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We have determined the complete nucleotide sequences of two chicken B-tubulin genes, 31 and B2. These
genes display an unusual pattern of segmental homology which indicates that they originally arose by gene
duplication and have subsequently coevolved by a process that included localized gene conversion or intergenic
recombination. Since the B-tubulin polypeptides encoded by the two genes are virtually identical (99.5%),
particularly in the major 3-tubulin isotype defining regions, they almost certainly constitute a single isotypic
class of § tubulin. However, the regulatory properties of the two genes are highly divergent as indicated by
analysis of their patterns of expression in different chicken cell types. B1 is the major transcript detected in
skeletal muscle myoblasts, whereas 32 is the major B-tubulin transcript in cultured sympathetic neurons. The
existence of these two genes appears to derive from a regulatory requirement whereby the expression of a single
tubulin isotype is mediated through different regulatory programs in development and differentiation. These
results thus provide direct experimental support for the hypothesis that gene conversion and intergenic
recombination play an important role in evolution by uncoupling the evolution of structural genes from the

regulatory sequences which control them.

The principal structural subunit of eucaryotic microtub-
ules is the protein tubulin, a heterodimer which is comprised
of related but nonidentical a and B polypeptides (29). Such
microtubules are prominent filamentous structures which are
found in eucaryotic cells and comprise an integral element of
the cytoskeleton as well as of the mitotic apparatus, elon-
gated neuronal processes, and eucaryotic cilia and flagella.
The cellular functions even within the class of ubiquitous
cytoskeletal microtubules are diverse. For example, these
microtubules are important in executing changes in cell
shape during embryogenesis (e.g., references 6, 26), in
mediating the transport of substances and organelles within
the cytoplasm (e.g., references 22, 38), and possibly in
transduction of signals originating at the cell membrane (34).
Thus, two important questions regarding the function of
microtubules are immediately evident. First, how does a
single structural element function in such diverse roles, and
second, how is the expression of tubulin and other micro-
tubule-associated proteins integrated with different pro-
grams that determine cell structure and function?

Recently, with the isolation of tubulin DNA sequences by
molecular cloning techniques (for review see references 10
and 13), the outlines of an answer to these questions have
begun to emerge. Analysis of a number of higher eucaryotic
genomes has demonstrated that genes for both the a- and the
B-tubulin polypeptides are present as dispersed, multigene
families in most, if not all, metazoan species (1, 12, 16, 25,
31, 32, 51). To the important and unresolved question of the
functional significance of tubulin multigene families (a gen-
eral question which in fact remains unanswered for many
other eucaryotic multigene families), two hypotheses have
been advanced. Multiple tubulin genes may fulfill a struc-
tural requirement by encoding divergent polypeptides with
functional properties tailored to particular applications
within the various differentiated cells of an organism (17).
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Alternatively, the multiple tubulin genes may encode func-
tionally equivalent polypeptides but fulfill a regulatory role
by allowing tubulin expression to be differentially regulated
in different cell types or during development and differenti-
ation (28, 48).

To date, determination of B-tubulin protein and DNA
sequences has provided circumstantial evidence in support
of the structural hypothesis (1, 16, 20, 30, 57, 58, 60). For all
available metazoan B-tubulin sequences, amino acid substi-
tutions are not found randomly throughout the primary
structure but are localized into clusters, most notably at the
carboxy terminus (20) but also in the regions around residues
33-57, 80-110, and 315-351 (57, 58). Furthermore, the evo-
lutionary conservation of certain isotype specific sequences
implies that the specific sequence variations found in these
regions reflect positively selected functional requirements
for different B-tubulin isotypes (13). Thus, these data support
the hypothesis of structural and functional differentiation
among tubulin isotypes, but resolution of this question
awaits direct functional analysis of individual tubulin gene
products.

These results, however, do not exclude the possibility that
multiple, orthologous polypeptide sequences are encoded
within a single organism by genes which are acted upon by
different regulatory signals. Previous work from this labora-
tory demonstrated that the chicken genome contains at least
four functional B-tubulin genes (32) that possess strong
homology to a cloned chicken brain B-tubulin cDNA. More
recently, a fifth gene has been isolated, and the existence of
two additional genes has been inferred on the basis of
indirect observations (57, 58). In an effort to resolve the
questions introduced above and to establish the structural
and functional properties of this small, multigene family, we
have begun to analyze each member by direct DNA se-
quence analysis.

We have now determined the DNA sequences of two
chicken B-tubulin genes (B1 and B2) and have found that
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FIG. 1. Strategy for sequencing the Bl and B2 tubulin genes. DNA sequences were determined by the dideoxy technique using the
progressive BAL 31 deletion procedure (44). Shown are the regions of pBG1 and pBG2 which were subjected to sequence analysis. Individual
clones used to assemble the sequence are indicated by arrows. The intron/exon structure of the genes is indicated (noncoding sequences, thin
lines; coding sequences, bold lines) and corresponds to that previously reported for other vertebrate B-tubulin genes (31, 58). The direction

of transcription is from left to right.

these genes share a very high degree of nucleotide sequence
homology and encode essentially identical polypeptides. The
patterns of expression of the two genes are, however, very
different. Whereas B1 is the predominant B-tubulin gene
expressed in cultured skeletal muscle myoblasts, B2 is the
predominant B-tubulin gene expressed in neural cells. Thus,
this pair of B-tubulin genes, which encode apparently equiv-
aient protein products but which are regulated by different
programs during development and differentiation, represent
a demonstration of the ‘‘regulatory’’ hypothesis within a
tubulin multigene family. Furthermore, nucleotide sequence
comparison of the two genes reveals a distinctly polar
pattern of segmental homology, consistent with the involve-
ment of gene duplication and subsequent gene conversion in
the generation and evolution of the two genes. Taken to-
gether, these findings directly suggest a role for gene con-
version in uncoupling the structural evolution of gene prod-
ucts from the evolution of the control signals which regulate
them.

