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ABSTRACT

Mutation in the bimD gene of Aspergillus nidulans results in a mitotic block in anaphase characterized
by a defective mitosis. Mutation in #imD also confers, at temperatures permissive for the mitotic arrest
phenotype, an increased sensitivity to DNA damaging agents, including methyl methanesulfonate and
ultraviolet light. In order to better understand the relationship between DNA damage and mitotic
progression, we cloned the bimD gene from Aspergillus. A cosmid containing the bimD gene was
identified among pools of cosmids by cotransformation with the nutritional selective pyrG gene of a
strain carrying the recessive, temperature-sensitive lethal béimDé mutation. The bimD gene encodes a
predicted polypeptide of 166,000 daltons in mass and contains amino acid sequence motifs similar to
those found in some DNA-binding transcription factors. These sequences include a basic domain
followed by a leucine zipper, which together are called a bZIP motif, and a carboxyl-terminal domain
enriched in acidic amino acids. Overexpression of the wild-type bimD protein resulted in an arrest of
the nuclear division cycle that was reversible and determined to be in either the G, or S phase of the
cell cycle. Our data suggest that bimD may play an essential regulatory role relating to DNA metabolism

which is required for a successful mitosis.

EGULATION of entry into mitosis has been
shown to occur by phosphorylation of various
cellular substrates by protein kinases including the
p34°“2 protein kinase of Schizoaccharomyces pombe and
its homologs in many organisms and the NIMA pro-
tein kinase of Aspergillus nidulans (MACNEILL, CRE-
ANER and NURSE 1991; OsMANI, MAY and MORRIS
1987). For example, nuclear envelope breakdown
during mitosis occurs as a result of phosphorylation
of nuclear lamins by p34““ kinase. Nuclear lamins
have been shown to be phosphorylated by p34°““ both
in vitro and when lamins are introduced into fission
yeast (ENOCH et al. 1991; PETER et al. 1990, 1991).
Other cellular substrates phosphorylated by p34°
kinase at mitosis include caldesmin and chromatin
high mobility group protein I in mammalian cells
(YAMAKITA, YAMASHIRO and MATSUMURA 1992; Nis-
SEN, LANGAN and REEVES 1991). Nucleolin in mam-
malian cells and histone H1 are also substrates for
p34°“? kinase (BELENGUER ¢t al. 1990; ARION et al.
1988). As a regulator of entry into mitosis, the p34-
protein kinase potentially responds to a variety of
signals to ensure that entry into mitosis does not occur
at an inappropriate time. These signals include incom-
plete DNA synthesis, the presence of damaged DNA
and an incomplete mitotic spindle. The failure to halt
progression into mitosis in response to any of these
signals may result in a defective or catastrophic mitosis
which ultimately would lead to cell death. The p34%
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kinase is regulated by both phosphorylation and de-
phosphorylation events in a seemingly redundant sys-
tem of control (LUNDGREN et al. 1991; RUSSEL and
Nursk 1986, 1987). This complex regulatory system
seems to exist, however, because of the many signals
to which this kinase must respond to control entry
into mitosis. For example, in S. pombe, the pathways
by which ¢dc2 is inhibited in response to DNA damage
induced by y-radiation appears to be different from
the pathway by which incompletely replicated DNA
inhibits ¢dc2 (ROWLEY, HUDSON and YOUNG 1992).
Mitotic delay caused by y-radiation-induced damage
requires the weel protein kinase, which is a negative
regulator of cdc2 function (RUSSEL and NURSE 1987).
Mitotic delay in response to incomplete DNA synthe-
sis, however, does not require wee ! (ENOCH and NURSE
1990; ENocH, CARR and NURSE 1992). In Saccharo-
myces cerevisiae, delay of progression through mitosis
in response to the absence of a mitotic spindle appears
to be due to inhibition of inactivation of p34“”“# the
homologous kinase to S. pombe p34°*? (HoyT, TOTIS
and ROBERTS 1991; LI and MURRAY 1991). Genes
which affect mitotic progression in response to DNA
damage are known such as the RAD9 gene of §.
cerevisize (WEINERT and HARTWELL 1988; SCHIESTL
et al. 1989) and the mammalian p53 (KASTAN et al.
1991), yet it is unknown if these genes act through
the p34°*? kinase to affect progression into mitosis.
However, p53 and p34°“? may cooperate to inhibit
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cell growth, based on effects of expression of p53 and
the human CDC2Hs in . cerevisicae (NIGRO et al.
1992). Interestingly, p53 is a sequence-specific DNA-
binding protein which can act as a transcriptional
activator (FARMER et al. 1992; BARGONETTI et al.
1991; KERN et al. 1991; RAYCROFT, WU and LozaNo
1990; F1ELDS and JANG 1990), and RAD9 has homol-
ogy to jun, a DNA-binding transcription factor
(SCHIESTL et al. 1989). This may suggest similar mech-
anisms by which these two proteins affect mitotic
progression in response to DNA damage.

Genetic analysis of mutations which result in either
a failure to enter or exit mitosis or result in a defective
mitosis can potentially identify genes involved in con-
trolling mitotic progression, genes whose products are
components of the mitotic apparatus, and genes which
control production of these components. In A. nidu-
lans this approach has identified genes involved in
control of entry into and exit from mitosis (MORRIS
1976; OsMANI, MAY and MORRIs 1987; OsMaNI, Pu
and MORRIS 1988; OSMANI et al. 1988; ENGLE et al.
1990; DooNAN and MoRRris 1989). It has also identi-
fied genes whose products are apparently novel struc-
tural components important for mitosis (MAY et al.
1992; ENos and MoORris 1990; O’DONNELL et al.
1991). Of particular interest would be mutations
which affect two processes whose interrelationships
are not fully understood, such as DNA metabolism
and mitosis. Such mutations could identify genes
which act to ensure that chromosomes are properly
segregated at mitosis.

