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The genome of Chinese hamster ovary (CHO) cells contains a complex family of approximately 16 a-tubulin
genes, many of which may be pseudogenes. We present here the complete cDNA sequences of three expressed
oi-tubulin genes; one of these genes has been identified only in CHO cells. The noncoding regions of these three
CHO a-tubulin genes differed significantly, but their coding regions were highly conserved. Nevertheless, we
observed differences in the predicted amino acid sequences for the three genes. A comparison of the CHO
a-tubulin sequences with all of the sequences available for mammals allowed assignment of the a-tubulin genes
to three classes. The proteins encoded by the members of two of these classes showed no class-specific amino
acids among the mammalian species examined. The gene belonging to the third class encoded an isoprotein
which was clearly distinct, and members of this class may play a unique role in vivo. Sequencing of the three
a-tubulin genes was also undertaken in CMR795, a colcemid-resistant clonal CHO cell line which has
previously been shown to have structural and functional alterations in its tubulin proteins. We found
differences in the tubulin nucleotide sequence compared with the parental line; however, no differences in the
ot-tubulin proteins encoded in the two cell lines were observed.

The tubulin gene families are ubiquitous and are highly
conserved within the eucaryotes (1, 8, 29). In mammalian
cells there are about 15 to 20 different genomic members
each for the a- and ,-tubulin families (11, 14, 25, 30, 31, 58).
The majority of these sequences are apparently pseudogenes
(28, 29, 31, 45, 59, 60), and only a small subset, perhaps three
or four each for a- and 13-tubulin, are expressed (13, 15, 31,
46).

In clonal lines of Chinese hamster ovary (CHO) cells,
three differentially expressed ox-tubulin genes, genes I, II,
and III, have been identified (13). The purpose of the present
study was to determine whether these genes encode different
tubulin isoproteins which could potentially confer functional
specificity to the microtubules in which they are incorpo-
rated. Previously, preliminary sequence data have shown
that, while genes I and II are similar, gene III encodes a
distinct tubulin isoform which had not been identified previ-
ously (13). Thus, complete sequence data were required to
reveal differences in the gene I and II products and the
extent of the difference between these genes and the gene III
x-tubulin isoprotein.
We previously isolated colcemid-resistant CHO cell line

CMR795, which possesses tubulin with reduced colcemid-
binding ability and an altered a.-tubulin protein, as deter-
mined by two-dimensional gel electrophoresis (2, 9, 26, 33).
Sequences of the a-tubulin genes expressed in CMR795 cells
were determined and compared with sequences of the pa-
rental CHO cell line.

MATERIALS AND METHODS
Culture conditions and cell lines. The procedures used for

maintaining CHO cells in culture have been described
previously (12, 56). The present CHO cell karyotype is
relatively stable and has 21 chromosomes, whereas the
Chinese hamster karyotype has 22 chromosomes; neverthe-
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less, most of the hamster genome can be accounted for in the
rearranged chromosomes (61). The cell lines used in this
study were isolated previously and have all been cloned.
E2gPro+ is an auxotroph which requires adenosine and
proline for growth. This auxotroph is the parental line from
which colcemid-resistant cell line CMR795 was isolated (2, 9,
26, 33).

Oligonucleotides. Oligonucleotides (18 to 35 nucleotides
long) were synthesized by using an Applied Biosystems
model 380A DNA synthesizer. They were purified by gel
electrophoresis prior to use for priming M13 sequencing
reactions or for hybridizing with cDNA clones.

Isolation of cDNA clones. Two CHO cDNA libraries, one
each from cell lines E29pro' and CMR795, were constructed
by using the pcD eucaryotic expression vector system (43,
44). The methods used for library construction, screening,
DNA purification, blotting, and hybridization with a-tubulin
nick-translated probes and oligonucleotide probes have been
described previously (13). The initial screenings produced
full-length cDNA clones (clones containing sequences ex-
tending from the polyadenylate tail to and including the 5'
noncoding region) from each library for the most highly
expressed genes, genes I and III (13). Further library screen-
ing was undertaken to isolate full-length cDNA clones for
gene lI. These clones represented only 5% of all of the
tubulin clones present. Duplicate library filters were created
(36). One set of filters was hybridized with a gene II-specific
oligonucleotide probe derived from the 3' noncoding se-
quence (13). The other set of filters was hybridized with a
coding region genomic (x-tubulin probe under conditions
which detected all three ox-tubulin transcripts (13, 14). DNA
from colonies positive in both assays was isolated, dotted
onto nitrocellulose, and hybridized to an oligonucleotide
probe which was derived from a conserved stretch of the
extreme 5' coding regions of genes I and III. The expectation
that the homology would extend to gene II and thus identify
full-length clones was realized. The presence of a 5' noncod-
ing sequence in all of the clones was confirmed by sequenc-
ing (see below).
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cDNA SEQUENCE FOR THREE CHO a-TUBULIN ISOPROTEINS
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FIG. 1. Sequencing strategy and cDNA clones. (A) The DNA sequence of both strands was determined by a combination of chemical
cleavage (37) and dideoxy sequencing (50). *-O and -* indicate the start and direction of chemical cleavage sequencing. *- and -* indicate
the location and direction of dideoxy sequencing from synthetic oligonucleotides primers. In each case sequencing continued until overlap
with the next sequencing start location was achieved. (B) cDNA clones. Nine independent a-tubulin cDNA clones were used for sequencing
both strands from parental and mutants libraries for the three different mRNA species (genes I, II, and III). The dotted lines indicate the
vector; the thin lines indicate noncoding regions, and the thick lines indicate coding regions kb, Kilobases.

