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The sequence of a human P-tubulin cDNA clone (D,B-1) is described; our data
revealed 95.6% homology compared with the sequence of a human f-tubulin
processed pseudogene derived by reverse transcription of a processed mRNA
(Wilde et al., Nature [London] 297:83-84, 1982). However, the amino acid
sequence encoded by this cDNA showed less homology with pig and chicken 1-

tubulin sequences than the latter did to each other, with major divergence within
the 15 carboxy-terminal amino acids. On the other hand, an independently
isolated, functionally expressed genomic human 1-tubulin sequence (5,B) pos-
sessed a very high degree of homology with chicken and pig 3-tubulins in this
region. Thus, human cells appear to contain two distinct ,B-tubulin isotypes. Both
the intact ,B-tubulin cDNA clone and a subclone containing only the 3' untranslat-
ed region detected two mRNA species in HeLa cells; these mRNAs were 1.8 and
2.6 kilobases long and were present in about equal amounts. Two independently
subcloned probes constructed from the 3' untranslated region of the 53 genomic
sequence also detected a 2.6-kilobase 1-tubulin mRNA. However, the 3'-
untranslated-region probes from the cDNA clone and the genomic sequence did
not cross-hybridize. Thus, at least two human ,B-tubulin genes, each specifying a
distinct isotype, are expressed in HeLa cells, and the 2.6-kilobase mRNA band is
a composite of at least two comigrating f-tubulin mRNAs.

a- and P-tubulins are the major soluble pro-
teins of microtubules. These long filamentous
structures are found in all eucaryotic cells and
are involved in a remarkable diversity of cellular
functions (11). In humans, each of the genes
encoding a- and ,-tubulins constitutes a large
multigene family of about 15 to 20 members (8),
the majority of which have been isolated in
recombinant fragments (9, 41). Sequence analy-
ses of several of these genes have shown that
many of them are pseudogenes (that is, se-
quences which contain one or more genetic
lesions that preclude the synthesis of a function-
al protein product). Among these pseudogenes is
a novel class that is characterized by (i) the
absence of intervening sequences, (ii) the pres-
ence of a short polyadenylic acid [poly(A)] tract
3' to the poly(A) signal, and (iii) the existence of
short flanking direct repeat sequences (22, 42,
43). These pseudogenes most probably arose by
reintegration into the host germ line of a cDNA
transcript synthesized on a processed mRNA
template.
Because a significant number, perhaps the

majority, of human a- and P-tubulin genes are
pseudogenes, an important question concerns
the number offunctionally expressed sequences.

One approach to this problem is to investigate
the complexity of tubulin mRNAs by construct-
ing cDNA clones. In this paper we describe the
sequence of a human P-tubulin cDNA clone that
encompasses 98.4% of the coding region. Our
data revealed very extensive homology with the
sequence of a processed human P-tubulin pseu-
dogene and enabled us to estimate the time of
insertion of the mRNA-derived molecule into
the germ line. Surprisingly, the amino acid se-
quence derived from the human 1-tubulin cDNA
sequence revealed an unexpected degree of di-
vergence compared with known P-tubulin se-
quences of other species. We present evidence
that the differences which we observed reflect
the existence of two distinct human P-tubulin
isotypes.

MATERIALS AND METHODS
Isolation and sequence analysis of clone Dj3-1. cDNA

clone D,-1 was isolated by screening a cloned cDNA
library prepared from human fetal brain mRNA. RNA
was prepared from human fetal brain tissue as de-
scribed previously (20), except that the tissue was first
pulverized in liquid N2 and then homogenized in a
solution containing 0.25 M sucrose, 10 mM Tris-
hydrochloride, 10 mM KCI, and 1.5 mM MgCl2 (pH
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7.4). Nuclei were removed by centrifugation at 800 x g
for 5 min, and the RNA was prepared as described
previously (23). Poly(A)-containing [poly(A)+] RNA
was isolated (1) and used to prepare double-stranded
cDNA (5, 40). Terminal deoxynucleotidyl transferase
was used to add 15 to 20 deoxycytosine residues to the
3' termini (10), and an equivalent number of deoxy-
guanine residues was added to the plasmid vector
pUC8 (J. Vieira and J. Messing, Gene, in press) cut
with PstI. Equimolar amounts of tailed vector and
cDNA were annealed as described previously (39),
and the recombinant molecules were used to transform
Escherichia coli K-12 strain JM83 (24). Colonies were
screened by filter hybridization (13), using the excised
insert from a chicken (-tubulin cDNA probe (8) la-
beled with 32P by nick translation (27).
Sequence analysis was performed by the dideoxy

chain terniinator method (29). Homology with the
sequence of the 461 processed pseudogene (43) or
chicken (-tubulin cDNA clone pT2 (37) was estab-
lished by using the computer programs of Staden (32).