Mutations in the RAD9 checkpoint gene of S. cere-
visige allow cells to enter mitosis in the presence of
damaged DNA, yet the only mitotic defect resulting
from a complete absence of the RAD9Y gene product
is an increase in the rate of chromosome loss (HART-
WELL and WEINERT 1989). Further, it is not known
how RAD9 acts to delay mitosis in response to dam-
aged DNA (WEINERT and HARTWELL 1988). Muta-
tions in the bimE gene of Aspergillus and in the
hamster RCC1 gene result in premature chromosome
condensation and entry into mitosis (NISHIMOTO, EI-
LEN and BasiLico 1978; OSMANI et al. 1988). How-
ever, whereas mutations in both the RCC1 gene and
in piml1, the S. pombe RCC1 homolog, seem to cause
premature activation of H1 kinase, this does not seem
to be the case for PRP20, the S. cerevisiae RCC1
homolog (MATSUMOTO and BEACH 1991; CLARK et al.
1991). The mechanism, therefore, by which cells de-
lay chromosome condensation prior to entry into mi-
tosis is not completely understood. Therefore, it is of
interest to study genes which are involved in both
mitosis and aspects of DNA metabolism, as this will
aid in determining how cells ultimately segregate ge-
netic information into two identical nuclei at mitosis.

In this study we describe the bimD gene of A.

nidulans, mutations in which result in a conditional
mitotic arrest and an increased sensitivity to DNA-
damaging agents which is seen under conditions per-
missive for the mitotic defect. Additionally, the mi-
totic block is characterized by an abnormal, cata-
strophic mitosis and a decrease in the number of
microtubules in the mitotic spindle (OAKLEY 1981).
We describe the cloning and characterization of the
bimD gene. We present evidence to suggest that this
gene performs an essential function which is required
for a successful mitosis. This function may be in DNA
metabolism, possibly as a DNA-binding protein.

MATERIALS AND METHODS

Aspergillus strains, culture conditions, and transfor-
mation: A. nidulans strains used in this study were D6.2:
bimD6; pyrG89; wA3; sC12, used for complementation of the
bimD6 mutation, the 2n strain, GM24/GM26: pyrG89 riboAl
yA2; nicB8; fwAl/pyrG89 pabaAl; AcrAl; benA22 riboB2,
used for disruption of the bimD gene. The strains used for
tests for methyl methanesulfonate (MMS) and UV sensitivity
were M4053: riboAl; sC12; bimD6 pyroA4; nicA2; chaAl,
M4055: riboAl; sC12; pyroA4; nicA2; chAl and M3930:
pabaAl; wusB110; nicA2; chaAl. The strain SO30: nimT23
cnxE16 wA2; nicA2; choAl; pabaAl, was used for anti-tubulin
immunofluorescence. pyrG89 strains were grown on media
containing 2% malt extract, 0.2% peptone, 1% dextrose,
trace elements (COVE 1977), 5 mM uridine, 10 mM uracil, 1
pg/ml pyrodoxine, 8.8 ug/ml riboflavin. Transformation of
A. nidulans was performed as described previously (May
1989). For growth in liquid media and microscopic studies
strains were grown in 0.5% yeast extract, 20 mm dextrose,
trace elements, 5 mM uridine, and 10 mM uracil. Genetic
methods and other media employed were those described
previously (KAFER 1977; PONTECORVO 1953).

Plasmid construction: The plasmid pbimD12 used for
the bimD gene disruption was made by subcloning a 2.0-kb
EcoR1-Bglll internal bimD genomic fragment (see Figure 5)
into the vector pRG4 which contains the pyr-4 gene of
Neurospora crassa which complements the pyrG89 mutation
of A. nidulans (WARING, MAY and MORRIs 1989). The
plasmid pAL3bimD was constructed by placing a 4.8-kb,
full-length bimD cDNA insert under the control of the
inducible alcA promoter in the vector pAL3 which contains
the pyr-4 gene of N. crassa as a nutritional marker (WARING,
MAyY and MORRIs 1989).

Cloning of the bimD gene, isolation of cDNAs and
sequence determination: To clone the bimD gene pools of
40 linkage group IV-specific A. nidulans cosmid clones were
transformed along with the plasmid ppyrG into the strain
D6.2. The cosmid library was constructed in the vector
pWE15 (BrRODY et al. 1991). Once we identified a pool
containing complementing activity we transformed each
cosmid in that pool individually, using DNA prepared from
a DNA minipreparation protocol (VOLLMER and YANOFSKY
1986). Three cDNA libraries were screened with restriction
fragments of bimD genomic clones to identify overlapping
bimD cDNA clones, 2 AZAP and UniZAP library (Strata-
gene, La Jolla, California; May et al. 1992) and a Agtl0
library (OsMaNI, PU and MoRRis 1988). A near full-length
cDNA, which was overlapping with the other, shorter
clones, was isolated from the Agtl0 library. Sequencing of
bimD cDNAs was performed using the T7 DNA polymerase
system (Sequenase, U.S. Biochemical Corp., Cleveland)
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using single stranded templates in M13mp18 and M13mp19
(EHINGER, DENISON and MAY 1990). Sequences were assem-
bled with the aid of the MBCR computer facility at Baylor
College of Medicine. DNA gel electrophoresis and genomic
Southern analysis were performed as described previously
(MAY et al. 1987). The sequences presented in this manu-
script have been deposited in GenBank and assigned acces-
sion no. L.03200.

