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During a study of the genetics of nuclear migration in the filamentous fungus Aspergillus
nidulans, we cloned a gene, nudF, which is required for nuclear migration during
vegetative growth as well as development. The NUDF protein level is controlled by
another protein NUDC, and extra copies of the nudF gene can suppress the nudC3
mutation. nudF encodes a protein with 42% sequence identity to the human LIS-1
(Miller-Dieker lissencephaly-1) gene, which is required for proper neuronal migration
during brain development. This strong similarity suggests that the LIS-1 gene product
may have a function similar to that of NUDF and supports previous findings to suggest
that nuclear migration may play a role in neuronal migration.

INTRODUCTION

Nuclear migration is essential for proper growth, de-
velopment, and cellular function in both higher and
lower eukaryotes. For example, during mouse embryo
development, the peripherally located nuclei migrate
toward the base of each cell before the 8-cell stage; this
displacement may be critical for the generation of
blastomeres of different sizes in the 16-cell embryo
(Reeve and Kelly, 1983). Intermitotic nuclear migra-
tion occurs during brain epithelial cell proliferation,
and is believed to mediate epithelial folding (Smith
and Schoenwolf, 1988). Another very well known nu-
clear migration phenomenon occurs during early em-
bryonic development in Drosophila melanogaster, when
nuclei migrate from deep within the egg to the cortex
before cellularization (Zalokar and Erk, 1976). In mus-
cle cells, nuclei migrate to form clusters beneath ace-
tylcholine receptors in neuromuscular junctions, a
process thought to play a role in maintaining the
position of the receptors (Englander and Rubin, 1987).
In virus-induced cell syncytia, nuclei migrate and as-
semble into tightly packed rows (Wang et al., 1979).

t Corresponding author.

Nuclear migration is also required for the fusion of
pronuclei in eggs during fertilization (Schatten, 1982)
and for karyogamy in fungi (Dutcher and Hartwell,
1983; Rose and Fink, 1987).
Although nuclear migration is involved in many

biological processes, the mechanisms and controls of
nuclear migration are only beginning to be under-
stood. Microtubules have been shown to be required
for nuclear migration in a wide variety of plants and
animals (Doonan et al., 1986; Lloyd et al., 1987) as well
as in A. nidulans (Oakley and Morris, 1980) and Sac-
charomyces cerevisiae (Palmer et al., 1992). The astral
microtubules, which extend from the spindle pole into
the cytoplasm in S. cerevisiae, have been specifically
identified as essential for this process (Palmer et al.,
1992). Cytoplasmic dynein, a microtubule-dependent,
minus end-directed motor (reviewed by Vallee, 1993),
apparently provides the motive force for vegetative
nuclear migration. The heavy chain of cytoplasmic
dynein has been shown to be required for nuclear
migration during vegetative growth in A. nidulans,
Neurospora crassa, and S. cerevisiae (Eshel et al., 1993; Li
et al., 1993; Plamann et al., 1994; Xiang et al. 1994).
Actin-related protein in the dynactin complex (re-
viewed by Vallee, 1993; Schroer, 1994) is also required

( 1995 by The American Society for Cell Biology 297



X. Xiang et al.

for nuclear migration in N. crassa and S. cerevisiae (Li
et al., 1994; Plamann et al., 1994). The yeast KAR3
protein, which is also a minus end-directed motor
(Endow et al., 1994), catalyzes the migration in-
volved in nuclear fusion during mating (Meluh and
Rose, 1990). We have initiated a study of nuclear
migration using the multinuclear, filamentous fun-
gus A. nidulans as a model system. In A. nidulans,
nuclei migrate actively into the growing germ tube
in a microtubule-dependent fashion (Oakley and
Morris, 1980, 1981). We have isolated a set of mu-
tants in A. nidulans that are defective in nuclear
migration and distribution (Morris, 1976 and our
unpublished data). When these mutant cells are in-
cubated at the restrictive temperature of 42°C, the
nuclei divide but fail to migrate into the growing
germ tube, forming nuclear clusters in the spore end
of the germ tube. If the mutants are germinated at
permissive temperature followed by a shift to re-
strictive temperature, they develop nuclear clusters
at various locations along the germ tube, leaving
long stretches of mycelium anucleate (Morris, 1976).
Two nud genes, nudA and nudC, have been previ-
ously cloned by complementation of their tempera-
ture-sensitive mutant phenotypes. The nudA gene
sequence showed that it encodes a cytoplasmic dy-
nein heavy chain (Xiang et al., 1994). This result
provides direct evidence that cytoplasmic dynein is
involved in nuclear migration. The nudC gene en-
codes a protein of 22 kDa with no obvious homol-
ogy to any protein whose function is known (Os-
mani et al., 1990). However, it does exhibit strong
sequence similarity to an expressed sequence tag of
Caenorhabditis elegans in the GenBank database. Se-
quences resembling nudC have also been identified
in Drosophila (J. Cunniff and R. Warrior, personal
communication) and rat (Y-L. Li, personal commu-
nication), suggesting that its function is evolution-
arily conserved. In this report, we describe the phe-
notype of the nudF mutants, the cloning and
sequencing of the nudF gene, and show that it is an
extracopy suppressor of the nudC3 mutation. We
also demonstrate that the NUDF protein level de-
clines in the nudC3 mutant grown at restrictive tem-
perature, and that this also occurs when the nudF
gene expression is induced from an exogenous pro-
moter, indicating that the change in NUDF protein
level in the nudC3 mutant is not dependent on tran-
scription from the nudF promoter. The sequence of
the NUDF protein is similar to the Miller-Dieker
lissencephaly (LIS-1) gene product (Reiner et al.,
1993) with an identity of 42% throughout the whole
protein. This result suggests that the Miller-Dieker
lissencephaly (LIS-1) gene product may have a func-
tion similar to that of the NUDF protein.

