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ABSTRACT

In Aspergillus nidulans, the uvsB gene encodes a member of the PI-3K-related kinase family of proteins.
We have recently shown that UVSB is required for multiple aspects of the DNA damage response. Since
the musN227 mutation is capable of partially suppressing defects caused by wvsB mutations, we sought to
understand the mechanism underlying the suppression by cloning the musN gene. Here, we report that
musN encodes a RecQ helicase with homology to S. pombe rqhl, S. cerevisiae sgsl, and human BLM and
WRN. Phenotypic characterization of musN mutant alleles reveals that MUSN participates in the response
to a variety of genotoxic agents. The slow growth and genotoxin sensitivity of a musN null mutant can be
partially suppressed by a defect in homologous recombination caused by the uwvsCI114 mutation. In addition,
we present evidence suggesting that MUSN may promote recovery from the DNA damage response. We
suggest that a block to recovery caused by the musN227 mutation, coupled with the modest accumulation
of recombination intermediates, can suppress defects caused by wvsB mutations. Finally, we report that
another RecQ helicase, ORQA, performs a function that partially overlaps that of MUSN.

ELL cycle checkpoints play an integral role in the
maintenance of genome integrity. During the past
decade, research in yeasts and humans has revealed that
cell cycle checkpoints function at the G1/S transition,
the G2/M transition, and during S phase to prevent
potentially catastrophic attempts to replicate or segregate
damaged or incompletely replicated DNA (reviewed by
ELLEDGE 1996). Recent observations show that cell cycle
checkpoints are directly integrated with the processes
of DNA repair and recombination (RHIND and RUSSELL
2000). Despite significant progress in the characteriza-
tion of several DNA repair mutants in the filamentous
fungus Aspergillus nidulans (KAFER and May 1998), the
DNA damage response (DDR) remains largely unchar-
acterized in this organism. We have previously demon-
strated that UVSB acts as a central regulator of the A. nidu-
lans DDR, controlling multiple aspects of the response,
including cell cycle arrest, inhibition of septation (cyto-
kinesis), and induced mutagenesis (HormMaNN and HAR-
Rr1s 2000). UVSB is a member of the phosphatidylinosi-
tol 3-kinase-related kinase (PIKK) family of proteins.
Members of this conserved family include Saccharomyces
cerevisiae Meclp, Schizosaccharomyces pombe Rad3p, and hu-
man ATM and ATR, all of which appear to orchestrate
the DDR in these organisms. Mutation of the human
ATM gene is responsible for ataxia telangiectasia, a neuro-
degenerative disease associated with a pronounced hyper-
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sensitivity to ionizing radiation and a strong predisposition
to cancer (SAVITSKY et al. 1995).

The A. nidulans musN227 and musP234 mutations were
isolated in a screen for mutants sensitive to the alkylating
agent methyl methanesulfonate (MMS; KAFER and MAYOR
1986). It was subsequently shown that both mutations
are capable of partially suppressing the MMS sensitivity
of the uvsBI110 mutant (KAFER and CHAE 1994). Given
that uvsB encodes a PIKK related to ATM and, thus far,
suppressors of the DNA damage sensitivity caused by muta-
tions in these kinases have not been reported, we sought
to understand the mechanism behind this suppression.
We have previously shown that musN227 is capable of
partially suppressing several of the defects caused by
mutations in the wwvsB gene, including the failure to
inhibit septation in the presence of DNA damage (Hor-
MANN and HARrRr1s 2000).

Here, we demonstrate that MUSN is a member of the
RecQ family of DNA helicases that have been implicated
in maintenance of genome integrity. Our results indi-
cate that MUSN is involved in the response to both DNA
damage and incomplete replication. Deletion of musN
results in more severe genotoxin hypersensitivity com-
pared to musN227, indicating that musN227 is a hypo-
morphic mutation. The slow growth and genotoxin sen-
sitivity of a musN null mutant can be partially suppressed
by a reduction in homologous recombination caused
by the uvsCI14 mutation. We suggest that MUSN, like
the other RecQ) helicases, may be involved in preventing
promiscuous recombination. Moreover, on the basis of
our analysis of septation in musN mutants, we propose
that MUSN promotes recovery from the DDR. Accord-
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ingly, the suppression of uvsB mutants by musN227 may
be related to the involvement of MUSN in promoting
recovery from the DDR by regulating recombination.
Furthermore, we indicate that, unlike S. cerevisiae and
S. pombe, which possess only a single RecQ helicase, A. nidu-
lans possesses a second family member (orgA; ApPLE-
YARD et al. 2000). We show that expression of orgA can
partially compensate for loss of MUSN, suggesting that
these two RecQ helicases may have some overlap in
function.