Anti-tubuin immunofluorescense and DAPI staining of
bimD6 and nimT23 strains: The strain SO30 was grown
for 12 hr at the permissive temperature of 25° then trans-
ferred to the restrictive temperature of 42° for 3 hr to
block cells in Gz (O’CONNELL et al. 1992). The cells were
then returned to the permissive temperature for 15 min
after which time they were prepared for staining with anti-
tubulin antibody and 4,6-diamidino-2-phenylindole (DAPI).
The strain D6.2 was grown at the permissive temperature
of 25° for for 12 hr and then transferred to the restrictive
temperature for 2 hr after which time the cells were pre-
pared for anti-tubulin antibody and DAPI staining. The
cells were fixed for 45 min in 1 X MTSB, 10% dimethyl-
sulfoxide (DMSO), 8% formaldehyde (MTSB = 100 mmMm
Pipes, pH 6.7, 25 mMm EGTA, 5 mM MgSO,). The cells were
then digested in 0.5 X MTSB, 5% Driselase, 2% Novozyme,
50% egg white for 70 min. Extraction was then carried out
in 1 X MTSB with 0.1% Nonidet P-40, 10% DMSO for 60
sec. Anti-tubulin antibody DM1A was used at a dilution of
1:100 and for 45 min. Fluorescein isothiocyanate (FITC)-
conjugated goat anti-mouse antibody was then reacted
against the cells at a dilution of 1:200 for 45 min.

Tests for mutagen sensitivity: For MMS treatment, con-
idia were treated in NaK-phosphate buffer (0.05 M, pH 7.0)
for 2 hr at 32° and then plated onto rich medium to
determine survival (KAFER and MAYor 1986). For UV
treatment, conidia were plated on complete medium (CM)
and irradiated on the plates after preincubation for 6 hr
at 28° (KAFER and MAYOR 1986). UV dose rate was 1.6
J/m?*/sec.

Other materials: Restriction endonucleases and DNA
modifying enzymes were from New England Biolabs, Pro-
mega Biotechnology or Boehringer Mannheim and used
according to the manufacturer’s instructions. Other re-
agents were from Sigma Chemical Co. (St. Louis, Misssouri)
or Fisher Scientific Co. (Houston, Texas).

RESULTS

Genetic mapping of the bimD5 mutation: Our
strategy to clone the bimD gene was potentially de-
pendent upon a precise linkage group assignment of
the mutation and possibly upon mapping to its chro-
mosomal location. Our linkage group assignment by
mitotic mapping experiments confirmed the original
assignment of linkage group IV. Attempts to map the
bimD5 mutation meiotically within linkage group IV
failed to detect linkage to any of the markers in
commonly used meiotic mapping strains. The left arm
of linkage group IV contains a gap between the genes
uvsH and methG. Using suitable markers and mitotic
crossing over we were able to place the bimD5 muta-
tion on the left arm of linkage group IV. Subsequent
crosses to uvsH mutant strains confirmed this location
of bimD to the left arm of linkage group IV and placed
bimD and wvsH 2.5% recombination from one an-

other. The small distance between bimD and uwvsH
suggested that the two could be the same gene, par-
ticularly since mutations in both genes confer muta-
gen sensitivity (Kafer and Mayor 1986). We know,
however, that this is not the case, as a bimD genomic
clone does not complement a uvsH77 mutant strain.

bimD6 mutant strains have increased sensitivity,
relative to wild type, to UV light and MMS: During
the course of our genetic mapping it was determined
that bimD6 mutant strains had increased sensitivity to
MMS, an agent used to test for uvs mutations. This
sensitivity to MMS of bimD6 mutants was independent
of the temperature of growth, as it was observed at
the permissive temperature for growth. Both the
bimD5 and bimD6 mutant alleles exhibited this phe-
notype. The sensitivity of a strain carrying the bimD6
mutation is greater than a wild type strain and is
similar to a strain carrying the wvsBI10 mutation
(Figure 1, upper panel). The sensitivity of uvsB strains
has been characterized previously (KAFER and MAYOR
1986). We next wanted to determine if this sensitivity
of bimD6 strains was unique to some property of MMS
or if it was related to this agent’s DNA damaging
ability. We therefore examined the sensitivity of a
bimD6 mutant strain to UV compared to a wild-type
strain. The b#mD6 mutation also conferred a sensitivity
to UV light which was greater than wild-type sensitiv-
ity and less than that of a uvsB110 strain (Figure 1,
lower panel).

Mitotic defect of bimD6 mutant strains: The bimD5
and bimD6 mutations were originally isolated as con-
ditionally lethal mitotic mutants (MORRIS 1976). We
have characterized the nature of the mitotic defect of
the bimD6 mutation in greater detail. Following a shift
to restrictive temperature the chromosomal mitotic
index (CMI, percentage of cells in mitosis) of a bimD6
strain increases to approximately 40% at 2 hr, after
which an increase in the number of cells with abnor-
mal nuclear morphology is seen. In contrast, the CMI
of a wild-type strain remains at approximately 4% in
the same experiment (data not shown).

Examination of nuclei with the DNA-specific dye
DAPI and of mitotic spindles by anti-tubulin immu-
nofluorescence showed that the chromatin in relation
to the spindle is not wild-type in appearance in a bimDé
mutant strain at restrictive temperature (Figure 2).
Normally in mitosis, chromatin is highly condensed
and forms two well defined masses in late anaphase
and telophase (Figure 2, b and d) which resides at
opposite ends of the mitotic spindle (Figure 2, a and
c; the cell shown in a and b contains two spindles). In
contrast, in the defective mitosis of a bimD6é mutant
strain, the condensed chromatin lies randomly along
the spindle and does not form two discrete masses at
either end of the spindle. We often observe in the
bimD6 mutant cells three or four discrete chromatin
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FIGURE 1.—Comparison of sensitivity to MMS and UV of bimD6,
uvsB110, and wild-type strains. (Upper panel) Survival when conidia
are treated with MMS in liquid buffer and then spread onto plates;
(lower panel) survival when conidia are pregerminated on CM plates
prior to UV irradiation of the growing cells on the plates. See
MATERIALS AND METHODS for the details of the treatments and of
the strains used.

masses (Figure 2, f and h) along the length of the
spindles (Figure 2, e and g; both cells shown contain
two spindles). Spindle elongation never occurs in the
bimD6 mutant strain to the degree seen in the control
strain in which telophase spindles appear highly elon-
gated. The bimD6 mutant mitosis appears therefore
to proceed into anaphase and never progresses beyond
that point. The catastrophic mitosis seen at 42° is
prevented by addition of benomyl to the media at
restrictive temperature before shifting cells from per-
missive temperature (data not shown). Benomyl ar-
rests cells in mitosis with condensed chromatin but
does not allow progression through mitosis, as no
mitotic spindle is present due to microtubule depolym-
erization. This is additional evidence that the nuclear
defects seen in the mutant are the result of a defective
anaphase separation.

