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Abstract

Three o-tubulin isoforms were previously detected in Neurospora crassa. We have cloned and analysed two o-tubulin
cDNAs, Tub oA and Tub aB that encode polypeptides of 453 and 451 amino acids, respectively. The encoded amino acids
exhibit an unusual divergence of 35%. This is the highest divergence ever observed between o-tubulins from the same species.
The expression of the two genes is developmentally regulated. We did not detect any transcription of the Tub oA gene in
dormant macroconidia and during the first 30 min of development even though the o-tub A protein is already present in the
early stage of germination. In contrast, the Tub aB gene is continuously transcribed during the vegetative cycle and the

expression profile of the protein follows the ones of its mRNA.
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1. Introduction

Microtubules are dynamic polymers composed of
o~ and B-subunits of approximately 50 kDa each and
are involved in all eukaryotic cells in a large array of
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processes including cell division, chromosomes segre-
gation, nuclear and mitochondrial movements. Most
species express multiple isoforms of o- and B-tubu-
lins that are encoded by multigene families. The size
of the families ranges from one or two genes in fun-
gi, to 5 or 7 in vertebrates or to as many as 6 o and
9 B genes in plants. In Saccharomyces cerevisiae,
Schizosaccharomyces pombe and Aspergillus nidulans,
two o-tubulin genes have been identified. In both
yeast cells, one of the two o-tubulin genes is essential
for cell survival whereas the other is not. In 4. nidu-
lans, the a-tubA gene is required during vegetative
growth for mitosis and nuclear migration, whereas
o-tubB gene is essential for sexual development. In
these organisms, it has been shown that the different
isoforms are functionally interchangeable. In con-
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trast, in Drosophila melanogaster, certain highly di-
vergent o-tubulin genes have been found to be re-
quired for very specific function. The 84B o-tubulin
gene is expressed constitutively and the 84B protein
is highly similar in sequence to the major o-tubulins
in many other species. 84B constitutes the majority
of o-tubulin present in cells of all tissues and during
every stage of development. The highly divergent
67C o-tubulin gene is co-expressed with the 84B
o-tubulin gene but only during oogenesis [reviewed
in [1]]

The expression of o- and B-tubulins is regulated at
the transcriptional and post-transcriptional levels. In
Tetrahymena thermophila, the depolymerization of
microtubules by colchicine or their stabilisation by
taxol result in an increase of tubulin gene transcrip-
tion [2,3]. In animal cells, a post-transcriptional
mechanism controls the rate of tubulin synthesis.
An increase of tubulin subunit concentration, in-
duced by colchicine or nocodazole treatment or by
microinjection of unassembled tubulin, produces a
decrease of both o- and B-tubulin mRNA con-
centrations. The mRNA stability is regulated and
dependent on continued translation elongation,
since the treatment of cells with puromycin, which
dissociates mMRNAs from ribosomes, prevents
autoregulation. The selective B-tubulin mRNA
degradation involves binding of unknown cel-
lular factors to the nascent amino-terminal B-tub-
ulin tetrapeptide MREI as it emerges from the
ribosome [reviewed in [4]]. Surprisingly, the
a-tubulin tetrapeptide does not seem to be in-
volved in the cotranslational degradation of
mRNA [5].

In N. crassa, one B-tubulin gene [6] and three o-
tubulin protein isoforms, o1’, a1” of 55 kDa and a2
of 52 kDa have been previously identified by bidi-
mensional gel analysis [7]. We report the isolation
and characterisation of two distinct o-tubulin
cDNAs of N. crassa, which we support to encode
the two main isoforms, the third one rising as the
result of a post-translational modification. Their
distinct patterns of expression during the macro-
conidial germination together with their unusually
high divergent primary structures suggest that the
differential a-tubulin isoforms could be involved
in specific functions during the development of N.
crassa.

2. Materials and methods
2.1. Strains and media

Neurospora crassa St. Lawrence 74A (FGSC 262)
was obtained from the Genetics Stock Center (Uni-
versity of Kansas Medical Center, Kansas City,
Kansas) and was cultivated in liquid Vogel’s
medium. E. coli XL1-Blue (Stratagene) was used to
propagate plasmids and for propagation of lambda
phages. E. coli Bl 21 was used for the overexpression
of the recombinant protein.