MATERIALS AND METHODS

Strains, media, and growth conditions: The following strains
were used to carry out this study: AAH13 (musP234; pyrG89
yA2), AAH14 (AuvsB; pyrG89 yA2), AAH16 (AmusN; pabaAl
yA2), AAH17 (AuvsB; musN227, yA2), AAHI18 (uuvsBI110;
AmusN; yA2), AAH19 (uvsB110; AmusN; yA2), AAH22 (pabaAl
yA2 pyrG89; Pyr™ [pRGAMAL1]), AAH23 (pabaAl yA2 pyrG89;
Pyr* [pAH22]), AAH27 (uvsB110; pabaAl yA2 pyrG89; Pyr*
[PRGAMAL]), AAH28 (uuvsBI110; pabaAl yA2 pyrG89; Pyr+
[pAH22]1), AAH31 (musP234; pyrG89yA2; Pyr* [pRGAMALY),
AAH32  (musP234;, pyG89 yA2, Pyr™ [pAH22]), AAS211
(musN227; pyrG89; chaAl), AAS315 (uvsB110; musN227; pabaAl,
acrAlI; actAl; viboB2 chaAl), AMLS (pyrG89 pabaAl; argB2; yA2),
ASH162 (pyrG89 pabaAl yA2), ASH201 (uwvsBI110; chaAl),
ASH270 (uvsB110; pyrG89 pabaAl yA2), ASH383 (musN227,
chaAl), ASH581 (AmusN; uvsCl14; yA2), ASH582, (AmusN;
uusCl14; wA2), ASH583 (AmusN;, uvsC114; yA2), ASH587
(AmusN; wA2), and ASH588 (AmusN; wA2). ASH581-ASH588
may contain additional markers.

The media used in this study were as described previously
(HormaNN and Harris 2000). Bleomycin sulfate (Sigma, St.
Louis) was resuspended at 5 units/ml and added to the appro-
priate concentration after autoclaving. Transformations and
other genetic manipulations were performed as described pre-
viously (HARRIs et al. 1994). uvsB110AmusN double mutants
were identified as a class of Pyr* segregants with increased
sensitivity to MMS compared to wvsB110 mutants. Amus-
NuwsCI14 double mutants were identified as a class of Pyr*
segregants with decreased sensitivity to hydroxyurea (HU) and
MMS compared to the AmusN mutant. The genotypes of all
double mutants were confirmed by backcrosses to wild type.

Cloning of the musN gene: Strain AAS211 was transformed
with a plasmid-based genomic library in the autonomously
replicating, pyr-4-containing pRGAMAL vector (OSHEROV and
May 2000). Transformants capable of growing on minimal
vitamin (MNV) media containing 0.01% MMS were recovered
at 32°. Transformants were struck for single colonies on 1
mg/ml 5-fluoroorotic acid (5-FOA) to force loss of the pyr-+-
containing plasmid. The resulting Pyr™ colonies were then
tested for their sensitivity to MMS to determine if the MMS
resistance phenotype was plasmid dependent. Plasmid DNA
was recovered from transformants exhibiting plasmid-depen-
dent MMS resistance by extraction of fungal DNA and subse-
quent transformation into electro-competent Escherichia coli
cells. Plasmid DNA was recovered from the resulting ampicil-
lin-resistant colonies, and restriction digest analysis was per-
formed. The recovered plasmids that contained inserts were
retransformed into AAS211 to identify those that comple-
mented the musN227 mutation. A single plasmid containing
full complementing activity was identified and named pAH22.
Plasmid pAHI1 was constructed by cloning a 9-kb Kpnl/ Xbal

fragment from pAH22 into the pBluescript vector (Stratagene,
La Jolla, CA). Sequencing was performed by the Molecular
Core Facility at the University of Connecticut Health Center.
Available databases were searched using the BLAST algorithm
at the National Center for Biotechnology Information (NCBI;
ALTSCHUL et al. 1997). RT-PCR was used to identify intron
sequences (HorMANN and Harris 2000).

Localization of the musN227 mutation: Strain AAS211 was
transformed with various small, linear fragments of the wild-
type musN gene (EcoRV, 4.2 kb; EcoRV, 3 kb; EcoRV, 2.5 kb;
EcoRV, 1.8 kb; EcoRV/ HindIll, 3 kb; EcoRV/HindIIl, 2.5 kb;
EcoRV/ HindIII, 2 kb; and EcoRV/HindIIl, 1.7 kb). Trans-
formants were recovered at 32° on MNV containing 0.01%
MMS. The smallest fragment capable of producing MMS-resis-
tant colonies was determined to be the 1.7-kb EcoRV / HindIII
fragment. Total RNA was isolated from wild type and musN227
strains as described previously (HorMANN and HARrRris 2000).
RT-PCR of the region of musN containing this fragment was
performed using primers designed to the musN cDNA se-
quence. Sequencing of three independently generated RT-
PCR fragments from both wild type and musN227 was per-
formed. All sequences were compared, and only mutations
found in all three clones generated from musN227, but not
in wild type, were reported.