MATERIALS AND METHODS

Strains Used
Strains used were: AO1 (nudC3; pabaAl; wA2; nicA2; pyrG89); SH2E9
(nudF6; riboAl; yA2; nicA2); BB22A (nudF7; pabaAl; yA2); Uvts768
(nudC3; adE20; biAl; wA2; cnxE; sC12; methGl; nicA2; lacAl; choAl;
chaAl); Uvts320 (nudA2; the other markers are the same as Uvts768);
XX3 (nudAl; chaAl; pyrG89); XX20 (nudF6; pyrG89); XX21 (nudF7;
pyrG89; yA2); SJ002 (pyrG89); FGSC122 (riboAl; nicB8; yA2); XX19
(nudA2; pyrG89; chaAl; nicA2 and/or nicB8); XX8 (nudA4; pyrG89;
wA2; chaAl); XX10 (nudA5; pyrG89; wA2; chaAl); XX24 (pabaAl;
yAl); XX25 (alcA(p)::nudF; nudC3; pabaAl; wA2; nicA2; pyrG89); XX41
(alcA(p)::nudF; pabaAl; chaAl); GR5 (pyrG89; wA2; pyroA4).

Growth Media
YAG (Morris, 1976) + UU (0.12% uridine and 0.12% uracil) plates
were used for colony growth. For some experiments, Aspergillus
strains were grown in appropriately supplemented minimal me-
dium (Waring et al., 1989) containing either 20 g/l glucose, 10 ml/l
glycerol,or 20 ml/l 95% ethanol. For the ts- nud mutants, permissive
temperature for growth is 32'C and restrictive temperature is 42°C.

Nuclear Staining
For nuclear staining of the germlings, 106 asexual spores (conidia)
were inoculated onto coverslips in a petri dish containing 30 ml YG
(YAG without agar) + UU medium. After 8 h of incubation at 42'C,
the cells were fixed and the DNA was stained with DAPI (4',
6-diamidine 2-phenylindole dihydrochloride), and photographed
using a Zeiss epifluorescence microscope. For nuclear staining of
conidiophores, about 107 spores were mixed with 15 ml top agar,
poured, and incubated at the semipermissive temperature of 38'C
for 14.5 to 19.5 h. Two milliliters of DAPI fix (4% glutaraldehyde,
0.2% NP-40, 50 mM phosphate buffer, pH 6.5) was layered on top of
the sporulating culture. Conidiophores were harvested by scraping
the top carefully with a razor blade; they were then pipetted into a
1.5-ml tube and kept at 4°C. Two microliters was mixed with 80 ,1.
of Citifluor, 20 ,ul H20, and 1 [lI DAPI (2 ,ug/ml) before microscopic
examination.

Southern Hybridization
Southem blots were prepared according to the alkaline blotting
method described in the Bio-Rad instruction manual for {-Probe
membranes (Bio-Rad, Chemical Division, Richmond, CA). The blots
were hybridized with 32P-labeled probe in 0.5 M NaHPO4 (pH 7.2)
and 7% sodium dodecyl sulfate (SDS) at 65'C overnight and washed
with 40 mM NaHPO4 (pH 7.2) and 1% SDS at 65°C for 1 h.

Cloning and Sequencing of nudF
Aspergillus transformation, the plasmid library (Osmani et al., 1987),
the Charon 4a A phage library (provided by Dr. W. E. Timberlake,
Myco Pharmaceuticals, Cambridge, MA), and the cDNA library
were as previously described (Osmani et al., 1988). Subclones were
made to identify the region with nudC3 suppressor activity and with
nudF-complementing activity. There is a subtle difference between
the ability of a subclone to complement the nudF mutations and to
suppress the nudC3 mutation. To complement nudF, because trans-
formation in A. nidulans is integrative, only a fragment large enough
to repair the mutation by a double crossover or gene conversion
event is required. In contrast, integration of a complete gene is
required for extracopy suppression of nudC3. The 3.9-kb EcoRI
fragment in the nudF region (see Figure 2) (which did not suppress
nudC3 because it only contains part of the nudF gene) was able to
complement nudF6 and nudF7, indicating that the nudF6 and nudF7
mutations lie within the 1.3-kb PstI-EcoRI region (Figure 2). The
3.9-kb fragment was used to screen an Aspergillus cDNA library
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(Osmani et al., 1988), and four clones were obtained. One of them
hybridized to the 2.6-kb EcoRl-PstI region, and the other three
hybridized to the 1.3-kb PstI-EcoRI region (see Figure 2). The three
cDNA clones in the nudF region that hybridized to the 1.3-kb
PstI-EcoRI fragment were analyzed further. Preliminary restriction
digest and sequencing data showed that they represented overlap-
ping sequences. Two of them contained the same 5' end; the third
one had a truncated 5' end. Subcloning was performed using stan-
dard methods (Sambrook et al., 1989). Double stranded sequencing
was done using the Sequenase version 2.0 kit (United States Bio-
chemical Corp. Cleveland, OH). Computer analysis of sequence
data was performed using the University of Wisconsin GCG pack-
age (Devereux et al., 1984).