Sequencing strategy. Figure 1 shows the DNA sequencing
strategy which we used. Initial sequencing was by the
chemical cleavage method of Maxam and Gilbert (37). The
tubulin insertions, none of which had internal BamHI sites,
were removed from the vector by BamHI digestion. The
isolated fragments containing the cDNA flanked by short
vector sequences were then end labeled and cut internally
with ClaI. For every clone, sequencing proceeded from the
polyadenylate tail to the coding region of a-tubulin. For
some clones chemical cleavage sequencing into the 5'
noncoding region was also done. In Fig. 1 we indicate the
start and direction, but not the extent, of chemical cleavage
sequencing. Sequencing was extended until overlap was
achieved with the next sequencing.

Subsequently, the BamHI fragments were cloned in their
entirety (size range, 1.6 to 1.8 kilobases) into M13mp9 and
sequenced by using the dideoxy method (50) and synthetic
oligonucleotide primers. Initial data for the construction of
the oligonucleotide primers were obtained by sequencing
small regions of Sau3A gene II M13mp9 subclones which
were constructed for this purpose. Throughout the coding
region, primers for each strand were located about 200 base
pairs apart at sites where the gene III sequence and the
sequence of rat clone pILaTl (30) were identical. Because of
the high degree of coding region homology, this set of 15
coding region primers proved to be useful for sequencing
both strands of clones from all three genes. Sequencing from
each of these primers and an additional six noncoding region
oligonucleotides (Fig. 1A) continued for approximately 250
base pairs until overlap was achieved with the start of
sequencing from the next primer.

Special sequencing strategies were used at the extreme
ends of the cDNA insertions. Sequencing from the universal
M13 primer (27) through the 60 to 120 nucleotides of poly-
adenylate tail into the 3' noncoding region was not possible.

Therefore, 3' noncoding sequences were derived from chem-
ical cleavage sequencing and from gene-specific oligonucle-
otide primers, as indicated in Fig. 1A. Sequencing of the
other strand of the 3' noncoding region proceeded from an
oligonucleotide primer located in the coding region, through
the 3' noncoding sequence, and into the polyadenylate tail.
To facilitate sequencing of the 5' noncoding region of the

a-tubulin clones, an oligonucleotide complementary to the
pcD vector sequence present in the BamHI fragments and
just 5' to the polyguanylate linker created during cDNA
library construction was synthesized. This primer was used
to sequence through the 12 to 19 nucleotides of linker, the 5'
noncoding region, and into the coding sequence. However,
when the polyguanylate region was 20 nucleotides long or
longer, dideoxy sequencing could not be depended upon,
and chemical cleavage sequencing was used. Sequencing of
the other strand in this region proceeded from the coding
region through the 5' noncoding DNA to the linker.
Two artifacts were observed during sequencing. In one

case a four-base pair deletion was present in one M13 clone
but not in the clone of the opposite strand or in either strand
of a second independent isolate. Thus, we concluded that
this deletion occurred during M13 cloning. Such deletions
have been observed previously for M13 (39). A second
artifact was the substitution of a single base. Again, this
change was observed in only one of two complementary M13
phages derived from a single library clone and was not
observed for either orientation of an independent clone.
cDNA clones. All nine cDNA clones shown in Fig. 1B were

the result of independent cloning events. For clones having
different transcripts or clones from different cell lines this
fact is self-evident. When two clones belonging to the same
class from the same library were used, they were considered
the result of independent cloning events only if they differed
in the amount of 5' noncoding sequence present. To facilitate
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-120 -110 -100 -90 -80 -70 -60 -50 -40
ACCTCATTG CGTTACTTAC CTCGACTCTT AGCTGTCGGG AACGGTAACC GTGACCCGCT GTCTGCTTTT