Construction of the AmusN strain: To generate the musN
replacement, the pAH49 plasmid was constructed as follows:
Plasmid pAHI, which contains the entire musN gene, was
digested with Clal to remove a 2.4-kb fragment of the coding
sequence. The remaining Clal fragment, containing vector
sequences and flanking musN sequences, was ligated to a 2-kb
Clal-digested PCR fragment of the Neurospora crassa pyr-4 gene.
This pyr4 fragment was generated using the primers oAH37 (5’
CCATCGATCTCCTTACGCATCTGTGCGG 3') and oAH38 (5
CCATCGATGCATCAGAGCAGATTGTACTG 3') and the pyr-
4-containing pRG3 plasmid as template. This construct was
transformed into the wild-type strain ASH162. Pyr* trans-
formants were selected on MNV and subsequently tested for
sensitivity to various concentrations of MMS and HU. Genomic
DNA from transformants of interest was analyzed by Southern
analysis to confirm that the desired double crossover integra-
tion had occurred.

Overexpression of mus N: pPRGAMA1 and pAH22 were trans-
formed into strains ASH162, ASH270, and AAH13. ASH162
and ASH270 transformants were selected on MNV at 32°.
Transformants were tested for sensitivity to MMS and HU.
Transformants that received the pPRGAMAL plasmid served as
a control to which the sensitivities of all other transformants
were compared. AAH13 transformants were selected on MNV
at 32° and tested for sensitivity to 0.015% MMS. AAH13 trans-
formants were then struck on 5-FOA to force loss of the plas-
mid. Single FOA-resistant colonies were then retested on
0.015% MMS for sensitivity.

Viability assays: All viability assays were performed as pre-
viously described (HormMANN and HaRrr1s 2000). The percent-
age of viability is expressed as the number of surviving colonies
on treated plates as compared to untreated control plates.
For each treatment, platings were performed in quadruplicate,
and the average number of survivors was calculated. All viabil-
ity assays were repeated twice, and the data shown represent
an average of the two independent experiments.

Microscopy: Conidiospores were grown, fixed, and stained
on coverslips as previously described (HARRIS and Kraus 1998;
HorMaNN and Harris 2000). Calcofluor and Hoechst 33258
were used to stain septa and nuclei, respectively. Nuclear divi-
sion kinetics, septation, polarization, and chromosome mitotic
index (CMI) experiments were performed as previously de-
scribed (OARLEY and OsMANT 1993; HorMANN and HARRIS
2000).
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orgA constructs and transformations: Using the published
sequence for recQ, primers 0AH43 (5" GATGGCCTGGAGAG
CCTATC 3") and 0AH44 (5’ CTGCTGTTAGCTCATCAGGTC
3") were designed to amplify the gene. PCR was performed on
pools of cosmids from each A. nidulans chromosome (BRoODY et
al. 1991). Pools producing the expected 2.6-kb PCR product
were subdivided until a single cosmid was identified that pro-
duced the desired product. pL17C06 (chromosome II) and
pW26D04 (chromosome III) both possess the entire RecQ
helicase gene. A 5.5-kb Kpnl/Sphl fragment from pL17C06
was cloned into a Kpnl/Sphl-digested pRGAMAL vector to
create pAHb54. The 5.5-kb Kpnl/ Sphl fragment from pAH54
was then subcloned into the Kpnl/Sphl sites on pRG3, an
integrating vector containing the N. crassa pyr-4 gene, to create
pAHS55. Strains AAS211 and AAH13 were then transformed
with pAH54 and pAH55. Transformants were selected on MNV
at 32° and tested for sensitivity to MMS (0.01% for AAS211
and 0.015% for AAH13).

The musN sequence can be found at GenBank, accession
no. AF259396. The sequence that we refer to in this article
as orgA has been previously described as recQ (APPLEYARD et
al. 2000; GenBank accession no. AJ271844). We have chosen
to rename this gene for two reasons. First, a series of rec
mutants already exists in A. nidulans (PARAG and PARAG 1975),
and second, according to conventional nomenclature for A.
nidulans, the prefix describing a group of genes should be
followed by a locus-specific suffix that starts with the letter A
and proceeds through the alphabet. Accordingly, we have
named the gene orgA, for other RecQ helicase A. In addition,
upon further sequencing and RT-PCR of the 3’ end of orgA,
we found that the open reading frame extends for an addi-
tional 150 bp beyond that originally reported. This amend-
ment to the 3’ end of the sequence has been deposited in
GenBank under accession no. AF368289.

RESULTS

musN encodes a RecQ helicase: A screen of a plasmid-
based genomic library (OsHEROV and May 2000), con-
structed in the autonomously replicating pRGAMAI
vector, yielded a single plasmid capable of complement-
ing the MMS sensitivity caused by the musN227 muta-
tion. Sequencing of the insert and subsequent searches
of the available databases revealed an open reading frame
with similarity to the RecQ family of helicases, including
Rqhlp (S. pombe), QDE-3 (N. crassa), Sgslp (S. cerevisiae),
BLM (Homo sapiens), and WRN (H. Sapiens; Table 1).
musN encodes a protein of 1534 amino acids, with a
predicted molecular weight of 173 kD. The homology
with the members of the RecQ) helicase family is con-
fined primarily to the central helicase domain, which
possesses the seven conserved helicase motifs, including
the characteristic DExH sequence in motif II (Figure
1A). There is a potential nuclear localization signal in the
carboxy terminus, similar to WRN and BLM, and acidic
patches are present in the amino terminus (KArRow et al.
2000b). In addition, there is a putative leucine zipper
in the amino terminus (Figure 1A).

