Mol Gen Genet (2000) 263: 752-760

© Springer-Verlag 2000

ORIGINAL PAPER

P. A. Radcliffe - T. Toda

Characterisation of fission yeast a/p11 mutants defines
three functional domains within tubulin-folding cofactor B

Received: 29 November 1999 / Accepted: 18 April 2000

Abstract The proper folding of tubulins prior to their
incorporation into microtubules requires a group of
conserved proteins called cofactors A to E. In fission
yeast, homologues of these cofactors (at least B, D and
E) are necessary for the biogenesis of microtubules and
for cell viability. Here we show that the temperature-
sensitive alpl1-924 mutant, which is defective in the
cofactor B homologue, contains an opal nonsense mu-
tation, which results in the production of a truncated
Alp11® protein (Alpll, ;;5). We isolated a tRNAT™
gene as a multicopy suppressor of this mutation, which
rescues alpll-924 by read-through of the nonsense
codon. The truncated Alpll;_;;3 protein lacks the
C-terminal half of Alp115, consisting of a central coiled-
coil region and the distal CLIP-170 domain found in a
number of proteins involved in microtubule functions.
Both of these domains are required for the maintenance
of microtubule architecture in vivo. Detailed functional
analyses lead us to propose that Alp11® comprises three
functional domains: the N-terminal half executes the
essential function, the central coiled-coil region is nec-
essary for satisfactory maintenance of cellular a-tubulin
levels, and the C-terminal CLIP-170 domain is required
for efficient binding to a-tubulin.
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Introduction

Microtubules (MTs) play pivotal roles in a wide variety
of cellular processes including chromosome separation,
protein and mRNA transport, cell motility and mor-
phogenesis. They are composed of polymers made up of
o/ f-tubulin heterodimers. The correct folding of tubulin
requires members of a highly conserved subfamily of
chaperones, known as CCT/TriC/c-cpn, which are
GroEL- and Hsp60-related chaperonins (Gao et al.
1992; Melki et al. 1993; Rommelaere et al. 1993; Kubota
et al. 1994). Furthermore, the formation of MTs is
dependent on additional co-chaperonins, designated
cofactors (Gao et al. 1993, 1994).

Cofactors were first identified biochemically in
mammalian in vitro systems as protein factors needed
for the production of assembly-competent o/ff hetero-
dimers. Subsequent protein purification and molecular
cloning showed that cofactors comprise a group of five
proteins designated cofactors A, B, C, D and E, (Llosa
et al. 1996; Melki et al. 1996; Tian et al. 1996, 1997).
Independent genetic experiments performed in yeasts
have shown that these cofactors (except for cofactor C)
are conserved through evolution. In budding yeast
(Saccharomyces cerevisiae), the homologues of cofactors
A (RDbI2p, Archer et al. 1995, 1998; Vega et al. 1998), B
(Alflp, Tian et al. 1997; Feierbach et al. 1999), D
(Cinlp, Hoyt et al. 1990; Stearns et al. 1990) and E
(Pac2p, Geiser et al. 1997; Hoyt et al. 1997) have been
identified, and their involvement in MT-related function
in vivo has been demonstrated.

In budding yeast the cofactor homologues are not
essential for cell viability (Hoyt et al. 1990; Stearns et al.
1990; Archer et al. 1995; Tian et al. 1997), which appears
to contradict the expectation based on the findings in
mammalian systems, in which these cofactors are abso-
lutely required for tubulin folding in vitro (reviewed in
Lewis et al. 1997). In contrast, analyses in fission yeast
(Schizosaccharomyces pombe) have shown clearly that
the corresponding homologues, at least of cofactors B



(Alpl1), D (Alpl) and E (Alp21) execute a function that
is essential for cell viability (Hirata et al. 1998; Grish-
chuk and MclIntosh 1999; Radcliffe et al. 1999). Fur-
thermore a conserved small GTP-binding protein, Alp41
(Cindp in budding yeast), is required for the cofactor
homologue-dependent pathway (Radcliffe et al. 2000).
Mutations, either deletion or conditional, in these ho-
mologues result in defective phenotypes very similar, if
not identical, to those in tubulin genes, including ab-
normal mitosis, mislocalisation of mitochondria, nuclear
displacement and growth polarity defects, and, most
notably, failure to form normal MT structures (Ume-
sono et al. 1983; Hiraoka et al. 1984; Toda et al. 1984,
Ayscough et al. 1993; Yaffe et al. 1996, Mata and Nurse
1997; Radcliffe et al. 1998; Sawin and Nurse 1998).
Based on data from fission yeast, we have proposed that
there is hierarchy among the cofactor homologues in that
they operate sequentially in a linear pathway, Alpl1®-
Alp21F/Alp41-Alp1P (Radcliffe et al. 1999, 2000).

Alp11® binds free o-tubulin molecules and overpro-
duction results in lethality accompanied by the disap-
pearance of MTs from the cell. This toxicity of Alp11®is
most probably ascribable to the absorption of a-tubulin,
as simultaneous overproduction of o-tubulin rescues
lethality (Radcliffe et al. 1999). Alp11® contains, at its
C-terminus, the conserved “CLIP-170 domain” which
consists of 50 amino acid residues rich in glycine and is
found in a number of proteins involved in MT-depen-
dent processes (reviewed in Rickard and Kreis 1996).
These include CLIP-170/Restin, p150°"*¢  budding
yeast Biklp and cofactors B and E (although fission
yeast Alp21® does not contain this domain). Our
previous experiments have shown that the CLIP-170
domain of Alp11® is required for efficient binding of
Alp118 to free a-tubulin molecules. In agreement with
this, a truncated Alp11® protein which lacks this CLIP-
170 domain is no longer toxic upon overproduction.
Unexpectedly, however, this truncated protein still ap-
pears to execute its function in vivo as efficiently as the
intact Alp11® protein (Radcliffe et al. 1999).