Construction and labeling of 3'-untranslated-region
subclones. (i) From DP-1. A 3-untranslated-region
probe was generated from D(-1 by subcloning a frag-
ment extending from a HaeIII site immediately 5' to
the termination codon to the 3' flanking PstI site used
in the construction of the cDNA clone.

(ii) From 513. A BamHI fragment containing coding
sequences that were C terminal to amino acid 375 and
approximately 900 base pairs of noncoding down-
stream DNA was subcloned from the 5,B lambda clone
(9) into pBR322. Restriction mapping was used to
identify the sites (see Fig. 3B), and the DNA was
sequenced and analyzed as described above for DP-1.
The single-stranded M13 DNAs from the 3'-end

subclones of 5,B and D(-1 were used as templates for
the generation of high-specific-activity probes by
primed extension with DNA polymerase I in the
presence of 32P-labeled deoxynucleoside triphos-
phates (16). These probes were used for both Southern
blot experiments with digests of genomic DNA and
RNA blot transfer experiments (see below).
Preparation of mRNA and blot analyses. Poly(A)+

mRNA was prepared from HeLa cells maintained in
Spinner culture as described elsewhere (8). Portions
(approximately 5 p.g) of this material were run on
denaturing 1% agarose gels containing formaldehyde
(4), and the gel contents were transferred to nitrocellu-
lose (34). For the analysis of genomic sequences,
samples (about 10 p.g) of human placental DNA were
digested with a threefold excess of restriction endonu-
clease under the conditions recommended by the
manufacturer (New England Biolabs, Inc.). Digests
were fractionated on 0.8% agarose gels, and the gel
contents were transferred to nitrocellulose (31). RNA
and DNA blots were prehybridized and hybridized at
68°C for 12 to 20 h in sealed plastic bags containing 3 x
SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium
citrate) and 3 x Denhardt solution. The blots were
washed twice in 2x SSC containing 0.1% sodium
dodecyl sulfate at 68°C and twice in 0.2x SSC contain-
ing 0.1% sodium dodecyl sulfate at the same tempera-
ture.

Selective hybridization and translation. Probes (ap-
proximately 20 p.g in either pBR322 or the replicative
form of M13) to be tested for the ability to select
specific mRNAs were linearized by digestion with
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EcoRI. The digests were extracted with phenol, pre-
cipitated with ethanol, and dissolved in 5 ,u1 of 0.2 N
NaOH. Then 45 p. of 6x SSC was added, and the
mixture was applied directly to 2.3-cm nitrocellulose
disks (Schleicher & Schuell Co.). Each wet filter was
immersed directly in a vast excess of 6x SSC, air
dried, and baked in vacuo at 80°C for 2 h. Prehybridi-
zation, hybridization, translation, and analysis of
translation products were carried out as described
previously (8).

RESULTS

Extensive homology between a human (-tubu-
lin cDNA clone (Dj-1) and a processed human (3-
tubulin pseudogene. Southern blot analysis of
human genomic DNA in which a chicken (-
tubulin cDNA probe was used revealed a total of
15 to 20 bands per restriction digest (8). Howev-
er, not all of these genes can be expressed, since
a significant number are short (9) and contain
mutations that render the synthesis of a func-
tional tubulin polypeptide impossible (42, 43).
Thus, the number of expressed human ,B-tubulin
genes is unknown. To address this question, we
screened a cloned human cDNA library with the
chicken ,B-cDNA probe. A positively hybridiz-
ing clone with an insertion about 1.4 kilobases
(kb) long was selected for further study. This
cDNA, clone D1-1, was sequenced essentially
by the stratagem described previously for a
closely related human ,B-tubulin processed pseu-
dogene (43). Our data revealed that the cDNA
clone included the bulk of the 3' untranslated
region and the entire coding region -up to and
including amino acid 7 (Fig. 1). A comparison of
the cDNA sequence with the sequence of an
intronless, poly(A)-containing human ,B-tubulin
pseudogene revealed a high degree of homology
(95.6%) that extends throughout the coding and
noncoding regions. Within the coding region
common to the two sequences, there are 55 base
substitutions. Of these differences, 11 are in the
first codon position, 16 are in the second, and 28
are in the third. Within the 3' untranslated
region, there are three single-base substitutions,
four single-base insertions, and one single-base
deletion.
Although the coding regions of tubulin genes

are tightly conserved, available sequence evi-
dence suggests that the 3' untranslated regions
are not conserved. Therefore, a high degree of
homology in this region suggests a close
evolutionary relationship. It seems likely that
D,B-1 represents the expressed product of the
gene that, in an ancestral but closely related
form, originally gave rise to the 463 processed
pseudogene. This interpretation is strengthened
by our observation that the human genome
contains only a single functionally expressed 1B-
tubulin gene with a 3' untranslated region ho-
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1 10 20 30
D-s1 CAG GCT GGT CM TGT GGC AAC CAG ATC GGT GCC AAG TTC TGG GAG GTG ATC AGT GAr GAA CAT GGC ATC
46s ATG AGG GAA ATC GTG CAC ATC G C C G