Construction of the alcA(p):: nudF Strain
For the construction of the alcA(p)::nudF construct (named pXl), the
0.9-kb EcoRI-BamHI fragment in 5' of nudF cDNA was subcloned
into pBluescript KS(+). Then the KpnI-BamHI fragment (which has
restriction sites 5' of the EcoRI site) was cloned into the KpnI-BamHI
sites of the pyr4+ plasmid pAL5 (Doonan et al., 1991) downstream of
the alcA promoter. To limit the work of screening transformants
with this homologous integration event, the pXl construct was
transformed into the temperature sensitive nudC3 strain AO1. Be-
cause extra copies of nudF can suppress nudC3, we anticipated that
overexpression of a single copy of nudF should have the same effect.
Pyr+ transformants were gridded to ethanol and glucose plates and
incubated at restrictive temperature to determine whether the
nudC3 phenotype was suppressed. One transformant (XX25), which
appeared to be ts+ on ethanol and ts- on glucose, was isolated, and
its genomic DNA was analyzed by Southern hybridization. The alcA
promoter can be induced by growth on ethanol to give high expres-
sion of the downstream gene and can be repressed by glucose. If
glycerol is used as a carbon source, the promoter is neither induced
nor repressed, giving an intermediate level of expression. Homolo-
gous integration of the nudF sequence on the pXl plasmid into the
genomic nudF sequence generates two copies of nudF, a truncated,
presumably inactive nudF gene with its own promoter and a full
length nudF gene under the control of the alcA promoter (Figure
6A). The DNA hybridization pattern confirmed that the truncated
nudF gene had integrated into the nudF locus (Figure 6B). This strain
is named "alcA(p)::nudF/nudC3." The alcA(p)::nudF/nudC3 strain was
ts- at 42°C on a glycerol plate. Therefore, on glycerol media, the
alcA promoter gives a level of nudF expression sufficient for nudF
gene function but insufficient to suppress the nudC3 mutation. To
obtain an alcA(p)::nudF strain without the nudC3 mutation, we
crossed alcA(p)::nudF/nudC3 with a pyrG89 uridine auxotrophic
strain SJ002. The pyr+ progeny (which contained the integrated
plasmid) from the cross were gridded on the glycerol plates and
incubated at 42°C. The progeny containing alcA(p)::nudF with the ts-
nudC3 mutation were expected to be temperature sensitive at 42'C
whereas the alcA(p)::nudF strain without the nudC3 mutation should
grow like the wild type. The genotype was further confirmed by
Westem blot using affinity-purified NUDF antibody (see below).

NudF Antibody Production and Western Blotting
The 0.9-kb SspI-EcoRI fragment from the 5' region of the nudF cDNA
was cloned into the EcoRV-EcoRI sites of the plasmid pBluescript
KS(+). The SalI-EcoRI fragment was then isolated from this plasmid.
This fragment, combined with the 0.6-kb EcoRI-HindIll fragment at
3' of the nudF cDNA, was ligated to the Sall-HindIll digested vector
pUR290 (for the production of lacZ fusion protein) (Sambrook et al.,
1989) or pATH2 (for the production of typE fusion protein) (Koerner
et al., 1991). LacZ-nudF and TrpE-nudF fusion proteins were induced
and purified as previously described (Sambrook et al., 1989; Koerner
et al., 1991). Both fusion proteins contain the full length nudF se-
quence minus the first three 5' amino acids. The LacZ-nudF fusion
protein was used to inject rabbits (Hazelton, Denver, PA) and the

trpE-nudF fusion protein was used to purify the antiserum using the
nitrocellulose absorption method (Sambrook et al., 1989). Mycelial
protein preparation (Mirabito and Morris, 1993) and Western blot-
ting (Sambrook et al., 1989) were performed as previously described.
To show that the NUDF antibody recognizes the NUDF protein in
A. nidulans, we used the AlcA(p)::nudF strain as a control. The NUDF
protein level increases in the inducing medium and decreases in the
repressing medium, as shown by Western blotting using affinity-
purified NUDF antibody.

Sucrose Density Gradient Centrifugation
Wild-type Aspergillus cells were grown at 37°C for 20 h, and total
protein was isolated (Mirabito and Morris, 1993) using Tris/KCl
buffer (Collins and Vallee, 1989) with 1% NP-40 and 2 ,ug/ml each
of soybean trypsin inhibitor, pepstatin, leupeptin, and aprotinin
(Sigma Chemical, St. Louis, MO). Four milligrams of total protein
was loaded on an 11-ml linear 5-20% sucrose gradient in Tris/KCl
buffer (Collins and Vallee, 1989). Marker proteins of known S values
were run in parallel. These were cytochrome c (2.1 S, 12.5 kDa),
bovine serum albumin (4.4 S, 68 kDa), aldolase (8.5 S, 158 kDa), and
catalase (11.2 S, 240 kDa) (Sigma Chemical). The gradients were
centrifuged at 35,000 rpm for 16 h in an SW-41 rotor (Beckman
Instruments, Fullerton, CA) at 4'C and seventeen 0.65-ml fractions
were taken from the top of the centrifuge tube. The absorbance
values at 280nm were determined for the fractions. The fractions
containing cytochrome c and catalase can also be observed directly
because of their colors.

RESULTS

Identification of a New nud Locus: nudF
Two new ts- (temperature sensitive) nuclear distribu-
tion (nud) mutants, were isolated after UV mutagene-
sis. Both showed severely reduced growth at the re-
strictive temperature of 42°C. After outcrossing to a
wild-type strain, both appeared to be phenotypically
similar to other previously isolated nudA and nudC
mutants at 42°C. One of them, nud6, showed partially
reduced growth even at 32°C whereas the other, nud7,
grew as well as wild type at 32°C. The colonies of nud6
and nud7 produced at 42°C were minute and without
conidia (asexual spores). Examination under the mi-
croscope of spores germinated at 42°C showed that
the nuclei can divide, but they fail to migrate, leading
to a cluster of nuclei in the spore end of the germ tube
(Figure 1). The length of the germ tubes is similar in
the mutants and the wild-type cells after 8 h of incu-
bation at 42°C. Some of the mutant cells have one
germ tube and some, like the mutant cell in Figure 1A,
have two germ tubes. The nud mutants appear to
branch more frequently than wild-type cells during
further hyphal growth, presumably as compensation
for the inability of the nonmigrating nuclei to support
the growth of distant hyphal tips. Although not quan-
titated, the migration of mitochondrial DNA (visual-
ized by DAPI staining) into the germ tube does not
seem to be impaired.
Nud6 and nud7 are very tightly linked and are

probably allelic. Crosses between nud6 and nud7
were of low fertility, yielding cleistothecia with very
few or no ascospores. However, one fertile cleisto-
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Figure 1. The phenotype of nud7 mutant germlings at 42'C. Nuclear staining of a nud7 mutant cell (A) and a wild-type cell (B) germinated
at 42°C for 8 h. Bar, approximately 5 ,um. This mutant cell has produced two germ tubes. The original spore is represented by the swollen
region filled with nuclei between the two germ tubes.

thecium from the cross of nud6 to nud7 gave a
normal number of ascospores. From this cleistoth-
ecium, no ts+ progeny were produced of 1284 prog-
eny examined, although other parental markers seg-
regated normally. The nud6 and nud7 mutants were
crossed to strains carrying temperature sensitive
nudA or nudC mutations (Table 1). Approximately
25% ts+ progeny were produced from either nud6 or
nud7 crossed with nudAl or nudC3, indicating that
nud6 and nud7 mutations are not allelic to nudA or
nudC. We concluded from these results that we had
identified a new nud locus, which we named nudF.
The two new nud mutants were accordingly desig-
nated nudF6 and nudF7.