In the present study we report that the temperature-
sensitive (ts) alpl1-924 allele contains an opal nonsense
mutation, which is suppressible by tRNAT™P. This find-
ing provoked further investigation of the importance of
a predicted coiled-coil region adjacent to the CLIP-170
domain. Our results show that the coiled-coil region
proximal to the CLIP-170 domain is crucial for Alp11®
protein stability and for the maintenance of a-tubulin
levels in vivo.

Materials and methods

Strains, media, genetic techniques and nomenclature

Strains used in this study are listed in Table 1. Complete medium,
YPD (1% yeast extract, 2% polypeptone, 2% dextrose), YESS,
modified synthetic EMM2 and MEA4S (Moreno et al. 1991) have
all been described. Standard procedures for S. pombe genetics were
followed according to Moreno et al. (1991). Proteins are designated
by an uppercase initial letter, e.g. Alpl1.
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Table 1 Strains used

Strain Genotype Source/reference
HMI123 &~ leul Laboratory stock
DH924 & leul alp11-924 Radcliffe et al. (1999)
PR14 h~ leul ura4 his7 ade6 Radcliffe et al. (1999)
alpll; je3:urad™
PR19 h™|h™ leul/leul ura4/ura4 his7/ This study
his7 ade6-M210/ade6-M216
alpll;_jscurad™ |+
PR20 h~ leul ura4 his7 ade6 This study

alpll;_;s:urad™

Cloning of the tRNAT™-encoding sapll ™" gene
as a multicopy suppressor of alpl1-924

An S. pombe genomic library constructed in the vector pDB248 was
used for the isolation of genes which complemented the ts alpl1I-
924 mutant (DH924, Table 1). Transformants were incubated for
6 days at 26 °C, replica-plated onto YPD plates and incubated at
36 °C. Out of a total of 6500 colonies screened, 10 were capable of
growing at 36 °C and segregation analysis showed that the Ts™
phenotype was plasmid dependent. Plasmid DNAs were recovered
from E. coli, and restriction mapping indicated that they contained
overlapping inserts (two different plasmids) and did not correspond
to either alpl1™ or alp21™ (the gene was designated sapll™).

Nucleic acid preparation and manipulation

Standard molecular biological techniques were followed as de-
scribed by Sambrook et al. (1989). Enzymes were used as recom-
mended by the suppliers (New England Biolabs, Beverly, Mass.).
Nucleotide sequence was determined by the dideoxy method
(Sanger et al. 1977).

Construction of chromosomal truncation of alpll

Oligonucleotides 100 bases long were designed to create a trunca-
tion mutant of alpll by using a PCR-generated fragment con-
taining the wra4™ marker (Bihler et al. 1998), in which a pair of
stop codons (TAAGCTTAG, stop codons are underlined) were
introduced at the position of Trp'" in one copy of the alpll™
gene in a diploid strain (PR19, Table 1). Tetrad dissection yielded
two normal-sized colonies and two small colonies. The small col-
onies were Ura™, indicating that the C-terminal truncation is
partially functional. The Ura* colonies were ts and cold-sensitive
(cs) for growth (strain PR20).

Cloning of the ts alpl1-924 gene and determination
of the mutation site

To determine the site of the mutation in the ts alpl1-924 allele, the
entire ORF was cloned from the ts alpl7-924 mutant into pUCI19
by PCR. Sequencing of two clones derived from independent PCRs
showed, in both cases, a single substitution, from G to A, at po-
sition 357, which corresponded to the replacement of the codon for
Trp''® (TGG) by the opal termination codon (TGA, the A of
initiator methionine is defined as +1 and the mutated base is
underlined).

Immunochemical assays

Fission yeast whole-cell extracts were prepared, using glass beads
to disrupt cells as described previously (Vega et al. 1998; Radcliffe
et al. 1999). Mouse monoclonal anti-a-tubulin antibody (TAT-1,
provided by Dr. Keith Gull), mouse monoclonal anti-f-tubulin
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antibody (KMX-1, provided by Dr. Keith Gull), rat monoclonal
anti-mouse TCP-1 antibody (provided by Dr. Keith Willison) and
monoclonal anti-Cdc2 (PSTAIR) antibody (provided by Dr.
Masakane Yamashita) were also used. Horseradish peroxidase-
conjugated goat anti-rabbit IgG, goat anti-mouse IgG (Bio-Rad
Laboratories Ltd., Hercules, Calif.) and a chemiluminescence sys-
tem (ECL, Amersham, Little Chalfont, Bucks., UK) were used to
detect bound antibody.

Indirect immunofluorescence microscopy

Cells were fixed with methanol at —80 °C and primary antibodies
(TAT-1) were applied, followed by Cy3-conjugated sheep anti-
mouse IgG (Sigma Chemical Co.). Image processing was per-
formed using a chilled video-rated CCD camera (Model C5985;
Hamamatsu) with Hamamatsu software and Adobe Photoshop
(version 4).