40 50 60
0-B1 GAC CCC ACC GGC ACC TAC CAC GGG GAC AGC GAC CTG CAG CTG GAC CGC ATC TCT GTG TAC TAC MT GAA GCC ACA GGT GGC AAA TAT GTT
46B C G T CA

70 80 90
D-B1 CCT CGT GCC ATC CTG GTG GAT CTA GAA CCT GGG ACC ATG GAC TCT GTT CGC TCA GGT CCT TTT GGC CAG ATC TTT AGA CCA GAC MC TTT
468 A G C

100 110 120
0-81 GTA TTT GGT CAG TCT GGG GCA GGT AAC AAC TGG GCC AAA GGC CAC TAC ACA GAG GGC GCC GAG CTG GTT GAT TCT GTC CTG GAT GTG GTA
46s C

130 140 150
D-si CGG AAG GAG GCA GAG AGC TGT GAC TGC CTG CAG GGC TTC CAG CTG ACC CAC TCA CTG GGC GGG GGC ACA GGC TCT GGA ATG GGC ACT CTC
468 C C T C

160 170 180
D-81 CTT ATC AGC AAG ATC CGA GAA GAA TAC CCT GAT CGC ATC ATG AAT ACC TTC AGT GTG GTG CCT TCA CCC AAA GTG TCT GAC ACC GTG GTC
46B A

190 200 210
D-si GAG CCC TAC MT GCC ACC CTC TCC GTC CAT CAG TTG GTA GAG AAT ACT GAT GAG ACC TAT TGC ATT GAC AAC GAG GCC CTC TAT GAT ATC
468 T T G C

220 230 240
D-81 T GC TTC CGC ACT CTG AGG CTG ACC ACA CCA ACC TAC GGG GAT CTG AAC CAC CTT GTC TCA GGC ACC ATG GAG TGT GTC ACC ACC TGC CTC
468 G C T C T C G A A

250 260 270
D-si CGT TTC CCT GGC CAG CTC AAT GCT GAC CTC CGC AAG TTG GCA GTC AAC ATG GTC CCC TTC CCA CGT CTC CAT TTC TTT ATG CCT GGC TTT
46s C T C CT *

280 290 300
D-1 GCC CCT CTC ACC AGC CGT GGA AGC CAG CAG TAT CGA GCT CTC ACA GTG CCG GAC CTC ACC CAG CAG GTC TTC GAT GCC AAG AAC ATG ATG
46B A A AG G

310 320 330
D-31 GCT GCC TGT GAC CCC CGC CAC GGC CGA TAC CTC ACC GTG GCT GCT GTC TTC CGT GGT CGG ATG TCC ATG AAG GAG GTC GAT GAG CAG ATG
46s C r G A

340 350 360
D-1 CTT MC GTG CAG AAC AAG AAC AC AGC TAC TTT GTG GAA TGG ATC CCC AAC AAT GTC AAG ACA GCC GTC TGT GAC ATC CCA CCT CGT GGC
46s T A T

370 380 390
D-si CTC AAG ATG GCA GTC ACC TTC ATT GGC AAT AGC ACA GCC ATC CAG GAG CTC TTC AAG CGC ATC TCG GAG CAG TTC ACT GCC ATG TTC CGC
46B C G G A

400 410 420
D-si CGG MG GCC TTC CTC CAC TGG TAC ACA GGC GAG GGC ATG GAC GAG ATG GAG TTC ACC GAG GCT GAG AGC AAC ATG MC GAC CTC GTC TCT
46s C

430 440
D-31 GAG TAT CAG CAG TAC CAG GAT GCC ACC GCA GAA GAG GAG GAG GAT TTC GGT GAG GAG GCC GAA GAG GAG GCC TM GGAGAGCCCCCA TCA CC
46B G A A A A

D-s1 TC AGGCTTCTCAGTTCCCTTAGCCGTCTT ACTCAACTGCCCCCTTTCCTCTCCCTCAGAATTTGTGTTTCGCTCCTCTATCTTGTTTTTTGTTTTTTCTTCTGGGGGGGG
463 G G * G A