CAGGTTC TCTTACATCG ACCGCCTAAG AGTCGCGCTG TAAGAAGCM CACCTCCTCC TCGCCTCCGC

III AGTCTATAT AAGACCTCTC CTGGAGGCGG ACTCACACTG CTTCTCCCCG GGACTCCTTG GTAGTCTGCT AGTGGGAGGT CCTCGTCACC CTCTCTTAAC

-30 -20 -10 15 30 45 60
GTCACCTTCG CCTTCTAACC CGTAGCTACC ATG CGT GAG TGC ATC TCC ATC CAC GTT GGC CAG GCT GGT GTC CAG ATC GGC AAT GCC TGC

MET ARG GLU CYS ILE SER ILE HIS VAL GLY GLN ALA GLY VAL GLN ILE GLY ASN ALA CYS
CAACCTCCGG GCAGCCGCAA AGCAGCAACC

III TCAGACCTCG CGGACCGCTT CCTAGACAAC

75 90 105 120 135 150
TGG GAG CTC TAC TGC CTG GAA CAT GGC ATC CAG CCT GAC GGC CAG ATG CCA AGT GAC AAG ACC ATC GGG GGA GGA GAT GAC TCC TTC MC
TRP GLU LEU TYR CYS LEU GLU HIS GLY ILE GLN PRO ASP GLY GLN MET PRO SER ASP LYS THR ILE GLY GLY GLY ASP ASP SER PHE ASN

T

165 180 195 210 225 240
ACC TTC TTC AGT GAG ACA GGC GCT GGC AAG CAT GTG CCC CGG GCC GTG TTC GTA GAC CTG GAA CCC ACA GTC ATC GAT GAA GTT CGC ACT
THR PHE PHE SER GLU THR GLY ALA GLY LYS HIS VAL PRO ARG ALA VAL PHE VAL ASP LEU GLU PRO THR VAL ILE ASP GLU VAL ARG THR

255 270 285 300 315 330
GGT ACC TAC CGC CAG CTC TTC CAC CCT GAG CAG CTC ATC ACA GGC AAG GAA GAT GCT GCC Ml MC [Al GCC CGT GGC CAC TAC ACC ATC
GLY THR TYR ARG GLN LEU PHE HIS PRO GLU GLN LEU ILE THR GLY LYS GLU ASP ALA ALA ASN ASN TYR ALA ARG GLY HIS TYR THR ILE

345 360 375 390 405 420
GGC AAG GAG ATC ATT GAT CTT GTC TTG GAC AGA ATT CGC MG CfG GCT GAC CAG TGC ACA GGT CTT CAG GGC TTC TIG GTT TTC CAC AGC
GLY LYS GLU ILE ILE ASP LEU VAL LEU ASP ARG ILE ARG LYS LEU ALA ASP GLN CYS THR GLY LEU GLN GLY PHE LEU VAL PHE HIS SER

I

435 450 465 480 495 510
TTT GGT GGG GGA ACT GGC TCT GGG TTC ACC TCC CTG CTG ATG GAG CGG CTC TCT GTC GAT TAT GGA MG MG TCC MG CTG GAG TTC TCC
PHE GLY GLY GLY THR GLY SER GLY PHE THR SER LEU LEU MET GLU ARG LEU SER VAL ASP TYR GLY LYS LYS SER LYS LEU GLU PHE SER

525 540 555 570 585 600
I ATC TAC CCA GCC CCC CAG GTT TCC ACT GCT GTG GTT GAG CCC TAC MC TCC ATC CTC ACC ACC CAC ACC ACC CTG GAG CAC TCT GAT TGT

ILE TYR PRO ALA PRO GLN VAL SER THR ALA VAL VAL GLU PRO TYR ASN SER ILE LEU THR THR HIS THR THR LEU GLU HIS SER ASP CYS
11 T

III T

615 630 645 660 675 690
I GCC TTC ATG GTA GAC MC GAG GCC ATC TAT GAC ATC TGT CGT AGA MC CTC GAC ATT GAG CGC CCC ACC TAC ACT MC CTI MC CGC CTC

ALA PHE MET VAL ASP ASH GLU ALA ILE TYR ASP ILE CYS ARG ARG ASN LEU ASP ILE GLU ARG PRO THR TYR THR ASN LEU ASN ARG LEU
11 A T A G T G

