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Two a-tubulin genes from the budding yeast Saccharomyces cerevisiae were identified and cloned by
cross-species DNA homology. Nucleotide sequencing studies revealed that the two genes, named TUB) and
TUB3, encoded gene products of 447 and 445 amino acids, respectively, that are highly homologous to
oe-tubulins from other species. Comparison of the sequences of the two genes revealed a 19% divergence
between the nucleotide sequences and a 10% divergence between the amino acid sequences. Each gene had a
single intervening sequence, located at an identical position in codon 9. Cell fractionation studies showed that
both gene products were present in yeast microtubules. These two genes, along with the TUB2 1-tubulin gene,
probably encode the entire complement of tubulin in budding yeast cells.

The process of cell division has been studied extensively
in the budding yeast Saccharomyces cerevisiae and the
fission yeast Schizosaccharomyces pombe. A particularly
useful technique has been the isolation of conditional lethal
mutants that arrest at specific morphological stages of the
cell cycle (23, 35, 38, 39, 47, 56, 70). The normal function of
the mutant gene product in such cell cycle mutants has,
unfortunately, been discovered in relatively few instances.
To define the role of these gene products in the mechanism
of cell division, it will be essential to combine the genetic
approach with biochemical and morphological analysis.
Yeasts have become favorite organisms for such studies
because of ease of growth and manipulation, because of the
sophisticated recombinant DNA and classic genetic tech-
niques that have been developed (11, 61), and because of the
successful application of such techniques as electron micros-
copy and immunofluorescence (1, 13, 26, 27, 34, 42).
One of the proteins whose function in the cell division

cycle is best understood is the a,,-tubulin heterodimer,
which polymerizes to form the microtubules found in most
eucaryotic cells (63). By electron and light microscopy,
microtubules in yeast have been observed to be elements of
structures involved in chromosome and nuclear movement
(1, 13, 26, 27, 34, 42). Evidence obtained with antimicro-
tubule drugs (16, 40, 59) has suggested that microtubules in
yeast have essential functions in the mitotic and meiotic
spindles and in nuclear movement during cell division and
mating (20, 48, 49, 73, 74). Conditional lethal mutations in
tubulin genes have cell cycle defects, indicating a failure of
the mitotic spindle (24, 56, 68-71), consistent with previous
results with Aspergillus nidulans (40, 59). These mutants
also show defects in meiosis and in nuclear fusion during
mating (24, 69; J. Thomas, Ph.D. thesis, Massachusetts
Institute of Technology, Cambridge, 1984). Tubulin has been
purified from yeast and shown to have biochemical proper-
ties similar to tubulin from higher organisms (25).
The single P-tubulin gene of S. cerevisiae has been iso-

lated, sequenced, and shown to be essential for growth (36).
All of the tubulin genes of Schizosaccharomyces pombe
have been isolated and sequenced, including one P-tubulin
gene (24) and two functional a-tubulin genes (69). All of
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these genes show striking homologies to tubulin genes from
other species (for reviews see references 15 and 50). In this
report we complete the identification and sequence analysis
of tubulin genes from S. cerevisiae. We report the isolation
of the two functional a-tubulin genes, the complete sequence
of both genes, and the identification of their protein products
in yeast microtubules. In an accompanying paper (57), we
report on the genetic analysis of null mutations in these two
genes, which we have named TUB] and TUB3.

MATERIALS AND METHODS
Strains and media. Escherichia coli HB101 (12) was used

for bacterial transformation and plasmid growth. Strain
BNN45 (65) was used to grow phage vectors. Bacterial
media were made as described by Davis et al. (17) except for
NZC medium (8), used for phage growth in liquid culture.
S. cerevisiae strains PT6-2D (DBY1087) MATa rna2 rna8
ural (from Jim Haber) and DBY1389 MATa ade2 were used
to prepare RNA and were grown in YPD medium (60).

Gel electrophoresis and nucleic acid preparation. Restric-
tion enzymes, DNA polymerase I, DNA polymerase I large
fragment, polynucleotide kinase, and T4 DNA ligase were
purchased from New England Biolabs and used in the
buffers described by Maniatis et al. (32). Agarose gel elec-
trophoresis and plasmid DNA isolation were performed as
described by Davis et al. (17). Total cellular RNA was
isolated from yeast cells by glass bead lysis in the presence
of phenol and chloroform followed by ethanol precipitation,
as described by Carlson and Botstein (14), except that the
lysis buffer also contained 1% sodium dodecyl sulfate (SDS).
The RNA was electrophoresed in formaldehyde-agarose gels
as described in the GeneScreen manual (New England
Nuclear Corp.).

