstrates that it is an essential gene whose
role in the DNA damage response is sensitive to gene dosage. Notably, temporal patterns of prpA ex-
pression and PrpA–GFP nuclear localization suggest that PrpA acts early in the A. nidulans DNA damage
response. Additional studies implicate PrpA in farnesol-induced cell death and in the initiation of asexual
development. Collectively, our results provide a gateway for probing the diverse functions of PARP in a
sophisticated microbial genetic system.

POLY(ADP-RIBOSE) polymerase (PARP) consumes
NAD1 to catalyze the formation of ADP-ribosyl

groups on target proteins. Modification of a target by
PARP is a rapid response capable of altering protein
activity and/or stability (reviewed by Jagtap and Szabo
2005 and Kim et al. 2005). Accordingly, PARP plays an
integral role in the cellular response to a variety of
stresses, most notably DNA damage (reviewed by Ame
et al. 2004). In animal cells, the presence of a DNA strand
break triggers localized PARP activation at the damage
site, which in turn leads to auto-modification of PARP
and the ADP ribosylation of histone H1 (D’Amours
et al. 1999). These effects facilitate DNA repair by pro-
moting localized relaxation of chromatin (Poirier et al.
1982; de Murcia et al. 1988). In addition, PARP activity
has also been implicated in the recruitment of the key
DNA repair proteins such as XRCC1 and single-strand
break proteins (Okano et al. 2003). As repair proceeds,
ADP-ribosyl groups are degraded by poly(ADP-ribose)
glycohydrolase (PARG) (D’Amours et al. 1999; Davidovic

et al. 2001), thereby permitting restoration of the na-
tive chromatin structure. Persistent PARP activation
may signal the presence of irreparable DNA damage. In
this case, PARP has been shown to promote caspase-

independent cell death by inducing the release of the
proapoptotic protein apoptosis-inducing factor (AIF)
from mitochondria (Yu et al. 2002; Ame et al. 2004).
Independent of its role in the DNA damage response,
PARP is involved in several other cellular functions. For
example, the level of PARP activity is thought to play a
decisive role in the regulation of cell death. In par-
ticular, excessive activity appears to promote necrosis by
depleting ATP pools that would otherwise be utilized
for apoptosis (Decker and Muller 2002; Bouchard
et al. 2003; Edinger and Thompson 2004). In addition,
PARP is intimately involved in diverse processes such as
the regulation of gene expression, organization of the
mitotic spindle, and development (summarized in Kim
et al. 2005).

The canonical PARP enzyme, human PARP1, is a 116-
kDa protein that consists of three domains: an N-terminal
DNA-binding domain containing two zinc fingers and a
nuclear localization sequence, a central auto-modification
domain that includes a BRCA1 C-terminus domain
(BRCT) motif, and a C-terminal catalytic domain (sum-
marized by Ame et al. 2004 and Kim et al. 2005). PARP
enzymes have been identified throughout the animal
and plant kingdoms, with the catalytic domain exhibit-
ing the greatest degree of sequence similarity. Indeed,
members of the PARP superfamily are defined by the
presence of this domain. By contrast, the DNA-binding
and auto-modification domains are not very well con-
served and are usually replaced with alternative domains
that reflect the function of a specific PARP isoform (Ame
et al. 2004). The functional characterization of PARP
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isoforms has typically relied upon the construction of
knockout mutants or the alteration of PARP expression
(Kim et al. 2005). However, this type of approach has
been limited by functional redundancy among PARP
isoforms. For example, the functions of PARP1 and
PARP2 may overlap during the DNA damage response,
but the embryonic lethality of parp1�/� parp2�/� double
mutants has precluded systematic attempts to deter-
mine the consequences of complete PARP inactivation
(Menissier de Murcia et al. 2003). The existence of
several small molecule inhibitors that target the PARP
catalytic domain has also permitted the use of chemical
genetics, but these studies are potentially compromised
by the likelihood that PARP has additional ‘‘scaffolding’’
functions that are not affected by the inhibitors (Jagtap
and Szabo 2005). Although these problems could con-
ceivably be circumvented by the use of microbial genet-
ics, PARP function has not yet been characterized in any
microbial system. Notably, no recognizable homolog
of PARP exists in the proteome of either Saccharomyces
cerevisiae or Schizosaccharomyces pombe.

The filamentous fungus Aspergillus nidulans possesses
a sophisticated DNA damage response that ensures the
maintenance of genome integrity (reviewed by Goldman

et al. 2002). Characterization of this response has re-
vealed that key regulatory proteins such as UvsBATR,
AtmAATM, components of the Mre11 complex (ScaANBS1,
MreAMRE11, and SldIRAD50), the cdc2-related kinase NpkA,
the signalosome, and SepBCTF4 promote DNA repair and
cell cycle arrest (Hofmann and Harris 2000; Bruschi
et al. 2001; Semighini et al. 2003; Fagundes et al. 2004,
2005; Lima et al. 2005; Gygax et al. 2005; Malavazi et al.
2005, 2006). However, it remains unclear how hyphal
cells initially sense the presence of DNA damage and
trigger the appropriate repair and checkpoint pathways.
Moreover, because A. nidulans hyphae are multicellular
(Harris 1997), their response to DNA damage is likely
to be more complex than the well-characterized re-
sponse of yeast cells. To determine if A. nidulans
possesses DNA damage response functions that are
uniquely conserved with multicellular eukaryotes, the
recently completed and annotated A. nidulans genome

sequence was screened for homologs of repair and DNA
damage signaling proteins that are not conserved in
S. cerevisiae or S. pombe. This screen uncovered a single
PARP homolog that is conserved in all filamentous fungi
and is closely related to animal and plant PARP1.
Thrane et al. (2004) also noted the existence of this
homolog and provided evidence that it is subjected to
caspase-mediated cleavage. In this study, we show that
the putative A. nidulans PARP homolog, PrpA, is an es-
sential protein that functions early in the DNA damage
response. We also demonstrate that PrpA is required for
programmed cell death and for asexual development.
Our results suggest that PARP-mediated ADP ribosyla-
tion may be a broadly important feature of fungal
physiology.