To quantitate the effects of the bimD6 mutation on

IF
WILD TYPE
DAPI
IF
MUTANT
DAPI

FIGURE 2.—Microtubule and chromosomal appearance of a wild-
type mitosis and of a bimD6 mutant strain defective mitosis. Conidia
of strain SO30, a nimT23 strain (panels a—d) were germinated at
permissive temperature for 12 hr then shifted to restrictive tem-
perature for 3 hr at which time the cells are blocked in Gz. The
cells were then shifted to the permissive temperature at which time
the cells progress through mitosis. The nimT23 strain was used to
obtain a population of cells undergoing a synchronous, successful
mitosis to compare with the abnormal mitosis of a bimD6 strain
(O’CONNELL et al. 1992). Conidia of D6.2, a bimD6 strain (panels
e-h) were germinated at permissive temperature for 12 hr then
shifted to restrictive temperature for 2 hr at which time samples
were prepared for immunofluorescense and DAPI staining as de-
scribed in MATERIALS AND METHODS. Panels a, ¢, e and g are cells
stained with anti-tubulin antibody to visualize the mitotic spindles
(see MATERIALS AND METHODS). Panels b, d, f and h are cells stained
with DAPI to visualize the nuclei. Scale bar = 5 um.

FIGURE 3.—Mitotic appearance of a bimD6 strain at permissive
and restrictive temperature. This figure shows representative cells
from the classes of mitotic figures quantitated in Table 1. Panels a,
b and ¢ show metaphase, anaphase and telophase mitotic figures,
respectively, of D6.2 cells grown at permissive temperature. Panel
d shows an metaphase mitotic configuration of a D6.2 cell at
restrictive temperature. Panels e and f show anaphase cells at
restrictive temperature. Scale bar = 5 um.

mitosis, a bimD6 mutant strain was grown at permissive
temperature and some of the cells transferred to
restrictive temperature for 2 hr. After 2 hr, cells from
each culture were analyzed to determine which of
three stages in mitosis (metaphase, anaphase or telo-
phase) the cells were in. Metaphase cells were identi-
fied as having a single, highly condensed chromatin
mass and a short mitotic spindle. Anaphase cells show
some separation between chromatin masses and a
spindle which is elongated relative to the metaphase
spindle. Telophase cells exhibit two chromatin masses
more widely separated than anaphase cells and a
highly elongated spindle. bimD6 cells at permissive
temperature showed all three stages of mitosis, meta-
phase (Figure 3a), anaphase (Figure 3b) and telophase
(Figure 3c). Of the cells at permissive temperature
examined, 55% were metaphase, 3% were anaphase
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TABLE 1

Quantitation of mitotic stages of a bimDé mutant strain at
permissive and restrictive temperatures

Stage (%)
Growth
temperature Metaphase Anaphase Telophase
Permissive 55 3 42
Restrictive 6 94 0

Cells of a bimD6 mutant strain were germinated at 25°. Some of
the cells were left at 25° (Permissive) and some of the cells were
shifted to 42° (Restrictive). One hundred mitotic cells at each
temperature were examined to determine which of three stages of
mitosis, metaphase, anaphase, or telophase, the cells were in. Ex-
amples of the stages present at both temperatures are shown in
Figure 3.

and 42% were telophase (Table 1). Metaphase cells
were also present in the bimD6 culture at restrictive
temperature (Figure 3d). However, these cells only
represented 6% of the cells seen (Table 1). In contrast,
none of the cells at restrictive temperature were telo-
phase (Table 1). The predominant class of cells at
restrictive temperature were anaphase, with 94% of
the cells in this stage (Table 1). However, the anaphase
configurations were abnormal, in that a large, single
chromatin mass (Figure 3f) or many discrete masses
(Figure 3e) were seen in the mutant as opposed to the
two seen in a wild-type anaphase (Figure 3b).

The relationship of the chromatin to the mitotic
spindle in the dimD6 mutant suggests a defect of
attachment of the chromosomes to the spindle and is
consistent with previously published information dem-
onstrating a lack of spindle pole body to kinetochore
microtubules in the mutant at restrictive temperature
(OaxkLEY 1981).

Cloning of the bimD gene: To clone the bimD gene,
we cotransformed pools of linkage group IV specific
cosmids with the pyrG gene as a selective nutritional
marker into a bimD6, pyrG89 double mutant strain of
A. nidulans. Using pools of 40 cosmid clones in co-
transformation experiments we were able to identify
a pool that had complementing activity for the bimD6
mutation. The individual cosmid clones for this pool
were cotransformed to identify a single cosmid that
contained complementing activity. From the identi-
fied cosmid, a 12.7-kb KpnI band was found to contain
the complementing activity (Figure 4).