Hybridization methods. DNA fragments were transferred
from agarose gels to Zetapor membrane (AMF Inc.) by the
method of Southern (64) with 20x SSPE (32). Hybridizations
were done at 42°C in the buffer described by Wahl et al. (72)
with nick-translated probes (52). The stringency of hybrid-
ization was lowered by decreasing the amount of formamide
from 50 to 20% in steps of 10%o. Genomic libraries were
screened in hybridization buffer containing 30% formamide.
Low-stringency washes were carried out in 2x SSPE-0.5%
SDS at 50°C, while high-stringency washes were done in
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0.1x SSPE-0.1% SDS at 50°C. RNA gel transfer hybridiza-
tions were performed with GeneScreen hybridization mem-
brane (New England Nuclear) by the methods described in
the GeneScreen manual. A modification of the method was
used that reduced the background (suggested by K. Durbin),
which consisted of boiling the membrane for 5 min in
distilled water immediately before prehybridization.

Plasmid and A clones. The phage X304, containing the
TUB3 gene, was isolated by plaque hybridization (7) at low
stringency with two probes containing the two Hindlll
fragments of the Schizosaccharomyces pombe NDA2 a-

tubulin gene (69) from a library of partially Sau3A-digested
strain S288C DNA in the vector XBF101 (36). An internal
BglIH fragment was then subcloned into the pBR322-derived
polylinker vector pPL7 (J. Mullins, personal communica-
tion) to obtain pRB300 (insert shown in Fig. 1). The vector
pPL7 was constructed by inserting a 95-base-pair (bp)
polylinker containing EcoRI, ClaI, HindIII, XbaI, BglII,
MboII, PstI, and BamHI sites (58) between the EcoRI and
BamHI sites of pBR322 (9).
A partial fragment of the TUB] gene was similarly isolated

from a library of EcoRI-digested strain FL100 DNA in the
vector Xgt7 (55). The insert from this phage (X305) was then
used as a probe to isolate plasmids from a library of partially
Sau3A-digested strain S288C DNA (M. Rose, J. Thomas,
and P. Novick, personal communication) in the vector
YCP50 (C. Mann, personal communication; see reference 29
for map) by colony hybridization (22). Part of the insert from
one TUBJ-containing plasmid was subsequently subcloned
into pBR322 (9) to obtain pRB306 (see Fig. 1).
DNA sequence analysis. The sequences of the TUB] and

TUB3 genes were determined by the method of Maxam and
Gilbert (33) with plasmids pRB300 and pRB306, respec-
tively. Restriction fragments were labeled at their 3' ends by
filling 5' overhangs with the appropriate a-32P-labeled nucle-
otide with the Klenow fragment of DNA polymerase I.

Fragments were labeled at their 5' ends with -y-32P-labeled
ATP and polynucleotide kinase (32). Computer analysis of
DNA sequences was performed on a VAX 11-780 computer
with programs written by the National Biomedical Research
Foundation, by the University of Wisconsin Genetics Com-
puter Group, and by the Whitaker College Computer Facil-
ity.

Cell fractionation and protein gels. Strains DBY1375
(MATTa ade2) and DBY 1703 (MATct ade2 ura3-52
tub3:: URA3) were grown in SD medium (60) supplemented
with adenine sulfate (20 mg/liter) to a density of 5 x 106
cells/ml at 26°C. One millicurie of [35S]methionine was added
to 500 ml of cells, and growth was continued for 90 min. The
cells were harvested, and the tubulin was fractionated into
assembled and unassembled pools (44). The assembled pool
was mixed with calf brain tubulin, taken through two cycles
of temperature-dependent assembly and disassembly, and
then run on two-dimensional gels as described previously
(44). The gels were stained with Coomassie blue to visualize
the carrier tubulin and were then treated with En3Hance
(New England Nuclear). The dried gels were marked for
orientation with radioactive ink and exposed to preflashed
Kodak XAR-5 film for 5 months.