Sucrose gradient centrifugation
Aliquots (2 mg, 100 pl) of yeast cell extract prepared in HB buffer

were loaded on the top of linear sucrose gradients (4.5 ml, 15%—
40%), and centrifuged at 40,000 rpm for 12 h at 4 °C.

Results

The alp11-924 mutation is suppressed
by a multicopy plasmid containing a tRNAT™ gene

In order to identify additional factors that potentially
interact with the tubulin-folding pathway, an S. pombe
genomic library was used to further screen for genes
which complemented the ts alpl1-924 mutation, which is
defective in the cofactor B homologue. In addition to
plasmids which contained alp/l™ or the gene for the
cofactor E homologue, alp2]1 ", as reported previously
(Radcliffe et al. 1999), two novel plasmids containing
overlapping inserts were isolated. Subsequent subclon-
ing analysis indicated that the complementing activity
resided in a short insert of only 285 bp (Fig. 1A, B).
Analysis of the nucleotide sequence of this fragment did
not reveal any obvious ORFs; however, it did contain a
tRNAT™ gene (sapll*) in which the anticodon is
3’ACCY5’ (Fig. 1C).

alpl1-924 is an opal mutation

tRNAT™ is known to be capable of reading through the
opal terminator codon (UGA) even under normal con-
ditions, although at a low frequency (Watson et al.
1987). Bearing this in mind, we isolated genomic DNA
from an alpl1-924 strain and sequenced the ts alpl1-924
mutant allele. As shown in Fig. 2A, we found a single
point mutation (G — A) at 357 (the A of the initiator
methionine is defined as + 1, Fig. 2A). In wild type, G**’
corresponds to the third nucleotide of the codon for
Trp'"? (TGG, position 357 is underlined). However, in
the alpl1-924 mutant, A**’ results in an opal stop codon
(TGA), thereby causing premature termination of the

vector

tRNATMP
S

1 EcoRV 285 Hindlll

Fig. 1A-C Isolation of tRNAT™ as a multicopy suppressor of alpl.-
924 A Suppression of ts alpl1-924 by a plasmid containing tRNAT™
(sap117). alp11-924 cells bearing a vector plasmid (leff) or plasmid
containing sapl1™ (pCR4, right) were streaked on rich medium and
incubated for 3 days at 36 °C. B Restriction map of the insert DNA
containing sapl/l*. The EcoRV site (leff) is denoted as +1. The
tRNAT™ gene is indicated by the arrow. C Structure of the tRNAT™
encoded by sapl1™ . The predicted secondary structure of tRNAT™ is
shown with anticodon (3’ACC5’, arrow) and base pairing (bars). The
terminal CCA is added (circles). The nucleotide sequence data
reported in this paper are available in the DDBJ/EMBL/Genbank
nucleot+ide sequence databases under the Accession No. AB019620
(sapll™)

Alp11® protein (Fig. 2B). As expected, suppression of
the alpl1 mutant by sapl1 " was specific to the alp11-924
allele; the tRNA gene was incapable of rescuing the
alpl1-deletion strain (data not shown).

In the alpl1-924 mutant a truncated Alp11® protein
is reverted to wild-type length by suppressor tRNA™™

To confirm that a truncated Alpl11® protein was being
produced in the alpl1-924 mutant as expected, immu-
noblotting analysis was performed using anti-Alpll
antibody. It was found that the alpl1-924 mutant ap-
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MNEITLFIKSSSANAERRINPQWTVSQL
KTKLVPIVGTPEQYQKLTYEPASSTVPG
HVFTSEEENLDLGEFEKLQPLGTIVVEDT
RPPHLRLDFDDLSQVDKYVMPREQYENR

TDSVYP@KKRNQLGRFNPDFEASKASR

QESLKRELVDLOKNLNSRCCAAGERYGT
IRYIGLVPEINNDNLWVGVEFDEPVGKN
DGTVSGKRYFNAKNKHGSFLRSSEVEVG
DFPPEDILEGL

Fig. 2A, B alp11-924 is an opal mutation. A Nucleotide sequence of
alp11-924. The nucleotide sequence of a part of the wild type (WT)
and alp11-924 alleles of the alpll gene are shown, together with the
predicted amino acid sequence (one-letter code). Raw sequencing data
are also shown for alpl1-924, in which G**7 is mutated to A,
The Trp'"® codon (TGG, WT) and the opal termination codon (TGA,
alpl1-924) are boxed. B The predicted amino acid sequence of Alp115.
Trp'" is enlarged and boxed. The CLIP-170 domain is shown in bold
blue type, whilst the proximal coiled-coil region is underlined (see
Fig. 5C)

parently lacked wild-type p35“?'/; instead, a much
fainter band of around 13 kDa was observed (Fig. 3A,
lane 2). This size is consistent with that predicted if
truncation were occurring at amino acid position 118
(the calculated molecular weight is 13.5 kDa). In the
alp11-924 mutant transformed with multicopy plasmids
carrying tRNAT™-encoding sapl1™, a small but clearly
significant amount of wild-type p35“7!! was produced
(lane 3). This result confirms the finding that alp11-924 is
an opal mutation which is suppressed by tRNAT™-
mediated read-through of the stop codon.