Molecular Cloning of the nudF Gene as an Extra
Copy Suppressor of nudC3
During the cloning of the nudC gene, a transformant
(TR7) was isolated that grew better than the nudC3
mutant strain but not as well as the wild type at
restrictive temperature. It also failed to conidiate at
restrictive temperature. A plasmid (TR7.SC) was
recovered from the transformant. The Aspergillus

Table 1. Crosses between different nud mutants

Cross Ts' progeny (%)

nud6 x nudC3 27.2
nud6 x nudAl 24.3
nud7 x nudC3 20.0
nud7 x nudAl 28.1
nud6 x nud7 0

Crosses between the two new nud mutants nud6 and nud7 and with
nudA and nudC mutants. 1284 progeny were analyzed for the cross
between nud6 and nud7 to be more sure that they are allelic. About
50 to 100 progeny were analyzed for the other crosses.

genomic insert from this plasmid did not hybridize
even at low stringency with the DNA fragment
containing the wild-type nudC gene, indicating that
the sequence was unrelated to nudC. TR7.SC par-
tially reverts the temperature sensitivity of nudC3,
so we concluded that it contains an extracopy sup-
pressor of nudC3. To determine whether the nudC3
extracopy suppressor could also suppress or com-
plement the nudA and/or nudF mutations, we trans-
formed the plasmid TR7.SC into pyrG89 ts- nudAl
(XX3), nudA2 (XX19), nudA4 (XX8), nudA5 (XX10),
nudF6 (XX20), and nudF7 (XX21) strains. Ten of ten
pyr+ transformants from each nudA strain were ts-,
indicating that the nudC3 extracopy suppressor can-
not suppress the nudA mutations. However, trans-
forming TR7.SC into nudF6 and nudF7 gave rise to 9
of 10 or 10 of 10 ts+ transformants. These ts+ trans-
formants grew and conidiated as well as wild-type
cells at the restrictive temperature, suggesting that
the TR7.SC plasmid contained the sequence of the
nudF gene. We showed that the TR7.SC plasmid
contains the nudF sequence by demonstrating that it
integrates site specifically at the nudF locus. The
recombinatory event leading to site-specific plasmid
integration generates a tandem duplication having
one wild-type and one mutant sequence flanking the
plasmid sequence. Recombination between the tan-
demly duplicated sequences causes the plasmid se-
quence and either the wild-type or the mutant se-
quence to be lost. It is therefore expected to generate
both wild-type and mutant segregants. Two
strongly growing ts+ transformants of nudF6 were
treated with 5-fluoroorotic acid (FOA, 1 g/l) to se-
lect for loss of the integrated pyr4 plasmid marker.
Both ts+ and ts- segregants were found in each case.
To show that the integrated locus was identical with
the nudF locus, we crossed two of the ts+ segregants
with a wild-type strain. If integration had been at a
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locus other than nudF, e.g. at an extragenic suppres-
sor locus, these crosses would have generated both
ts- and ts+ progeny. In fact all progeny (432 from
one cross and 708 from another) were ts , indicating
that the TR7.SC sequence had integrated site specif-
ically into the nudF gene. Similar results were ob-
tained from the nudF7 transformants, confirming
that the two new nud mutants, nudF6 and nudF7, are
allelic. Overall, this evidence shows that the extracopy
suppressor of nudC3 is nudF.
TR7.SC was used as a probe to screen a wild-type

Aspergillus genomic library, and three clones were
obtained, named A3, A5, and All (see Figure 2). All
three of these A clones were able to complement the
nudF6 and nudF7 mutations, and partially suppress
the nudC3 mutation. Subclones of A3 were made and
transformed into the mutant strains. The results are
summarized in Figure 2. The smallest fragment (2.3
kb PstI-EcoRIl) that suppressed the nudC3 mutation
also complemented both the nudF6 and nudF7 mu-
tations. One of the longer cDNA clones in this re-

gion (see MATERIALS AND METHODS) was able
to complement the nudF6 and nudF7 mutations, con-
firming that it represented the nudF gene.

The nudF6 and nudF7 Mutations Affect Both
Asexual and Sexual Development of A. nidulans
At restrictive temperature the nudF mutants form
minute colonies that lack conidia (asexual spores).
At permissive temperature (32°C), strains carrying
the nudF7 allele conidiate normally, but those car-
rying the nudF6 allele show little or no conidiation.
The conidiation (asexual spore development) de-
fects of both alleles were fully remedied in the ts+
nudF transformants, demonstrating that the conidia-
tion defect is caused by the nudF mutations. To
quantitate the conidiation defect of the nudF mu-
tants, pairs of ts- and ts+ FOA segregants from the
ts+ nudF7 transformants (see above) were point in-
oculated on nutrient agar and allowed to form a
mycelial mat at the permissive temperature. Except
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Table 2. Number of ascospore and conidia from nudF mutants

conidia x
10-4/0.2 cm2 ascospores x 10-3/cleistothecium

nudF7 nudF6 nudF7

2 ts- ts+ ts- ts+ ts- ts+

1 7 450 0 84 1.4 40
2 11 500 0 77 0.2 70
3 35 800 0.2 29 9.6 28

The effect of nudF on conidiation and cleistotheciation. Isogenic ts+
and ts- FOA sectors from the nudF transformants (see RESULTS)
were allowed to form mycelial mats at permissive temperature.
After 2 days, the plates were shifted to a semi-restrictive tempera-
ture of 37°C and sealed for 10 days to allow cleistothecia formation.
Cleistothecia from ts+ and ts- colonies were analyzed for their
content of ascospores. All of the conidia from a 0.2 cm2 area were
harvested into 1 ml 0.1% Tween 80 and counted in a Haemocytom-
eter chamber. The data are from three different colonies. The asco-
spore number was determined by crushing a cleistothecium into 20
,ul of water, and counted the same way. The ascospore numbers are
from three different cleistothecia.