MATERIALS AND METHODS

DNA sequencing. DNA sequencing was performed using
the dideoxy chain terminator method, as described by Sanger
et al. (53). DNA fragments for sequencing were generated by
digesting plasmids with a restriction endonuclease followed
by BAL 31 exonuclease digestion (Bethesda Research
Laboratories) essentially as described by Poncz et al. (44).
After digestion with a second restriction enzyme, fragments
were ligated to the appropriately cut M13 vector (35) and
transformed into Escherichia coli JM101. Positive plaques
were identified by lifting and probing with an appropriate
32p_labeled DN A fragment isolated from the original plasmid.
DNA was prepared from individual plaques essentially as
described by Sanger et al. (52).

Nucleotide sequence analysis was performed with a
VAX/VMS computer using the algorithms developed by

Wilbur and Lipman (62) and Goad and Kanehisa (18). For
sequence alignments, data were analyzed both for global and
local homology, and alignments were compiled by hand
using the results of the computer analysis as a guide. In
judging alignment, homolagous regions of six bases or more
were located and fixed, and the remaining sequence was
aligned by maximizing the number of base matches while
minimizing the number of deletions required to fit the two
sequences. Homology within coding regions was calculated
by the procedure described by Chan et al. (8) as modified
from Perler et al. (43). Homology in noncoding regions was
determined by dividing the number of nucleotide matches by
the number of bases in the shared region without attempting
to correct for multiple events.

RNA analysis. RNA was isolated from secondary chicken
fibroblasts, primary embryonic skeletal muscle myoblasts,
and primary sympathetic neuron cultures by the method of
Chirgwin et al. (9). Poly(A)* mRNA was prepared by
chromatography on oligo(dT)-cellulose. RNA was quanti-
tated by spectrophotometry.

An S1 analysis (4) was performed essentially as described
previously (57). 3’ Probes were generated by digestion of
pBG1 and ppG2 with BamHI, which cuts at a site within
codon 344 in the fourth exon. Probes were labeled using
[a->2P]JddATP (63). For analysis of RNA initiation sites, a
350-base-pair (bp) EcoRI-Narl fragment was isolated from
pBG1 and labeled at the 5’ ends using polynucleotide kinase
(PL Biochemicals) and [y->PJATP (Amersham) after treat-
ment with calf intestinal alkaline phosphatase (Boehringer-
Mannheim). The strand complementary to 1 mRNA is thus
labeled at the Narl site at position +52 in the Bl sequence
(with the A of the methionine translation initiation codon as
nucleotide +1). A 5§’ probe was prepared for B2 using a
synthetic 17-mer (5'CGGTGTCTGCCGGTGCC3') which is
complimentary to nucleotides —6 to —23 of the 5’ untrans-
lated region of 2. The oligonucleotide was labeled at the 5’
end using polynucleotide kinase (PL Biochemicals) and used
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FIG. 2. Comparison of the coding sequences of 1 and 2. The coding sequence of 1 is shown with the predicted translation to protein
sequence above it. The B2 sequence is shown beneath; identical nucleotides are denoted by dashes, and the predicted amino acid sequence
is not shown except where it differs from that of B1 (e.g., codons 55 and 187). The sequence in the coding region of B2 is identical to that
determined from a cDNA clone, pT2, derived from the B2 gene (60). Positions of the intervening sequences are denoted by arrows.

as a primer for probe synthesis from a single-stranded M13
subclone containing the 5’ region of 2. Routinely, 100 ng of
poly(A)* mRNA was coprecipitated with 3 x 1074 to 10 x
10~ mol of probe and hybridized for 10 to 16 h at 60°C in
the presence of 80% formamide. After digestion with S1
nuclease (Bethesda Research Laboratories), protected frag-
ments were detected by electrophoresis and autoradiogra-
phy.
RESULTS

The genomic DNA fragments containing two nonallelic

chicken B-tubulin genes, B1 and B2, have been previously

isolated by molecular cloning and subcloned into the plasmid
pBR322 (32). Both genes are found on the same chromosome
(11) but are not closely linked (>10 kilobases; 32). The
complete sequences of the B-tubulin regions of the resultant
plasmids, pBG1 and pBG2, respectively, have now been
determined using the dideoxy chain terminator method (53).
As detailed in Fig. 1, a region spanning 4,778 bp was
determined for B1, and a 3,099-bp region was determined for
B2. Both genes possess a structure typical of vertebrate
B-tubulin genes, consisting of four protein coding exon
sequences interrupted by three intervening sequences (IVSs)
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(31), and both genes are flanked by appropriate consensus
transcriptional control sequences as discussed in detail be-
low.