III

II

III

705 720 735 750 765 780
ATT AGC CAG ATT GTG TCT TCC ATC ACT GCT TCC CTC AGA TTT GAT GGA GCC CTG MT GTT GAC CTG ACA GAA TTC CAG ACC MC CTG GTA
ILE SER GLN ILE VAL SER SER ILE THR ALA SER LEU ARG PHE ASP GLY ALA LEU ASN VAL ASP LEU THR GLU PHE GLN THR ASN LEU VAL
A G T A

GLY

FIG. 2. Nucleotide and predicted amino acid sequences of CHO genes 1, II, and III. The sequence data for each gene were derived from
at least two independent cDNA clones (Fig. 1). The complete 5' and 3' data are shown. Within the coding region the sequence of gene I is
shown; data for gene II and gene III are shown only where these data differ from the gene I data. The nucleotides are numbered from the first
position of the initiator ATG. The polyadenlylation signals are underlined. Where necessary, deletions were introduced (dashes) to maintain
maximum homology.

sequence comparisons of the colcemid-resistant mutant and
its parent, mutant and wild-type clones were electropho-
resed on gels loaded in pairs such that the ladders of the
sequencing lanes alternated between the two clones.

RESULTS
Sequences of three a-tubulin genes. Figure 2 shows the

nucleotide and predicted amino acid sequences of CHO
a-tubulin genes I, II, and III. These data are based on

sequencing of both strands of at least two independent
cDNA clones for each of the three genes (Fig. 1). The gene
I sequence is presented in full. For genes II and III the 5' and
3' noncoding regions are shown fully, but the nucleotide and
amino acid sequences of the coding regions are shown only
where they differ from those of gene I.
The proteins predicted for genes I and II are 451 amino

acids long, and the protein predicted for gene III is 449
amino acids long. All three sequences encode a carboxy-
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cDNA SEQUENCE FOR THREE CHO oa-TUBULIN ISOPROTEINS

795 810 825 840 855 870
CCC TAC CCT CGC ATC CAT TTC CCT CTG GCC ACA TAT GCC CCT GTC ATC TCT GCT GAG AMA GCC TAC CAT GAG CAG CTT TCT GTA GCA GAG
PRO TYR PRO ARG ILE HIS PHE PRO LEU ALA THR TYR ALA PRO VML ILE SER ALA GLU LYS ALA TYR HIS GLU GLN LEU SER VAL ALA GLU

A A
THR

885 900 915 930 945 960
ATC ACC MT GCC TGC TTT GAG CCA GCC AAT CAG ATG GTG AAA TGT GAC CCT CGC CAT GGT AAA TAC ATG GCT TGC TGC CTG CTG TAC CGT
ILE THR ASN ALA CYS PHE GLU PRO ALA ASN GLN MET VAL LYS CYS ASP PRO ARG HIS GLY LYS TYR MET ALA CYS CYS LEU LEU TYR ARG

975 990 1005 1020 1035 1050
I GGG GAT GTG GTT CCC AAA GAT GTC AAT GCT GCC ATT GCC ACC ATC AAG ACC AAG CGC AGC ATC CAG TTI GTG GAC TGG TGT CCC ACT GGC

GLY ASP VAL VAL PRO LYS ASP VAL ASN ALA ALA ILE ALA THR ILE LYS THR LYS ARG SER ILE GLN PHE VAL ASP TRP CYS PRO THR GLY
T C

THR
III T T C

THR

1065 1080 1095 1110 1125 1140
I TTC MG GTT GGC ATT MT TAC CAG CCT CCC ACT GTG GTA CCT GGT GGA GAC CTG GCT MG GTC CAG AGA GCT GTG TGC ATG CTG AGC MC

PHE LYS VAL GLY ILE ASN TYR GLN PRO PRO THR VAL VAL PRO GLY GLY ASP LEU ALA LYS VAL GLN ARG ALA VAL CYS MET LEU SER ASN
11

111

1155 1170 1185 1200 1215 1230
I ACC ACA GCC ATC GCT GAG GCC TGG GCT CGC CTA GAT CAC MG TTT GAT CIG ATG TAT GCC AAG CGT GCC TTT GTG CAC TGG TAC GTG GGT

THR THR ALA ILE ALA GLU ALA TRP ALA ARG LEU ASP HIS LYS PHE ASP LEU MET TYR ALA LYS ARG ALA PHE VAL HIS TRP TYR VAL GLY
11 T

III

1245 1260 1275 1290 1305 1320
I GAG GGC ATG GAG GAG GGG GAG TTC TCT GAG GCC CGT GAG GAC ATG GCT GCC CTA GAG AAG GAT TAT GAG GAG GTG GGT GTG GAT TCT GTT