RESULTS

Isolation of two a-tubulin genes. To identify the a-tubulin
genes of S. cerevisiae, two fragments of the Schizosac-
charomyces pombe NDA2 a-tubulin gene (69) (generously
provided by T. Toda and M. Yanagida) were used as

hybridization probes. Gel transfer hybridization experiments
with genomic S. cerevisiae DNA (64) with these probes at
low stringency showed two independent sets of strongly
hybridizing bands (data not shown). Molecular cloning ex-
periments yielded two genes, henceforth called TUB] and
TUB3 (the TUB2 gene encodes P-tubulin). The TUB3 gene
was isolated from a library of partially Sau3A-digested
genomic DNA in the vector XBF101 by plaque hybridization
(7) and subcloned into the vector pPL7 to make plasmid
pRB300. The TUB] gene was isolated as described in
Materials and Methods and subcloned into pBR322 to make
plasmid pRB306. The restriction maps of the yeast DNA
inserts of pRB300 and pRB306 are shown in Fig. 1.
One additional sequence in the yeast genome hybridized

weakly to the probe from the 5' half of the NDA2 gene. This
sequence was cloned, and the homologous fragment was
found to contain the yeast TUB2 gene, which encodes
P-tubulin (36). This cross-hybridization of a- and ,B-tubulins
was not altogether unexpected since the two proteins are

closely related in primary structure (50). To search for
additional sequences in the yeast genome with homology to
a-tubulins, the TUB] and TUB3 genes were used as probes
in gel transfer hybridization experiments with genomic yeast
DNA. The two genes cross-hybridized quite strongly, but
did not hybridize with any other yeast sequences (see, for
example, Fig. 2 in the accompanying paper [57]).

Nucleotide sequence of TUB) and TUB3. The complete
sequences of the TUB] and TUB3 genes were determined by
the method of Maxam and Gilbert (33). The restriction map,
sequencing strategy, and open reading frames are shown in
Fig. 1. Each gene encodes an amino acid sequence highly
homologous to those of a-tubulins from other species. The
nucleotide sequences are shown in Fig. 2 and 3, along with
the predicted amino acid sequences.
The open reading frames of each gene were interrupted by

sequences presumed to be intervening sequences because
they resembled other yeast introns: each had a perfect
consensus 5' splice site (GTATGT) and 3' splice site (CAG),
and each had the consensus TACTAAC internal site that has
been shown to be necessary for efficient splicing (30, 31, 37,
41, 43, 66). Each intron was located in the identical position
in codon 9 of the open reading frame. The TUB] intron was
115 bases long, and the TUB3 intron was 298 bases long.
The presumptive spliced transcripts of the TUB] and

TUB3 genes encoded products of 447 and 445 amino acids,
respectively, with calculated molecular weights of 49,701
and 49,694. The protein sequences were compared with
those of porcine, Schizosaccharomyces pombe, and Chlam-
ydomonas reinhardi a-tubulins (45, 62, 69) (Fig. 4); compar-
isons among sequences from these species are summarized
in Table 1. There was one region, spanning amino acids 35 to

TABLE 1. a-Tubulin protein sequence comparisons

% Identical amino acids residuesa
Sequence TUB) TUB3 Porcine S. pombe 1 S. pombe 2 C. reinhardi

TUB] 100 90 74 75 74 69
TUB3 100 72 73 73 69
Porcine 100 76 76 85
S. pombe 1 100 86 70
S. pombe 2 100 71
C. rein- 100

hardi
a Percentages of identical amino acid residues are given based on the

alignments shown in Fig. 4 of the porcine (45), Schizosaccharomyces pombe
(69), and Chlamydomonas reinhardi al (62) a-tubulin sequences.
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FIG. 1. Restriction enzyme maps, sequencing strategies, and open reading frames in the oa-tubulin gene regions. Fragments of S. cerevisiae
DNA containing the TUB] and TUB3 genes are shown. The TUBI fragment was cloned between the SphI and BamHI sites of pBR322 to make
plasmid pRB306. The TUB3 BgLII fragment was cloned into the BglII site of the pBR322-based polylinker vector pPL7 to make plasmid
pRB300. Short arrows above the heavy line indicate sequence determined from the top DNA strand (running 5' to 3' from left to right). Arrows
below the line indicate sequencing from the other strand. The long arrows above the lines show the positions of the open reading frames
encoding the a-tubulin sequences, with the introns indicated. Asterisks indicate restriction enzymes whose sites of cleavage were not mapped
in the whole insert.