We analyzed restriction fragments of this 12.7-kb
Kpnl fragment for their ability to complement the
bimD6 mutation and for the number and size of mes-
senger RNA species they hybridized with on Northern
transfers of polyadenylated RNA (Figure 4). Using
this approach we identified a transcriptional unit of
approximately 5 kb that was most likely responsible
for the complementing activity. That the bimD gene,
and not a suppressor gene, was contained on the 12.7-
kb fragment was determined by two-step gene replace-
ment (MILLER, MILLER and TIMBERLAKE 1985). A

Comp. RNA
K X XN EC X Xb K
+ [ | [ |
+/- X X 5,24
E X 5
+/- k C
- K N
+ N K
s 3
Ll
bimD Transcriptional Unit
J_ 3
+ 7 1Kb

bimD cDNA Clones

FIGURE 4.—bimD genomic clone analysis and isolation of bimDc
DNAs. The ability of various subclones to complement the bimDé6
mutation is indicated at the left side and the size of RNA species,
in thousands of nucleotides, detected on Northern blots is indicated
at the right side. As the larger Ncol/Kpnl fragment but not the
smaller complements the 4imDé mutation, an unidentified transcrip-
tional unit of 2,400 nucleotides is present upstream of the bimD
gene. Complementation activity of the various fragments was scored
as no (—), a few (+/—), or many (+) ts* transformants. The location
and direction of the bimD transcriptional unit is indicated below the
map along with the location of the overlapping cDNA clones used
to determine the sequence of dimD. The restriction sites indicated
are K, Kpnl; X, Xhol; N, Ncol; E, EcoRI; G, Clal; Xb, Xbal.

plasmid containing the 12.7-kb Kpnl fragment and
the nutritional selective marker the pyr-4 gene of N.
crassa was transformed into a bimD6, pyrG89 mutant
strain. A transformant was identified by Southern
analysis which had intergrated a single copy of the
plasmid at bimD, producing a tandem repeat of this
12.7-kb fragment. This strain was then cured of the
transforming plasmid using 5-fluoro-orotic acid evic-
tion at permissive temperature (MAY et al. 1992).
Recombination between the tandem repeat created
by the transforming circular plasmid and the target
sequences on the chromosome can result in the loss
of the plasmid sequences from the chromosome, leav-
ing either the original mutant sequences or the wild-
type sequences. Following plasmid eviction, strains
that were wild-type for growth at restrictive temper-
ature and strains that were temperature sensitive were
obtained. Two apparent replacement strains were
then out crossed to another wild-type strain to show
that the heat sensitive 4imD6 mutation in the original
transformant strain was not uncovered, thus indicat-
ing that a suppressor of the imDé mutation was not
inadvertantly cloned and was responsible for comple-
mentation of the heat sensitivity. A final and more
definitive proof that the approximately 5-kb transcrip-
tional unit contained within the 12.7-kb Kpnl frag-
ment was the bimD gene was that a full-length cDNA
clone was able to rescue the heat sensitivity of the
bimD6 mutation when cotransformed with the pyrG
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gene. In this experiment rescue of the heat sensitivity
was presumably by repair of the mutant allele with
the wild-type information from the plasmid containing
the cDNA, which lacks promoter activity.

Sequence of the bimD cDNA and derived amino
acid sequence suggests a DNA binding function for
the bimD protein: Three overlapping cDNA clones
were isolated for the nearly 5-kb bimD transcriptional
unit (Figure 4). The nucleotide sequence and derived
amino acid sequence of these three overlapping cDNA
clones was determined (Figure 5). The longest cDNA
clone, #7 in Figure 4, was 4885 bp in length. It was
this cDNA clone that was used to rescue a bimD6
mutant strain in the cotransformation experiments
described in the preceding section. The predicted
open reading frame was 1506 amino acids in length.
Near the beginning of this open reading frame was a
methionine that could initiate translation of a protein
with a predicted molecular mass of 166,295 daltons.
This has been confirmed by reacting a #imD polyclonal
antisera to a Western blot of protein made from a
strain of A. nidulans which was made to overexpress
bimD. An immunoreactive band of the predicted mo-
lecular weight is recognized by the polyclonal antisera
(data not shown). Complementary DNA clone #7 is
likely to be nearly full-length because genomic se-
quences from the Ncol to the Xbal sites (Figure 4) are
sufficient to complement the bimD6 mutation when
integrated at the trpC gene (data not shown). Thus
these sequences must contain the entire bimD trascrip-
tional unit. In addition a termination codon at base
49 of the cDNA sequence (Figure 5) is upstream of
and in frame with the presumptive initiation codon.

Analysis of the amino acid sequence predicted by
the open reading frame for features found in other
proteins yielded the following results. Three putative
nuclear localization signals were found in the pre-
dicted polypeptide (Figure 5, single underline). The
last 140 amino acid residues of the predicted polypep-
tide were enriched in acidic amino acids, 28% vs. 14%
over the entire polypeptide. The overall distribution
of basic amino acid residues in this same region was
similar, 14%, to that found for the entire polypeptide,
15%. It was also noted that there was a leucine zipper
motif that was preceded by a basic domain which was
similar to that found in the bZIP class of transcription
factors (LANDSHULZ, JOHNSON and MCKNIGHT 1988)
(Figure 5, double underline). This region of the bimD
protein, BIMD, is aligned in Figure 6 with known
bZIP proteins. Highlighted in Figure 6 are amino
acids which BIMD shares with one or more of the
bZIP proteins. The region of BIMD containing the
heptad leucine repeats is separated from the basic
region by an additional two amino acids as compared
to the other leucine zipper proteins. The bZIP pro-
teins shown illustrate both the similarities and the

differences between members of this class of proteins.
For example in the leucine zipper region, some of the
bZIP proteins have in place of the leucine residues,
conservative replacements such as isoleucine, methi-
onine and tryptophan. BIMD has two leucine residues
in the first and second positions and isoleucines in the
third and fourth positions. The bimD basic region is
most similar to GCN4 and c¢pc-1, both fungal genes.
As no additional sequence similarity was found be-
tween bimD and other genes, we conclude that bimD
is a novel gene whose product is involved in mitosis.
A bimD genomic fragment was used to probe a South-
ern blot under conditions of low stringency showed
that dimD is present as a single copy gene in the A.
nidulans genome (data not shown).