FIG. 1. Sequence of the human ,-tubulin cDNA clone DP-1. The sequence of the 46,B processed pseudogene
(43) is shown for comparison. The asterisks indicate deleted bases.

mologous to D,B-1 (M. Gwo-Shu Lee and N. J.
Cowan, unpublished data).
A 3'-untranslated-region probe from DI-1 de-

tects two sizes of human 0-tubulin mRNA. Analy-
sis of total HeLa poly(A)+ RNA by blot hybrid-
ization using the intact D,B-1 cDNA clone as a
probe revealed the presence of two bands of
about equal intensity at 1.8 and 2.6 kb (Fig. 2,
track A). The large (2.6-kb) species is not a
precursor of the smaller (1.8-kb) mRNA, since
(i) the poly(A)+ preparation was purified from
cytoplasmic polyribosomes and (ii) poly(A)+
RNA from nuclei showed no enrichment of the
2.6-kb band (data not shown). Surprisingly, a
corresponding experiment in which the sub-
cloned 3' untranslated region of the cDNA clone

was used as the probe gave results very similar
to those obtained when the intact cDNA clone
was used (Fig. 2, track B). Because only a single
functional gene bears 3'-untranslated-region ho-
mology with D,-1 (see above), two mRNA
products must be transcribed from this single
sequence. This could occur either by a single
gene transcript being subject to alternative splic-
ing pathways or by the acquisition of a 3'
poly(A) tract at two alternative addition sites.
A 3'-untranslated-region probe subcloned from

a genomic l-tubulin sequence detects only a 2.6-
kb mRNA. We previously described the struc-
ture of a 6.8-kb human ,B-tubulin gene (5pi) that
contains three intervening sequences (9). To
determine the nature of the mRNA (if any)
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FIG. 2. Blot analysis of HeLa poly(A)+ RNA. Ap-
proximately 5 ,ug of HeLa cell poly(A)+ RNA was
resolved in adjacent lanes of a 1% agarose gel contain-
ing formaldehyde (4). The contents of the gel were
transferred to a nitrocellulose filter (34), and the filter
was hybridized with about 107 cpm of either of the
following probes labeled by nick translation. Track A.
Intact DO-1; track B, subcloned 3'-untranslated-region
probe from DP-1.

transcribed from this gene, two subcloned frag-
ments were prepared, each spanning regions
downstream from the termination codon (Fig.
3B). Probe A extended from an XhoI site 31 base
pairs downstream from the TAA signal to a SacI
site 181 base pairs further downstream. Probe B
extended from an XbaI site 364 base pairs down-
stream from the TAA signal to a BamHI site 430
base pairs further downstream. When we used
either probe A or probe B in RNA blots ofHeLa
poly(A)+ RNA, we obtained the results shown
in Fig. 3C. Both probes detected a single RNA
species 2.6 kb long. This mRNA is not related
to the 2.6-kb mRNA detected with the 3' probe
from cDNA clone D,B-1, since the sequence of
the 3' untranslated regions of D1-1 (Fig. 1) and
51 showed no significant homology (data not
shown). To demonstrate that the 2.6-kb mRNA
detected by probe B was the transcription prod-
uct of the 51 gene and not a different gene
bearing a similar 3' untranslated region, genomic
Southern blot experiments were performed with
four different restriction digests of human DNA.
Figure 4 shows that there was a single major band
per restriction digest. The size of each major
band corresponded precisely to the size of a
fragment predicted on the basis of restriction
maps of overlapping phages containing the 51
gene (Fig. 3A). Therefore, it seems likely that
the 2.6-kb mRNA detected by probe B is

indeed transcribed from 513. However, the pres-
ence of a second, weaker band in three of the
four restriction digests suggests the presence of
a second genomic sequence related to 513, and
the possibility that the 2.6-kb transcript detected
by probe B might be transcribed from another
gene that bears a 3' untranslated region closely
related to 513 cannot be ruled out.
To show that the 2.6-kb transcript detected by

probe B indeed encoded human 13-tubulin, a
selective hybridization-translation experiment
was carried out. Clone DP-1, its subcloned 3'
end, and probe B from the 3' end of 51 (Fig. 3B)
were each linearized, denatured, and bound to
nitrocellulose filters. Each filter was hybridized
in the presence of HeLa poly(A)+ mRNA, and
the selected material was eluted and translated
in a cell-free system (25) containing [35S]methio-
nine. A sodium dodecyl sulfate-polyacrylamide
gel analysis (21) of the translation products is
shown in Fig. 5; track 1 shows the endogenous
activity of the reticulocyte lysate, and track 2
reveals the translation products of total HeLa
poly(A)+ RNA. Both filters containing the entire
DB-1 clone and filters containing its 3' untrans-
lated region alone selected material that translat-
ed to give a pronounced 1-tubulin band (Fig. 5,
tracks 3 and 4). The filter containing probe B
from the 3' end of 51 (Fig. 3B) also selected
material that translated to yield 1-tubulin (Fig. 5,
track 5), although at much lower abundance.
This observation is consistent with the weaker
signals produced when this probe was used in
RNA blots (Fig. 3C) compared with the signals
produced when either D,B-1 or its subcloned 3'
untranslated region was used (Fig. 2) and is
presumably a consequence of the relatively low
abundance of mRNA transcribed from the 513
gene in HeLa cells.