Our previous results indicated that in an alpl1-924
mutant, endogenous a-tubulin levels are decreased
(Radcliffe et al. 1999). Given the appearance of full-
length p35“?!" as a result of suppression by the multi-
copy tRNA'™-encoding gene sapll*, this defect in
o-tubulin levels should also be complemented. As shown
in Fig. 3B, that was indeed the case. In alp/7-924 mutant
cells containing sapll* the level of a-tubulin was
enhanced to a significant extent at the restrictive tem-
perature (36 °C, lanes 5 and 6) although not to wild-type
levels (compare lanes 4 and 6). Therefore, a high dosage
of tRNAT™ results in read-through of the opal muta-

755

1 2 3
B 260C 360C
\X ,\Jr
A b’ o A &’Qea?\
\’\' \\'92 \\'gq’ \\'glz
RN P A S )
c-tubulin e sess s g - —-—

p34 — . — . —

i 2 3 4 5 6

100 4
9
., 75 -
£
3
2 50
3
25

lane

Fig. 3A, B Level of the Alp11® and o-tubulin proteins in the alp/I-
924 mutant. A Truncation of the Alp118 protein. Wild-type cells (lane
1), alp11-924 (lane 2) or alpl1-924 cells containing plasmids carrying
sapl1™ (lane 3) were grown in minimal medium at 26 °C. Cell extracts
were prepared and immunoblotting performed with anti-Alpll
antibody. Wild-type Alp11® (p35) and the truncated mutant protein
(p13) are indicated by the arrows. B Level of a-tubulin. The strains
used in A were grown in minimal medium at 26 °C (lanes 1-3), shifted
to 36 °C and incubated for a further 8 h (lanes 4-6). Western analysis
was performed with anti-a-tubulin or anti-Cdc2 (p34) antibodies. The
histogram shows the level of a-tubulin relative to that of Cdc2, as
estimated by densitometry of the immunoblots

tion, which leads to the appearance of full-length Alp11®
(p35“P7y and thus normal o-tubulin levels.

Two mechanisms underlie the temperature sensitivity
of alpl1-924

We wished to discover the reason why alpl1-924 cells are
ts, and in particular to determine how this mutant sur-
vives at the permissive temperature in spite of the ap-
parent lack of intact p35°7’!. Two explanations can be
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envisaged. One possibility is that the truncated protein
itself is ts, i.e. pl3 is functional at 26 °C, but not at
36 °C. The other is that the viability of alp11-924 cells at
26 °C is dependent upon a small amount of p35“7!!
being translated by endogenous tRNATP-mediated
read-through of the opal codon, but that the quantity of
p35“?P!! thus produced (which must be below the de-
tection level of our immunoblotting experiments,
Fig. 3A), is for some reason insufficient to sustain
growth at higher temperatures. To distinguish between
these two possibilities, a heterozygous diploid strain was
constructed in which double stop codons were intro-
duced into one copy of the alpll1” gene at the position
corresponding to Trp'!" of Alp11® (see Materials and
methods). The double stop codons (TAAGCTTAG,
stop codons are underlined) ensure truncation of the
Alp11® protein without allowing any potential read-
through by chromosomal sapl1™" (the product derived
from this truncated alpll was designated Alpll;_jg).
Thus, if the former possibility were true, the resulting
haploid strain, containing Alpll;_;;g as sole source of
the cofactor B homologue, would show phenotypes
identical to those of alpl1-924; i.e. viable, ts and with
modest defects at the permissive temperature (26 °C).
On the other hand, if the latter notion were true, haploid
cells containing Alpll,_;;3 would be inviable, as are
alpll disruptants (Radcliffe et al. 1999).

Tetrad dissection of a heterozygous diploid showed
that a haploid strain containing Alpll,_ ;5 was viable,
although mutant cells were more severely retarded for
growth than alpl1-924; they were ts (Fig. 4A) and also
cs (18 °C, not shown), and even at the permissive tem-
perature (26 °C), showed markedly slow growth
(Fig. 4A) with altered cell shape (Fig. 4B, upper left).
The morphology of cells containing Alpl1,_;;3 became
more abnormal when the strain was incubated at 36 °C
(Fig. 4B, upper right). For comparison, the cell mor-
phology of a ts alpl1-924 strain grown at 26 °C and
36 °C is also shown (Fig. 4B, middle panel). This result
suggested that the two possibilities described above are
in fact both operative. The alpl1-924 cells must benefit
from read-through of the opal codon by chromosomal
sapll1™, as cells containing Alpll,_ ;5 were more im-
paired for growth at 26 °C than alpl1-924 cells. Never-
theless, Alpll;_j;g3 must be functional at 26 °C, since
cells containing this truncated protein are viable, and
can grow and divide at this temperature.