MATERIALS AND METHODS

Strains and growth conditions: All strains used are de-
scribed in Table 1. Media used include MAG (2% dextrose, 2%
malt extract, 0.2% peptone, trace elements, vitamins, pH 6.5),
CM (1% dextrose, 0.2% peptone, 0.1% yeast extract, 0.1%
casamino acids, nitrate salts, trace elements, and vitamins, pH
6.5), minimal (MN)–dextrose (1% dextrose, nitrate salts, trace
elements, vitamins, pH 6.5), MN–glycerol (MN with dextrose
replaced by 1.2% glycerol), MN–ethanol (MN with dextrose
replaced by 1.2% ethanol), and YGV (2% dextrose, 0.5% yeast
extract, vitamins). Nitrate salts, trace elements, and vitamins
were as described previously (Kafer 1977). Uridine and uracil
were added to a final concentration of 5 and 10 mm, respec-
tively, as necessary to complement the pyrimidine auxotrophy
caused by the pyrG89 marker. Bleomycin (BLEO), camptothe-
cin (CPT), hydrogen peroxide (H2O2), hydroxyurea (HU),
menadione (MENA), methyl methanesulfonate (MMS), nico-
tinamide (NCT), 4-nitroquinoline oxide (4-NQO), phleomy-
cin (PLM), trans-trans farnesol, and t-butyl hydroxyl peroxide
(T-BUT) were added to the media at the indicated concentra-
tion. Most chemicals were purchased from Sigma Chemical,
with the exception of PLM, which was purchased from
InvivoGen. Stock solutions of CPT, HU, 4-NQO, and MENA
were prepared in dimethyl sulfoxide, at concentrations of 100
mm, 5 m, 1 mg/ml, and 10 mm, respectively. A 0.5-m stock
solution of NCT was prepared in water.

To count conidiospores, the back of a Pasteur pipette was
used to excise a column of agar from the center of sporulating
colonies. The agar blocks were transferred to a 15-ml Falcon

TABLE 1

A. nidulans strains

Strain Genotype Source

A28 pabaA6; biA1 FGSCa

ACS6 pyrG89; wA3; pyroA4; prpATGFPTpyr4 This work
ACS9 pyrG89; wA3; pyroA4; alcATGFPTprpAT pyr4 This work
ACS11 pyrG89/pyrG89 This work
ACS14 pyrG89/pyrG89; DprpATpyr4/1 This work
GR5 pyrG89; wA3; pyroA4 FGSCa

TPM1 brA1; alcATabaATargB; metG B. Millerb

a FGSC, Fungal Genetics Stock Center, Department of Microbiology, University of Kansas Medical Center,
Lawrence, Kansas.

b Bruce Miller, Department of Molecular Biology and Biochemistry, University of Idaho, Moscow, Idaho.
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tube containing 1 ml of water, the tube was vortexed for 1 min,
and the resulting spore suspension was counted using a
hematocytometer.

Cloning the prpA gene: Standard methods were used to
prepare genomic DNA and total RNA from lyophilized
mycelia obtained from the strain A28. Both genomic and
cDNA fragments were fully sequenced using gene-specific
oligonucleotide primers (sequence available from authors
upon request). The resulting prpA sequences were deposited
at GenBank (accession nos. AY349148 and AY347573, re-
spectively). A Northern blot was performed to verify the
expression of prpA. Total RNA was extracted from strain A28
and 20 mg was fractionated in a 1.2% agarose formaldehyde
gel. After transfer to Hybond N1 membrane (Amersham,
Buckinghamshire, UK), hybridization was performed using
[a-32P]dCTP primer-labeled cDNA probes spanning the con-
served prpA catalytic and regulatory domains at its C terminus.

Real-time RT–PCR reactions: Conidia of the indicated
strains were inoculated into growth media and treated as
described in the legends for Figures 4 and 5. Mycelia were
harvested by filtration through a Whatman filter no. 1
(Nalgene) and total RNA was extracted and treated with
RNAse-free DNAse (Promega, Madison, WI) as described
previously (Semighini et al. 2002). Real-time RT–PCR reac-
tions were performed using an ABI Prism 7700 sequence
detection system (Perkin-Elmer Applied Biosystem) and the
Taq-ManR EZ RT–PCR kit (Applied Biosystems, Foster City,
CA) as described previously (Semighini et al. 2002). The
measured quantities of each sample were normalized using
tubC mRNA amplifications run in the same plate. Sequences of
all primers and probes used are available from the authors
upon request.

Construction of the DprpA strain: A fusion PCR-mediated
approach was used to construct the prpA gene replacement
strain as previously described (Yang et al. 2004). Three initial
amplifications generated 59- and 39-flanking regions of the
prpA gene (using primers GSP1 and GSP2 and GSP3 and GSP4,
respectively) and the pyr4 gene (using primers PYR1 and
PYR2), which was employed as a selectable nutritional marker.
A final fusion PCR using primers GSP1 and GSP4 amplified a
full-length deletion cassette containing the three previous
fragments. All PCR amplifications were performed using the
Expand Long Template PCR kit (Boehringer Mannheim,
Indianapolis) and the amplification conditions specified by
Yang et al. (2004). The sequences of oligonucleotide primers
were as follows: GSP1, 59-GGTGCTTATGTTTACAACCGT
CGC-39; GSP2, 59-TATACAGTAGGTCGCTTCGAATGGTTGC
CG-39; GSP3, 59-ATCAAATCAACACCCGCCCTCGTATGA-39;
GSP4, 59-TCACAGCACATCATCACCTTGGCTA-39; PYR1, 59-
CGGCAACCATTCGAAGCGACCTACTGTATAATCTCCTTAC
GCATCTGTGCG-39 (underlined bases indicate the region
of homology to GSP2); PYR2, 59-TCATACGAGGGCGGGTG
TTGATTTGATATGCATCAGAGCAGATTGTACTG-39 (under-
lined bases indicate the region of homology to GSP3).