Sequence comparison. (i) Coding sequences. An alignment
of the coding regions of B1 and B2 is shown in Fig. 2 along
with the corresponding predicted polypeptide sequences.
Immediately apparent is a striking degree of homology
between the two coding regions, which differ at only 11 of
1,338 nucleotide positions for an overall homology of 99.2%.
This conservation is also reflected at the level of amino acid
sequences, which differ by only two conservative substitu-
tions (B1 AlaSS-B2 Thr55 and B1 Val187-82 Leul87). One of
these substitutions (Bl AlaS5-B2 ThrSS) occurs within a
region previously identified as a variable region among
chicken B tubulins (57), whereas the other results in a change
at Leul87 which is otherwise conserved in all other B
tubulins so far examined (13). However, since the two
polypeptides are identical in the other variable region clus-
ters, particularly the highly variable carboxy terminus (16,
20, 57, S58), it seems appropriate to consider the two
polypeptides encoded by B1 and B2 to constitute a single
isotypic class of B tubulin.

Unexpectedly, close inspection of Fig. 2 reveals that
nucleotide substitutions are not uniformly distributed
throughout the coding region but are found primarily at the
5’ end of the genes. Of the 11 substitutions, 9 are found in the
165-bp region which constitutes exons 1 and 2, while only 2
are found in the remaining 1,173 bp of exons 3 and 4.
Calculating the degree of divergence of these two domains
independently (Table 1) demonstrates the nonuniform or
segmental nature of the homology between these two genes.
Using the estimated value for the rate of fixation of neutral
mutations (0.7% per 10° years) that has been derived from
previously studied vertebrate gene families (15, 43), we can
estimate the time of divergence of the 5’ domain (exons 1 and
2) at 25 X 10° to 30 x 10° years ago, while in the 3’ domain
the calculation predicts that the two genes shared sequence
identity as recently as 0.5 x 10° years ago. While these
estimates may not be accurate since they rest on the assump-
tion that silent codon positions are selectively neutral (see
Discussion), the calculations serve to underscore the un-
usual pattern of segmental homology between 81 and 82 and
indicate that the mechanism(s) which achieved sequence
concordance between the two genes has acted most recently
in the 3’ domain alone.

(ii) Noncoding regions. The noncoding regions (promoter,
S’ untranslated region, introns, and 3’ untranslated region)
also reflect the bipartite conservation between the two
domains of Bl and B2 (see Fig. 4). Although the exon
sequences 5’ to IVS1 show strong homology, IVS1 and the
S’ portion of IVS2 show very little homology, whereas the 3’
portion of IVS2 and all of IVS3 show the very high degree of
homology characteristic of the noncoding sequences within
recently diverged genes (e.g., references 15, 24). Remark-
ably, the 3' untranslated and 3’ flanking regions show

TABLE 1. Divergence between B1 and B2 coding regions

% Divergence*

Region

Total Replacement Silent
Complete coding region 0.83 0.2 2.7
S’ Domain (exons 1 and 2) 5.45 0.8 19.4
3’ Domain (exons 3 and 4) 0.17 0.11 0.34

“ Percent divergence was calculated as described by Chan et al. (8).
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FIG. 3. Transcriptional start sites for 81 and B2. Start sites for
transcription were determined using an S1 nuclease assay as de-
scribed in Materials and Methods. (A) Identification of the putative
transcription initiation site for 1. Lane 1, Fragments of a 81 probe
(5' end labeled at position +52) which were protected from S1
digestion by hybridization to chick fibroblast poly(A)* mRNA; lane
2, protected probe fragments from a hybridization reaction exactly
like that in lane 1, except that no RNA was added. (B) Identification
of transcription initiation sites of B2. Lane 1, Sl-resistant fragments
derived from hybridization of chick brain mRNA to a B2-specific
probe 5’ end labeled at position —6; lane 2, fragments protected in a
control hybridization reaction identical to that in lane 1, except that
no RNA was added. Lanes containing molecular weight markers (in
bases) are marked with M.

virtually complete divergence, except for the position
and sequence of the unusual polyadenylation signal,
ACATAAA.

(iii) 5’ Flanking and untranslated sequences. To distinguish
unambiguously between promoter and 5’ untranslated re-
gions of each gene, the transcription initiation sites for g1
and B2 were determined by using S1 nuclease analysis of
gene-specific DNA-RNA hybrids as described in Materials
and Methods. For g1, a DNA fragment that begins at
nucleotide +52 with respect to the A of the ATG translation
initiation codon was labeled at the 5’ ends and was used to
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350 375 400 425 450

475 500 525 550 575
C(‘ T CT AACC’IT ACAGC’IT AGGTCA(‘CGTAAGM’H (.’l'l‘CT ACTT CT(‘TG'ITGMCT Cl'l‘ CCGCAAAM‘ GCAGGTGTAGA'ITATGC’ITTC- s---- -mCIGGCATCAGATGCAAC(,Tl' A