2.2. Isolation of ¢cDNA clones

We screened a N. crassa cDNA library in the vec-
tor A Zap II constructed with mRNAs extracted
from 19-h-old mycelium [§]. One incomplete clone
pMS5.1 designed Tub oA was isolated by immuno-
screening with a rat IgG antibody against tubulin
(Yol 1/34). The partial clone pM5.1 was completed
with the 5" RACE system (Gibco, BRL), using the
gene-specific primer 5'-gatggaagaaacgacctg-3’, corre-
sponding to the antisense oligonucleotide of bases
755-772 (see sequences on EMBL data base, acces-
sion number: X79403 and X79404 for Tub oA and
Tub oB, respectively). The pM2.1 (Tub aB) clone
was isolated by screening a mycelial N. crassa
cDNA library in the vector Lambda Zap I [9] with
the EcoRI-Scal fragment of Tub oA (bases 702—
1412) as probe. After transfer of phages onto nylon
membranes, the filters were processed according to
the Digoxigenin user’s guide system for filter hybrid-
isation from Boehringer-Mannheim and prehybrid-
isation and hybridisation were performed at 68°C.
The inserts were excised as Bluescript SK+ plasmids
according to Stratagene and the plasmid DNA was
analysed further and sequenced on both strands by
the dideoxy chain termination method.

2.3. Nucleic acid purification, Southern and Northern
blots

The genomic DNA was extracted from 1 g of N.
crassa mycelium cultivated for 18 h, following the
procedure described by Case et al. [10]. Ten micro-
grams of N. crassa DNA was digested to completion
and electrophoresed on a 0.7% agarose gel. The
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DNA was transferred onto nylon membrane and
hybridisations were carried out at 42°C either with
a 708 bp fragment of Tub aA (bases 702-1412) or
with a 965 bp fragment of Tub aB (bases 402-1367)
as probes. High-stringency washes were in 0.5 X SSC,
0.1% SDS at 68°C for Tub oA and 0.2 XSSC, 0.1%
SDS at 68°C for Tub oB and low-stringency washes
were in 3 X SSC, 0.1% SDS at 42°C for both. RNAs
were extracted according to Chirgwin et al. [11]. To-
tal RNA was denatured in formamide and electro-
phoresed through a 1.5% agarose gel containing
formaldehyde. After transfer of RNA onto nylon
membrane, the filter was hybridised with the Tub oB
probe at 50°C using standard procedure.

2.4. Antibody production and purification

The entire coding sequence of Tub oB was sub-
cloned into the Ndel/BamHI sites of the pET3a ex-
pression vector, transformed into bacterial host
BI21 plys S and the expression of the native a-tubu-
lin B protein was induced with IPTG. This protein
was insoluble, extracted in Tris buffer (20 mM Tris-
HCI, pH 8.0, 1 mM EGTA, 1 mM DTT) containing
8 M urea and purified on DEAE Sepharose column
with a linear gradient of 10-500 mM KCI. The frac-
tions containing the recombinant protein were
pooled and dialysed against MES buffer (50 mM
MES-KOH, pH 6.4, 1 mM MgCly,, 2 mM EGTA,
1 mM DTT). The antiserum against a-tubulin B was
produced in rabbits by three injections of approxi-
mately 0.1 mg of protein per injection. The serum
was prepared using standard methods followed by
partial purification and concentration of IgG using
a protein—-A-Sepharose CL-4B column (Pharmacia)
and further purified by affinity with the purified pro-
tein blotted on nitrocellulose membrane.

2.5. N. crassa protein analysis and immunoblotting

The protein extraction was carried out as de-
scribed by Ortega Perez et al. [12]. SDS-PAGE, 2D
gels and Western-blot analysis were performed ac-
cording to standard procedures. The transferred pro-
teins were visualised by staining with 0.05% Ponceau
in 3% acetic acid. The membrane was blocked with
5% BSA in 100 mM Tris-HCI, pH 7.5, 150 mM
NaCl (TBS), and incubated with anti-a-Tub B anti-

bodies or with rat IgG antibodies (Yol 1/34) (1:2000
and 1:200, respectively) in TBS containing 0.5%
BSA for 2 h. After washing twice with TBS contain-
ing 0.5% Tween 20 (TBST), the incubation was car-
ried out for 1 h with secondary antibodies (1:2000,
donkey anti-rabbit IgG (Amersham) or goat anti-rat
IgG (Biolab) horseradish peroxidase conjugate), fol-
lowed by two washes with TBST and one additional
wash with TBS. The peroxidase activity was visual-
ised with 0.5 mg ml™" DAB in 100 mM Tris-HClI,
pH 7.5, containing 0.03% HOs.