Transformation of the pyrG89 strains GR5 and ACS11 was
performed using a previously described protocol (Osmani

et al. 1987) and 5 mg of the deletion cassette. Positive trans-
formants were identified on the basis of their ability to grow on
selective media. Southern blot analysis demonstrated that one
full-length endogenous wild-type copy of prpA was lacking
from the genome of one transformant (ACS14 strain).

Construction of the prpATGFP strain: The C-terminal 1175
bp of the prpA coding region minus the stop codon was
amplified from genomic DNA and cloned into pCR2.1-TOPO
(Invitrogen, San Diego). Following digestion with KpnI and
BamHI, the resulting fragment was cloned into KpnI/BamHI-
digested pCP19 (Pearson et al. 2004). This generated a
C-terminal prpATGFP fusion fragment that was transformed

into strain GR5. Analysis of Southern blots identified trans-
formants that had undergone homologous integration of the
construct at the prpA locus. The desired transformants (i.e.,
strain ACS6) possess a full-length copy of prpATGFP ex-
pressed under the control of endogenous promoter sequen-
ces, plus an N-terminal fragment of prpA that is not fused to
GFP and possesses no obvious promoter sequences. Expres-
sion of the recombinant PrpATGFP was confirmed by analysis
of Western blots using both anti-GFP (Molecular Probes,
Eugene, OR) and a commercial PARP antibody (Cell Signal-
ing). Each antibody was used at a concentration of 1 mg/ml,
and peroxidase-conjugated goat anti-rabbit (Sigma, St. Louis)
was diluted to 1:10,000 was used as the secondary antibody.
Because strain ACS6 is indistinguishable from wild-type controls
strains in terms of radial growth rates, levels of conidiation, and
resistance to DNA-damaging agents, we conclude that the
PrpATGFP fusion is most likely a functional protein.
Construction of alcATGFPTprpA strain: An 852-bp frag-

ment from the 59-end of the prpA coding region was ampli-
fied from genomic DNA. After digestion with AcsI and PacI,
the resulting fragment was cloned into AcsI/PacI-digested
pMBC17ap (Efimov 2003), thereby producing a fusion of
alcA(p)TGFP to the 59 half of prpA. Upon transformation into
strain GR5, homologous integration at the prpA locus should
generate a full-length alcA(p)TGFPTprpA fusion flanked by a
truncated version of prpA regulated by native promoter se-
quences. Transformants were screened by PCR using a forward
primer designed to recognize the alcA promoter sequence and
a reverse primer designed to recognize the prpA sequence
(starting at 1063 bp). Multiple transformants with the desired
integration event were recovered, one of which (i.e., strain
ACS9) was sequenced to verify homologous integration of the
alcA(p)TGFPTprpA fusion. Expression of the fusion under
control of the alcA promoter was confirmed by both real-time
RT–PCR and the analysis of Western blots. For the real-time
RT–PCR analysis, oligonucleotide primers that are capable of
binding full-length prpA were used. For the Western analysis,
blots of total protein extracts were probed with a 1:1000 dilu-
tion of a rabbit polyclonal anti-PARP antibody (Cell Signaling
Technologies, no. 9542), followed by a 1:10,000 dilution of an
alkaline phosphatase-conjugated anti-rabbit immunoglobulin
G antibody (Sigma A3687). Bands were detected using en-
hanced chemiluminescence (Roche, Indianapolis).
Microscopy: After 12 hr of germination on coverslips in YGV

medium at 30�, strains were treated with DNA-damaging
agents, oxidizing agents, or chemical inhibitors as indicated
for each experiment. Coverslips were fixed and stained with
Hoechst 33258 (Molecular Probes) as described by Harris

et al. (1994). Slides were viewed using an Olympus BX51
fluorescent microscope and individual images were captured
with a Photometrics CoolSnap HQ CCD camera. Confocal
images were obtained with an Olympus FW500/BX61 confo-
cal laser-scanning microscope using the following laser lines:
405 nm for Hoechst 33258 and 488 nm for GFP. Images were
captured by direct acquisition with a Z step of 1 mm and were
subsequently processed using Adobe PhotoShop 6.0.

RESULTS

PrpA is a putative PARP homolog: A BLASTp search
of the A. nidulans genome database (http://www.broad.
mit.edu/annotation/fungi/aspergillus/) using human
PARP1 as the query revealed a single open reading frame
with significant homology. The potential homolog,
AN3129.2, is a predicted 675-amino-acid protein that
possesses homology to the C-terminal half of PARP1
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(e-value 2e�82; 38% similarity and 55% identity). The
homology is highest (48% identity and 62% similarity) in
the predicted PARP catalytic domain that spans amino
acids 306–673. In addition, like PARP1, AN3129.2 pos-
sesses a WGR domain (pfam 05406) between amino acids
188 and 270, and a BRCT motif (pfam 00533) extending
from amino acids 26 to 84 (Figure 1A). The function of
the WGR domain remains uncertain, although it has been
annotated as a possible nucleic acid binding region,
whereas the BRCT motif is known to mediate interactions
between proteins involved in the DNA damage response
(Glover et al. 2004). Notably, unlike PARP1, AN3129.2
does not possess an N-terminal zinc-finger DNA-binding
motif (Figure 1A). The absence of this motif presumably
accounts for the reduced length of AN3129.2 compared
to PARP1. By the analysis of Northern blots and the se-
quencing of cDNA clones obtained through the use of
RT–PCR, we verified that the AN3129.2 coding region

harbors four introns and produces an �2.0-kb transcript.
Hereafter, we refer to the predicted AN3129.2 protein as
PrpA.