for the presence or absence of the nudF mutation,
these paired segregants are isogenic and grow
equally well at the permissive temperature of 32°C.
After 30 h, the cultures were shifted to the restric-
tive temperature of 42°C. The effect on conidiation
was monitored by harvesting and counting conidia

from equal areas of both ts+ and ts- colonies.
Conidiation was decreased (Table 2) more than 20-
fold in the nudF7 mutant strain.
These data suggest, but do not demonstrate, that

nuclear migration is important for the development
of asexual spores (conidia) in A. nidulans. The pro-
cess of conidiation has been thoroughly described in
A. nidulans (Timberlake and Marshall, 1988) and is
illustrated by Figure 3. The first step in conidiation
in the wild type is the differentiation of specialized
cells, called foot cells, in the mycelial mat. Each foot
cell generates a thickened aerial hypha or stalk, that
swells to form a vesicle at the tip (Figure 3, a and g).
Nuclei undergo several divisions and increase their
number many fold as they migrate into the vesicle.
The mature vesicle then synchronously produces a
layer of buds (Figure 3, b and h). A single nucleus
migrates from the vesicle into each bud, forming the
uninucleate primary sterigmatum or metula (Figure
3, c and i). Each metula then produces another bud
at its tip (Figure 3, d and j). The metular nucleus
divides once and one daughter nucleus moves into
the secondary sterigmatum, or phialide (Figure 3, e
and k). The phialide then produces a string of as
many as 100 conidia by repeated budding and nu-
clear division. As each conidial bud is formed at
the tip of the phialide, the nucleus of the phialide
divides and sends one daughter nucleus into the bud,
which then seals off to form a conidium (Figure 3, f and
1).

Figure 3. The developmental process of wild-type conidiophores. Different stages of conidiophore were stained with DAPI and observed
by phase plus fluorescence (a-f) or fluorescence (g-l) microscopy. (a and g) Vesicle swelling at the tip of the conidiophore. (b and h) Initiation
of metular buds. (c and i) Fully developed, nucleated metular buds. (d and j) Initiation of phialide buds on nucleated metulae. (e and k) Fully
developed phialides and the initiation of conidial buds on nucleated phialides. (f and 1) Formation of conidia. Bar, approximately 5 j,m.
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Figure 4. The abnormal conidiophores
of the nudF7 mutant at the semipermis-
sive temperature of 38'C. Conidiophores
were stained with DAPI and observed
with phase plus fluorescence (A, C, E,
and G) or fluorescence (B, D, F and H)
microscopy. (A, B, E, and F) Conidio-
phores with mostly anucleate metulae;
the one metula that received the nucleus
continued the developmental pathway.
(C, D, G and H) Abnormal conidio-
phores with asymmetrically developed
metulae. Bar, approximately 5 ,um.

Conidiophore development of the nudF7 mutant is
greatly retarded at the full restrictive temperature of
42°C, and is highly abnormal at the semipermissive
temperature of 38°C (Figure 4). Although the timing
of differentiation at 38°C is the same in the wild type
fective in the mutant. Most of the metulae in the
mutant strain are anucleate. The anucleate metulae
fail to form fully developed phialides. If a nucleus
leaks into the metula, the developmental sequence
continues; however, the full sequence, ending with
the production of a chain of conidia, is only rarely
completed (Figure 4, A, B, E, and F). Occasionally,
metular buds develop asymmetrically from the con-
idiophore vesicle (Figure 4, C, D, G, and H). This
could be because the nuclei distribute asymmetri-
cally in the vesicle. This suggests that the position of
the nuclei in the vesicle determines the sites at
which metulae bud. Alternatively, nudF may play a
direct role in the determination of the sites of metu-
lar bud initiation.
Even at the permissive temperature of 32°C, the

nudF mutants often gave rise to cleistothecia (spore
sacs) with low ascospore (sexual spore) yields (Table
2). The low ascospore yield cosegregated with the
nudF mutations.

NUDF Protein Level Declines in the nudC3, nudF6,
and nudF7 Mutants
Extra copies of nudF can suppress the nudC3 mutation,
so it is likely that the functions of the NUDC and
NUDF proteins are in some way connected. To exam-
ine whether the levels of NUDC and NUDF protein
were affected by mutations in the nudA, nudC, or nudF
genes, total cellular proteins were extracted from
wild-type and mutant strains grown at restrictive tem-
perature. Western blot analysis was performed using
affinity-purified NUDC (Osmani et al., 1990) and
NUDF antibodies (see MATERIALS AND METH-
ODS). The NUDF antibody recognized a 49-kDa pro-
tein, as predicted by the nudF sequence. The level of
the NUDC protein was unaffected by the mutations in
the nudA, nudC, and nudF genes; however, the level of
the NUDF protein declined dramatically in the nudC3,
as well as the nudF6 and nudF7 strains (Figure 5). Since
a linear nudF wild-type cDNA fragment can comple-
ment both the nudF6 and nudF7 alleles, these muta-
tions are not in the promoter region. Thus, the change
in the NUDF protein level in the nudF mutants must
be due to a posttranscriptional mechanism.
To examine whether the effect of the nudC3 mu-

tation on the level of NUDF is nudF promoter-de-
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consistent with our previous observation that extra-
copies of nudF can suppress the nudC3 mutation.
Microscopic examination of the glucose-grown

alcA(p)::nudF cells showed a defect in nuclear migra-

_ NUDF

| _NUDC

Ii

A pyr4

alcA ttd n
promoter EcRI7 truncated nudF

nudF

EcoRl~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
3.9 kb EcoRi probe EcoRI