A coiled-coil region proximal to the CLIP-170
domain of Alp11® is required for the maintenance
of a-tubulin levels

To examine the level of tubulin molecules in Alp11®
truncation mutants, immunoblotting with anti-o-
and anti-f-tubulin antibodies was performed. The
mutants used were Alpll, 43, which lacks only the C-
terminal CLIP-170 domain (Radcliffe et al. 1999), and
Alpl11,_;;5. Anti-Alpl1 antibody was used to detect the

A 260c

-Ura 260C

360C

Alp111-118

alp11-924

Alp111-163

Fig. 4A, B Effects of C-terminal truncation of the Alpll protein.
A Construction of haploid cells containing Alpll; ;3. A tetrad
derived from a heterozygous diploid (PR19) in which one chromos-
omal copy of alpll™ has been modified to encode the truncated
Alp11® protein (Alpll,_y;g) is shown. Cells were grown rich medium
at 26 °C or 36 °C for 3 days (bottom), or on minimal medium lacking
uracil (Ura) at 26 °C for 4 days. B Cell morphology of strains
containing truncated Alpl11® proteins. Haploid cells containing
Alpll_j13 (PR20, top) or Alpll_ i3 (PR14, bottom) or alpll-924
mutant cells (DH924, middle) were streaked on rich medium and
incubated for 2 days either at 26 °C (left) or at 36 °C (right). The bar
indicates 10 pm

truncated Alpl1® protein in each strain. As shown in
Fig. 5A (lower panel), mutant cells containing truncated
alpll genes produced p25 or pl3, instead of p35, as
expected. It was also found that the amount of a-tubulin
was substantially reduced in cells containing Alpl1;_ ;g
(Fig. 5A, lane 2, upper panel). However, cells containing
the less severe truncation of Alp11® (Alp11,_;4;) showed
normal growth rate and morphology and were as resis-
tant to the anti-microtubular drug thiabendazole as
wild-type cells (Figs. 4B and 5B; note that the alpl1-924
strain is hypersensitive to this drug) and also contained a
normal amount of o-tubulin (Fig. 5A, lane 3, upper
panel). In contrast to the findings for a-tubulin, the level
of p-tubulin showed no significant change from the wild-
type level in either of these mutants (Fig. SA, centre
panel).

The drastic phenotypic difference between Alpl1; g
(severely retarded) and Alpl1, ;43 (normal) prompted us
to examine the structural features, if any, of the region
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Fig. 5A-C A truncation derivative of Alp11® that lacks both the
coiled-coil and CLIP-170 domains results in a reduction in o-tubulin
levels. A Reduced levels of a-tubulin in cells containing Alpll,_s.
Western analysis with anti-a-tubulin (fop), anti-p-tubulin (middle) or
anti-Alpl1l (bottom) antibody was performed using cell extracts
prepared from wild type cells (HM123, lane 1), and cells containing
Alpl1; 115 (PR20, lane 2) or Alpl1; 1453 (PR14, lane 3). The positions
of each Alp11® protein (wild-type p35, Alpl1,_je; p25 and Alpll,_; s
p13) are shown by the arrows. B Cells containing Alpl1; ;43 show
normal levels of resistance to thiabendazole. Serial dilutions of wild-
type cells (HM123), alpl1-924 mutant cells (DH924) or cells
containing Alpll; ;53 (PR14) were spotted onto plates of rich
medium containing thiabendazole (TBZ, 20 pg/ml); The 10° cells
per spot in the left column were diluted 10-fold in subsequent rows)
and incubated at 29 °C for 3 days. C Predicted coiled-coil structure
and functional profile of the truncated Alp11® proteins. Coiled-coil
probability was determined with the Macstripe 2.0 program using
window lengths of 14 and 21 amino acid residues. The coiled-coil
region and the CLIP-170 domain are shown by filled and hatched
boxes, respectively

proximal to the CLIP-170 domain. It was found that the
region between amino acids 119 and 163 contains a
coiled-coil structure (Fig. 5C). Thus it was concluded
that the coiled-coil region, but not the distal CLIP-170
domain, of Alp11® is essential for the maintenance of
steady state levels of free a-tubulin molecules. Also the
data shows that Alp11® specifically regulates a-tubulin,
which is in line with biochemical work performed in
higher eukaryotes (Tian et al. 1997).
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Microtubules are defective in cells containing
truncated Alp11® proteins

Next we sought to examine MT structures in alpll
truncation mutants. As shown in Fig. 6A and B, MT
structures were abnormal in cells containing Alp11,_;s;
MTs were fewer and shorter or seen as discrete dots.
These abnormal MTs are reminiscent of those in cells
treated with anti-microtubule drugs (Fig. 6C).

Furthermore, even cells containing Alpll,_j¢; also
showed incomplete MTs, although defects appeared less
severe than in cells expressing Alpll;_g; filamentous
structures were still observed, although shorter in length
(Fig. 6D). This result showed that, in the absence of the
CLIP-170 domain and/or coiled-coil region, Alpl1®
function becomes significantly compromised; MTs
appeared more unstable.

Interaction between chaperonins and Alp11®
or tubulin is transient in vivo

Next we investigated whether chaperonins (Lewis et al.
1992; Yaffe et al. 1992) form a stable complex with
Alp11® or tubulins in vivo. Total cell extracts of fission
yeast were fractionated by sucrose gradient centrifuga-
tion, and immunoblotting was performed with anti-
TCP-1 (provided by Dr. Keith Willison), anti-Alp11® or
anti-tubulin antibody. As shown in Fig. 7, the majority
of the chaperonin proteins were detected in fractions
corresponding to large complexes (>20S, fractions
9-11). In contrast, Alp11® and tubulins were found
much further up the gradient (fractions 1-5 for Alp11®
and 3-5 for tubulins). Immunoprecipitation analysis
under conditions in which Alpl11” and o-tubulin inter-
acted (Radcliffe et al. 1999) failed to show co-precipi-
tation of chaperonins and Alpl11® (data not shown).
These results indicate that the chaperonin complex and
Alp11® or tubulins do not form a stable complex in the
cell and, therefore, that physical interaction must be
weak or transient in vivo.