54, of considerable divergence near the amino terminus,
including several deletions. This divergence was noted pre-
viously by Toda et al. (69) among other a-tubulins. Interest-
ingly, TUB] and TUB3 were identical in this region. The
sequences aligned without insertions or deletions for the
remainder of their length until the carboxy terminus; then
there was again considerable divergence. The carboxy-
terminal amino acid in both of the S. cerevisiae proteins was
phenylalanine instead of tyrosine, which has been found in
all other a-tubulins sequenced to date (15).
The TUB] and TUB3 nucleotide sequences were com-

pared in the coding regions, the noncoding flanking regions,
and the introns. The coding regions showed 81% homology,
with most of the differences not affecting the amino acid
sequence. The differences were fairly evenly spread
throughout the genes. The differences in coding sequence
argue for a considerable evolutionary time of divergence
between the two genes. The spatial distribution of these
substitutions suggests an absence of recent gene conversions
between them. The 5' and 3' noncoding regions showed very
little detectable homology. The introns also showed very
little homology except for the consensus sequences and for a

region rich in thymidine near the 3' splice junction.
Expression of TUB) and TUB3. Gel transfer hybridization

with whole-cell RNA from exponentially growing cultures of
haploid cells showed that both genes gave rise to an mRNA
of approximately 1.6 kilobases (kb). Transfers were also
done with RNA from an rna2 rna8 temperature-sensitive

splicing mutant (54, 67) at the permissive and restrictive
temperatures. The results of the analysis with a TUB3 probe
are shown in Fig. 5. At the restrictive temperature (35°C),
putative mRNA precursors to both the TUB] and TUB3
sequences were observed, each larger by approximately the
amount predicted from the size of the proposed introns. The
TUB] gene appeared to be expressed at a higher level than
the TUB3 gene, but this could not be estimated quantita-
tively because of cross-hybridization of the probes from
each gene with the mRNA from the other. The fact that both
genes expressed a 1.6-kb mRNA was confirmed by using
RNA from null mutants of each gene, which are described in
the accompanying paper (57). When the entire TUB] region
shown in Fig. 1 was used as a probe, a transcript of 1.9 kb
also hybridized. The TUB3 fragment shown in Fig. 1 hybrid-
ized to additional transcripts of 1.1 and 2.2 kb. We have not
investigated further the origin of these transcripts.
Both gene products are present in yeast microtubules.

Previous analyses of yeast tubulin demonstrated the exist-
ence of two species in the a-tubulin region of two-
dimensional gels (25, 44). Using a TUB3 null mutant de-
scribed in the accompanying paper (57), we were in a

position to examine the origin of these two proteins. Since
the predicted sequence of TUB] contained two more amino
acids and three more negative charges than that of TUB3, we
expected that the smaller, more basic protein was the TUB3
gene product and therefore would not be present in extracts
from the TUB3 null mutant. Wild-type cells were labeled
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TUB1 INTRON:

1 IGTAT TCGA TTTGCCCGTC CAGGCTAGAT CTTTTTTTGT TAGTTCATTT

51 TGGCGTTTCA TCTTTCATEN 1KTAACtTCAA CGCAAAATTT TTTTTTTTTT

101 GATTTCTCTT TACA

TUB3 INTRON:

1 ETATG ATGC GTTCCTTTTT TTGTTCAATA TTCGCAACCA ATGGCACCTG

51 TGGGACAGGG AAAGAAGTTT GATCTGATCT GGTTTGATTC ATTCCCAATT

101 GGTCACCATC TGGTTGATTT ACGGCAAATA ATTTGACTTG TACCAGCACA

151 GTFTACA AGTTTCTTTT TCTCCATTTT TTCTGGGCAT ACTCGGACGA

201 AAAAGCTCAT AATTGACCTC ATTACATGGG GAGTGATTTT TGTGTCTTCT

251 TCTTCGGAGG ATTGCTGGAA CTTTTGTTAT TTTTCTTTTT TACAAL1IS
FIG. 3. Intron sequences. The nucleotide sequences of the putative TUBI and TUB3 introns are shown. Consensus 5', internal, and 3'

splicing sequences are enclosed by boxes.