GLU GLY MET GLU GLU GLY GLU PHE SER GLU ALA ARG GLU ASP MET ALA ALA LEU GLU LYS ASP TYR GLU GLU VAL GLY VAL ASP SER VAL
II

A T G CA C AG C
ALA ALA

1335 1350 1366 1376 1386 1396 1406 1416
I GAA GGA GAG GGT GAG GAA GAA GGA GAA GAA TAC TAA TCTATTCTTT CTGCCCCTGG ATCATGTCM ACTCCTAGAA CTTCAGCTTC AACATTAGCT

GLU GLY GLU GLY GLU GLU GLU GLY GLU GLU TYR ocher
II A G ATTAATTGTC ACAMGGTGC TGCTTTTACA GGGMGTTTA TCTGTCCA ACAMGAMG

III Tr--- G T

ASP - ASP
T G CCCATGTGCT GCAATTTTAC ACTTCATTGT CTTGTGTTTG TCTTTGTATG TATATGACTG

amber

1426 1436 1446 1456 1466 1476 1486 1496 1506 1516
I GATAGGCATT GATTCCTCTA ATTGTGTCAT CTTCATTCTG TGATCATGTA TTTGTCTGTG GCCCTGTATG GTCTTTCCAT GATGTCTCAA AGTMMAGC

1I CTGTGGTCTG ATCAGTTMT TTGTATGTGG CMTGTGTGC TTTCATACAG TTACTGACTT ATGGTTGAM ATATGMTGA CTTGTCATAG ACCCAAGCCG

III TCTTACACTA TCAATMAGG TGTTTCCATA TTAAGTGGG(A)n

1526 1536 1546 1556
I TTTAAGACAC T(A)n

II

III

1566

TCCATTTCAC TGATGGGTTT TAAAMAMAT ATTCCCTGTC T(A)n

terminal tyrosine. The polyadenylation signal of each a-
tubulin sequence is underlined in Fig. 2 (4), and the
polyadenylated tail sequence is indicated by (A),. A com-

puter search for the presence of direct repeats, inverted
repeats, hairpins, and inverted hairpins revealed examples of
such structures (data not shown), but these structures had no

perceivable functional significance.
Although the untranslated regions of the three transcripts

are different, the coding regions are remarkably similar (Fig.
2). Genes I and II differ at only 16 nucleotide positions,
resulting in two amino acid substitutions, one of which is not
conservative (Ser-Gly at position 232) and one of which is
conservative (Ser-Thr at position 340) (7, 24). Interestingly,
10 of the 16 base pair substitutions are clustered in a short
stretch of 19 bases from nucleotide 681 to nucleotide 699.
Gene III is more divergent, but compared with gene I

differs at only 23 base 'pairs and has 6-base pair deletion.

These changes lead to a protein which differs by six con-

servative amino acid substitutions (Ser-Thr at positions 287
and 340, Val-Ala at positions 437 and 440, and Glu-Asp at
positions 443 and 446) and is two amino acids shorter (Gly
and Glu). Again, these changes are clustered; 14 of the base
changes, four of the amino acid differences, and the deletion
all occur in the carboxy-terminal 52 base pairs.
Comparison of the a-tubulins from cell lines E29pro' and

CMR795. CHO cell line CMR795 was isolated by three-step
selection for resistance to the tubulin-binding drug colcemid
(2, 9, 26, 33). The purified tubulins of this cell line demon-
strate reduced colcemid binding and an altered ax-tubulin
protein, as determined by two-dimensional gel electrophore-
sis (26). A comparison of the tubulin genes of cell lines
E29pro' and CMR795 was undertaken to determine whether
DNA lesions which affect biological function could be found.
The only differences between the parental and mutant cell

B

I,

III

III

III

III

909VOL. 6, 1986



910 ELLIOTT ET AL.

lines in either the coding or noncoding regions of the three
expressed genes were two silent substitutions in gene II.
These differences were cell line specific; this was confirmed
by sequencing both strands of two independent clones from
each cell line. The sequences shown in Fig. 1 are the
sequences determined for parental CHO cell line E29pro'. In
cell line CMR795 at position 999 the nucleotide changed from
cytosine to thymine, and at position 1182 the change was
from guanine to adenine. At these two bases the parental
sequence in CHO cells agrees with the sequence determined
for CHO gene I, both a-tubulins of rats (18, 29) and both
a-tubulins of humans (10). Surprisingly, no replacement
changes which resulted in protein alterations were detected
in any of the three encoded a-tubulin proteins of cell line
CMR795.
Mammalian a-tubulin gene codon and nucleotide usage. In