Discussion

In the current study we have shown that the fission yeast
cofactor B homologue, Alpl1®, is composed of three
functional domains: the N-terminal half, the central
coiled-coil region and the C-terminal CLIP-170 domain.

The role of the coiled-coil region of Alp11®

Our results suggest that the coiled-coil region is required
for the intrinsic stability of Alp11®, as the level of pro-
tein is greatly reduced in its absence. Furthermore it is
clear that a mutant form of Alp11® lacking the coiled-
coil region, in addition to the CLIP-170 domain, fails to
maintain normal cellular a-tubulin levels. This could
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Fig. 6A-D Defective microtubule structures in cells containing the
truncated Alpll proteins. Wild type cells (HM123, A and C), cells
containing Alp11, ;3 (PR20, B) or Alpl1, ;43 (PR14, D) were grown
in rich medium at 30 °C. Cells shown in C are wild type cells carrying
plasmids containing alp2! ™ (pREP-alp21™), and were incubated for
2 h in medium containing thiabendazole (50 pg/ml). Cells were fixed
with methanol and processed for immunofluorescence microscopy
using anti-o-tubulin antibody (TAT-1). Alp11,_ ;5 cells which contain
shorter and misoriented or dotted microtubule structures are indicated
by the arrowhead and arrow, respectively. The bar indicates 10 um

simply be a direct consequence of an inadequate quan-
tity of Alpl11B. An alternative possibility is that this
region has (a) specific role(s), for example, a-tubulin-
binding, in conjunction with the distal CLIP-170
domain. This would explain why Alpll, 43 retains
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Fig. 7 Size fractionation of Alpl1®, tubulin and chaperonins.
Sucrose-gradient centrifugation. Cell extracts prepared from wild-
type cells were centrifuged through a 15-40% sucrose gradient, and
fractions were analysed by immunoblotting with anti-TCP-1, anti-
Alpll, anti-o-tubulin and anti-f-tubulin antibodies, as indicated.
Positions of sedimentation markers (19.2S, thyroglobulin; 11.2S,
catalase; 4.5S, BSA) and fraction numbers are also shown. Aliquots
(25 ng) of the total cell extracts used for centrifugation were run in the
lane on the far left (total)

some binding capability, although reduced, for a-tubulin
(Radcliffe et al. 1999). As cells appear able to
grow normally with a greatly reduced amount of p35“**!
(see below), we think it likely that the coiled-coil region
does make an important contribution to the function of
Alp11®, in addition to stabilising the protein. Alpl1; 143
is capable of executing its role in ensuring cell viability as
efficiently as wild-type p35“7’!. The stable binding be-
tween Alpl11® and o-tubulin is therefore not essential.
Nonetheless, the CLIP-170 domain is important for
maintaining MT structures, and without this domain,
MTs become highly unstable. Vertebrate cofactor B,
although not the budding yeast homologue (Alflp),
contains an analogous coiled-coil region adjacent to the
CLIP-170 domain (Tian et al. 1997). Moreover, it ap-
pears that many proteins that contain the CLIP-170
domain possess regions of coiled-coils as well, although
their lengths and relative positions vary (proximal or
distal to the CLIP-170 domain, Rickard and Kreis
1996). Co-existence of the CLIP-170 domain and coiled-
coils may be a common feature of this group of proteins.

Minimal quantity of Alp11® required
for microtubule biogenesis and cell viability

An alpl1-924 mutant containing multicopy plasmids
bearing the tRNAT™-encoding gene sapll ™ is capable
of growing and dividing at the restrictive temperature.
Despite this apparent phenotypic suppression, very little
p35“P1 is produced by read-through in these cells (at
most one-tenth of that in wild type). Also the growth
properties of alpll-924 and the truncation mutant
(Alpl1; 11g) are very different at 26 °C: the alpl1-924
strain appears to grow as fast as wild type with relatively
normal morphology, whilst growth of the Alpll_g
strain is greatly retarded, with altered growth polarity.
Based on these differences, we assume that, although
undetectable by immunoblot analysis, alpl1-924 strains
must contain some p35“7?! as a result of read-through
by the chromosomal sapl1™ gene. It appears, therefore,
that this small amount of Alp11® is sufficient to support
normal growth. In wild-type cells Alp11® is a relatively



abundant protein (levels are 10-fold higher than those of
Alp21F, Radcliffe et al. 1999). This high level of Alp11®
may not be essential for the survival of the cell, as its
crucial role may be to capture o-tubulin from the
chaperonin complex — a function which could require
only a small number of Alp11® molecules.

The essential requirement for Alp11® can be bypassed
under a number of conditions. These include augmented
levels of Alp21F or Alpl® or spontaneous mutations
which arise during the germination of spores deleted for
the alpl1™ gene (Hirata et al. 1998; Radcliffe et al. 1999,
2000). The requirement for Alp11® function is, thus, less
stringent than that for Alp21® and Alpl® in fission
yeast. This is in agreement with findings from in vitro
biochemical experiments (Tian et al. 1997).