DISCUSSION
Comparison of 1-tubulin sequences from chick-

ens, pigs, and humans suggests the existence of
two I-tubulin isotypes. Apart from the human
cDNA sequence described above, the only
available 1-tubulin sequence data are from
chickens (37) and pigs (19); in the latter case, the
data are restricted to the amino acid sequence. A
comparison of the amino acid sequences (Fig. 6)
revealed that the pig and chicken 1-tubulins are
significantly more homologus to one another
(98.5%) than either is to the human sequence
(approximately 95%). This surprising result con-
trasts sharply with the expectation that the two
mammalian species would be more similar to
each other than to the avian species. In par-
ticular, there is dramatic divergence within the
carboxy-terminal 15 amino acids, where the
sequences of D,B-1 and either chicken or pig 13-
tubulin differ in six positions. This observation is

VOL. 3, 1983
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FIG. 3. Two 3'-untranslated-region probes from a human 1-tubulin genomic sequence (50) detect a 2.6-kb
mRNA. (A) Restriction map of a human genomic 1-tubulin sequence (50) (9). The bars indicate coding regions,
as determined by electron microscopic heteroduplex analysis. (B) Expanded view of a 1.1-kb BamHI-BamHI
subclone encoding the 100 C-terminal amino acids and approximately 800 base pairs of downstream sequence.
The regions labeled A and B were subcloned into the replicative form of bacteriophage M13 using the
restriction sites shown. Ba, BamHI; Bg, BgIII; H, HindlIl; R, EcoRI; S, SacI; T, position of termination codon
(TAA), as determined by sequence analysis; Xb, XbaI; Xh, XhoI. (C) Blot analysis of HeLa poly(A)+ RNA.
Track 1, Probe A; track 2, probe B; track 3, intact human 1-tubulin cDNA cloned probe (DP-1). The positions of
rRNA markers are shown.

not a consequence of sequence error, since, with
the exception of two single-base substitutions,
the sequence of the cDNA clone and that of the
461 processed pseudogene (Fig. 1) are identical
in this region. In contrast, a partial sequence
analysis of a second expressed human ,B-tubulin
gene (513) (Fig. 3B) revealed that, within the 15
C-terminal amino acids, the sequence more
closely resembled the sequences of chicken and
pig ,B-tubulins, differing from the latter in only
three positions (Fig. 6). Thus, these data consti-
tute strong evidence for the existence of two
major human 1-tubulin isotypes rather than an
unexpected divergence of 1-tubulin sequences
between humans and pigs. Curiously, both hu-
man sequences are 444 amino acids long, in
contrast to the 445 amino acids of pig and
chicken sequences. The data in Fig. 6 are dis-
played in such a way as to retain maximum
homology among all four 1-tubulin polypep-
tides. The functional significance of the single
amino acid difference between human and non-
human 1-tubulins is not clear.
Of the three complete sequences compared in

Fig. 6, two (chicken and human) were obtained

by analyzing cDNA clones, whereas the third
(pig) was determined by direct amino acid se-
quence analysis of purified 1-tubulin. In all
cases, brain was used as the tissue of origin. Our
experiments show that two 13-tubulin genes
yielding proteins with substantially different C
termini are expressed in HeLa cells; a similar
situation exits in human neural tissue (Dudley
and Cowan, unpublished data). Therefore, it is
surprising that the amino acid sequence analysis
of ,B-tubulin purified from porcine brain revealed
the existence of only limited internal microheter-
ogeneity (19), with no heterogeneity toward the
C terminus. One possible explanation for this
observation is that the 1-tubulin isotype repre-
sented by D1-1 is restricted in its expression to a
defined developmental stage and therefore may
be absent from nonembryonic porcine brain.
Alternatively, it is conceivable that the purifica-
tion procedure used to prepare the porcine tubu-
lin (i.e., from a post-100,000 x g supernatant)
could have selectively enriched for a limit-
ed subset of microtubules assembled from a
distinct ,B-tubulin isotype. There have been sev-
eral reports describing tubulins in membrane
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sions (insertions, deletions, or single-base
changes that result in in-frame termination co-
dons) that preclude the formation of a functional
,B-tubulin protein. In addition, these sequences
contain a short tract of adenine residues down-
stream from the poly(A) addition sequence (AA-
TAAA). Finally, immediately downstream from
the oligoadenylic acid tract, there is a short
sequence that is repeated directly upstream to
the putative cap site. Because these molecules
lack intervening sequences and contain a feature
characteristic of mature cytoplasmic mRNAs
[i.e., a 3'-terminal poly(A) tract], they have been
termed processed pseudogenes (15).
Among proteins that are universally ex-