We sought to determine the extent to which PrpA is
conserved throughout the fungal kingdom by perform-
ing BLAST searches of completed fungal genome se-
quences at the NCBI (http://www.ncbi.nih.gov/) and
the Fungal Genome Initiative (http://www.broad.mit.
edu/annotation/fungi/fgi/). This analysis revealed the
existence of PARP homologs within the ascomycetes,
basiodiomycetes, and zygomycetes. Notably, within the
ascomycetes, annotated PrpA homologs were found in
euascomycetes such as Neurospora crassa (NCU08852.1),
Magnaporthe grisea (MG08613.4), and Fusarium grami-
nearum (FG05924.1), but not in the hemiascomycetes
(i.e., S. cerevisiae and close relatives Candida albicans
and Yarrowia lipolytica) or the archiascomycetes (i.e.,
S. pombe). Within the basidiomycetes, a homolog was
found in Coprinus cinereus, but not in the dimorphic
species Crypotcoccus neoformans or Ustilago maydis. Finally,
an apparent homolog was also identified in the zygo-
mycete Rhizpus oryzae. The observed pattern of PrpA
conservation shows that it is present in those filamen-
tous fungi that form multicellular hyphae and/or
sophisticated developmental structures, whereas it gen-
erally appears to have been lost in yeasts or dimorphic
fungi that have prominent yeast growth phases. A
phylogenetic analysis was performed to determine the
relationship of PrpA to PARP1 and PARP2 homologs
in both animals and plants (Figure 1B). Along with
homologs found in Dictyostelium discoideum, the fungal
PARPs form a distinct clade that appears more closely
related to PARP2, which also does not possess zinc-
finger DNA-binding motifs.

prpA is an essential gene and displays dose-dependent
effects: To determine the function of PrpA, we con-
structed a complete gene replacement using the fusion
PCR-mediated approach described by Yanget al. (2004).
Multiple attempts to transform this construct into the
haploid strain GR5 yielded no viable transformants that
could be subcultured under selective conditions (Figure
2A). Because this observation suggested that a prpA
deletion might be lethal, we repeated the transforma-
tion using a diploid recipient strain (ACS11). This led to
the recovery of a single diploid transformant (ACS14)
in which one copy of prpA had been replaced with
prpATpyrG, whereas the other copy remained intact
(Figure 2B). Strain ACS14 was haploidized using stan-
dard approaches (Hastie 1970), but the only viable
haploid segregants possessing the gene replacement
also contained additional copies of prpA as determined
by PCR and the analysis of Southern blots (data not
shown). Taken together, these observations strongly
suggest that prpA is an essential gene in A. nidulans.
Although strain ACS14 is heterozygous for the prpA
gene replacement (Figure 2C), it displayed a series
of phenotypic defects when compared to a wild-type

Figure 1.—PrpA is an ancestral PARP homolog. (A) Sche-
matic of PARP1, PARP2, and PrpA proteins. PARP homologs
possess three distinct domains: a zinc-finger DNA-binding
domain (diagonal stripes), the BRCT-motif-containing auto-
modification domain (shaded), and the PARP catalytic do-
main (solid). Amino acid sequences obtained from NCBI
were submitted to a NCBI Conserved Domain Search. PARP1:
Homo sapiens, P09874; PARP2: H. sapiens, Q9UGN5; and PrpA:
A. nidulans, AY347573. (B) Phylogenetic tree representing the
evolutionary relationship between PARP homologs. The tree
was constructed from the amino acid sequences of the follow-
ing PARP homologs: H. sapiens, Hs; Drosophila melanogaster,
Dm; Caenorhabditis elegans, Ce; Arabidopsis thaliana, At; Zea
mays, Zm; Dictyostelium discoideum, Dd; N. crassa, Nc; and A.
nidulans, An. Sequences were obtained from NCBI (http://
www.ncbi.nlm.hih.gov) or the Fungal Genome Initiative
(http://www.broad.mit.edu/annotation/fungi/fgi/). The evo-
lutionary relationship between PARP homologs was analyzed
using ClustalW (MacVector, version 7.0, Oxford Molecular,
Palo Alto, CA) to generate a multiple alignment of the se-
quences. The sequences were then displayed as a cladogram
using the neighbor-joining method with bootstrap support
(1000 repetitions). Clusters are grouped as PARP1, PARP2,
and ancestral PARP subfamilies.
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diploid strain (ACS11). First, DprpA/1 colonies are
approximately one-half the diameter of wild-type con-
trols (Figure 2B; also see Figure 5A). Second, DprpA/1
colonies frequently possess sectors (Figure 2B; 61.5%,
n ¼ 300) that presumably reflect genome instability
(Kafer and Upshall 1973). Analysis of these sectors
showed that they consist of diploid clones that had pre-

sumably undergone homologous recombination lead-
ing to loss of heterozygosity for either the wA or the yA
spore color markers. Third, the DprpA/1 strain dis-
played sensitivity to numerous chemical compounds
that cause DNA or oxidative damage (see Figure 5A).
Notably, growing DprpA/1 hyphae were extremely sen-
sitive to NCT, which is a known feedback inhibitor of

Figure 2.—prpA is an essential gene that displays dose-dependent effects. (A) Colonies resulting from the transformation of the
prpA deletion cassette construct into the haploid strain GR5. These small colonies appeared on selective media 4 days after trans-
formation, but could not be subcultured into fresh selective media. Several attempts to transform this strain generated a similar
phenotype. (B) Colonies of wild-type A28 (left) and DprpA/1 ACS14 (right) strains cultivated on selective medium. Note that the
ACS14 colony is about one-half the diameter of the A28 colony and produces sectors that presumably reflect genome instability.
(C) Southern analysis of the wild-type diploid ACS11 and DprpA/1 ACS14 strains. Genomic DNA from strains ACS11 and ACS14
was isolated and cleaved with the enzyme BamHI (restriction sites represented by an arrow). Note that in the deleted allele an extra
BamHI site is created. The noncoding 59 and 39 regions of the prpA gene (black boxes) were used as a probe. In the wild-type
diploid ACS11 strain, the probe recognizes two fragments (in red and blue), whereas in the DprpA/1 ACS14 strain, four fragments
are recognized (in red, blue, yellow, and green), indicating that this strain has one wild-type and one deleted prpA allele. (D)
Relative quantification of prpA mRNA expression in wild-type diploid ACS11 and DprpA/1 ACS14 strains by real-time RT–
PCR. Each strain was grown in YGV liquid medium (plus uridine and uracil for ACS11) for 16 hr. Values represent the fold change
in prpA expression compared to ACS11 (set as 1.0).
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PARP catalytic activity (Hageman and Stierum 2001).
This result suggests that an �50% reduction of PARP
activity in the DprpA/1 strain sensitized it to further
inhibition of activity caused by NCT. Real-time RT–PCR
was used to confirm that prpA transcript levels were re-
duced by �50% in the DprpA/1 strain relative to a wild-
type diploid (Figure 2D). Collectively, the phenotypes
displayed by strain ACS14 are consistent with the notion
that prpA is a haplo-insufficient gene in A. nidulans,
whereby a single functional copy of the gene cannot
support the growth of a diploid strain or a heterokaryon.