TCAGTATTAGGCACTCA TG‘I'I'IMG'ITM‘IC'IA'I'l‘GTIACAGAGAAAG(‘I‘GCC'I‘I‘AAC’l‘MTAG(‘A ACA—AGGTGC‘I‘(‘CAU‘N;AGGA‘IA(’IWAACITCI‘GCTIATGGACAGACATGGT
475 500 525 550 575

600 625 650 675 700
AAAGAGGGAGGGGAGGGGGGAAAAAAACCAATATTCIGAATATGCACTATATTCTGGGAGCACAGGTAAACAGTT1 GTCCTGTTCCTTIGCTCITGGTTACCCAAGTAAAAATATTGATG
ACT

725 750 715 800 825
TAACGCTGACGTACTGITTCCATGTATGTGAATCAGAATGTCAACTACATGAATAGTTGAAACAACAAACAGTICCTCCACTTTGGGAAGGATAAACTGCCACTTTTAAACAAATTTIGT
850 875 900 925
GTCTCAGACCTAGTTTAAGAACCTTTTAGTGGTCTGCAAAGATGACACAAATTGAAGTGAGTAAGATGCATCTAAAGGTAGTCAAGCACCTAAGCTGCTTTGCCTGTGCTGGACAGAATG
1000 1025 1050 1075
TCTGAACAGACTGGGTGGTAAAACTAAATCTGTAGCCACAGCAAACTTAACTGGCATITGCACTGTCTCATITTTTTITCTGCATAAAAACAAATTCAGAACTAATACAATCTAGCTTITIT
1100 1125 1150 117§ 1200

AAAGTAAAAAGGGAAGTACGATTTCTGCTGCTGAATATGACTTAAGCTACAAAAAGGTTTAGGAGAGTTTCTGAATAGCCTCAATCTTTAGGCTGTTAACTGACGGGTGAGGCAAGACTA

1225 1250 1275 1300 1325
AACTAATGCCTGTTGTITTTCTATCTGAGAAAAACCTCATGTATGTACTTCTAGCACTTAAATCAGGCTGTGAAACTCTGTTTTATAACTTTTAGCTGTTTCAACAGCTAAAGACCACACT

1350 1375 1400 1425
GTCTGATACITTGCTTTGCTGTCTTCATACCATTTAAATCCTACTGCAGCAAAGGCAATAACTCTTGTAGTGGTATCAAGTGATGCTTAGTTTCAGGAAGAAGCACCAGTATAAATGTAT
1475 1500 1525 1550
CTAGTTCTTCCAGCACTTCTGAATTTCATTAAGATGGTTITTTCAAAGACAAAGCAATATACAGATATGCAAAACATACAACAGCAATCATGAATACCATCCACAATGGTAAGCCTAATA
1575 1600 1625 1650 1675
TTACTTATTCTAGCCATACAGATACAGAGTAATGGCATGTTTATGGCAGAAACAATGTATCTGCACTACAGACAGCAAATCCTTITTCTGAGTITTGCTAGTCAGAAAAAAAACCTAGGCAA
1700 1725 1750 1778 1800

GTAAAGGTGAGATTCAAATTATTACTGAAAATATGCTGAACTTAAACCITTTCACCITTCCTGAAATATCTGTGGTGCAACAAGAGAAAAAGGAGGTCATGTGCCIGTATTITTITTCTG

1825 1850 1875 1900 1925
TGTTTCTGATATTTAATCATTGGTTTCATTTCTTATTGGATAAATGCATATATGGGAGAGCACTTCAGCACAAAGACATGTAAAAAAAGCAGCTTTATGITTTACTGITTGGCGACTACT

1925 1950 1975 2000
AACACTTGCTACCCTTIGTGGTCCTTCTGAAGAAGCTATCTGATCTGTGTCTAGTTITIGTTACGGCATGCCTTAGTTAGCATCTAGAGCGTTTCTCAGTGAAATCTAACACGATTATAGG
2050 2075 2100
TATTCTAAGCAGGGCATCTGTGGGAGTAACTGACTGGTCAAGCATTTAAAATAAAAGTCTGTATGTGGTTATTAGGAAGGTCTCCTTATCT
poly-A+

FIG. 4. Comparison of the noncoding sequences of B1 and B2. Sequences were aligned as described in Materials and Methods. The Bl
sequence is shown in the top lines with the B2 sequence shown beneath. (A) 5’ Flanking sequences. The positions of putative regulatory
signals, CAAT (bold lines) and the TATA box (boxed), are indicated, as are the apparent transcriptional start sites (arrows). (B) IVS1. (C)
IVS2. (D) 1VS3. The intervening sequences are numbered, with the G of the 5' GT dinucleotide of each intervening sequence as nucleotide
1. Note the sequence at the boundary of homology within IVS2, which is detailed in Fig. 7. In part C, a nontandem 9-base direct repeat is
underlined in the B2 sequence. In part D, an imperfect direct repeat in the Bl sequence is underlined. (E) 3’ Untranslated and flanking
sequences of Bl and B2. Data are presented as in Fig. 2. Polyadenylation sites which are utilized in the synthesis of mRNA are denoted.
Unused consensus polyadenylation signals in B2 are underlined with a thin line.
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3’ DOMAIN

coding:99.8 7.
noncoding: 86-88 /.
3 ' UT : none

FIG. 5. Summary of the segmental homology observed between 1 and B2. The intron/exon structure of the B1 and B2 tubulin genes is
shown. Brackets delineate the two regions of homology between g1 and B2. Shown beneath are the percent homologies which are found in
the different portions of the two genes. Note that the boundary of the 5’ domain extends into noncoding flanking sequences, presumably
reflecting conservation of transcriptional initiation signals, while the 3’ boundary of the 3’ domain is virtually coincident with the translation

termination codon.

probe poly(A)* mRNA from primary chicken embryo fibro-
blasts (Fig. 3A, lane 1). The major protected fragment of 108
bases corresponds to a transcriptional start at nucleotide
—55 (25 bases 3’ to an ATTTAA sequence).