bimD is an essential gene: A diploid strain of A.
nidulans was transformed with the circular disrupting
plasmid pbimD12 and a strain heterozygous for the
bimD gene disruption based on Southern analysis was
obtained. This strain was haploidized on medium that
would support the growth of all possible haploid gen-
otypes and the resulting segregants were analyzed
genotypically by Southern transfer. A total of 50
presumptive haploids were analyzed for their geno-
types of which 9 were diploid as determined by reten-
tion of their ability to grow on minimal medium, and
34 did not carry the integrated plasmid, and therefore
were wild type for bimD, as they required uridine for
growth. The remaining 7 had the transforming plas-
mid for the gene disruption, as they were able to grow
on media minus uridine, but were presumably haploid
as they were not able to grow on minimal medium.
Southern analysis of genomic DNA from this last class
of transformants showed that they were still hetero-
zygous for the gene disruption. This result suggested
that those strains still having the integrated plasmid
were disomic for linkage group IV. In addition these
strains conidiated poorly and had abnormal colony
morphology on medium selective for the transforming
plasmid, characteristics of disomic strains. We can
exclude the possibility that the truncated protein pro-
duced from the 3’ deleted gene was a poison peptide
because the diploid heterozygous for the gene disrup-
tion was normal, even in the absence of selection for
the nutrional markers used to construct it. Similarly,
we would expect that the disomic strains produced
during haploidization would not be viable had the
truncated polypeptide been deleterious to the growth
of the strain. Furthermore, we would not have ex-
pected to recover these disomic strains for the same
reasons. These data strongly suggest that bimD is an
essential gene.

Overexpression of bimD leads to a specific and
reversible block in the nuclear division cycle: The
similarity of bimD to certain transcription factors sug-
gested to us that bimD could perform a regulatory
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BASIC DOMAIN LEUCINE ZIPPER

L L L L L

BIMD RRGYQLIRFAMAAVSDYRTVIKAIKELARRLOSSNNTILHETLTTLLYRCSSIVFNRSHIPAIMSIS
GCN4 SSDPAALKRARNTEAARRSRARKLORMKQ--LEDKVEELLSKNYHLENEVARLKKLVGER
CPC1 YPYHVGAPSDVVAMKRARNTLAARKSRERKAQRLEE-—LEAKIEELIAERDRWKNLALAHGASTE

C\EBP KAKSVDKNSNEYRVRRERNNIAVRKSRDKAKQRNVE——TQQKVLELTSDNDRLRKRVEQLSRELDTL
CREB PTQPAEEAARKREVRLMKNREAARECRRKKKEYVKC——LENRVAVLENQNKTLIEELKALKDLYCHK
HBP1 ERELKKQKRLSNRESARRSRLRKQAECEE--LGQRAEALKSENSSLRIELDRIKKEYEEL
Cys-3 RLAAEEDKRKRNTAASARFRIKKKQREQ --LEKSAKEMSEKVTQLEGRIQALETENKYL
CRE-BP1 PDEKRRKFLERNRAAASRCRQKRKVWVQS--LEKKAEDLSSLNGQLQSEVTLLRNEVAQL
ATF1 QTTKTDDPQLKREIRLMKNREA- RECRRKKKEYVKC——LENRVAVLENQNKTLIEELKTLKDLYSNK
ATF2 RRAANEDPDEKRRKVLERNRAAASRCRQKRKVNVQS-—LEKKAEDLSSLNGQLQSEVTLLRNEVAKL
BZLF LEECDSELEIKRYKNRVASRKCRAKFKQLLQH-—YREVAAAKSSENQRLLLLKQMSPSLDVDS
DBP VQVPEEQKDEKYWSRRYKNNEAAKRSRDARRLKENQ-—ISVRAAFLEKENALLRQEVVAVQELSHYR
E4BP4 EFIPDEKKDAMYWEKRRKNNEAAKRSREKRRLNDLV-—LENKLIALGEENATLKAELLSLKLKFGLI
MET4 GFEKKQLIKKELGDDDEDLLIQSKKSHQKKKLKEKE--LESSIHELTEIAASLQKRIHTLETENKLL
JUN SQERIKAERKRMRNRIAASKCRKRKLERIAR--LEEKVDTLKAQNSELASTANMLTEQVAQL
FOS EERRRIRRIRRERNKMAAAKCRNRRRELTDT——LQAETDQLEDKKSALQTEIANLLKEKEKL
YAP1 DLDPETKQKRTAQNRAAQRAFRERKERKMKE——LEKKVQSLESIQQQNEVEATFLRDQLITL
TGAl SKPVEKVLRRLAQNREAARKSRLRKKAYVQQ——LENSKLKLIQLEQELERARKQGMCVGGGV
Opaque?2 MPTEERVRKRKESNRESARRSRYRKAAHLKE-—LEDQVAQLKAENSCLLRRIAALNQKYNKA

FIGURE 6.—Comparison of bimDb ZIP domain to known bZIP proteins. The bZIP region of bimD is alligned here with members of the
bZIP family of proteins. Leucine residues are indicated above the heptad leucine repeats. The proteins shown are C\EBP (LANDSHULTZ,
JoHNsoN and MCKNIGHT 1988), GCN4, JUN, FOS (LANDSHULTZ et al. 1988), CREB (GONZALEZ et al. 1989), HBP1 (GUILTINAN, MARCOTTE
and QUATRANO 1990), Cys-3 (Fu and MARZLUF 1990), CRE-BP1 (MAEKAWA et al. 1989), CPCI (PALUH et al. 1988), ATF1, ATF2 (HAI et
al. 1989), BZLF (FARRELL et al. 1989), DBP (MUELLER, MAIRE and SCHIBLER 1990), E4BP4 (COWELL, SKINNER and HURST 1992), MET4
(THOMAS, JACQUEMIN and SURDIN-KER]JAN 1992), YAP1 (MOYE-ROWLEY, HARSHMAN and PARKER 1989), Opaque2 (TROPSHA et al. 1991).