addition to the sequences of the three CHO a-tubulin genes
described above, the sequences for two rat genes (18, 29),
two mouse genes (32), and two human genes (10, 20) have
been determined. Codon usage for all of these mammalian
a-tubulin genes was not biased. This finding contrasts with
the strongly biased codon usage observed in chicken a-

tubulin (57).
In the 3' untranslated regions of the nine different mam-

malian a-tubulin genes, thymidine dominates (34 to 42%),
creating an adenine thymine-rich region. Similarly,
adenine * thymine-rich 3' untranslated regions have been
observed in other genes from various species (38, 42). Data
are available for the 5' noncoding regions of six mammalian
a-tubulin genes, including those described in this paper (10,
20, 29). In five of six genes cytosine predominates in the 5'
noncoding strand (34 to 40%), resulting in an overall
cytosine * guanine-rich sequence. The exception is the 5'
end of the human a-tubulin gene bal (10, 20).

Classification of the mammalian a-tubulin family members.
As an initial step in understanding the evolution and function
of the a-tubulin gene family, the noncoding regions were
examined. Figure 2 shows that the 3' noncoding regions of
the three hamster a-tubulin genes have no sequence similar-
ity to each other (13); however, the same regions of genes I
and II do show a high degree of homology to specific
a-tubulin genes isolated from other species (Table 1). Gene
III has thus far been isolated only in CHO cells (13). A
similar comparison of the 5' noncoding regions indicates that
there is no sequence identity between the 5' noncoding
regions of the three hamster a-tubulin genes (Fig. 2); how-
ever, between CHO gene I and its human equivalent, kal
(10), the 5' noncoding sequence is even more conserved than
the 3' region (Table 1). Likewise, CHO gene II is highly
homologous in both its 5' and 3' noncoding sequences to rat
pILaTl (29). This pattern breaks down when the 5' se-

quences of CHO gene II and human bal are compared (10,
20) (Table 1). Despite a level of homology of 80% for the 3'
noncoding sequences, the 5' noncoding regions show only
random similarity (24%).
The inconsistent homology pattern of the bal gene implies

that the 5' and 3' noncoding regions may be altered such that
they are no longer indicative of a relationship among the
a-tubulin genes. One explanation could be that differential
splicing may alter the 5' or 3' noncoding regions. We
hybridized gene-specific 3' noncoding region oligonucleotide
probes (13) to a panel of 11 different a-tubulin genomic
clones with insertions that were 13 to 20 kilobases long (14).
In no case did a single genomic clone hybridize with more
than one gene-specific probe (data not shown). This obser-
vation suggests that the alternative 3' noncoding regions are

TABLE 1. Interspecies homology of 5' and 3' noncoding regions

% Homology of a-tubulin genes to comparable genes in CHO
cellsa

Species Gene I

Gene 5' 3
Region Region

Gene II

5' 3'
Gene Region Region

Hamsterb I 100 100 II 100 100
Humanc kal 78 64 bal 24 80
Ratd pT25 67 pILaTl 95 88
Mousee Ma2 62 Mal 84

a Percent homology was calculated from the overlap regions of manually
aligned sequences (data not shown). Gaps introduced into the sequences to
obtain better alignments were conservatively considered to be regions of
nonidentity. No significant noncoding region homology was found between
noncomparable a-tubulin genes.

b Genes I, II, and III were identified in CHO cells (13; this study).
' kal was isolated from a keratinocyte cDNA library (10). The bal

sequence was derived from a genomic clone (20) and from a partial brain
cDNA clone which did not contain a 5' noncoding sequence (10).

d Both pT25 (18) and pILaTl (29) were isolated from brain cDNA libraries.
pT1 contained a sequence coding for amino acid 297 to the translation stop
and an incomplete 3' noncoding region.

I Both Ma2 and Mal were isolated from cDNA libraries (32). Neither
cDNA clone contained a 5' noncoding sequence.

not differentially spliced to coding sequences and hence that
the three transcripts are derived from three different a-
tubulin genes.
Another explanation for not finding homology to the 5'

sequence of human bal in the rodent genes may reside in the
unusual 5' genomic structure of mammalian a-tubulin genes.
The initiating AUG codon is an exon by itself and is
separated from the rest of the gene by an intron that is .1.4
kilobases long (20, 30). Thus, it is possible that the tran-
scribed 5' noncoding region of bal lies further upstream than
the region presently identified. Unlike the other a-tubulin
mammalian genes studied, for which a contiguous cDNA
sequence is available, the original boLl cDNA clone (10)
contained sequence data only from amino acid 110 to the
polyadenylate tail; the 5' coding and noncoding data were
derived from a genomic clone (20). Thus, the location of the
lone AUG was assigned without prior knowledge of the 5'
noncoding sequence. Support for this interpretation of the
data is also found in the fact that the currently assigned 5'
noncoding region for bal lacks a TATA promoter box (20).
Thus, in this study we considered the human bal gene to be
a class II gene.