Similarly, a probe for B2 was synthesized using a 5'-
labeled oligonucleotide primer which starts at nucleotide —6
in B2, and this probe was used to analyze embryonic chicken
brain poly(A)* mRNA. A prominent series of protected
fragments approximately 57 bases in length was observed
(Fig. 3B, lane 1), indicating an apparent transcriptional start
at about —63 (22 bases 3’ to a TATTTAA sequence). Also
observable are two less abundant series of protected frag-
ments of ~75 and ~182 bases in length, which represent
apparent transcription initiations at about —81 (which is
within the putative TATA box) and at —188. (That a fraction
of B2 RNAs do indeed derive from an initiation site 5’ to the
major initiation at —63 is also clearly demonstrated in the
sequence of pT2, a cDNA clone of a B2 mRNA [32].
Inspection of the known sequence [60] reveals that the
cDNA begins precisely at position —88.)

Having established the border separating the promoters
and 5’ untranslated sequences, comparison of the DNA
sequences reveals extensive homology between g1 and B2
extending about 170 bp S’ to the translation initiation codon
(nucleotides —168 in B1 and —177 in B2; Fig. 4A). Within this
region are found the ‘““TATA’’ promoter sequences at —84
and —90 for B1 and B2, respectively, the transcription start
sites, and the 5’ untranslated mRNA leader sequences. A
total of 9 base substitutions, 10 single or double base gaps,
and a large insertion/deletion adjacent to nucleotide —7
distinguish the two genes in this region, resulting in an
overall homology of 88.5% (with deletions or insertions
scored as single mutation events). No additional sequence
homology can be discerned in the adjacent chromosomal
sequences. In particular, the tetranucleotide sequence
CAAT is found in B1, immediately flanking the 5’ border of
homology. Although this sequence has been implicated in
control of transcription in certain eucaryotic genes (5), a
corresponding sequence is not present in B2. Overall, the
data clearly demonstrate that the promoters for g1 and B2
are functional and predominantly direct transcription of
mRNAs which initiate at almost identical positions. The two
primary transcripts are therefore strikingly homologous in
their 5’ untranslated leader sequences, differing mainly in the
region adjacent to position —7 (see Fig. 4A).

(iv) Intervening sequences. Alignments of the intervening
sequences of B1 and B2 are also shown in Fig. 4B through D.
Very little homology is seen between the two genes in IVS1
and in the 5’ portion of IVS2. With the exception of 7 bp
immediately flanking the 5’ splice site, only a few sparse
clusters of homology are seen in IVS1 (Fig. 4B). Similarly,
the 5’ portion of IVS2 (Fig. 4C) shows only vestiges of
homology between the two genes.

In striking contrast to the sequences immediately adja-
cent, the 3’ portions of IVS2 (Fig. 4C) show a significant
homology between the two genes, as does IVS3 (Fig. 4D). In
IVS2, the region beyond position 175 differs by a single
block transition involving 4 bp ([A:Tl; to [G:Cl,), 7 base
substitutions, and one deletion of 8 bp which is associated
with a nontandem direct repeat (nucleotides 198-205 and
217-224 of B2 in Fig. 4C). Such repeat units have been
previously shown to flank deletion points in other multigene
families (15, 24). Counting both deletions and the block
transition as single events yields a divergence of only 13.3%
in the 3’ portion of IVS2.

IVS3 (Fig. 4D) shows a level of homology between the two
genes similar to that of the 3’ region of IVS2. In this
instance, the two introns differ primarily by two large
insertion/deletion mutations, yielding three regions of ho-
mology separated by two stretches of nonhomologous se-
quence. The segmental mutation on the 3’ side of IVS3 is
consistent with the deletion of an imperfect nontandem
repeat (residues 50-59 and 63-72 of B1, Fig. 4D) which
resulted in the loss of one repeat and some flanking sequence
in B2. Overall, the IVS3s in the two genes differ by 11 single
base substitutions, 4 single base gaps, and 2 large dele-
tion/insertions. Counting the segmental mutations as single
events yields a divergence of 12% between the two introns.

(v) 3’ Flanking sequences. Alignment of the 3’ untranslated
and flanking sequences of Bl and B2 is shown in Fig. 4E.
Clearly, the extreme homology which characterizes the 3’
domain of the two genes (Fig. 2) terminates abruptly 3 bp
beyond the translation stop codon. Except for the positions
(+202 and +206 for B1 and B2, respectively, where nucleo-
tide 1 is taken as the first base 3’ to the translation stop
codon) and unusual sequence (ACATAAA) of the proximal
polyadenylation sites in the two genes, the 3’ untranslated
regions do not share detectable homology. Curiously, B2 has
two additional polyadenylation signals at +339 and +377,
although only the more proximal is actually utilized (see
below). For B1, in addition to the ACATAAA sequence at
+202, a second, distal poly(A) signal sequence is located at
+2079.