To verify that we had cloned the bona fide musN gene,
and to determine the nature of the musN227 mutation,
we transformed small, linear fragments of the gene into
strain AAS211 and assessed their ability to repair the

TABLE 1
Similarity of other RecQ helicases to MUSN

% identity
Protein Organism BLAST score® (% similarity)
QDE-3 N. crassa 1558 35 (50)
Rqghlp S. pombe 1367 40 (57)
Sgslp S. cerevisiae 1309 46 (64)
BLM H. sapiens 1046 37 (53)
RecQL5 H. sapiens 723 42 (58)
ORQA A. nidulans 642 35 (b1)
WRN H. sapiens 632 32 (50)

“BLAST scores were calculated by the BLAST algorithm at
NCBI using pairwise blastp alignments of each protein with
MUSN (TaTtusova and MADDEN 1999).

musN227 mutation. We identified a 1.7-kb EcoRV/ HindI1I
fragment that generated MMS-resistant transformants at
low frequency, indicating that this fragment had likely
repaired the musN227 mutation via a gene conversion
event. Comparison of RT-PCR products generated from
this region of wild-type and musN227 strains revealed a
missing thymine residue in musN227 just following the
helicase domain. Deletion of this thymine residue re-
sults in a frameshift thatintroduces a stop codon after 26
amino acids (Figure 1A). Thus, the musN227 mutation
generates a truncated protein that retains the entire
helicase domain, but is missing ~27% of the protein at
the carboxy terminus.

The musN null mutant has a more severe phenotype
than musN227: The phenotype of the musN227 mutant
is relatively modest compared to those caused by muta-
tions in other RecQ helicases. Accordingly, to test the
possibility that the musN227 mutation does not repre-
sent the null phenotype, we created a strain containing
agene replacement. A plasmid was constructed in which
~50% of the musN coding sequence was deleted and
replaced with the N. crassa pyr-4 gene as a selectable
marker. The region deleted includes all of the con-
served helicase domains, with the exception of domain
VI (Figure 1A). Transformation of a wild-type strain
with this plasmid generated the desired replacement
strain as confirmed by Southern analysis and PCR. Phe-
notypic characterization revealed that AmusN has a
more severe phenotype than musN227. AmusN displays
much greater sensitivity to MMS and bleomycin com-
pared to musN227 (Figure 2, A and B). Unlike musN227,
the AmusN allele also causes sensitivity to HU and UV
irradiation (Figure 2, A and B). In addition, AmusN
displays slower growth and poorer conidiation when
compared to either wild type or musN227 (Figure 2B).
We have also noted that conidiospore polarization is
delayed in AmusN mutants compared to wild type (data
not shown).

The slow growth of the AmusN mutant could conceiv-
ably be caused by defects in cell cycle progression. In
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S. cerevisiae, sgslsrs2 double mutants arrest during mito- mutants and found that there was a severe delay com-

sis as large, budded cells (McVEY et al. 2001; although
it is not a member of the RecQ family, Srs2p is a 3’ —
5’ helicase that displays partial overlap in function with
Sgslp; RoNG and KLEIN 1993; GANGLOFF et al. 2000).
To test whether loss of MUSN caused a similar defect,
we examined the kinetics of nuclear division in AmusN

pared to wild type (Figure 3). In fact, AmusN divides
with kinetics similar to that of wild type grown in the
presence of the genotoxic agent diepoxyoctane (DEO).
A comparison of the CMI in wild type vs. AmusNrevealed
a similar percentage of mitotic nuclei in both popula-
tions of cells (4%; n = 200). This suggests that mitotic
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FIGURE 2.—AmusN has a more severe phenotype than musN227. (A) Viability assays comparing the HU, UV, MMS, and
bleomycin sensitivity of wild type (@; A28), musN227 (B; ASH383), and AmusN (A; AAH16). (B) A total of 10* conidia from
wild type (A28), musN227 (ASH383), and AmusN (AAH16) were point inoculated onto MNV media and MNV containing 4 mm

HU and 0.0025 or 0.01% MMS and incubated for 4 days at 32°.
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FIGURE 3.—AmusN has a significant delay in nuclear divi-
sion. Nuclear division kinetics of untreated wild type (@; A28),
musN227 (B; ASH383), and AmusN (A; AAH16) strains, and
DEO-treated wild type (O; A28), msuN227 (OJ; ASH383), and
AmusN (A; AAH16) strains.

progression is not affected by the AmusN mutation. In-
stead, AmusN mutants are presumably delayed in pro-
gression through S phase or G2. Since the AmusN phe-
notype is more severe than that caused by the musN227
mutation, we conclude that the musN227 gene product
is partially functional.