Suppression of the UGA opal mutation by tRNAT™

The isolation of the tRNA ™ -encoding sapll ™" gene as a
multicopy suppressor of the ts alpl1-924 mutant led us
to investigate the mechanisms underlying this suppres-
sion. alpl1-924 was subsequently identified as an opal
mutation; multicopy sapll” permits read-through
translation of the codon, thereby producing full-length
functional p35“7’!. As far as we know, this is the first
in vivo demonstration in fission yeast that tRNAT™ is
capable of reading through the UGA termination
codon. In budding yeast, a similar suppression is ob-
served in leu2-2 and his4-260 TGA nonsense mutations
(Ong et al. 1997). In addition many plant RNA viruses
take advantage of tRNAT™-mediated-read-through in
order to express some ORFs (Urban et al. 1996).

We have investigated termination codon usage in fis-
sion yeast ORFs to examine which, if any, is used pref-
erentially. Among 40 randomly selected ORFs, the
distribution of the termination codons is 8 UGA,
23 UAA and 9 UAG. There appears to be a preference
for UAA, however, specific avoidance of UGA to pre-
vent undesirable read-through does not seem to occur in
the fission yeast genome. The fact that read-through of
the UGA stop codon by tRNA™™ has been tolerated,
rather than selected against, suggests that in some cir-
cumstances this may be beneficial and could be of interest
for further study from an evolutionary point of view.

Acknowledgments We thank Drs. Keith Gull for TAT-1 and
KMX-1 antibodies, Keith Willison and Gillian Hynes for anti-
TCP-1 antibody, Masakane Yamashita and Yoshitaka Nagahama
for anti-Cdc2 (PSTAIR) antibody and Kin-ichiro Kominami for
providing samples for sucrose gradient fractionation. We thank
Drs. Damian Brunner, Peter J. Parker and Leah Vardy for critical
reading of the manuscript and useful suggestions.

References

Archer JE, Vega LR, Solomon F (1995) Rbl2p, a yeast protein that
binds to f-tubulin and participates in microtubule function
in vivo. Cell 82: 425-434

759

Archer JE, Magendantz M, Vega LR, Solomon F (1998) Forma-
tion and function of the Rbl2p-f-tubulin complex. Mol Cell
Biol 18: 1757-1762

Ayscough KA, Hajibagheri NMA, Watson R, Warren G (1993)
Stacking of Golgi cisternae in Schizosaccharomyces pombe re-
quires intact microtubules. J Cell Sci 106: 227-1237

Bihler J, Wu J, Longtine MS, Shah NG, McKenzie III A, Steever
AB, Wach A, Philippsen P, Pringle JR (1998) Heterologous
modules for efficient and versatile PCR-based gene targeting in
Schizosaccharomyces pombe. Yeast 14: 943-951

Feierbach B, Nogales E, Downing KH, Stearns T (1999) Alflp, a
CLIP-170 domain-containing protein, is functionally and phy-
sically associated with a-tubulin. J Cell Biol 144: 113-124

Gao Y, Thomas JO, Chow RL, Lee GH, Cowan NJ (1992) A
cytoplasmic chaperonin that catalyzes f-actin folding. Cell 69:
1043-1050

Gao Y, Vainberg IE, Chow RL, Cowan NJ (1993) Two cofactors
and cytoplasmic chaperonin are required for the folding of
o- and f-tubulin. Mol Cell Biol 13: 2478-2485

Gao Y, Melki R, Walden PD, Lewis SA, Ampe C, Rommelere H,
Vandekerckhove J, Cowan NJ (1994) A novel cochaperonin
that modulates the ATPase activity of cytoplasmic chaperonin.
J Cell Biol 125: 989-996

Geiser JR, Schott EJ, Kingsbury TJ, Cole NB, Totis LJ, Bhatta-
charyya G, He L, Hoyt MA (1997) Saccharomyces cerevisiae
genes required in the absence of the CINS-encoded spindle
motor act in functionally diverse mitotic pathways. Mol Biol
Cell 8: 1035-1050

Grishchuk EL, MclIntosh JR (1999) Stolp, a fission yeast protein
similar to tubulin folding Cofactor E, plays an essential role in
mitotic microtubule assembly. J Cell Sci 112: 1979-1988

Hiraoka Y, Toda T, Yanagida M (1984) The NDA3 gene of fission
yeast encodes fS-tubulin: a cold-sensitive nda3 mutation revers-
ibly blocks spindle formation and chromosome movement in
mitosis. Cell 39: 349-358

Hirata D, Masuda H, Eddison M, Toda T (1998) Essential role of
tubulin-folding cofactor D in microtubule assembly and its as-
sociation with microtubules in fission yeast. EMBO J 17: 658-666

Hoyt MA, Stearns T, Botstein D (1990) Chromosome instability
mutants of Saccharomyces cerevisiae that are defective in
microtubule-mediated processes. Mol Cell Biol 10: 223-234

Hoyt MA, Macke JP, Roberts BT, Geiser JR (1997) Saccharomy-
ces cerevisiae PAC2 functions with CINI, 2 and 4 in a pathway
leading to normal microtubule stability. Genetics 146: 849857

Kubota H, Hynes G, Carne A, Ashworth A, Willison K (1994)
Identification of six T¢p-I-related genes encoding divergent su-
bunits of the TCP-1-containing chaperonin. Curr Biol 4: §89-99

Lewis VA, Hynes GM, Zheng D, Saibil H, Willison K (1992)
T-complex polypeptide-1 is a subunit of a heteromeric particle
in the eukaryotic cytosol. Nature 358: 249-252

Lewis SA, Tian G, Cowan NJ (1997) The «- and f-tubulin folding
pathways. Trends Cell Biol 7: 479-484