1 ~~~alcA
truncated nudF pyr4 promoter nudF

L-coRl EcoRI EcoRI

Figure 5. Western blot analysis of the NUDF protein level in
different nud mutants. The wild type strain and the mutant strains
were grown at restrictive temperature for 42 h. The inoculation was
106/50 ml for the wild type and 107/50 ml for the mutants. This blot
was probed with affinity-purified NUDF antibody (1:100) and
NUDC antibody (1:500) overnight. Approximately 30 ,ug protein
was loaded in each lane. Equal loading of the different samples was
insured by Coomassie blue staining of the gel and Ponceau S stain-
ing of the blot. WT: wild type; Al: nudAl; A2: nudA2; C3: nudC3; F6:
nudF6; F7: nudF7.

pendent or not, we linked the nudF gene to an
exogenous promoter and examined the NUDF pro-
tein level in the presence or absence of the nudC3
mutation. This was done by using the strain
alc:A(p)::nudF (see MATERIALS AND METHODS
and Figure 6, A and B) in which the only copy of
nudF is controlled by the alcA (alcohol dehydroge-
nase I) promoter (Waring et al., 1989), which is
induced by ethanol to give high expression of the
downstream gene and is repressed by glucose. The
amount of NUDF protein was dramatically reduced
in the alcA(p)::nudF strain with glucose as carbon
source (Figure 6C). The NUDC protein level was not
affected by this reduction in the NUDF protein (Fig-
ure 6C).
We examined the NUDF protein level in

alcA(p)::nudF strains with or without the nudC3 muta-
tion. The cells were grown at restrictive temperature
for 40 h with glycerol as a noninducing and nonre-
pressing carbon source, and shifted to ethanol, the
inducing medium, for 3 h. The result of the Western
blot analysis is shown in Figure 6D. The nudC3 muta-
tion was still able to reduce the NUDF protein amount
even when the nudF gene was up-regulated by the
alcA promoter. Therefore, it is likely that the nudC3
mutation affects the NUDF protein level in a posttran-
scriptional fashion. The alcA(p)::nudF/nudC3 strain had
a NUDF protein level similar to that of the wild type
and higher than that of the nudC3 strain (Figure 6D),

1 2 kb EcoRI

B

23.1-
9.4-
6.5
4.3

2.3-
2.0
Qkb)

1 kb EcoRI

C
WT AlcF

AlcF WT

NUDF

NUDC'.i .: Z

_.

.'.-0,
-.M.
AA. -,

0

D

WT C3 AlcF/C3 AlcF

Awmm .- _NUDF

Figure 6. The alcA(p)::nudF strain. (A) Imustration of the plasmid
integration event that leads to a single copy of the full length nudF
gene under the control of the alcA promoter and to a tandem
truncated copy of the endogenous nudF gene. (B) A Southern blot
that demonstrates the plasmid integrated into the nudF locus.
Genomic DNA from the wild type (WT) and the transformant strain
(AlcF) were prepared and digested with EcoRI. Southern blot anal-
ysis of a site-specific integration was performed using the EcoRI
fragment 5' of the nudF cDNA as probe (black bar in A). (C) The
Western blot shows that the nudF expression is repressed by glucose
in the alcA(p)::nudF strain. This blot was probed with affinity-puri-
fied NUDF antibody and NUDC antibody. WT: wild type; AlcF:
alcA(p)::nudF. (D) The Western blot shows the NUDF protein level in
different strains. Strains were grown with glycerol as a carbon
source for 40 h, then shifted to ethanol medium for 3 h before
protein isolation. Approximately 30 ,ug protein was loaded in each
lane. Equal loading of the different samples was insured by Coom-
assie blue staining of the gel and Ponceau S staining of the blot. The
blot was probed with affinity-purified NUDF antibody. WT: wild
type; C3: nudC3; AlcF/C3: alcA(p)::nudF/nudC3; AlcF: alcA(p)::nudF.

Molecular Biology of the Cell

0 '.. I.- ..,bdwwi* "I

304



NudF, a Nuclear Migration Gene in A. nidulans

Figure 7. The phenotype of the alcA(p)::nudF strain. Nuclear staining of a alcA(p)::nudF cell (A) and a wild type cell (B) germinated at 37°C
for 8 h in glucose medium. Bar, approximately 5 ,um.

tion similar to that observed in the nudF6 and nudF7
mutants (Figure 7). This result, and the fact that the
nudF6 and nudF7 mutations are recessive, suggests
that they, like the alcA(p)::nudF grown on glucose, are
loss of function mutations. We have not observed any
obvious phenotype linked to nudF overexpression, as
the alcA(p)::nudF strain grows as well as the wild-type
strain on ethanol-containing plates, and microscopic
examination of the alcA(p)::nudF strain with ethanol as
a carbon source did not reveal any obvious defect in
nuclear distribution.

NUDF and NUDC Proteins Do Not Cosediment in a
Sucrose Gradient
One possible explanation of the fact that the NUDF
protein level declines in the nudC3 mutant is that
NUDF and NUDC normally form a complex that is
disrupted by the nudC3 mutation, with consequent
degradation of unpaired NUDF. To test this, we de-
termined whether the wild-type NUDF and NUDC
proteins cosediment in a sucrose gradient.
Experiments using Western blots to detect the

location of the NUDF and NUDC proteins in sucrose
gradients (Figure 8) showed that the NUDF protein
sediments at about 7.8 S. The apparent mass of
NUDF, as determined from its sequence and con-
firmed by SDS gel analysis, is 49 kDa. However, it
sediments faster than bovine serum albumin, which
has a mass of 68 kDa and a sedimentation coefficient
of 4.4 S. This suggests that NUDF is sedimenting as
a high molecular weight complex. However, the
NUDC protein did not cosediment with the NUDF
protein (Figure 8).