AmusN does not suppress uvsBI110: Since AmusN is a
much stronger allele than musN227, we reasoned that
it might also be a stronger suppressor of uvsB110. To
address this possibility, we generated a wvsBI10AmusN
double mutant. Phenotypic analysis revealed that the
double mutant exhibited increased sensitivity to MMS
and HU compared to either single mutant (data not
shown). Thus, instead of acting as a suppressor, AmusN
enhances the defects caused by the wusB110 mutation.
Furthermore, this observation implies that the suppres-
sion of wusBI10 may be dependent on some function
of the truncated musN227 protein. We also noted that
the wvsBI110AmusN double mutant exhibits a phenotype
similar to the AmusN mutant with respect to its nuclear
division kinetics and septation in response to DNA dam-
age (data not shown), which suggests that the defects
caused by AmusN are not caused by activation of the
DNA damage checkpoint.

A defect in homologous recombination partially res-
cues the genotoxin sensitivity of AmusN: The A. nidulans
uvsC gene encodes a RecA-like protein homologous to
Radb51p from S. cerevisiae (vaN HEEMST et al. 1997). Mu-
tations in uvsC cause a reduction in homologous recom-
bination (IcHIOKA et al. 2001). In S. cerevisiae, it has
been demonstrated that loss of Radb1p rescues the slow
growth of Asrs2Asgs! double mutants (GANGLOFF et al.
2000). Presumably, an early block to homologous re-
combination prevents the accumulation of lethal recom-
bination intermediates in the double mutant. To test
whether homologous recombination is responsible for

Untreated

1mM HU

e

F1GURE 4.—A defectin homologous recombination partially
rescues the genotoxin sensitivity of AmusN. A total of 10* co-
nidia were spotted onto MNV, MNV + 1 mm HU, and MNV +
0.001% MMS plates and incubated for 3 days at 32°. (Top,
from left to right): wild type (A28), AmusN (ASH587), and
AmusN (ASH588). (Bottom, from left to right) : AmusNuvsCI14
(ASH581), AmusNuvsCl114 (ASHH582), and AmusNuvsCI14
(ASHbH83). Note that the AmusN strains used here (ASH587
and ASH588) possess different genetic backgrounds from the
original AmusN strain (AAH16).

0.001% MMS

the slow growth and genotoxin sensitivity of AmusN mu-
tants, we constructed a AmusNuvsCI14 double mutant.
Phenotypic analysis revealed that the double mutant
was significantly less sensitive to MMS and HU than
AmusN (Figure 4). Furthermore, whereas 90% of AmusN
germlings arrested with one nucleus in the presence
of 5 mMm HU, 82% of AmusNuvsCII14 double mutants
recovered and completed nuclear division (as did 83%
of wild-type spores). These observations suggest that
the slow growth and genotoxin sensitivity of the AmusN
mutant are caused by the accumulation of recombina-
tion intermediates.

Septation is delayed in musN227 mutants exposed to
DNA damage: Since inhibition of septation is one of
the effects triggered by activation of the DDR, we have
used the percentage of septated hyphae in a population
to measure the ability of a strain to recover and resume
proliferation. After a prolonged exposure to DNA dam-
age, wild-type hyphae eventually resume nuclear division
and form septa (Table 2). In contrast, under identical
conditions, fewer musN227hyphae underwent septum for-
mation (Table 2). Notably, the musN227 hyphae were
longer than identically treated wild-type hyphae [aver-
age hyphal length (in micrometers): 108 * 33 for wild
type (n = 32) and 213 * 56 for musN227 (n = 42)] and
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TABLE 2

musN227 exhibits a defect in recovery of septation following DNA damage

Septation index (%)*

12 hr 16 hr
Strain Genotype Untreated +0.025% DEO Untreated +0.025% DEO
A28 Wild type 97 8 100 53
ASH201 wusB110 95 44 100 63
ASH383 musN227 63 0 97 15
AAS315 uvsBI10musN227 69 0 95 1

“The septation index reflects the percentage of germlings possessing at least one septum (n = 200).

had accumulated the same number of nuclei (modal
average = 8), suggesting that the effect on septation
was most likely not due to a general physiological defect.
Furthermore, since uwvsBI110musN227 double mutants
also fail to undergo septation under these conditions,
the inability of musN227 mutants to septate following
exposure to genotoxic agents is not caused by activation
of the DNA damage checkpoint (HARRIS and Kraus
1998). Instead, we propose that septation is associated
with recovery from the DDR and is dependent on proper
MUSN function.

Increased expression of musN enhances the genotoxin
sensitivity of both wild-type and wvsB110 mutants: If
MUSN is involved in promoting recovery from the DDR,
increasing its expression may cause sensitivity to DNA-
damaging agents by terminating the response before
the completion of DNA repair. To determine if presence
of additional copies of musN had any affect on MMS sensi-
tivity, a plasmid containing musN on the autonomously
replicating pPRGAMAL vector was transformed into appro-
priately marked wild-type and wwvsBI110 strains. Both wild-
type and wwsBI10 transformants containing the musN
plasmid exhibited a modest increase in sensitivity to
MMS compared to control transformants containing
the empty pRGAMALI vector (Figure 5). Similarly, when
tested for their response to HU, both sets of trans-
formants were more sensitive (Figure 5). However, since
the transformants were able to restrain septation in the
presence of MMS or HU (data not shown), we conclude
that neither the DNA damage nor replication check-
points were abrogated. In contrast, overexpression of
rghl in fission yeast causes a defect in the replication
checkpoint, as cells exhibit premature segregation of chro-
mosomes in the presence of HU (DAvVEY et al. 1998).