pressed in eucaryotic cells, such as the actins
and tubulins, there is a high degree of evolution-
ary conservation (8). However, the 3' untrans-
lated regions of the genes encoding these pro-
teins appear not to be under such evolutionary
constraints; for example, the 3' untranslated
regions of the a-tubulin genes of Drosophila
have been used to distinguish various gene prod-

FIG. 4. Genomic Southern blot of human DNA
when probe B was used (see Fig. 3B). Samples (10 p.g)
of human placental DNA were digested with one of
four restriction endonucleases, and the mixtures were
resolved on an 0.8% agarose gel. After transfer to
nitrocellulose (31), the blots were hybridized with
approximately 2 x 107 cpm of probe B (Fig. 3B)
labeled by primed extension in the presence of aX-32P-
labeled deoxynucleoside triphosphates (17). Track 1,
EcoRI; track 2, BamHI; track 3, BgIII; track 4,
HindIII. The arrowheads indicate bands correspond-
ing to 513 (Fig. 3A).

fractions, particularly those from brain (2, 3, 33).
Indeed, tubulin-specific mRNA has been found
in association with the membrane-bound polyri-
bosomes of embryonic chicken brain (7). This
raises the intriguing possibility that functionally
different microtubules are polymerized from dis-
tinctly different tubulin proteins.

Evolutionary origin of the 46,( processed pseu-
dogene. Restriction mapping and Southern blot
analysis of several human 1-tubulin gene-con-
taining fragments have revealed regions of tubu-
lin-specific DNA that are short (that is, no larger
than the minimum size required to encode a 13-
tubulin mRNA) (9). A similar situation exists in
the case of human a-tubulin genes (F. C. Wefald
and N. J. Cowan, unpublished data). Sequence
N. J. Cowan, unpublished data). A sequence
analysis of several of the short j-tubulin genes
has revealed some remarkable features (42, 43).
The coding regions are devoid of intervening
sequences but include one or more genetic le-

A1 2 3 4 5 B 1 2 3 4 5

I

-4

FIG. 5. Selective hybridization and translation us-
ing intact human ,B-tubulin cDNA clone DP-1, its
subcloned 3' end, and the subcloned 3' end of the
genomic 1-tubulin sequence 51. Hybrid selections
were performed, using linearized, denatured, filter-
and translation in a micrococcal nuclease-treated rab-
bit reticulocyte cell-free system (25) containing
[35S]methionine, the products were analyzed directly
on stacking sodium dodecyl sulfate-polyacrylamide
gels (21). Track 1, Endogenous activity of lysate (no
added mRNA); track 2, translation products from 2 ,tg
of total HeLa poly(A)+ mRNA; track 3, mRNA select-
ed by the intact D1-1 clone; track 4, mRNA selected
by the subcloned 3' untranslated region of DP-1; track
5, mRNA selected by probe B from the 3' end of
genomic ,B-tubulin sequence 513 (Fig. 3B). The two
panels (A and B) are identical except that B was
exposed for three times as long as A to visualize the
translation products in track 5. The arrowheads indi-
cate the position of (unlabeled) 1-tubulin marker.

VOL. 3, 1983
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10 20 30
Human (D-al) Gln Ala Gly Gin Cys Gly Asn Gln Ile Gly Ala Lys Phe Trp Glu Val Ile Ser Asp Glu His Gly Ile
Pig Met Arg Glu Ile Val His Ile
Chicken

40 S0 60
Human (D-si) Asp Pro Thr Gly Thr Tyr His Gly Asp Ser Asp Leu Gln Leu Asp Arg Ile Ser Val Tyr Tyr Asn Glu Ala Thr Gly Gly Lys Tyr Val
Pig Ser /Vai GIau /Asn Hist'~7Chicken Ser Glu Asn Gly Asn

70 80 90
Human (D-al) Pro Arg Ala Ile Leu Val Asp Leu Glu Pro Gly Thr Het Asp Ser Val Arg Ser Gly Pro Phe Gly Gln Ile Phe Arg Pro Asp Asn Phe
Pig
Chicken