Gene duplication and concerted evolution: boundaries of
homology between B1 and B2. As detailed above and sum-
marized in Fig. 5, the overall level of homology between p1
and B2 indicates that they are products of gene duplication.
Furthermore, in addition to maintenance of sequence homol-
ogy through selective pressure, the discretely segmental
nature of the homology between the two genes strongly
suggests that within the 3’ domain a process of localized
intrachromosomal (11) sequence exchange, which may have
been mediated by gene conversion (2, 47) or by nonrecipro-
cal recombination events (36, 59), has acted to maintain the
high degree of homology observed. For the 5’ domain,
although the original duplication unit probably extended
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bef'orjd the present borders, homology is now detectable
only in regions which are presumptively subject to a func-
tional constraint (e.g., coding region, 5’ untranslated region,
and 3’ portion of each promoter). Noncoding flanking se-
quences show essentially no homology. We can thus esti-
mate the minimum time since duplication at not less than 80
x 10% to 100 X 10° years ago, the predicted time required for
complete divergence of two nonselected sequences (43).

Dual regulation of a single B-tubulin isotype encoded by two
genes. The above analysis indicates strongly that g1 and B2
satisfy the structural requirements expected for a gene
duplication event whose evolutionary endpoint has been to
allow alternative pathways of regulated expression for a
single polypeptide class. To begin to test whether these two
genes are expressed in alternative programs during differen-
tiation, we exploited the finding that although the two genes
are identical in their 3' coding regions they diverge immedi-
ately 3’ to the translation stop codon. Using an S1 protocol
with probes 3’ end labeled within the 3’ coding region of
either gene, RNAs derived from both genes can be detected
simultaneously. For the homologous RNA, a DNA segment
will be protected through the polyadenylation site actually
utilized, while for the heterologous transcript a smaller
segment extending only to 3 bases 3’ of the translation stop
codon will be protected. Appropriate probes starting at
codon 344 and running far into the genomic 3’ flanking
sequences were isolated from each gene. Fragments were 3’
end labeled using [*?P]ddATP as described in Materials and
Methods and were used to probe poly(A)* mRNA from
chicken fibroblasts, cultured striated muscle myoblasts, and
cultured sympathetic neurons.

The results (Fig. 6) demonstrate a dramatic differential
expression of B1 and B2 in different cell types. With the Bl
probe (Fig. 6A), a 310-base protected fragment corresponds
to B2 transcripts while a 530-base protected fragment corre-
sponds to Bl transcripts which terminate at the proximal
polyadenylation site. B1 also possesses a distal polyadenyla-
tion site 2,079 bases downstream of the stop codon which,
due to the limited resolution of large fragments on the
acrylamide/urea gel, is not distinguishable in this experiment
from residual undigested probe. This problem is eliminated,
however, in the complementary experiment performed with
the B2 probe (Fig. 6B), in which all Bl transcripts are
summed in the 310-base fragment while B2 transcripts are
reported by the 530-base fragment.

The relative quantities of the two transcripts were deter-
mined by densitometry of the data shown in Fig. 6B. These
data (Table 2) demonstrate that B1 and B2 are expressed in
nearly equivalent quantities in fibroblasts (B,/8, = 1.6). In
skeletal muscle myoblasts, however, B, is the predominant
transcript (31/B2 = 7.3), while the opposite is true in neurons
(B1/B2 = 0.10). Furthermore, this analysis gives some insight
into the mechanisms which control the expression of the two
genes in these cell types. For B1, it can be seen that the level
of transcripts per microgram of poly(A)* RNA accumulated
in fibroblasts and myoblasts is approximately equal but is
less than half that level in neurons, indicating a two- to
threefold change in B1 mRNA accumulation in the different
cell types. In contrast, relative to the level in fibroblasts, B2
transcripts show an approximately 4-fold decrease in skele-
tal muscle and a 6- to 7-fold increase in neurons, indicating
that the level of accumulation of transcripts from this gene
varies over a 30-fold range in the three cell types tested.
Other experiments using RNA blot analysis have indicated
that B1 is a minor transcript in most cell types except skeletal
muscle myotubes, in which it is the major B-tubulin tran-
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FIG. 6. Analysis of Bl and B2 transcript levels in different
chicken cell types. S1 nuclease analysis was performed for a variety
of chicken RN As using gene-specific DNA probes labeled at 3’ ends
at a site corresponding to codon 344 as described in Materials and
Methods. For each probe, the protected fragment migrating at 310
bases corresponds to heterologous transcripts and the protected
fragment at 530 bases corresponds to homologous transcripts as
described in the text. Lane 1, Molecular weight standards: (from top
to bottom) 622, 527, 404, 309, 242, and 238 bases, respectively. Lane
2, No RNA control. Lane 3, Secondary chicken fibroblast poly(A)*
mRNA, 100 ng. Lane 4, Cultured embryonic chicken pectoralis
myoblast poly(A)* mRNA, 100 ng. Lane 5, Cultured chicken
embryonic sympathetic neuron poly(A)* mRNA, 100 ng. (A) Bl
probe. (B) B2 probe.
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TABLE 2. Expression of 1 and B2 transcripts