2.6. RNases protection assays

The plasmids pM2.1 and pMS5.1 were digested
with HindIII (base 1075) and Xhol (base 1356) re-
spectively and ligated to eliminate the 3’ end non-
coding sequence. The plasmids were afterward line-
arised with Bgll and Drdl, respectively. A 210 (bases
865-1075) and a 168 (bases 1188-1356) nucleotide
cRNA fragments for pM2.1 and pMS5.1, respectively,
were generated as probes. The transcription was per-
formed wusing the T7 RNA polymerase and
[*?P]UTP. Fifteen micrograms of total RNA was
hybridised with the probe at 42°C according to Krieg
and Melton [13]. The RNA hybrids were recovered
with 10 pug of tRNA and precipitated with 1 ml of
ethanol at —20°C for 30 min. The pellet was resus-
pended in 10 ul of formamide loading buffer and
electrophoresed on a 10% polyacrylamide/8 M urea
gel.

2.7. Metabolic labelling and immunoprecipitation

Ten millilitres of prewarmed Vogel’s medium at
37°C was inoculated with 10° macroconidia and im-
mediately  pulse-labelled with 500 pCi of
[**S]methionine—cysteine during 1 and 4 h. The chase
was carried out by centrifuging the culture at 800 X g
for 5 min, the labelled medium was discarded and
the macroconidia were washed twice with 30 ml Vo-
gel’s medium and resuspended in 100 ml of Vogel’s
medium supplemented with 5 mM each of cold me-
thionine—cysteine. The chase was continued until 6 h
of development, then the cells were harvested by fil-
tration through a 0.45 pm Millipore filter, frozen in
liquid nitrogenous and broken in a mortar in the
presence of 2 ml of extraction buffer I (50 mM
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Fig. 2. Southern blot analysis of N. crassa genomic DNA. The DNA was digested with HindIII (lanes 1 and 5), Pvull (lanes 2 and 6),
Bgll (lanes 3 and 7), Smal (lanes 4 and 8) and hybridised with the 965 bp PstI-Scal fragment of Tub oB gene (lanes 1-4) and with the

710 bp EcoRI-Scal fragment of Tub oA gene (lanes 5-8).

Tris-HCI, pH 7.6, 100 mM NacCl, 0.4% SDS, 2 mM
EGTA, 10 mM benzamidine, 0.25 pg'ml™! pepstatin,
20 uM aprotinin, 0.5 pg'ml™' leupeptin). Triton X-
100 (2%) was added and the cell lysate was centri-
fuged at 38000X g for 30 min at 4°C. 1/10 of the
supernatant was immediately used for immunopreci-
pitation. Mouse IgG 1 coupled to 20 pl of agarose
beads (Sigma) were incubated overnight at 4°C on a
rotary shaker with 10 pl of mouse IgG antibody
against chicken o-tubulin. The beads were washed
twice with 0.5 ml of buffer I supplemented with 2%
Triton X-100. The crude extract was added to the
beads and incubation was continued for 2 h at
room temperature. The pellet was washed 3 times
with buffer I plus 2% Triton X-100, resuspended in
sample buffer and electrophoresed on a 10% SDS-
PAGE.

3. Results and discussion

3.1. Cloning and sequencing of N. crassa o-tubulin
c¢DNAs

A first step in cloning of partial Tub oA and
Tub aB cDNAs was the screening of two cDNA
expression libraries constructed from mRNAs of my-
celium cultivated for 19 and 6 h, respectively. The
5" end sequence of Tub oA was subsequently ob-
tained by 5" RACE using a specific primer as de-
scribed in Section 2. The two isolated cDNAs encode
for a-tubulins A and B of 453 and 451 amino acids,
respectively. These sequences were aligned with five
o-tubulins representing a wide range of organisms
(Fig. 1). The sequences of a-Tub A and o-Tub B
present a divergence of 35%. This is the highest di-

«—

Fig. 1. Amino acid sequence alignement of Neurospora crassa (N.c. oA and oB) o-tubulins with Aspergillus nidulans (A. n. ol and a2);
Saccharomyces cerevisiae (S.c. a3); Drosophila melanogaster (D.m. ol and o4). Bold types represent the putative sequences of GTP bind-

ing as defined by Sternlicht et al. [15].
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Fig. 3. Purification by DEAE-Sepharose CL-6B of N. crassa o-
tubulin B overexpressed in E. coli. Molecular mass markers (lane
1). Crude protein extract (20 pg) of uninduced E. coli (lane 2).
Soluble fraction (20 pg) of induced E. coli with 0.4 mM IPTG
(lane 3). Inclusion bodies containing o-tubulin B fraction solubi-
lized in 8 M urea (lane 4). Alpha-tubulin B (overloaded) purified
on DEAE-Sepharose column (lane 5). Western blot of crude pro-
tein extract (20 ug) from N. crassa probed with the specific anti-
body directed against o-tubulin B (lane 6).