Class-specffic amino acids. Table 2 shows the 12 amino
acids which are known to differ among the mammalian
a-tubulin proteins, as predicted from DNA sequence data.
The class I rodent proteins are identical throughout the
length for which sequence data are available (Table 2). Only
four amino acid substitutions have been observed between
the class I rodent and human sequences; two of these are
conservative (Asp-Glu at position 290 and Thr-Ser at posi-
tion 340), and two are not conservative (Arg-Gly at position
131 and Gly-Arg at position 308). For the class II rodent
genes, complete data are available for hamster and rat cells,
and again the predicted amino acid sequences are identical.
However, the mouse class II protein differs from the pro-
teins of other rodents by one nonconservative substitution
(Gly-Ser at position 232). The human type II protein differs
from the rodent proteins at three amino acids; one change is
conservative (Asp-Glu at position 290), and two changes are
not conservative (Arg-Gly at position 131 and Gly-Arg at
position 308). An examination of the predicted class I and II
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TABLE 2. Comparison of amino acid sequences in mammalian oa-tubulins
Amino acid at position:'

Gene Species 131 232 287 290 308 340 437 440 443 444 445 446

I Humanb Arg Ser Ser Asp Gly Thr Val Val Glu Gly Glu Glu
Hamster' Gly Ser Ser Glu Arg Ser Val Val Glu Gly Glu Glu
Ratd NA" NA NA NA Arg Ser Val Val Glu Gly Glu Glu
Mousef Gly Ser Ser Glu Arg Ser Val Val Glu Gly Glu Glu

II Humang Arg Gly Ser Asp Gly Thr Val Val Glu Gly Glu Glu
Hamsterh Gly Gly Ser Glu Arg Thr Val Val Glu Gly Glu Glu
Rat' Gly Gly Ser Glu Arg Thr Val Val Glu Gly Glu Glu
Mouse} Gly Ser Ser Glu Arg Ser Val Val Glu Gly Glu Glu

III Hamsterk Gly Ser Thr' Glu Arg Thr Ala' Ala' Asp' m - Asp'
a The amino acids at other positions in a-tubulins are identical for all mammalian species for which data are available.
b kal was isolated from a keratinocyte cDNA library (10).
c CHO gene 1 (13; this study).
d pT25 (18) is a partial cDNA clone which was isolated from a brain library. It contains a sequence coding from amino acid 297 to the 3' noncoding region.
' NA, Data not available.
f Ma2 (32) is a partial cDNA clone; it contains a squence coding from amino acid 100 to the 3' noncoding region.
9 The bal coding sequence was derived from a genomic clone (20) and a partial brain cDNA clone. The cDNA clone contains a sequence coding for amino acid

110 to the polyadenylate tail (10).
h CHO gene II (13; this study).
pILaT1 (29) was isolated from a brain cDNA library.
Mal (32) is a partial cDNA clone; it contains a sequence coding from amino acid 254 to the 3' noncoding region.

k CHO gene III (13; this study).
'Amino acid characteristic of a gene class.
m -, Gap introduced into the sequence in order to acheive maximum homology.

protein sequences revealed no class-specific amino acids
(Table 2).
Of the 12 variable a-tubulin amino acids encoded by

mammalian oa-tubulin genes, 7 are divergent only in hamster
gene III. Since gene III is the lone identified member of its
class, all of these differences are indicated in Table 2 as class
III-specific amino acids. Six of these sites are clustered at
the 3' carboxy terminus of the protein. Five of the sites are
conservative substitutions (Thr-Ser at position 287, Ala-Val
at positions 437 and 440, and Asp-Glu at positions 443 and
446). The other changes are the loss of a Gly residue and a
Glu residue, shortening the protein by two amino acids.
Figure 2 shows that the carboxy-terminal tail of a-tubulin is
rich in negatively charged Glu and Asp; the loss of one Glu
residue reduces the negative charge of the carboxy terminus.
Interestingly, the extent of the negative charge at the
carboxy terminus has been shown to regulate the propensity
of the tubulin protein to assemble in vitro (49, 53).