function in the cell. The mitotic defect at restrictive
temperature suggested that BIMD might positively
regulate the expression of components required for
mitosis. In the absence of functional BIMD at restric-
tive temperature, these components might not be
made, resulting in a defective mitosis. If this were the
case, then overexpression of the BIMD might induce
mitotic events in the cell. To test this hypothesis, the
full-length bimD cDNA was placed under the control
of the regulatable alcA promoter in the vector pAL3
(see MATERIALS AND METHODS for details of construc-
tion) (WARING, MAY and MorRris 1989). This alcA
driven bimD cDNA was transformed into a wild- type
strain of A. nidulans and the effects of overexpression
were determined by testing primary transformants on
replicate plates containing either ethanol as an inducer
of alcA, or glucose as a repressor for alcA. All trans-
formants tested were inhibited for growth on ethanol
relative to their growth on glucose. Thus it appeared
that overexpression of BIMD might have an effect on
cell growth or viability. Southern analysis of these
transformants showed that inhibition of growth cor-
related with copy number of the integrated plasmid.
A strain with a single copy of the plasmid was less
inhibited for growth on ethanol than a strain with five
copies. Microsopic analysis of the strain which had
integrated five copies of the plasmid showed that
germination in ethanol led to cells with a single nu-
cleus (Figure 7, white bar, 14-hr growth) while a
control strain had undergone one nuclear division in
the same time (black bar, 14-hr growth). However,
the nuclei in these arrested cells did not appear mi-
totic, but rather appeared interphase (not shown).
Thus, overexpression of BIMD did not induce mitotic
events, but rather produced a block in interphase.

Nuclei/Cell

14 19
Hours of Growth

FIGURE 7.—The cell cycle arrest due to bimD overexpression is
reversible and occurs in G, or S. A BIMD overexpressing strain,
GR5::pAL3bimD.10 (white bar, hatched bars) and a control trans-
formant, GR5::ppyrG.1 (black bar) were germinated for 14 hr in
ethanol (inducing) medium and samples taken for microscopic
determination of nuclear number. At this time cells were main-
tained in ethanol for an additional 5 hr (white bar and black bar,
19 hr) or transferred to glucose (repressing) medium (bar hatched
with single line) or glucose medium and 90 mm hydroxyurea (bar
hatched with double lines) for an additional 5 hr of growth (19 hr
total) samples were taken for analysis. Values shown are an average
of 100 cells counted for each condition.

As the cell cycle arrest by overexpression of BIMD
could have resulted from a toxicity of the protein at
high levels and not represent a specific function of
BIMD, we next examined whether cells that had been
arrested by BIMD overexpression could recover from
the block. If the cells recovered from the block, we
also wanted to determine at what stage in the cell
cycle the arrest occurred. Cells blocked by overex-
pression were washed into repressing medium in the
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presence and absence of hydroxyurea, an inhibitor of
DNA synthesis that arrests cells in S phase (BERGEN,
UpsHALL and MoORRIs 1984). If the cells arrested by
overexpression of BIMD were in G, or S then those
cells washed into repressing medium with hydroxyu-
rea would remain uninucleate. In contrast, if these
cells had arrested in Gg, they would undergo a single
nuclear division and arrest as binucleate cells. Cells
that had been washed into medium lacking hydrox-
yurea act as controls to demonstrate that the block
caused by overexpression of BIMD was reversible and
therefore less likely to be a nonspecific effect. We
observed that cells arrested for the nuclear division
cycle by BIMD overexpression were viable when
washed into repressing medium and able to undergo
nuclear division in the absence of hydroxyurea (bar
hatched with single lines, 19-hr growth). In contrast,
cells washed into repressing medium with hydroxyu-
rea did not undergo nuclear division, suggesting that
they had been blocked in either G, or S (bar hatched
with double lines, 19-hr growth). Control cells main-
tained in ethanol had an average of three nuclei per
cell at this time (black bar, 19-hr growth) and bimD
overexpressing cells maintained in ethanol still had
not divided at this time (white bar, 19-hr growth).
Thus, the cell cycle arrest caused by BIMD overex-
pression is less likely to be a nonspecific, toxic effect
on the cell, as it is fully reversible. Furthermore, the
growth arrest of the cell is at a specific point in the
cell cycle, as cells are blocked uniformly in either G,
or S and not randomly throughout the cell cycle as
indicated by the release into hydroxyurea experi-
ments.

The plasmid, pAL3bimD, used in our BIMD over-
expression experiments carried the pyr-4 gene of N.
crassa as a selectable, nutritional marker, whereas our
control in this experiment was transformed with the
PyrG gene of A. nidulans. We examined the possibility
that the nuclear division arrest of the pAL3bimD
transformant when grown in inducing medium (min-
imal medium with ethanol) was due to the reduced
efficiency of the pyr-4 gene in complementing the
PyrG89 mutation relative to the pyrG gene. We tested
this by germination of the pAL3bimD and pyrG trans-
formants in repressing medium (minimal medium plus
acetate). In this control experiment, the pAL3bimD
transformant and the pyrG transformant underwent
nuclear division at the same time and grew equally
well (data not shown). Thus, the nuclear division
arrest seen when the pAL3bimD transformant is ger-
minated in ethanol medium is specific to the induction
of BIMD overexpression.

Germination of the pAL3bimD transformant in
repressing medium followed by transfer to inducing
medium does not result in a cell cycle arrest although
the strain is slowed in growth relative to a strain which

is not transferred from inducing medium. The lack
of a cell cycle arrest in this experiment may be due to
the fact that a large amount of the BIMD protein has
to accumulate in the G, arrested conidia in order to
achieve the cell cycle block.