The nudF Gene Is Homologous to the Miller-Dieker
Lissencephaly Gene
The sequence of nudF is shown in Figure 9. The nudF
gene encodes a 444 aa protein with six f3-transducin-
like repeats (also called WD-40 repeats (Voorn and

Ploegh, 1992); however, its sequence identity to the
human and other mammalian ,B-transducins is only
about 24% (Table 3). The sequence of the NUDF
protein was found to be much more similar to that
of the human Miller-Dieker lissencephaly syndrome
gene (LIS-1) product (Figure 9B). The overall amino
acid sequence identity and similarity between

A

a

'a

10

B

l 2 3 4 5 6

NUDF

NUDC
7 8 9

Figure 8. Analysis of the fractions of the sucrose gradients. (A)
Standard curve with the position of NUDF and NUDC indicated. S
value markers are cytochrome c (1), bovine serum albumin (2),
aldolase (3), and catalase (4). (B) Westem blot showing the fractions
containing NUDF and NUDC proteins. The part of the blot that
showed positive signals was presented. NUDF peaked at fractions 6
and 7 (we chose 6.5 as the fraction number to estimate its S value)
and its estimated S value is about 7.8 S. NUDC peaked at fractions
2 and 3 (we chose 2.5 as the fraction number to estimate its S value)
and its estimated S value is about 2.1 S.
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Figure 9. The sequence of the nudF gene and the sequence comparison of NUDF to the Miller-Dieker lissencephaly gene product. (A) The
deduced protein sequence of nudF. The coiled-coil domain is underlined. The position of the WD (or WE) at the end of each repeat is marked
with bold characters. (B) Pretty plot (GCG program) demonstrating the homology between NUDF and the LIS-1 gene product.

NUDF protein and the LIS-1 gene product are 42%
and 64%, respectively, which is much higher than
that between either of these proteins and other
WD-40 proteins (Table 3). Because authentic G-pro-
tein B-subunits have been noted to have a coiled-coil
motif N-terminal to the WD-40 repeats (Lupas et al.,
1992), we analyzed the predicted nudF gene prod-
ucts for this motif using the program devised
by Lupas et al. (1991). Amino acids 60-86 were
identified as four repeats (heptads) of the coiled-coil
motif.

DISCUSSION

The nudF gene was isolated serendipitously during
the cloning of nudC as a sequence that partially
suppressed the temperature sensitivity of the nudC3
mutation. The ts- mutations in nudF, like ts- muta-
tions in the other nud genes, inhibit nuclear migra-
tion in vegetative mycelia and during asexual spore
formation. The nudF mutations also have a pro-
found affect on sexual sporulation, presumably be-
cause coordinated nuclear migration is required for
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Table 3. The percentage of sequence identity between "WD"
proteins

NUDF LIS1 TUP1 CDC4 STE4 ,3-transducin

NUDF - 42.1 22.1 25.5 21.8 24.0
LIS1 - - 24.8 26.2 21.7 25.7
TUP1 - - - 22.5 25.1 24.3
CLJC4 - - - - 21.6 25.4
STE4 - - - 41.3
,B-transducin

Percentage of identity between NUDF and the other WD proteins.

maintenance of dikaryotic ascogenous hyphae
and/or for karyogamy.
An adequate level of nudF protein appears to be

crucial for nuclear migration. In contrast to vegetative
growth, spore production (both sexual and asexual) is
sensitive to the nudF mutations even at permissive
temperatures. This implies that the nudF6 and nudF7
mutations either reduce NUDF proteins at permissive
temperature in spore-forming tissues to levels similar
to those that block vegetative migration at restrictive
temperature or that the processes of conidiation and
ascosporogenesis are more sensitive to intermediate
levels of reduction of NUDF protein. Our results also
show that the effect of the nudC3 mutation is possibly
exerted via its effect on the level ofNUDF protein. This
suggested that the NUDF and NUDC proteins might
form a complex; however, sucrose gradient sedimen-
tation data do not support this hypothesis.
The sequence of the nudF protein contains WD-40

repeats and a putative coiled coil region N-terminal to
the repeat, features commonly found in the 13-subunits
of heteromeric G-proteins (reviewed in Bimbaumer,
1990; Clapham and Neer, 1993; Conklin and Bourne,
1993). A data base search of translated protein se-
quences, looking for similarities to the NUDF protein,
generated a long list of WD-40 proteins, of which the
human LIS-1 sequence (Reiner et al., 1993) showed a
much higher degree of similarity to NUDF (42% iden-
tity) than any other gene. The WD-40 proteins (re-
viewed in Neer et al., 1994), which include the yeast
proteins TUPip, CDC4p, STE4p, CDC20p, PRP4p, Dic-
tyostelium protein coronin (reviewed in Voorn and
Ploegh, 1992), plant protein Copl (Deng et al., 1992),
and the mammalian protein TFIID subunit dTAF1180
(Dynlacht et al., 1993), are involved in a wide variety of
biological processes. The STE4 gene encodes a protein
with 41% sequence identity to the human 13-subunit of
heterotrimeric G protein. This high sequence identity
is not surprising because STE4 was shown by genetics
to interact with SCG1 and STE18, which are homolo-
gous to the a and y subunits of the heterotrimeric G
protein. On the basis of the sequence analysis (41%
identity between STE4 and ,3-transducin and 42% be-

tween NUDF and LIS-1), and the fact that the STE4
and the human ,B-transducin interact with similar pro-
teins, it is reasonable to propose that NUDF and the
LIS-1 gene product also interact with similar protein
partners.