100 110 120
Human (0-al) Val Phe Gly Gln Ser Gly Ala Gly Asn Asn Trp Ala Lys Gly His Tyr Thr Glu Gly Ala Glu Leu Val Asp Ser Val Leu Asp Val Val
Pig
Chicken

130 140 150
Human (D-al) Arg Lys Glu Ala Glu Ser Cys Asp Cys Leu Gln Gly Phe Gln Leu Thr His Ser Leu Gly Gly Gly Thr Gly Ser Gly Het Gly Thr Leu
Pig Ser
Chicken Ser

160 170 180
Human (D-al) Leu Ile Ser Lys Ile Arg Glu Glu Tyr Pro Asp Arg Ile Met Asn Thr Phe Ser Val Val Pro Ser Pro Lys Val Ser Asp Thr Val Val
Pig
Chicken Met

190 200 210
Human (0-al) Glu Pro Tyr Asn Ala Thr Leu Ser Val His Gln Leu Val Glu Asn Thr Asp Glu Thr Tyr Cys Ile Asp Asn Glu Ala Leu Tyr Asp Ile
Pig
Chicken

220 230 240
Human (0-al) Cys Phe Arg Thr Leu Arg Leu Thr Thr Pro Thr Tyr Gly Asp Leu Asn His Leu Val Ser Gly Thr Het Glu Cys Val Thr Thr Cys Leu
Pig Lys Ala Ser Gly
Chicken Lys Ala Ser Gly

250 260 270
Human (D-al) Arg Phe Pro Gly Gln Leu Asn Ala Asp Leu Arg Lys Leu Ala Val Asn Het Val Pro Phe Pro Arg Leu His Phe Phe Het Pro Gly Phe
Pig
Chicken

280 290 300
Human (D-al) Ala Pro Leu Thr Ser Arg Gly Ser Gln Gln Tyr Arg Ala Leu Thr Val Pro Asp Leu Thr Gln Gln Val Phe Asp Ala Lys Asn Het aet
Pig /Ala Glu Met
Chicken GI u Het Ser

310 320 330
Human (D-si) Ala Ala Cys Asp Pro Arg His Gly Arg Tyr Leu Thr Val Ala Ala Val Phe Arg Gly Arg Hat Ser Het Lys Glu Val Asp Glu Gln aet
Pig
Chicken Ile

340 350 360
Human (D-al) Leu Asn Val Gln Asn Lys Asn Ser Ser Tyr Phe Val Glu Trp Ile Pro Asn Asn Val Lys Thr Ala Val Cys Asp Ile Pro Pro Arg Gly
Pig
Chicken

370 380 390
Human (D-al) Leu Lys Het Ala Val Thr Phe Ile Gly Asn Ser Thr Ala Ile Gln G,ia Leu Phe Lys Arg Ile Ser Glu Gln Phe Thr Ala Het Phe Arg
Pig Ser Ala
Chicken Ser Ala

400 410 420
Human (D-al) Arg Lys Ala Phe Leu His Trp Tyr Thr Gly Glu Gly Hat Asp Glu Het Glu Phe Thr Glu Ala Glu Ser Asn Het Asn Asp Leu Val Ser
Pig
Chicken

430 440
Human (0-al) Glu Tyr Gln Gln Tyr Gln Asp Ala Thr Ala Glu Glu Glu Glu Asp Phe Gly Glu Glu Ala Glu Glu * Glu Ala
Pig Asp Gln Gly Glu Glu Gly Asp
Chicken Asp Gln Gly Glu GIu Gly Asp
Human (5s) Gln Gly Glu GIu Glu Val

FIG. 6. Comparison of the amino acid sequences of P-tubulins from humans, pigs, and chickens. The data are
derived from Fig. 1 (humans) and the studies of Krauhs et al. (19) (pigs) and Valenzuela et al. (37) (chickens). The
C-terminal amino acids encoded by 5 (Fig. 3B), as determined from the nucleotide sequence of the 1.1-kb
BamHI subclone (Fig. 3B), are included for comparison. The asterisks at position 443 in D,3-1 and at position 431
in the 5, sequence have been introduced as gaps so as to retain maximum homology among the 0-tubulin
sequences.