RNA abundance (arbitrary unit)

Cells ol 02 Ratio (B1/B2)
Fibroblasts 59.2 36.5 1.62
Myoblasts 61.0 8.3 7.3
Neurons 25.2 246.0 0.1

script detected (21). B2, on the other hand, is expressed in
detectable quantities in many cell types but is particularly
enriched in neuronal cells. Thus, although B1 and B2 share
extensive homology in their promoter regions and encode
essentially identical B-tubulin polypeptides, they display
very different apparent modes of regulation during the
differentiation of chicken tissue types.

In addition, the experiment shown in Fig. 6 also demon-
strates that, at least in the cell types tested, B2 uses only the
proximal polyadenylation site located 206 bases downstream
of the stop codon. No signal was detected in the positions
expected for transcripts terminated at either of the two
downstream polyadenylation sites. In contrast, both the
proximal and distal polyadenylation sites of g1 are utilized,
generating mRNAs of 1,800 bases and 4,000 bases (21). As
assayed by S1 mapping and RNA blotting experiments, both
sites are used with approximately equal frequency in the
different cell types tested (data not shown).

DISCUSSION

Comparison of the nucleotide sequences of two closely
related B-tubulin genes from the chicken reveals that they
are the products of a gene duplication event which took
place at least 80 x 10° years ago. Since this duplication, the
two genes have maintained virtual sequence identity in their
coding regions by a mechanism involving segmental ex-
change of DNA sequences between the two loci. The result
of this apparent coevolution has been the maintenance of
two genes which encode essentially identical B-tubulin
polypeptides. Since the predicted polypeptides share amino
acid sequence identity in regions which have been shown to
differ among B-tubulin isotypes (16, 20, 57, 58), they almost
certainly constitute a single isotypic class of § tubulin. The
two genes, however, show strikingly divergent regulatory
behavior. The product of the duplication and evolution of
these genes is thus a single structural product which has
evolved different modes of cell type-specific regulation. A
similar situation for two a tubulins can be observed by
comparison of the sequence and expression of two human
a-tubulin genes. In this instance, the two encoded
polypeptides are again virtually indistinguishable (differing
at only one amino acid position; compare the sequence of
kal [14] with that of bal [19]), but the expression of one is
restricted to neuronal and glial cells (19) whereas the other
appears to be ubiquitously expressed (14).

In addition to localized selective pressures which derive
from a functional constraint, a separate process mediated the
maintenance of sequence homology between the two genes
by acting discretely in the 3’ portions of the genes between a
site within IVS2 and the 3’ end of the coding region. This
conclusion is based on the different degrees of sequence
divergence between the presumptively nonselected interven-
ing sequences in the 5’ and 3’ homology domains (Fig. 4).
Intervening sequences in the 5’ homology domain (IVS1 and
the 5’ end of IVS2) appear to have diverged at the time of
duplication, or at least 80 x 10° years ago. In contrast, the 3’

MoL. CELL. BioL.

end of IVS2 and IVS3 shared sequence identity as recently
as 20 X 10° to 25 x 10° years ago. This implies the action of
a correction mechanism at some point(s) after duplication.
Conceptually, such a correction process between nonallelic
genes can be mediated by gene conversion, which is a
nonreciprocal exchange of sequences between two genes
that rectifies the sequence at the acceptor locus without
altering the donor locus (e.g., references 39, 50). Gene
conversion has been implicated in sequence exchange
among different genes during the evolution of several
multigene families such as the y-globins (55), mouse histo-
compatibility genes (42, 61), immunoglobulins (3, 41), and
chicken embryonic 8- and e-globin genes (49). Alternatively,
multiple nonequal recombination events between nonallelic
loci can also generate a pattern of segmental sequence
identity such as is observed between the 1 and B2 tubulin
genes. The human adult a-globin genes are an example of the
products of this mechanism (36).

Although sequence data alone are not sufficient to unam-
biguously define the molecular mechanisms of ‘‘concerted
evolution” in vertebrate genomes, we favor the involvement
of gene conversion in the concerted evolution of these two
B-tubulin genes. The alternative process of nonequal cross-
ing over would generate chromosomes with one or three
genes instead of the original two, as has been documented
for certain human « thalassemias (e.g., reference 36). We
have not found any evidence of restriction site polymor-
phism which would be expected from such chromosomes in
analysis of over 100 individual chicken genomes (D. Cleve-
land, unpublished data). However, we hasten to add that it is
not clear that domestic chicken populations are sufficiently
outbred to allow unambiguous interpretation of this result.