As an alternative approach to determining the effect
of reduced PrpA function, we generated a promoter-
dependent conditional allele, alcA(p)TGFPTprpA. When
grown under alcA(p)-inducing conditions (i.e., MN–
ethanol), multiple transformants possessing this allele
grew normally, but possessed a pronounced fluffy
phenotype caused by the inability to undergo asexual
development (Figure 3A; see below). We verified that

this phenotype cosegregated with the pyrG selectable
marker (n ¼ 100 segregants), thereby eliminating the
possibility that it was caused by a spurious mutation.
Surprisingly, when alcA(p) was repressed (i.e., MN–
dextrose), growth remained normal and the fluffy phe-
notype persisted. It was only on nonrepressing, non-
inducing media (i.e., MN–glycerol) that the fluffy
phenotype was not observed. To determine the basis
for these observations, real-time RT–PCR was used to
examine prpA expression levels under all three growth
conditions. As expected, inducing conditions (i.e., MN–
ethanol) led to a threefold induction of alcA(p)TGFPT
prpA (Figure 3B). However, repressing conditions (i.e.,
MN–dextrose) also caused an unexpected minor in-
duction of alcA(p)TGFPTprpA (Figure 3B). Similarly,
Western analysis using a commercial anti-PARP anti-
body showed that GFP–PrpA levels were elevated on
MN–ethanol and MN–dextrose (Figure 3C). Extensive
analysis by PCR and DNA sequencing revealed that

Figure 3.—Overexpression of PrpA results in asexual developmental defects. (A) Colonies of wild-type A28 (left) and alcA
(p)TGFPTprpA ACS9 (right) strains grown in MN–dextrose (top) and MN–ethanol (bottom) media. Note that the ACS9 colony
is fluffy in both media, thereby indicating a development defect. (B) Relative quantification of prpA mRNA expression by real-time
RT–PCR in the wild-type GR5 and ACS9 strains. Each strain was grown in MN–dextrose liquid medium (plus uridine and uracil for
GR5) for 12 hr. Mycelia were subsequently transferred to MN–dextrose, MN–glycerol, and MN–ethanol media and incubated an
additional 6 hr. Values represent the fold change in prpA expression compared to GR5. (C) Western blot analysis of GFPTPrpA
levels in strain ACS9. Total protein was extracted from mycelia grown as described above. Blots were probed with a commercial
anti-PARP antibody (Cell Signaling Technologies, no. 9542). An image of the Coomassie blue-stained gel is also shown to verify
equal loading of each lane.
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alcA(p)TGFPTprpA had integrated as expected at the
prpA locus in strain ACS9 (data not shown). Further-
more, there were no associated rearrangements of the
construct. Thus, at this time, it remains unclear why
alcA(p)TGFPTprpA is expressed under supposed re-
pressing conditions. Nevertheless, these results demon-
strate that overexpression of PrpA causes dramatic
developmental defects.

Regulated expression of prpA is required for asexual
development: In A. nidulans, the fluffy colony pheno-
type is usually diagnostic for defects in asexual devel-
opment (reviewed by Adams et al. 1998). Accordingly,
the fluffy phenotype observed when alcA(p)TGFPTprpA
strains are grown on MN–ethanol (Figure 3A) suggests
that proper regulation of PARP activity is required for
conidiation. We confirmed that the fluffy phenotype
was caused by a defect in conidiation by counting
conidia produced by wild type and an alcA(p)TGFPT
prpA strain after 7 days growth on MN–ethanol. This
experiment revealed that overexpression of PrpA led
to an �104-fold reduction in spore production (A28,
3.9 3 107 spores/ml; ACS9, ,1 3 103 spores/ml; av-
erage of two independent experiments). Microscopic
examination of the fluffy colonies showed that they
largely consist of highly vacuolated aerial hyphae
(Figure 4A).

A synchronous development experiment was per-
formed to address the possibility that PrpA expression
is induced during conidiation in a wild-type strain.
Using real-time RT–PCR, we found that prpA transcripts
increase by 15- to 20-fold relative to controls after 3 hr of
induction (Figure 4B). On the basis of microscopic ex-
amination of the developing cultures, prpA transcript
accumulation initially coincided with the formation of
vesicles on aerial stalks. Transcript levels then remained
elevated (10- to 25-fold) throughout the 8-hr induction
period (Figure 4B), which ended with the appearance of
phialides-bearing spores. These observations confirm
an earlier report that PARP protein levels are elevated
during conidiation in A. nidulans (Thrane et al. 2004),
but also demonstrate that induction does not coincide
with the appearance of a specific cell type during
asexual development.