DISCUSSION

Our early models for BIMD function predicted that
BIMD was a structural protein, possibly a kinetochore
protein or a component of the mitotic spindle re-
quired to stabilize kinetochore microtubules. As de-
termined by electron microscopy, the apparent ab-
sense of kinetochore microtubules from the mitotic
spindle in the mutant supported this early conclusion
(OAKLEY 1981). Anti-tubulin immunofluorescence
and nuclear staining with DAPI could support this
conclusion also, as in the mutant the chromatin is
distributed randomly along the spindle rather than
being separated into two discrete masses as in a wild-
type mitosis (Figures 2 and 3). The bimD6 mitotic
block occurs during anaphase and is characterized by
incomplete chromatin separation and a mitotic spindle
which does not elongate to the degree seen in a normal
telophase. However, some spindle elongation does
occur, as shorter, metaphase spindles are also seen at
restrictive temperature. This suggests that kinetoc-
hore microtubule depolymerization during anaphase
A is not required for anaphase B spindle elongation,
as the kinetochore microtubules are absent from the
spindle in the mutant. Rather, a checkpoint may exist
in the cell which prevents further spindle elongation,
anaphase B, in the absence of complete anaphase A
separation of chromatin, which normally occurs by
kinetochore microtubule shortening.

The presence of a putative DNA-binding motif
could also indicate a role for BIMD as a kinetochore
protein. This would explain the defect in chromatin
separation of #imD6 mutants. The centromere binding
protein CBF1 contains a helix-loop-helix motif (Car1
and Davis 1990). Other centromere binding proteins
may contain other DNA-binding motifs. The presense
in BIMD, however, of an acidic region found in some
transcriptional activators in addition to a bZIP motif
suggests a regulatory role in the cell (WHITE et al.
1992). The results from our BIMD overexpression
experiments would seem to support this conclusion.
Expression of a gene out of context has been used in
a number of systems to examine the consequences to
cellular proliferation and development. For example,
overexpression of the nimA gene of A. nidulans causes
premature entry into mitosis (OsMANI, PUand MORRIS
1988) and in S. pombe overexpression of p53 blocks
growth (BiscHOFF, Casso and BEacH 1992). We rea-
soned that if BIMD acts as a regulator of gene expres-
sion, the overexpression of the protein in a wild type
cell may produce a specific effect on mitosis or cell



1094 S. H. Denison, E. Kéfer and G. S. May

cycle progression. If BIMD acts to positively regulate
the cell cycle by regulating expression of genes re-
quired for mitosis, then overexpression may induce
mitotic like events. The fact, however, that overex-
pression results in a cell cycle arrest in G, or S suggests
that BIMD may act as a negative regulator of cell
cycle progression. BIMD may act to negatively regu-
late components required for mitosis, and overex-
pression may prevent the production of these com-
ponents and therefore prevents mitosis from occur-
ring. Alternatively, bimD may be a bifunctional
protein, carrying out one function in S phase, regu-
latory for example and another, perhaps structural
role in mitosis. For example, the CBF1 protein of §.
cerevisiae acts as a centromere binding protein and
may act as a transcriptional regulator required for
methionine prototrophy (CA1 and Davis 1990).

Although we cannot rule out the possibility that the
arrest due to BIMD overexpression is an effect unre-
lated to BIMD function, the reversibility and specific-
ity of the block argues against this possibility. We also
cannot be certain from the sequence similarities to
bZIP proteins that BIMD is truly a member of this
class of proteins. Additional experiments will be nec-
essary to determine whether BIMD is a bZIP protein.
However, we mention these elements because they
may be important and because the presence of these
sequence elements has guided us in our models for
BIMD function and permitted us to develop testable
hypotheses.

The sensitivity of bimD6 mutants to DNA damaging
agents suggests that BIMD could regulate the tran-
scription of genes required for DNA repair. One such
gene has been identified in S. cerevisiae, encoding the
photolyase regulatory protein (PRP), which mediates
the transcriptional induction of the DNA repair gene
PHRI in response to DNA damage (SEBASTIAN and
SANCAR 1991). Alternatively, BIMD may itseif play a
more direct role in the repair of DNA damage. The
increased sensitivity of bmD6 strains to DNA-damag-
ing agents is not seen in another of the 4im mutants
tested, bimB3, and is therefore not likely to be a
general phenotype of bim mutants. Conversely, no
mutagen sensitive uvs or mus alleles exhibit a condi-
tional mitotic phenotype (KAFER and MAYOR 1986;
ZHA0 and KAFER 1992). It is likely that the sensitivity
of bimD6 mutant strains to DNA-damaging agents at
temperatures permissive for the mitotic defect is the
result of partial loss of bimD function of the mutant
gene product at permissive temperature and the mi-
totic defect seen at restrictive temperature the result
of a complete loss of bimD function. Evidence for this
is that MMS treatment of &imDé6 cells results in a
catastrophic mitosis similar to that seen at restrictive
temperature (data not shown). bimD function may
therefore be required at S phase to carry out a role

related to DNA metabolism, but the absense of its
function may not be seen until M phase, when an
abnormal mitosis occurs. The absence of kinetochore
microtubules in this case could be due to a failure to
assemble a kinetochore structure if DNA damage
persists. The bimD gene product does not appear to
have a checkpoint function, responding to DNA dam-
age like the RAD9 gene product of S. cerevisiae, as
bimD6 mutant cells, like wild-type Aspergillus cells,
show a cell cycle delay after DNA damage (data not
shown).

The bimD gene product is a novel component of the
cell involved in mitotic progression. In addition, its
role seems to involve mitotic progression and repair
of DNA damage. The relationships between these two
events are not completely understood. Further under-
standing the role of dimD in the cell should enhance
our understanding of these processes.
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