ucts (17), and even such closely related se- seems reasonable to conclude that D3-1 repre-
quences as the a- and f-globin genes of humans sents the expressed counterpart of the 463 pseu-
show significant divergence in these regions dogene and that differences between the two
(12). Thus, extensive homology between 3' un- sequences are a consequence of evolutionary
translated regions implies a close evolutionary drift since the original 46f integration event. In
relationship. Indeed, dissection of the human ,B- this context it is interesting to note that the
tubulin gene family with the subcloned 3' end of number of third-codon-position differences be-
D,B-1 has identified a subfamily consisting of a tween the cDNA clone and 46f (i.e., 28) is
single functional 3-tubulin gene and three proc- roughly double the number of first- or second-
essed pseudogenes, including 46,B. Therefore, it codon-position differences (11 and 16, respec-
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tively). The greater number of third-position
differences can be explained by the fact that the
pseudogene acquires mutations that are not sub-
ject to selective pressure and are therefore ran-
dom. In contrast, the functional gene can in
general only acquire changes that are silent (i.e.,
changes that do not affect the amino acid se-
quence). Therefore, changes in the third codon
position represent the cumulative effects of evo-
lutionary drift in both functional and nonfunc-
tional sequences. Assuming that approximately
one-half of the third-base differences are due to
changes in 4613 and a rate of divergence of 0.7%
per 106 years for neutral mutations (26), the 46,B
pseudogene may be estimated to have originated
about 4.4 x 10 years ago.

Origin of the 1.8- and 2.6-kb mRNAs. The
detection of two major 1-tubulin mRNA species
of different size in HeLa cells is an unexpected
finding. The 3'-untranslated-region probes from
both the genomic sequence (51) and the cDNA
clone detected a 2.6-kb mRNA (Fig. 3). These
probes do not cross-hybridize; furthermore,
overlapping phage containing 51 and including
regions far downstream from the coding region
show no homology with the cDNA 3'-untranslat-
ed-region probe. Thus, the 2.6-kb mRNA band
detected by a coding region probe must be a
composite of at least two comigrating species
transcribed from different genes. The amount of
mRNA transcribed from one of these genes (51)
is apparently relatively low, since in both RNA
blot experiments (Fig. 3C) and selective hybrid-
ization-translation experiments (Fig. 5), the sig-
nals were weak compared with the correspond-
ing signals obtained when the cDNA 3' probe
was used.

Surprisingly, the two mRNA bands detected
in blot experiments when either the intact cDNA
clone or its subcloned 3' end (Fig. 2) was used
are essentially indistinguishable. Because there
is only a single functional gene that shares a ho-
mologous 3' untranslated region with DP-1,
mRNAs of two different sizes must be tran-
scribed from the same promoter. This may be a
consequence either of alternative splicing path-
ways or of poly(A) addition at different sites.
Alternative splicing has been shown to be the
mechanism used in immunoglobulin heavy-chain
synthesis as a means of transcribing mRNAs
encoding both secreted and membrane-bound ,u
and 8 chains from a single gene (6, 28). Howev-
er, no functional requirement for alternative C-
terminal domains is known to exist in the case of
1-tubulin. On the other hand, addition of
poly(A) at more than one site has been shown to
be a feature of a number of eucaryotic genes (14,
30, 35, 36).

Concluding remarks. The sequence data re-
ported above unequivocally demonstrate the

expression in HeLa cells of a 1-tubulin gene
which is significantly divergent (especially with-
in its 15 C-terminal amino acids) from 1-tubulin
sequences reported previously. This divergence
does not seem to be a consequence of evolution-
ary drift, since a second expressed gene, 51, has
been identified that yields a polypeptide much
more closely homologous to previously de-
scribed 1-tubulin polypeptides in other species.
Thus, in humans there appear to be two distinct
1-tubulin isotypes. It remains to be determined
whether these two isotypes are capable of con-
tributing to all microtubules or whether there are
functional constraints such that certain microtu-
bules are restricted to a single isotype content.
Some 15 to 20 1-tubulin-like sequences have

been detected in the human genome by a 13-
tubulin cDNA probe (8). Sequence analysis of
nine of these genes has shown that only two are
capable of producing a translatable polypeptide;
of the seven pseudogenes examined thus far,
five are of the processed type (M. Gwo-Shu Lee
and N. J. Cowan, Cell, in press). Thus, the
periodic reintegration of reverse transcripts into
germ line DNA, although rare, is nonetheless
significant in evolutionary terms. Processed
pseudogenes have also been described for rat a-
tubulin (22) and human metalothionein (18). This
passage of information from RNA to DNA is not
restricted to the transcription products of poII
genes; a significant proportion of the abundant
U2 pseudogenes appear to have been generated
by a similar mechanism (38). Despite their grad-
ual evolutionary drift, these integrated tran-
scripts retain many of their original features for
significant periods of time and might be recruit-
ed, in whole or in part, for the generation of new
functional sequences.
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ADDENDUM IN PROOF

We have recently isolated a second human P-tubulin
cDNA clone, DB-2. Sequence analysis of this clone
reveals complete homology with corresponding coding
region sequences of 5,.
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