A core transcriptional regulatory pathway controls
developmental gene expression during conidiation in
A. nidulans (reviewed by Adams et al. 1998). The two key
transcriptional factors in this pathway are BrlA and
AbaA, which bind to specific sequences in the promot-
ers of developmentally regulated genes (Chang and
Timberlake 1993; Andrianopoulos and Timberlake
1994). By scanning the 2000 bp located immediately
upstream of the predicted prpA translational start site,
we identified a single consensus BrlA-response element
(�832CAAGGGG�826) and two consensus AbaA-binding
sites (�1825CATTCT�1820; �1657CATTCC�1652). To de-
termine if AbaA regulates the developmental induction
of prpA, we employed a strain in which abaA expression

Figure 4.—Regulated expression of prpA is required for
asexual development. (A) Aconidial phenotype caused by in-
creased expression of prpA. Conidiophores from wild-type
(A28; left) and alcA(p)TGFPTprpA (ACS9; right) strains were
examined under a dissecting scope (top: bars, 20 mm) and
light microscopy (bottom: bars, 10 mm). Note that conidio-
phores of the wild-type strain develop specific asexual struc-
tures such as vesicles, metulae, phialides, and conidia,
whereas the alcA(p)TGFPTprpA strain primarily forms vacuo-
lated aerial hyphae. (B) Relative quantification of prpA mRNA
expression during asexual development as determined by
real-time RT–PCR. The wild-type GR5 strain was grown in YGV
liquid medium (plus uridine and uracil) at 30� for 16 hr.
The mycelial mass was then transferred to YGV plates and in-
cubated at 30�. Exposure to an air interface stimulates conid-
iophore production. Accordingly, samples were collected at 0,
2, 3, 4, 5, 6, and 8 hr after transfer. (C) Relative quantification
of prpA mRNA expression in an alcA(p)TabaA strain using
real-time RT–PCR. The wild-type GR5 and the alcA(p)TabaA
TPM1 strains were grown in MN liquid medium (plus uridine
and uracil for GR5) for 12 hr. Mycelia were subsequently
transferred to MN–dextrose or MN–ethanol media for an ad-
ditional 6 hr. Values represent the fold change in prpA expres-
sion compared to GR5.
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is placed under control of the heterologous alcA pro-
moter. When induced in submerged hyphal cultures
that are normally not permissive for development,
alcATabaA causes morphological changes that mimic
conidiation (Mirabito et al. 1989). Using real-time RT–
PCR, we found that induction of alcATabaA under these
conditions (i.e., in MN–ethanol) triggered an approxi-
mately sixfold increase in prpA transcript levels (Figure
4C). These observations strongly suggest that prpA is a
target of the core transcriptional pathway that regulates
gene expression during conidiation.

Function of PrpA in the DNA damage response: In
animal cells, PARP is involved in signaling the presence
of DNA damage and also regulates the recruitment of
DNA repair enzymes to sites of damage (Ame et al. 2004).
The presence of a single PARP homolog in A. nidulans
provides a unique opportunity to determine the specific
role(s) of PARP in the DNA damage response of a
microbial system. We first confirmed that PrpA is in-
volved in the A. nidulans DNA damage response by testing
heterozygous DprpA/1 hyphae for sensitivity to a num-
ber of DNA-damaging agents. As shown in Figure 5A, the
haplo-insufficient DprpA/1 mutant is particularly sensi-
tive to PLM, which primarily causes double-strand breaks,
and the UV mimetic agent 4-NQO. Although the mutant
does not appear to be sensitive to other agents, such as
CPT, HU, and MMS (Figure 5A), this may be because a
single copy of prpA is sufficient for a normal response to
these agents. At the very least, these observations im-
plicate PrpA in the fungal DNA damage response.

To further assess the role of PrpA in the DNA damage
response, we used real-time RT–PCR to examine tran-
script levels in hyphae exposed to DNA-damaging
agents. Notably, expression of prpA was dramatically in-
duced (i.e., 10- to 120-fold) in response to MMS, BLEO,
or 4-NQO (Figure 5B). Moreover, this response was
rapid, in that induction was evident within 10 min of
treating hyphae with the DNA-damaging agent (Figure
5B). By contrast, other A. nidulans genes encoding pro-
teins involved in DNA damage signaling and repair (i.e.,
scaANBS1, mreAMRE11, sldIRAD50) generally display peak tran-
script levels 1–2 hr after exposure (Semighini et al. 2003).
This observation suggests that PrpA may function early
in the fungal DNA damage response.

Figure 5.—PrpA participates in the DNA damage response.
(A) Sensitivity of the DprpA/1 mutants to agents that cause
DNA damage and oxidative stress. Strains were point inocu-
lated on CM plates containing the following drug concen-
trations: 20 mg/ml PLM, 50 mm CPT, 0.25 mg/ml 4-NQO,
100 mm NCT, 50 mm H2O2, 0.1 mm MENA, 10 mm HU, 5 mm
T-BUT, and 0.008% MMS. Colony diameters were measured af-
ter incubation at 30� for 7 days. Results shown are the average of
two independent experiments. (B) Relative quantification of
prpA mRNA expression in response to DNA damage as deter-
mined by real-time RT–PCR. The wild-type GR5 strain was
grown in YGV liquid medium (plus uridine and uracil) for
16 hr. Mycelia were subsequently treated with 0.025% MMS,
0.6 mg/ml BLEO, 0.25 mg/ml of 4-NQO, or 50 mm H2O2

and incubated for 10, 20, 30, and 60 min. Values represent
the fold change in prpA expression compared to GR5 grown
in the absence of drugs. (B and C) PrpA localizes to the nu-
cleus after DNA damage. (C) Conidiospores of the prpATGFP
ACS6 strain were germinated on coverslips in YGV medium
for 12 hr at 30�. The resulting hyphae were transferred to
YGV containing no drug (control, top), 0.025% MMS (mid-
dle), or 50 mm H2O2 (bottom) and incubated at 30� for 10
min. Hyphae were fixed and stained with Hoechst 33258. Mi-
crographs represent a z-series stack of 1-mm sections obtained
by laser scanning confocal microscopy. Bars, 10 mm. (D) Per-
centage of nuclei that display PrpATGFP localization after 10,
20, and 30 min of the treatments described in B.
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We have recently demonstrated that A. nidulans pro-
teins involved in signaling the presence of DNA damage
and in DNA repair (i.e., UvsCRAD51 and ScaANBS1) are
recruited to nuclei following exposure to DNA-damaging
agents (Fagundes et al. 2005; Gygax et al. 2005). To
determine if PrpA displays a similar localization pattern,
and to examine its kinetics, we constructed a functional
PrpATGFP fusion that is expressed under control of na-
tive promoter sequences (see materials and methods).
In the absence of DNA damage, PrpATGFP did not
localize to any discrete structure in growing hyphae
(Figure 5, C and D). However, upon exposure to a DNA-
damaging agent (i.e., 0.025% MMS), PrpATGFP local-
ized to nuclei (Figure 5, C and D). Most importantly,
nuclear localization peaked at 10 min following expo-
sure to DNA damage and had largely disappeared by
30 min (Figure 5D). By comparison, UvsCRAD51 typically
cannot be detected in nuclei until at least 60 min after
exposure (Gygax et al. 2005). These results provide
additional support for the notion that PrpA acts early in
the fungal DNA damage response. Moreover, they raise
the possibility that PrpA may be recruited to sites of
DNA damage.