LIS-1 has been identified as the gene that is deleted in
Miller-Dieker (Type 1) lissencephaly in human patients
(Reiner et al., 1993). Type I lissencephaly in humans is a
neuronal migration disease characterized by a profound
underdevelopment of the cerebral cortex as well as by
olivary and cerebellar heterotopias. Patients may also
exhibit an abnormal facial appearance, may have vis-
ceral abnormalities, are severely mentally retarded, and
usually die young. The disease is thought to be caused
by an arrest of neuronal migration at about 10 to 14 wk
of gestation (Dobyns et al., 1992).
Cytological observations have suggested that nu-

clear translocation is an essential feature of neuronal
migration both in the cerebral cortex (Morest, 1970;
Book and Morest, 1990) and in the cerebellum (Rakic,
1971). Neuronal migration in the cortex apparently
occurs in two steps. First the neuron sends out a very
long process toward its target position in the brain and
then the nucleus with accompanying perikaryon
translocate through this process. In the cerebellum,
granule cell neurons extend a vertical process through
the molecular layer, and the nucleus and perikaryon
move downward within this process. Similar observa-
tions of nuclear translocation have also been made
using brain explants in tissue culture (Book et al., 1991)
and by infrared video microscopy of living cerebellar
slices (Hager et al., 1994). This type of nuclear-in-
volved cell locomotion also occurs during the translo-
cation of human lung adenocarcinoma cells in tissue
culture (Klominek et al., 1991). If nuclear migration is
essential to neuronal migration, it is not unreasonable
to propose that a defect in nuclear migration is the
basic cause of the defects in neuronal distribution that
are observed in Miller-Dieker lissencephaly.
The sequence identity (42%) between the NUDF

protein and the Miller-Dieker lissencephaly gene
(LIS-1) is strikingly higher than that between either
gene and the other known WD-40 proteins. The sim-
ilarity between these sequences coupled with the sim-
ilarity between the nudF mutant phenotype and the
appearance of the lissencephalic brain suggests that
nudF may be a functional homologue in A. nidulans of
the LIS-1 gene in humans. We have shown that the
effect of the ts nudF mutations is mediated via a defi-
ciency of NUDF protein. Because Miller-Dieker lissen-
cephaly is caused by a heterozygous deletion of the
LIS-1 gene, the gene dosage effect presumably also
leads to a deficiency of the LIS-1 protein in the brain.
Interestingly, the neuronal migration defect is not ab-
solute. Neurons do migrate in lissencephaly, albeit not
all the way to their correct positions. On the basis of
the differences in sensitivity to the nudF mutations
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between different cell types (vegetative vs. sporula-
tive) in A. nidulans, it is possible that different types of
neurons in the brain could be differentially affected.
The biochemical mechanism by which the LIS-1

gene product acts to mediate neuronal migration is
not known. The recent finding, however, that the hu-
man LIS-1 gene product is 99% identical in amino acid
sequence to the 45-kDa subunit of bovine brain plate-
let-activating factor acetylhydrolase (PAFAH) has
provided a potentially important clue (Hattori et al.,
1994). PAFAH inactivates platelet-activating factor
(PAF; 1-O-hexadecyl-2-acetyl-sn-glycero-3-phospho-
choline), which is known to act in other systems as a
lipid second messenger (reviewed by Liscovitch and
Cantley, 1994). PAFAH has been purified to homoge-
neity. It has three subunits of 29, 30, and 45 kDa
(Hattori et al., 1993). The 45-kDa subunit, when puri-
fied away from the other two subunits, has no detect-
able PAFAH activity. The catalytic activity is retained
by the remaining 29/30 subunit complex. Thus, it has
been proposed that the 45-kDa protein may be regu-
latory (Hattori et al., 1994). The similarity of the NUDF
amino acid sequence to the LIS-1 and the PAFAH
45-kDa proteins suggests that the NUDF protein may
function as part of an A. nidulans PAFAH enzyme.
Our genetic results show that Aspergillus cytoplas-

mic dynein is involved in nuclear migration (Xiang et
al., 1994). One possible function for NUDF protein is
that it in some way affects cytoplasmic dynein. Cyto-
plasmic dynein is a 20 S multisubunit complex (Col-
lins and Vallee, 1989). Experiments using Western
blots to detect the location of NUDF protein in sucrose
gradients indicate that the NUDF protein sediments at
about 7.8 S. This does not rule out the possibility that
NUDF regulates cytoplasmic dynein, but does make it
unlikely that it is a component of the cytoplasmic
dynein complex.

It is known that the cytoplasmic dynein motor
moves along microtubules. Nuclear migration also re-
quires a device to couple the nucleus to the motor.
Evidence from yeast indicates that spindle pole micro-
tubules are involved in nuclear migration (Palmer et
al., 1992) and may serve as part of the coupling be-
tween the nucleus and the motor protein. Therefore it
is also possible that wild-type NUDF protein is re-
quired for proper microtubule assembly or function.
Immunofluorescent staining of nudC3 germlings with
antitubulin antibodies has shown that the microtu-
bules of the mutant are indistinguishable from those
of the wild type (Osmani et al. 1990). Thus, if depletion
of NUDF protein is affecting microtubules, the effect is
subtle and not revealed as a structural change.
The sequence homology between the A. nidulans

NUDF and the human LIS-1 gene products suggests
that these two proteins may be involved in similar
regulatory pathways. The notion that nuclear migra-
tion may play a role in the neuronal migration process

provides an exciting potential connection between
these two biological systems, which are evolutionarily
so divergent. We know of no direct evidence, how-
ever, that a defect in nuclear migration causes the
neuronal migration defect characteristic of lissenceph-
aly. A defect in some other cytoskeletal transport
mechanism that involves the LIS-1 gene product could
equally well be the primary cause of the neuronal
migration defect. Because of the rarity of lissencephaly
and the difficulty of studying it in humans, we will
probably have to wait for the development of a trans-
genic lissencephaly mouse model before the question
of whether nuclear migration is affected by deletion of
LIS-1 can be answered.
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