The two A. nidulans RecQ helicases may have overlap-
ping functions: A. nidulans possesses a second RecQ
helicase that consists essentially of only the helicase do-
main and is more similar to human RecQL5 (Figure 1B;
Table 1; APPLEYARD ef al. 2000). To determine if a func-
tional overlap exists between the two RecQ helicases, we
tested the possibility that multicopy expression of orgA
could rescue musN227. Transformation of musN227 with

orgA on an integrating plasmid partially rescued the
MMS sensitivity of musN227 (Figure 6). However, when
orgA was supplied on an autonomously replicating vec-
tor, the MMS sensitivity of musN227 was not rescued.
In fact, these transformants appeared to be sicker than
control transformants that received the empty pPRGAMAL1
vector. This observation may indicate that overexpres-
sion of orgA is toxic in the musN227 mutant. In contrast,
we were able to recover wild-type strains that had been
transformed with multiple copies of orgA. These results
suggest that MUSN and ORQA may have overlapping,
but not identical, functions in the DDR.

Expression of musN partially complements musP234:
Since the musN227and musP234 mutants display similar
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FIGURE 5.—Increased expression of musN increases the
MMS and HU sensitivity of wild type. Viability assays compare
the MMS and HU sensitivities of (A) wild type + pRGAMAI
vector (@; AAH22) and wild type + pRGAMAL+musN (H;
AAHZ23) and (B) uusBI10 + pRGAMAI1 (¢; AAH27) and
uvsB110 + pAH22 (V; AAH28).
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musN227 + pRG3  musN227 + pAHSS (orgA)

FIGURE 6.—An extra copy of orgA partially rescues the MMS
sensitivity of musN227. On the left are patches of the musN227
strain transformed with pRG3 vector alone on CM + Tx plates
(top) and CM + Tx + 0.01% MMS (bottom). On the right
are patches of the musN227 strain transformed with a copy of
orgA on an integrating vector (pAHb54).

phenotypes, including the ability to suppress wvsB muta-
tions (KArer and CHAE 1994), we hypothesized that
MUSN and MUSP may perform a related function. There-
fore, we sought to determine if multiple copies of musN
could rescue the musP234 phenotype. An autonomously
replicating plasmid containing the entire musNgene was
transformed into musP234. All transformants displayed
enhanced growth on 0.015% MMS compared to trans-
formants that received the vector alone (Figure 7). The
partial suppression was shown to be plasmid dependent,
as loss of the plasmid resulted in loss of MMS resistance
(Figure 7).

Since the musN and musP genes appear to control
related functions, and orgA encodes a RecQ helicase
whose function may overlap with that of musN, we tested
the possibility that musP234 may be a mutation in orgA.
However, transformation of musP234 mutants with orgA
on an autonomously replicating plasmid did not result
in complementation. In addition, we were able to am-
plify the orgA gene from a musP234 strain as a single,
intact PCR product of the appropriate size. Since the
musP234 mutation is presumably caused by a transloca-
tion breakpoint (KAFer and CHAE 1994), this observa-
tion further supports the notion that it is not a mutation
in the orgA gene.

DISCUSSION

A. nidulans possesses multiple RecQ helicases: We
have shown here that MUSN is a member of the RecQ
family of DNA helicases. It possesses several features
characteristic of RecQ helicases (KArRow et al. 2000b),
including (i) the DExH sequence in helicase motif II,
(i) the helicase-related (HR) domain within the C ter-
minus, and (iii) short acidic stretches within the N termi-
nus. Among the RecQ helicases, MUSN shows greatest
homology to S. cerevisiae Sgslp, S. pombe Rqhlp, and
human BLM. Within these family members, there is
little homology outside of the helicase motifs and the
HR domain. Moreover, other than a canonical nuclear
localization sequence at the extreme C terminus and a
putative leucine zipper at the N terminus, analysis of

P234
pRGAMAI

musP234
pAH22

0.015% MMS

Untreated

FIGURE 7.—Increased expression of musN rescues the MMS
sensitivity of musP234. Comparison of the MMS sensitivity of
musP234 transformed with an empty pPRGAMA1 vector (AAH31)
or pPRGAMAI containing the musN gene (AAH32). Quadrants
on the right represent the transformants after being cured of
the plasmids using 5-FOA.

the MUSN sequence has yielded little insight into the
function of these nonconserved regions.

Surprisingly, A. nidulans possesses a second RecQ heli-
case, ORQA, that consists of the seven conserved heli-
case motifs flanked by short N-terminal and C-terminal
extensions (APPLEYARD el al. 2000). Within the RecQ
helicase family, ORQA shares greatest homology to hu-
man RecQL5. We have found that the musN and orgA
genes are both expressed in growing hyphae (data not
shown), thus demonstrating that A. nidulans expresses
divergent members of the RecQ helicase family in the
same cell type. Furthermore, an additional sequence
showing homology to RecQ helicases is present on A.
nidulans chromosome IV (http://aspergillus-genomics.
org/; contig 2000Sep121643_600). Although this se-
quence shows weak homology to a putative telomere-
associated RecQ) helicase found in Ustilago maydis (SAN-
CHEZ-ALONSO and GuzMAN 1998), it is not clear that it is
expressed. Nonetheless, unlike the model yeasts S. cere-
visiae and S. pombe, which each possess a single RecQ
family member, at least two distinct RecQ) helicases are
found in the A. nidulans proteome. The presence of
multiple RecQ helicases may be a common feature of
the fungal proteome, since another filamentous fungus,
N. crassa, also possesses two distinct family members
(Cocont and MaciNo 1999).