with [35S]methionine, and the yeast cellular tubulin was
fractionated into unassembled and assembled pools (44).
These extracts contained many protein species, but the
microtubule components could be enriched greatly by coas-
sembly with unlabeled carrier calf brain microtubule protein.
The assembled-pool fraction was mixed with the carrier, and
after two cycles of temperature-dependent assembly, the
proteins were analyzed by two-dimensional isoelectric fo-
cusing (IEF)-SDS-polyacrylamide gel electrophoresis
(PAGE). The radioactive proteins were visualized by auto-
radiography, and the carrier proteins were stained (Fig. 6a).
The spot previously identified as ,-tubulin is indicated (44).
The pair of proteins with similar mobility in SDS-PAGE gels
and more basic pIs were identified as a-tubulins by three
criteria. First, they disappeared from the assembled-pool
fraction when the cells were pretreated with the
microtubule-depolymerizing drug nocodazole (44). Second,
they coassembled with the carrier tubulin to constant spe-
cific activity through up to four cycles of assembly and
disassembly, while other proteins in this region of the gel
were progressively lost in successive cycles (L. Pillus and F.
Solomon, unpublished data). Finally, the darker spot
comigrated with the carrier o-tubulin.
To determine the identity of the gene products, extracts

containing assembled microtubule components were also
made from a strain which carried a TUB3 null mutation and
analyzed by the same procedure (Fig. 6b). The smaller, more
basic spot disappeared in the strain that lacked functional
TUB3. Panel b is overexposed relative to panel a to empha-
size the disappearance of the TUB3 spot. The larger, more
acidic spot was assumed to represent the TUBI gene prod-
uct. The proposed TUB] spot was considerably darker than
the TUB3 spot. This observation is consistent with the
results of the accompanying paper (57), which indicate that
the TUB] gene may be expressed at a higher level than
TUB3. The fact that both of these proteins were present in
the cell fraction containing components of assembled

microtubules strengthens the conclusion that both TUB] and
TUB3 encode functional a-tubulins.

DISCUSSION

The budding yeast S. cerevisiae has a single essential
P-tubulin gene (TUB2), whose complete structure is known
(36). Here we report the isolation and sequence of two
functional ot-tubulin genes from S. cerevisiae, which we have
named TUB] and TUB3. Our identification of TUB] and
TUB3 as a-tubulin genes is based on sequence homology.
The conclusion that both genes encode functional a-tubulins
is based on the observed incorporation ofboth gene products
into yeast cell microtubules and on the phenotypes of
mutations in the two genes (see accompanying paper [57]).
We have not detected any other sequences in the yeast
genome with significant homology to either of the a-tubulin
genes or to the single P-tubulin gene even under very low
stringency hybridization conditions (G. E. Georges, P. J.
Schatz, and D. Botstein, unpublished data). Therefore, these
three genes probably represent the entire complement of
tubulin genes for this organism.
Of the many organisms whose tubulin genes have been

studied (reviewed in references 15 and 50), the yeast genes
show the most striking similarities to those found in the
fission yeast Schizosaccharomyces pombe. Schizosac-
charomyces pombe also has a single ,-tubulin gene and two
functional a-tubulin genes (24, 69). Its two ax-tubulins have
86% amino acid homology, while TUB] and TUB3 have 90%
homology. This level of divergence is much higher than has
been found between tubulin isotypes in other species exam-
ined, raising the possibility that the a-tubulins within each
yeast species might be functionally distinct. If a common
progenitor of these quite different yeasts had evolved two
distinct a-tubulin genes, one might expect that the interspe-
cies homologies between appropriate pairs of proteins might
be greater than the intraspecies homologies. At the least,
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2 0

cb cb

FIG. 5. RNA gel transfer hybridization analysis of the TUB3
transcripts. Total cellular RNA was made from exponentially grow-
ing wild-type cells or an rna2 rna8 mutant grown at the permissive
temperature (26°C) or grown at the permissive temperature and then
shifted to the restrictive temperature (35°C) for 30 min. The RNA
was run on a formaldehyde-agarose gel, transferred to a GeneScreen
membrane, and analyzed with a nick-translated probe made from
the XhoI-NdeI fragment containing the TUB3 coding sequence. The
numbers to the right indicate the positions of size markers of the
larger RNA (3.3 kb) and the URA3 transcript (0.9 kb) along with the
calculated size of the TUBI and TUB3 transcripts (1.6 kb).