Although the analysis of the DprpA/1 mutant did not
reveal any sensitivity to oxidizing agents (i.e., H2O2,
MENA, T-BUT; Figure 5A), we found that PrpA also
localized to nuclei within 10 min of exposure to H2O2

(Figure 5, C and D). Furthermore, real-time RT–PCR
analysis also revealed that prpA transcript levels increase
�10-fold upon exposure to H2O2 (Figure 5B). These
results may indicate that prpA is involved in the response
to oxidative DNA damage.

PrpA is required for farnesol-induced cell death: We
have recently demonstrated that the small-molecule
lipid farnesol causes apoptosis in A. nidulans in a manner
that depends on functional mitochondria and the pro-
duction of reactive oxygen species (Semighini et al.
2006). Because PARP activity has been implicated in an
apoptosis pathway that requires mitochondria (Yu et al.
2002), we tested the role of PARP in farnesol-induced
apoptosis. First, using nuclear condensation as a marker
for cell death, we found that the PARP feedback in-
hibitor NCT suppressed the effects of farnesol (Figure
6A). Second, in a more specific test, we found that the
ability of farnesol to trigger apoptosis was severely com-
promised in the DprpA/1 mutant (Figure 6B). In par-
ticular, a farnesol concentration (100 mm) that typically
causes nuclear condensation in �90% of diploid wild-
type hyphae caused a similar effect in,20% ofDprpA/1
hyphae. This observation implicates PrpA in at least one
fungal cell death pathway.

DISCUSSION

PARP is a highly conserved enzyme that is intimately
associated with multiple aspects of cellular physiology.
Humans, and indeed most animals, possess multiple

PARP-like proteins (reviewed by Ame et al. 2004). This
has unfortunately confounded attempts to characterize
the specific role of PARP in several cellular responses.
For example, the essential function of PARP in the DNA
damage response is not completely clear because PARP2
can apparently compensate for loss of PARP1 function
in some cases (Ame et al. 2004; Kim et al. 2005). The
identification of a single apparent PARP homolog in the
model filamentous fungus A. nidulans provides an op-
portunity to unambiguously determine the conserved
function of PARP. Here, we show that PrpA is an es-
sential protein involved in the DNA damage response,
mediates certain forms of cell death, and plays a role in
asexual development. This is the first description of
PARP function in a eukaryotic microorganism.
Genetics of PrpA: A defining feature of the PARP

superfamily of proteins is the presence of a highly con-
served catalytic domain usually located at the C terminus
(reviewed by Ame et al. 2004). Because the C-terminal half

Figure 6.—PrpA is required for farnesol-induced pro-
grammed cell death. (A) Percentage of nuclei undergoing
farnesol-induced DNA condensation in the presence of the
PARP inhibitor NCT. Conidiospores of the A28 wild-type
strain were germinated on coverslips in YGV medium for
12 hr at 30�. The resulting hyphae were transferred to YGV
containing 100 mm farnesol and 0, 10, 50, or 100 mm of
NCT. A control using 1% BSA and 100 mm of farnesol was also
included. After 2 hr of incubation at 30�, germlings were
fixed, stained with Hoechst 33258, and analyzed by fluores-
cence microscopy. (B) Percentage of nuclei undergoing
farnesol-induced DNA condensation in the wild-type diploid
ACS11 and DprpA/1 ACS14 strains. Conidiospores of both
strains were germinated on coverslips in YGV medium (plus
uridine and uracil for ACS11) for 12 hr at 30�. The resulting
hyphae were transferred to YGV containing 100 mm farnesol
and processed for microscopy as described in A.
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of PrpA possesses adjacent PARP catalytic (pfam00644)
and PARP regulatory (pfam02877) domains, and be-
cause this is the region with the highest homology to
other PARP homologs, we are extremely confident that
PrpA is a bona fide PARP homolog. Furthermore, the
presence of the BRCT motif and the WGR domain
suggests that PrpA is more closely related to PARP1 and
PARP2 than it is to other members of the PARP
superfamily (Ame et al. 2004). However, several impor-
tant questions remain unanswered. First, an N-terminal
zinc-finger DNA-binding domain is conspicuously ab-
sent from PrpA. Accordingly, it is not clear how PrpA
binds DNA. This function could be mediated by the
WGR domain, which has been implicated in the binding
of nucleic acids (i.e., see http://www.sanger.ac.uk/cgi-
bin/Pfam/getacc?PF05406). Alternatively, PrpA may
not bind DNA directly and may instead interact with
a distinct zinc-finger DNA-binding protein. Second,
PARP1 possesses a caspase cleavage site located in the
DNA-binding domain (Kaufmann et al. 1993), and
cleavage of PARP is recognized as an early marker for
caspase-mediated apoptosis. However, no obvious cas-
pase cleavage site is present in PrpA. Although it was
previously reported that A. nidulans PARP could be
cleaved by caspases in vitro (Thrane et al. 2004), we have
not been able to confirm this observation using the same
commercial antibody on in vivo extracts (C. Semighini
and S. Harris, unpublished observations). Thus, if PrpA
is cleaved at all, the relevant protease presumably acts
at a novel site. Third, in animals and plants, PARP1
activity is countered by PARG (D’Amours et al. 1999;
Davidovic et al. 2001), which cleaves ADP-ribose
moieties from PARP substrates. Surprisingly, no obvious
PARG homolog could be detected in the genome of
A. nidulans or in any other sequenced filamentous fun-
gal genome, despite exhaustive searches. Therefore, an
alternative glucohydrolyase may be responsible for this
function in filamentous fungi. Finally, it remains to be
shown that PrpA does indeed possess PARP catalytic
activity. If so, A. nidulans will provide a powerful system
for the identification of relevant PARP substrates.