DISCUSSION
In CHO cells three a-tubulin transcripts are derived from

three functional genes which are differentially expressed
(13). These genes are dissimilar in their noncoding se-
quences, and although their coding regions are highly con-
served, each encodes a different a-tubulin isoprotein. The
most distinct of these proteins, the gene III product, has thus
far been observed only in CHO cells. It will be interesting to
examine other cell types and species for the expression of
this gene product.
The greatest extents of class-specific sequences for the

mammalian a-tubulins are their 5' and 3' noncoding regions.
These sequences are not similar within species but do show
striking homology to specific a-tubulin genes between spe-
cies. This kind of homology is observed in the 3' noncoding
regions of other genes but is not found in all multigene
families (19, 62). The sequence homology was used in this
study to identify different a-tubulin classes. The class mem-
bers may be orthologous a-tubulin genes which diverged
before mammalian radiation. The high degree of conserva-

tion of noncoding sequences among a-tubulin genes belong-
ing to the same class since mammalian speciation suggets a
functional significance for these sequences. Future experi-
ments will address the question of whether these sequences
are indicative of, or perhaps regulate, the pattern of expres-
sion of the a-tubulin genes.
There is a higher degree of coding region DNA conserva-

tion among the a-tubulin genes within species than among
the genes in different species (Fig. 1). In addition, there are
three amino acids (positions 131, 232, and 287) for which the
two human a-tubulin genes are the same and differ from the
five rodent sequences (Table 2). These data suggest that the
tubulin multigene family may be undergoing concerted evo-
lution (17, 21-23, 40).
The presence of different isoforms is a necessary but not

sufficient requisite for the existence of functionally specific
tubulin proteins, as suggested by the multitubulin hypothesis
(16). In CHO cells three distinct a-tubulin isoproteins are
encoded. However, in a comparison of all the a-tubulin
DNA sequences known, gene classes I and II do not encode
a-tubulin proteins with class-specific amino acid sequences,
while the class III gene encodes an isoprotein with seven
unique amino acids, six of which are clustered at the carboxy
terminus. This carboxy-terminal difference is reminiscent of
that observed among the 1-tubulin genes (1, 32, 55). For the
P-tubulins it was originally suggested that a cluster of
changes may be seen in this region because the acidic
terminus is less constrained functionally (1). However, more
recent work suggests that this region may be the binding site
of MAP2 and tau proteins (34, 52). In addition, the region
may play a regulatory role in modulating the interactions
responsible for tubulin self-association (49, 53). Thus, we
speculate that in mammalian cells there may be at least two
functionally distinct a-tubulin proteins.
The two silent substitutions found in colcemid-resistant

cell line CMR795 are likely due to ethyl methanesulfonate
(EMS)-induced mutagenesis. EMS produces transitions (35,
47) of the type which we observed. During the three-step
colcemid resistance selection, the CMR795 cells were treated
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with EMS prior to each step, reducing the level of cell
viability to 25 to 50% each time (33). EMS treatment which
reduces CHO cell viability to 50% produces one mutant
protein per 482 loci, and treatment resulting in 10 to 20%
viability produces one mutant per 192 loci, as determined by
two-dimensional gel electrophoresis (54). Only about one-
third of the amino acid substitutions would be detectable as
charge changes which resulted in an electrophoretic shift
(54). Extrapolating from these data, one protein alteration
per 40 loci is expected in CMR795 cells, along with an
undetermined number of silent substitutions. Comparative
sequencing, such as that described here, should reveal both
protein-altering and silent substitutions. We found silent
substitutions at a frequency of two in three genes or one
substitution in 2,430 base pairs. This estimate of silent
substitution is higher than that predicted for replacement
substitutions and thus is consistent with the level expected
for EMS-induced mutagenesis.

In a variety of different systems tubulin mutants have been
selected which are similar to CMR795 cells in that they
possess an altered tubulin protein, as determined by two-
dimensional gel electrophoresis (5, 6, 26, 41, 48, 51). Al-
though the DNA lesion has not been identified for any
tubulin mutant, it has been suggested that structural gene
mutations may be responsible for the altered tubulin proteins
observed. Therefore, it was surprising that no replacement
substitutions were found in CMR795 cells when the three
expressed a-tubulin genes were sequenced. Our results do
not rule out the possibility that both alleles of each oa-tubulin
gene are expressed and that we determined the structure of
only one of the alleles. Alternatively, a fourth divergent
x-tubulin gene may be expressed in these cells (3, 55).
Nonstructural alterations (for example, posttranslational
modification or a regulatory change) could also be responsi-
ble for the observed phenotype. Futher investigations of this
cell line are underway to explore these various possibilities.
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