CCid
IEF

functionally significant pairings might be suggested by the
different interspecies comparisons. As shown in Table 1, this
was not the case. The intraspecies homologies were greater
than the interspecies homologies, and all interspecies com-
parisons gave about the same percent identity value. This
result suggests that each species evolved a second a-tubulin
gene after they diverged. The positions of introns in the S.
cerevisiae and Schizosaccharomyces pombe genes reinforce
this hypothesis. Both S. cerevisiae genes have an intron in
the same place in codon 9. One of the Schizosaccharomyces
pombe genes has an intron in codon 19, while the other is
free of introns (69). An alternative hypothesis to explain
these observations is that the progenitor of these yeasts had
two a genes, but that gene conversion events in both
species, after their divergence, led to higher levels of
intraspecies homology. The high level of divergence be-
tween the S. cervisiae and Schizosaccharomyces pombe
proteins (as great as that between either and the porcine
proteins) reinforces the vast evolutionary distance between
these two yeasts.
As shown in Fig. 6, the TUB] gene product was appar-

ently incorporated into assembled structures at a higher level
than that of TUB3 in exponentially growing haploid cells
(assuming equal efficiency of coassembly of each
heterodimer with carrier tubulin). This difference was also
reflected in the mRNA levels. These results suggest that the
TUB] gene may be more important for haploid cell growth.
Among the range of hypotheses that can be used to explain
the presence of two a genes are two extremes. One is that
the two proteins are functionally different. One protein might
preferentially function in specific populations of
microtubules in the same cell or during specific stages of cell
growth or differentiation (e.g., during meiosis). At the other
extreme, the proteins might be functionally interchangeable,
and any differences between the function of the two genes
could be explained by different levels of expression. We
address the question of whether there are major functional

ise

SDS

3 _*A

a

WT

A
b

TUB3-
FIG. 6. Two-dimensional gel analysis of yeast tubulin. Yeast cells were labeled with [35S]methionine, and the tubulin was fractionated into

unassembled and assembled pools (44). The assembled fraction was mixed with unlabeled carrier calf brain microtubule protein and carried
through two cycles of temperature-dependent assembly. The proteins were analyzed on two-dimensional IEF/SDS-PAGE gels, and the
radioactive proteins were visualized by autoradiography. Only the region of the gel near the tubulins is shown. (a) Proteins from wild-type
(WT) cells. (b) Proteins from a TUB3 null mutant. The spot previously identified as P-tubulin is indicated (3). The arrowhead points to the
TUB3 gene product in panel a that was not present in panel b. The protein with a slightly more acidic pl and slightly lower mobility in
SDS-PAGE than the TUB3 gene product was assumed to be the TUB] gene product.
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differences between the proteins in an accompanying paper
(57).
The TUB] and TUB3 genes code for proteins of 447 and

445 amino acids, respectively, and the TUB2 P-tubulin gene
product is 457 amino acids long (36). S. cerevisiae therefore
has the longest known ,-tubulin and the shortest known
a-tubulins, mostly due to divergence at the carboxy termini
of the subunits. When the a- and 3-tubulins of different
species were compared, the carboxy terminus was consis-
tently one of the regions of greatest variability (15) (Fig. 4).
This divergence may be responsible for functional differ-
ences between tubulins. Alternatively, it may occur because
differences near the carboxy termini do not affect function.
Results from the accompanying paper (57) and from another
study of the role of sequence diversity in specifying tubulin
function (10) indicate that the latter interpretation is more
likely to be correct.
An interesting difference found between the S. cerevisiae

genes and all other known a-tubulin genes was the occur-
rence of phenylalanine instead of tyrosine as the carboxy-
terminal amino acid. The terminal tyrosine on a-tubulin can
be both removed and replaced by enzymes originally found
in rat brain (3, 5, 6) and since found in many other tissues
and species (18, 46, 51). Although the presence or absence of
the terminal tyrosine does not seem to alter the in vitro
assembly properties of tubulin (2), the fraction of tyrosinated
tubulin is different in assembled and unassembled pools (53).
Individual microtubules within the same cell can be distin-
guished on the basis of the presence or absence of this
tyrosine (21). Thus, tyrosination has been suggested to be
important in microtubule function (19, 28). Since the
tubulin:tyrosine ligase and the carboxypeptidase enzymes
can also use phenylalanine as a substrate in vitro (2, 4, 18),
the S. cereviciae residues may be functionally homologous
to the tyrosine residues found in other tubulins. The con-
servative nature of this change is consistent with an impor-
tant functional role for the terminal aromatic residue.
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