Llosa M, Aloria K, Campo R, Padilla R, Avila J, Sanchez-Pulido
L, Zabala JC (1996) The p-tubulin monomer release factor
(p14) has homology with a region of the Dnal protein. FEBS
Lett 397: 283289

Mata J, Nurse P (1997) Tealp and the microtubular cytoskeleton
are important for generating global spatial order within the
fission yeast cell. Cell 89: 939-949

Melki R, Vainberg IE, Chow RL, Cowan NJ (1993) Chaperonin-
mediated folding of vertebrate actin-related protein and y-
tubulin. J Cell Biol 122: 1301-1310

Melki R, Rommelaere H, Leguy R, Vandekerckhove J, Ampe C
(1996) Cofactor A is a molecular chaperone required for
p-tubulin folding: functional and structural characterization.
Biochemistry 35: 10422-10435

Moreno S, Klar A, Nurse P (1991) Molecular genetic analyses of
fission yeast Schizosaccharomyces pombe. Methods Enzymol
194: 773-782

Ong WC, Ibrahim M, Town M, Johnson JD (1997) Functional
differences among the six Saccharomyces cerevisiae tRNAT™
genes. Yeast 13: 1357-1362



760

Radcliffe P, Hirata D, Childs D, Vardy L, Toda T (1998) Identi-
fication of novel temperature-sensitive lethal alleles in essential
p-tubulin and nonessential o2-tubulin genes as fission yeast
polarity mutants. Mol Biol Cell 9: 1757-1771

Radcliffe P, Hirata D, Vardy L, Toda T (1999) Functional dis-
section and hierarchy of tubulin-folding cofactors homologues
in fission yeast. Mol Biol Cell 10: 2987-3001

Radcliffe PA, Vardy L, Toda T (2000) A conserved small GTP-
binding protein Alp41 is essential for the cofactor-dependent
biogenesis of microtubules in fission yeast. FEBS Lett 468: 84-88

Rickard JE, Kreis TE (1996) CLIPs for organelle-microtubule
interactions. Trends Cell Biol 6: 178-183

Rommelaere H, Van Troys, M, Gao Y, Melki R, Cowan NI,
Vandekerckhove J, Ampe C (1993) Eukaryotic cytoplasmic
chaperonin contains t-complex polypeptide 1 and seven related
subunits. Proc Natl Acad Sci USA 90: 1197511979

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular cloning: a
laboratory manual (2nd edn). Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, N.Y.

Sanger F, Nicklen S, Coulson AR (1977) DNA sequencing with
chain-terminating inhibitors. Proc Natl Acad Sci USA 74:
5463-5467

Sawin KE, Nurse P (1998) Regulation of cell polarity by
microtubules in fission yeast. J Cell Biol 142: 457471

Stearns T, Hoyt MA, Botstein D (1990) Yeast mutants sensitive to
antimicrotubule drugs define three genes that affect microtubule
function. Genetics 124: 251-262

Tian G, Huang Y, Rommelaere H, Vandekerckhove J, Ampe C,
Cowan NIJ (1996) Pathway leading to correctly folded fS-tubu-
lin. Cell 86: 287-296

Note added in proof. We have recently shown that, unlike Alp11%,
Alp21E and Alp1P, the fission yeast cofactor A homologue, Alp31,
is non-essential for cell viability, despite Alp31* playing an im-
portant role in microtubule biogenesis in parallel with the above
three proteins [Radcliffe. PA., Garcia, MA. and Toda, T. (2000)
Genetics in press. ““The cofactor-dependent pathways for o- and f-
tubulins in microtubule biogenesis are functionally different in
fission yeast”].

Tian G, Lewis SA, Feierbach B, Stearns T, Rommelaere H, Ampe
C, Cowan NIJ (1997) Tubulin subunits exist in an activated
conformational state generated and maintained by protein
cofactors. J Cell Biol 138: 821-832

Toda T, Adachi Y, Hiraoka Y, Yanagida M (1984) Identification
of the pleiotropic cell cycle gene NDA2 as one of two different
o-tubulin genes in Schizosaccharomyces pombe. Cell 37: 233—
242

Umesono K, Hiraoka Y, Toda T, Yanagida M (1983) Visualization
of chromosomes in mitotically arrested cells of the fission yeast
Schizosaccharomyces pombe. Curr Genet 7: 123-128

Urban C, Zerfass K, Fingerhut C, Beier H (1996) UGA suppres-
sion by tRNASMCATP gecurs in diverse virus RNAs due to a
limited influence of the codon context. Nucleic Acids Res 24:
3424-3430

Vega LR, Fleming J, Solomon F (1998) An o-tubulin mutant
destabilizes the heterodimer: phenotypic consequences and
interactions with tubulin-binding proteins. Mol Biol Cell 9:
2349-2360

Watson JD, Hopkins NH, Roberts JW, Steitz JA, Weiner AM
(1987) Molecular biology of the gene (4th edn). Benjamin/
Cummings, Menlo Park, Calif., pp 431-462

Yaffe MB, Farr GW, Miklos D, Horwich AL, Sternlicht ML,
Sternlicht H (1992) TCP1 complex is a molecular chaperone in
tubulin biogenesis. Nature 358: 245-248

Yaffe MP, Hirata D, Verde F, Eddison M, Toda T, Nurse P (1996)
Microtubules mediate mitochondrial distribution in fission
yeast. Proc Natl Acad Sci USA 93: 11664-11668