190 200 210 220

CTTACAGCGAGGCTGCTGTGAGCACAGCAGTCTGCTGTGGC

190 200
CTTACAGCGAGGCTGCTGTG
AGCACAGC-AGTCTGCTGTGGC

210 220

G T
G-C G-C
A-T A-T
G C-G
C-G G-C
G-C A-T
A-T C-G
C-G A-T
A-T C-G

CTT GAG GC

FIG. 7. Detail of the sequence found at the border of the 5’ and
3’ homology domains. The region from B2 is shown in detail. (Top)
The linear sequence is shown with the region of direct and inverted
symmetry underlined. (Middle) The direct repeat structure of this
sequence is shown. (Bottom) The palindromic nature of this region
of sequence is detailed to show potential hairpin loop structures.
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Irrespective of the precise mechanism which has allowed
these genes to evolve in concert, it is clear that it operated in
a polar or segmental fashion. The junction between the two
homology domains can be clearly located within IVS2, some
80 bp upstream of the 3’ splice junction (Fig. 4C and 5). The
sequence adjacent to this boundary is not a ‘‘simple se-
quence’’ such as the (GT), sequences found at the borders of
human +vy-globin gene conversion units (55), nor does it
resemble the sequence found at the borders of mammalian
a-globin conversion units (36, 54). Rather, as illustrated in
detail in Fig. 7 for the region in B2, it has an unusual
structure consisting of a tandemly repeated sequence of 17
bp, each of which forms a palindrome. Such regions of
sequence symmetry have been proposed as sites for the
initiation of gene conversion-associated strand transfer (56),
and structurally similar, albeit more extensive, sequences
have been previously observed at the termini of eucaryotic
transposable elements (e.g., reference 7), retroviruses (23),
and Drosophila foldback elements (46). In addition, short,
nontandem direct and inverted repeats are associated with
rearrangements within immunoglobulin loci (27, 33, 40). It
seems likely, therefore, that this unusual sequence at the
boundary of the converted region has served as a site for
initiation of the recombination events associated with gene
conversion. Further, the unique conversion of sequences 3’
to this initiation site suggests that it possesses an intrinsic
polarity with respect to the directionality of the conversion-
associated recombination process.

The coincidence of the 3’ boundary of homology with the
translation stop codon is perplexing, since there are no
unusual sequence features in this region which might suggest
a possible basis for the termination of conversion-mediated
sequence exchange. One possible scenario is that sequence
exchange did not take place until these regions had diverged
sufficiently to form a block to branch migration. Even small
nonhomologies in human a-globin loci, for example, have
been shown to block gene conversion or define boundaries of
segmental conversion units (36). Alternatively, the original
conversion event may have fortuitously ended in the ob-
served region, and subsequent divergence reinforced this
site as the termination site for homologous sequence inter-
action. Both the discrete site of initiation and the proposed
mechanisms for termination of the conversion unit are
consistent with the ‘‘polaron hypothesis’’ for gene conver-
sion (43).

The two large segmental nonhomologies in IVS3 should
serve as a block to isolate exon 4 from the conversion
process, if indeed conversion was initiated at the site pro-
posed above. However, exon 4 shows almost complete
sequence identity. If the degree of divergence in the IVSs of
the 3’ domain accurately reflects the time since the last
conversion, then the divergence in silent codon positions in
exon 4 would be expected to approach 15% instead of the
observed 0.82%. To explain this discrepancy, we must
postulate either that there is a mechanism which converts
exon sequences without entering the IVSs, or that the silent
codon positions in exon 4 are selected almost as stringently
as replacement positions. We favor the latter interpretation,
particularly in light of the strong codon usage bias in the
genes which use C or G in the third codon position 9.6 times
as frequently as A or T (60). This would also explain the
discrepancy between divergence in silent codon positions
and IVSs also seen in the 5’ domain (Table 1). Although we
find this conclusion surprising, it is consistent with other
studies which have found silent codon positions not to be
selectively neutral (37). Thus, we postulate that the correc-
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tion process which led to the synchronization of the 3’
sequences of Bl and B2 occurred most recently about 20 X
10° years ago and that subsequent divergence through seg-
mental mutation in IVS3 has formed a block to further
extensive sequence exchange.

The major functional consequence of the evolutionary
interactions between the Bl and B2 genes has been the
generation of two structurally equivalent B-tubulin genes
which differ significantly in their regulatory properties. Since
the two genes share extensive homology in the immediate 5’
flanking sequences, including the TATA transcriptional ini-
tiation signal, the factors which control the differential
expression of B1 and B2 must lie elsewhere. These may be in
promoter sequences 5’ to the homology regions or perhaps in
sequences 3’ to the protein coding regions.

In any event, these results demonstrate that evolution of
protein coding genes can occur at two levels which need not
necessarily be coupled. At one level is the structural evolu-
tion of polypeptide coding regions, which evolve under
different selective environments within multicellular orga-
nisms during the course of evolution, generating new modes
of function or interaction for a system. At another level is the
evolution of the control elements which regulate the expres-
sion of individual genes and integrate this expression into
concerted programs of gene activity. The results presented
here appear to document this sort of regulatory evolution,
demonstrating the conversion of a protein sequence under
the control of two different sets of regulatory signals. A
converse situation has previously been seen among the
chicken embryonic B-like globin loci, where conversion of
control sequences has brought two different polypeptides
under control of the same regulatory system (49). Collec-
tively, these findings clearly suggest that the processes of
gene conversion and intergenic recombination, which result
in the concerted evolution of multigene families, may play an
important role in evolution by allowing the coupling and
uncoupling of structural genes and their regulatory elements.
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