The yeast RecQ helicases Sgslp and Rqhlp appear
to function in several aspects of chromosomal DNA metab-
olism (Frer and Gasser 2000; Karow et al. 2000b). In
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contrast, in those organisms that possess multiple RecQ
helicases (i.e., metazoans and plants; MOHAGHEGH and
HicksonN 2001), it is not clear if each is endowed with
a similar broad range of functions or if each performs
aspecialized function thatis required only under certain
circumstances. We suggest that filamentous fungi may
be useful models for distinguishing between these possi-
bilities. Although musN and orgA are both expressed in
hyphae, and extra copies of orgA can partially suppress
the MMS sensitivity caused by the musN227 mutation,
we favor the latter possibility for two reasons. First, the
larger size of MUSN relative to ORQA, which essentially
consists of only the helicase domains, indicates that it
may be involved in a broader range of functions. For
example, MUSN may be a component of functional com-
plexes that do not contain ORQA. Second, in N. crassa,
the larger RecQ helicase (QDE-3) is required exclusively
for post-transcriptional gene silencing, whereas the
smaller one is most likely involved in the DNA damage
response (CoGoNI and MaciNo 1999).

The role of MUSN in the DNA damage response:
The sensitivity of the AmusN mutant to a diverse range
of DNA-damaging agents implies that MUSN performs
a critical function during the DNA damage response.
We have previously reported that septum formation is
an accurate readout for the status of the DNA damage
response in A. nidulans (HarRris and Kraus 1998).
When chromosomal DNA metabolism is perturbed, ei-
ther by pharmacological means (i.e., HU, MMS, or
DEO) or by a mutation (i.e., sepB3, sepJl, or bimAl0),
septum formation is blocked (Harr1s and Kraus 1998;
Workow et al. 2000). The block depends upon check-
point signals, since checkpoint mutants such as wvsBI110
undergo septation despite the presence of DNA damage
(Harris and Kraus 1998; Kraus and Harris 2001).
Our results show that the hypomorphic musN227 muta-
tion causes a block to septum formation in hyphae that
have been chronically exposed to DNA damage. Al-
though we cannot eliminate the possibility that this is
an indirect effect (i.e., caused by abnormal cellular phys-
iology), we note that musN227 hyphae displayed robust
growth and continued to undergo nuclear division at a
rate comparable to wild type. The observation that the
septation block is not alleviated by the uvsB110mutation
raises two important points. First, it demonstrates that
MUSN is involved in the regulation of the DNA damage
response. If the septation block were due simply to the
accumulation of DNA damage caused by compromised
MUSN function, it would have been suppressed by the
uvsBI10 mutation (HARRIS and Kraus 1998). Second,
it implies that MUSN acts downstream of UVSB in the
pathway that regulates septum formation in response
to DNA damage. We propose that septum formation is
associated with recovery from the DNA damage re-
sponse, and it is blocked in musN227 mutants that have
been exposed to genotoxic agents because MUSN is
required for recovery.

The sensitivity of the AmusN mutant to several DNA-
damaging agents is suppressed by a mutation in uwvsC,
which encodes a Rad51 ortholog required for homolo-
gous recombination (VAN HEEMST et al. 1997; ICHIORA
et al. 2001). The ability of Rad51 mutations to suppress
defects caused by the functional inactivation of RecQ
helicases has also been noted in other organisms (GAN-
GLOFF et al. 2000; McVEY et al. 2001). These observations
suggest that the DNA damage sensitivity caused by musN
mutations is caused by the accumulation of lethal re-
combination intermediates. Indeed, RecQ helicases ap-
pear to play a general role in preventing promiscuous
recombination during the processing of damaged DNA
(STEWART et al. 1997; HARMON and KOWALCZYKOWSKI
1998; GANGLOFF et al. 2000; MYUNG et al. 2001). They
may do so by removing Holliday junctions via reverse
branch migration (HARMON and KOWALGZYKOWSKI
1998; Karow et al. 2000a). Since the elimination of
Holliday junctions is likely to be a prerequisite for recov-
ery from the DNA damage response, this could account
for the apparent role of MUSN in recovery. Moreover,
it could explain the inability of musN227 mutants to
septate once they have been exposed to DNA-damaging
agents, since they would effectively be trapped in the
DNA damage response.