The functional characterization of PrpA is compli-
cated by the observation that it appears to be an es-
sential protein. Furthermore, attempts to generate a
conditional allele were foiled by the failure of glucose
to repress the expression of alcA(p)-regulated prpA. At
this time, we have no explanation for the failed repres-
sion, but it has been observed in multiple transfor-
mants in different strain backgrounds (C. Semighini and
S. Harris, unpublished observations). Therefore, the
future functional characterization of PrpA will likely
depend on the construction of specific mutations that
affect its catalytic activity or possible scaffolding functions.

Haplo-insufficiency is a common genetic phenome-
non that in most cases has been attributed to gene dosage
effects (Seidman and Seidman 2002). Indeed, a recent
comprehensive study in yeast found that 3% of �5900

tested genes were haplo-insufficient (Deutschbauer

et al. 2005). Notably, most of the haplo-insufficient genes
were implicated in basic cellular processes, thereby
suggesting that insufficient protein production was the
underlying cause. We suspect that this is also the basis
for the haplo-insufficient phenotypes displayed by the
DprpA/1mutant. The alternative hypothesis that haplo-
insufficiency is caused by the altered stoichiometry of
components within a multi-protein complex predicts
that overexpression and haplo-insufficient phenotypes
would be the same (Papp et al. 2003), which was not
observed in our case. Strikingly, PARP1 haplo-insuffi-
cient phenotypes have been observed in mammalian
cells (Hande 2004) and other important DNA damage
signaling proteins (i.e., ATM and BLM; Goss et al. 2002;
Spring et al. 2002) also display gene dosage effects.
These observations suggest that the levels of key reg-
ulatory proteins may be precisely calibrated during the
DNA damage response.

Role of PrpA in the responses to DNA damage and
cellular stress: Three observations suggest that PrpA is
involved in the fungal DNA damage response. First, the
DprpA/1 mutant is sensitive to the DNA-damaging
agents PLM and 4-NQO. Second, prpA transcript levels
accumulate within 10 min of exposure to DNA-damaging
agents. Third, PrpA transiently localizes to nuclei within
a 10- to 20-min window after exposure to DNA damage.
Because the increased expression and nuclear local-
ization of other DNA damage signaling and repair pro-
teins typically occurs within 1–2 hr after DNA damage
(Semighini et al. 2003; Fagundes et al. 2005; Gygax

et al. 2005), these observations imply that PrpA performs
an early signaling function in the DNA damage re-
sponse. By analogy to PARP1 (D’Amours et al. 1999),
PrpA may be rapidly recruited to DNA damage sites,
where it initiates signaling events that lead to the
subsequent recruitment of DNA damage checkpoint
and repair complexes. Given the known roles of PARP1
in the regulation of chromatin structure (Tulin and
Spradling 2003; Kim et al. 2005), the key early function
of PrpA may be chromatin remodeling at DNA damage
sites. Although the relationship between PARP1 and
other DNA damage signaling proteins appears complex
(Watanabe et al. 2004), our preliminary observations
show that the A. nidulans ATM homolog is required for
PrpA nuclear localization (C. Semighini and S. Harris,
unpublished observations). Additional dependency stud-
ies and double-mutant analyses will help to clarify the
roles of PrpA in DNA damage signaling and repair.

A variety of cellular stresses are capable of causing
apoptosis in the filamentous fungi (Cheng et al. 2003;
Mousavi and Robson 2004; Chen and Dickman 2005;
Leiter et al. 2005). We have recently shown that farnesol,
a small 15-carbon lipid, triggers apoptosis in A. nidulans
via a mechanism that depends on the accumulation of
reactive oxygen species and requires functional mito-
chondria (Semighini et al. 2006). PARP1 mediates a
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caspase-independent form of cell death by promoting
the transfer of AIF from mitochondria to nuclei, where
it triggers the hydrolysis of chromatin (Yu et al. 2002).
Accordingly, the role of PrpA in the farnesol-induced
response suggests that a functionally analogous pathway
involving an AIF homolog may control cell death in
A. nidulans (see Cheng et al. 2003).

Role of PrpA in asexual development: Our observa-
tions show that the core BrlA- and AbaA-dependent
transcriptional regulatory circuit directs the induction
of prpA expression during asexual development. When
this regulatory circuit is broken by the fusion of prpA
to the alcA promoter, conidiation does not proceed
and instead fluffy aconidial colonies are formed. These
results imply that the proper regulation of PrpA func-
tion is crucial for subsequent development. This may
reflect a role for PARP modification in controlling the
expression and/or activity of important development
proteins. For example, PrpA-mediated chromatin mod-
ification may control the derepression of sporulation-
specific gene clusters such as spoC1 (Miller et al. 1987).
Alternatively, PrpA expression may affect the cytoskele-
ton or other cytoplasmic functions important for cellular
morphogenesis during asexual development. Notably,
in Drosophila, overexpression of PARP1 disrupts actin
organization by suppressing Rho GTPase function
(Uchida et al. 2002).

Finally, there is a striking correlation between the con-
servation of PARP and the ability of fungi to form mul-
ticellular hyphae and/or developmental structures. PARP
homologs are not present in S. cerevisiae and S. pombe and
also appear to be missing from the dimorphic basidio-
mycetes U. maydis and C. neoformans. This observation
may be instructive in that it emphasizes the correlation
between PARP function and a multicellular lifestyle.
Another protein that displays a similar conservation
pattern in fungi is NADPH oxidase (Lalucque and
Silar 2003), which has been implicated in intercellular
signaling during sexual development in A. nidulans
(Lara-Ortiz et al. 2003). Thus, A. nidulans may provide
an attractive model system for elucidating the ancestral
function of proteins whose importance is linked with
multicellularity.
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