vergence ever observed between two tubulins in a
same species. This divergence arises particularly
from o-Tub A which presents a great number of
substitutions and two insertions at positions 3 (G)
and 368-373 (SSPADG). The only known cases of
such high divergence were those observed between
ol and o4 tubulins of D. melanogaster (32%) and
between Acal and Aoa2 tubulins of A. nidulans
(28%). It is particularly interesting to observe that
o-Tub B from N. crassa is more closely related to
ol from A. nidulans (89% identity) than it is to o-
Tub A from N. crassa (65% identity). This feature
could be explaind if the two family members, which
arose from tandem duplicated gene, were inherited
from a common ancestor by the two species 4. ni-
dulans and N. crassa. Indeed, if one copy of the gene
was under selection pressure to maintain function,
the other diverged rapidly. One might expect the
conserved copy o-Tub B in N. crassa to be more
similar to ol in A. nidulans than it would be to o-
Tub A in N. crassa.

As previously mentioned, three o-tubulin protein
isoforms have been identified by 2D gel analysis [7].
Our screening, however, revealed only two o-tubulin
cDNAs. To detect a possible third gene, we per-

formed a Southern blot analysis. In Fig. 2, genomic
DNA, digested with a variety of restriction enzymes,
was blotted and hybridised to the Tub aB probe
(bases 402-1367, lanes 1-4) or Tub oA probe (bases
702-1412, lane 5-8). In lanes 2 and 4, the Tub oB
probe hybridised strongly to a band and weakly with
a second one. In the lanes 6 and 8, the Tub cA
probe hybridised to identical sized bands as in lanes
2 and 4, but with opposite intensities. These results
indicate that the slow migrating band contains the
Tub o.B gene, whereas the fast migrating one con-
tains the Tub oA gene. The difference of intensity
between the two signals is due to a low identity of
the two cDNA probes (63%). To verify whether a
third putative gene could be present in one of the
two bands, the DNA was digested also with HindIII
(lanes 1 and 5) which cleaved in the middle of the
two genes and with Bg/l (lanes 3 and 7), which
cleaved only in the middle of the Tub aB gene. In
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Fig. 4. Northern blot analysis of N. crassa o-tubulin mRNAs
transcription during germination. A: Total RNA hybridised with
the 965 bp PstI-Scal DNA fragment of Tub aB gene. B: Meth-
ylene blue staining of rRNAs 26S and 17S. C: RNAse protection
assay. RNAs were hybridised with a 168 nucleotides cRNA
probe of Tub oA (Pa) and a 210 nucleotides cRNA probe of
Tub oB (Pb).
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Fig. 5. Western blot analysis of N. crassa o-tubulin expression during germination. Twenty micrograms of total protein extract at different
steps of development was separated by 10% SDS-PAGE, transferred to nitrocellulose membrane and immunostained with the monoclonal

o-tubulin antibody Yol 1/34.

lane 1, only four fragments were observed, indicating
that the genes were probably not tandemly repeated.
In lane 3, only two clearly visible fragments labelled
with the Tub oB probe were present. The absence of
a third fragment containing the 7ub a4 gene might
be interpreted by its comigration with the Tub aB
fragment of about 4 kbp. This interpretation was
confirmed in lane 7 where the fragment containing
the Tub oA gene was strongly visible at the expected
size of 4 kbp. Under low-stringency conditions, we
did not detect additional fragments (data not
shown). In conclusion, these results are consistent
with our previous screening and sequencing data,
ruling out the presence of a putative third gene.