Homologous recombination is a preferred mecha-
nism for the repair of double-strand breaks (DSBs;
PaqQues and HABER 1999). In support of this notion,
Radb5p, which plays an important role in the strand
exchange reaction (SUNG 1997), appears to be activated
in a Meclp-dependent manner early in the S. cerevisiae
DNA damage response (BASHKIROV et al. 2000). How-
ever, mitotic recombination is typically not associated
with crossing over (PAQUEs and HABER 1999), which
could lead to deleterious chromosomal rearrangements.
For example, although mutations in PIKKs cause in-
creased recombination, the majority of the events ap-
pear to be nonreciprocal (BAsHKIROV et al. 2000). Ac-
cordingly, the presence of Holliday junctions during
recombination-mediated repair of DSBs may be danger-
ous. Thus, in addition to promoting recovery, the re-
moval of Holliday junctions by RecQ helicases such as
MUSN may ensure that recombination intermediates
are funneled into pathways that do not lead to crossing
over (i.e., synthesis-dependent strand annealing; PAQUES
and HABER 1999).

In addition to its role in the DNA damage response,
the HU sensitivity of the AmusN mutant suggests that
MUSN is required when DNA replication is perturbed.
In S. cerevisiae, Sgs1p appears to perform a critical signal-
ing function in the response to stalled replication forks
(FrE1 and Gasser 2000). Although we cannot rule out
a similar function for MUSN, the observation that the
AmusN mutant does not septate in the presence of low
concentrations of HU (data not shown) suggests that
the S phase checkpoint s intact. In contrast, checkpoint
mutants such as wvsB, uvsD, and sntA form septa under



A. nidulans RecQ) Helicase 1603

similar conditions (HARrRIS and Kraus 1998; Kraus and
Harris 2001). Instead, as suggested for other RecQ
helicases (STEWART et al. 1997; HARMON and KowALC-
ZYKOWSKI 1998; GANGLOFF et al. 2000; MYUNG et al.
2001), we propose that MUSN protects stalled replica-
tion forks from undergoing promiscuous recombina-
tion events that could trigger genome instability.
Suppression of uvsB defects by the musN227mutation:
The ability of the musN227 mutation to suppress the
genotoxin sensitivity of uvsB and wvsD mutants initially
suggested that suppression was caused by inactivation
of a pathway that normally antagonizes the functions(s)
of UVSB and UVSD (HormanN and Harris 2000). How-
ever, we still cannot eliminate the possibility of a direct
interaction between MUSN and UVSB. Moreover, it has
recently been demonstrated that human homologs of
MUSN and UVSB (BLM and ATM, respectively) coexist
within a large supercomplex of proteins that respond
to DNA damage (WANG et al. 2000). Such a complex
may also exist in A. nidulans, and musN227 may suppress
uusB mutations by affecting its assembly or function.
Understanding the basis of the genetic interaction
between wwsB and musN is further complicated by the
observation that the AmusN mutation does not suppress,
but instead enhances, the sensitivity of uwvsB mutants to
MMS and HU. Accordingly, since musN227 appears to
be a hypomorphic mutation, we suggest that MUSN
function can be compromised only to a certain extent
to allow suppression of uvsB defects. For example, a
modest decrease in MUSN function (i.e., musN227) may
suppress uvsB mutations by causing a small increase in
the number of Holliday junctions, but a more severe
decrease in function (i.e., AmusN) may trigger a poten-
tially lethal increase in promiscuous recombination.
We propose two related models to explain the sup-
pression of wwsB defects by the musN227 mutation. In
the first model, suppression is an indirect effect of a
block to recovery. By prolonging the DNA damage re-
sponse, the musN227 mutation could allow more time
for the repair of potentially lethal genotoxic damage.
Indeed, since the level of homologous recombination
associated with crossing over is elevated in musN227
mutants (ZHAO and KArer 1992), the accumulation of
Holliday junctions could facilitate the repair of such
damage. The second model is based on the premise
that MUSN may be a substrate for phosphorylation by
UVSB (note that, by analogy to the model yeasts, A.
nidulans is likely to possess a second ATM-related PIKK
capable of modifying MUSN; Karow et al. 2000b). In
support of this idea, MUSN possesses two clusters of
consensus PIKK phosphorylation sites (Kim ef al. 1999),
one in the extreme N terminus and another in the
extreme C terminus. Perhaps UVSB sets the stage for
recovery from the DNA damage response by modifying
MUSN and thus influencing its activity. Since the poten-
tial cluster of PIKK phosphorylation sites located at the
C terminus would be missing from the musN227 gene

product, it may be less efficiently modified by PIKKs,
thus delaying recovery.

Our observation that a mutation in a RecQ helicase
partially suppresses the growth defects and genotoxin
sensitivity of an ATM homolog may have clinical rele-
vance. For example, mutations in human RecQ helicases
such as BLM, WRN, or RecQL5 could serve as pheno-
typic modifiers (HARTMAN et al. 2001) of the disease
ataxia telangiectasia. This could account for some of
the clinical heterogeneity associated with this disorder.
In addition, the apparentsusceptibility of atm™ ™ hetero-
zygotes to cancer (SWIFT et al. 1987, 1990; see also Frrz-
GERALD ¢t al. 1997) could be influenced by their geno-
types at BLM, WRN, or RecQLb5.
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