3.2. Recombinant o-tubulin B represents the protein
with the slowest mobility

To assign the Tub aB gene to its corresponding
isoform, we overexpressed the recombinant o-tubu-
lin B and we prepared an affinity purified antibody
against the protein. The expressed tubulin was eluted
at about 160 mM KCI and purified to homogeneity
(Fig. 3). The apparent molecular mass of 55 kDa
corresponds to the slowest migrating ol’ and ol”
isoforms previously described [15]. The specific poly-
clonal antibody, tested on a crude protein extract
from N. crassa cultivated for 6 h, recognised specif-
ically the slowest migrating o-tubulin isoform and
had a very low affinity with the smallest subunit
(Fig. 3, lane 6). These results were confirmed by a
2D gel analysis, in which our specific antibody re-
vealed the presence of two spots of 55 kDa and of p/
5.77 and 5.68 and the non-specific antibody from
yeast recognised additionally the third isoform of
52 kDa and pl 5.68 (data not shown). We therefore
conclude that the o1’ and al” 55 kDa isoforms are

encoded by the Tub aB gene and that the a2 isoform
is encoded by the Tub o4 gene. The third o-tubulin
isoform is probably a product from a post-transla-
tional modification of al. One of the best known
modification of o-tubulins is the acetylation of a
lysine. This modification occurs normally at position
40 [14]. The ol subunit of N. crassa contains a lysine
in position 41, which could be acetylated leading to a
neutralisation of charges and therefore a lower p/ of
the protein, without modifying significantly its mo-
lecular mass. The second well-known modification is
the reversible removal of the C-terminal tyrosine.
However, this modification does not affect the p/
of o-tubulin, but can occur in combination with
the other modifications.

3.3. Tub oA and Tub o.B genes are developmentally
regulated

To find out whether the two genes are differen-
tially expressed during conidial germination, a blot
of electrophoretically separated total RNA from dif-
ferent developmental stages was probed with the
Tub aB probe (bases 402-1367), which was expected
to hybridise to both mRNAs. We have detected two
different migrating species. The fastest should corre-
spond to Tub oA mRNA because the isolated full-
length ¢cDNA is of 1700 nucleotides, whereas the
slowest should correspond to Tub aB mRNA be-
cause its cDNA, although missing the poly A tail,
is 1900 nucleotides long. The level of Tub oA and
Tub oB mRNAs increased gradually, reaching a
peak after 6 h of development, then decreased pro-
gressively for the next 10 h (Fig. 4A). The low reso-
lution of an agarose gel electrophoresis led us to
carry out RNase protection assays. Antisense RNA
probes of Tub aA and Tub aB coding sequences of



40 J. Monnat et al.| FEMS Microbiology Letters 150 (1997) 33-41

Fig. 6. Pulse-chase experiment showing the differential expression
of N. crassa o-tubulins at the beginning of conidial germination.
Cultures of macroconidia were pulse-labelled with 500 uCi of
[35S]methionine—cysteine during 1 h (lane 1) and 4 h (lane 2).
The chase was continued until 6 h of development. The a-tubulin
subunits were immunoprecipitated with a monoclonal antibody
directed against chicken o-tubulin (Amersham). After 1 h of con-
idial germination, only the Tub aB is expressed, whereas after 4 h
both subunits are expressed.

168 bases and 210 bases, respectively, were hybri-
dised to total RNA (Fig. 4C). The results showed
that Tub aA was not transcribed during the first
30 min of germination, whereas Tub oB mRNA
was already detected in freshly collected macroconi-
dia.

To determine whether the expression profile of o-
tubulin A and B proteins parallel the ones of their
mRNAs, we carried out a Western blot analysis of
crude protein extracts from developmental times cor-
responding to the mRNA analysis, using a non-spe-
cific monoclonal antibody (Yol 1/34). The content of
o-tubulin B protein increases during the develop-
ment as expected from RNA analysis. In contrast,
the results reveal differential expression of Tub oA
mRNA and the o-tubulin A protein (Fig. 5).
Although mRNA was not detected by RNAse pro-

tection assay, o-tubulin A was present in low, but
significant, amounts at the beginning of conidial ger-
mination. Therefore, the o-tubulin A detected by
Western blot is a product already present in freshly
collected macroconidia. These results were further
confirmed by pulse-chase experiments followed by
immunoprecipitations. After 1 h of in vivo labelling
and 5 h of chase, only o-tubulin B was detected to a
significant high level (Fig. 6, lane 1), whereas both
were expressed to the same level after a pulse of 4 h
(lane 2). This differential expression observed at the
beginning of germination could be correlated to the
divergent primary structure of the proteins, particu-
larly concerning the amino-terminus end, which was
already shown to be important in the B-tubulin
mRNA stability [5]. Moreover, these results suggest
that the expression of the Tub B gene is required
throughout the vegetative life cycle of N. crassa,
whereas the Tub oA gene must be necessary only
in particular developmental stages. To further under-
stand a possible specific function of each a-tubulin
gene during the development, we are now looking
forwards to disrupt the Tub o4 and Tub o.B genes
and to study the effects of the knock-out during the
different stages of conidial germination.
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