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Regulation of three f-tubulin mRNAs during rat brain
development
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Israel

Communicated by U.Z.Littauer

The nucleotide sequence of a complete rat brain ,B-tubulin
T /15 has been determined from three overlapping cDNA
clones. The overall length of the T 315 sequence is 1589 bp
and shows between 84.5% and 88.6% homology within the
coding region as compared with chick and human B-tubulin
sequences. On the other hand, the 3'-non-coding region is
highly divergent. Comparison of the derived amino acid se-
quences from different species demonstrates that the amino
acid changes are not randomly distributed, but rather there
are several conserved and two highly variable regions com-
mon to f3-tubulin polypeptides from various sources. The T
,B15 sequence encodes a dominant neuronal 1.8-kb f-tubulin
mRNA species. Two other minor 3-tubulin mRNA species
of 2.6 and 2.9 kb are present in rat brain. By using two syn-
thetic oligonucleotide probes complementary to the carboxyl-
terminal divergent region and to the amino-terminal conserv-
ed region, we have shown that the three mRNAs are distinct
species, which are developmentally regulated. The level of
the 1.8-kb mRNA species increases till the age of 12 days
thereafter its level decreases. The 2.9-kb mRNA is an early
neuronal mRNA species, while the 2.6-kb mRNA is a late
neuronal species which is detected at 30 days of rat brain
development. The data illustrate that there is a differential
expression of the j3-tubulin multigene family during rat brain
development which may suggest different functions for the
various /-tubulin isotopes.
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Introduction
Microtubules are ubiquitous eukaryotic organelles participating
in various cellular functions such as cell division, cell migra-
tions, cell shaping and secretion (Bray, 1973; Dustin, 1984; Bray
and Gilbert, 1981; Roberts and Hyam, 1979; Littauer and Ginz-
burg, 1985). The major protein component of microtubules is
tubulin, which is a heterodimer composed of an a- and /-subunit
each having a mol. wt. of - 50 kd. Early during brain develop-
ment, microtubules participate in spindle formation in dividing
cells (Dustin, 1984; Nunez et al., 1980). At later stages of brain
differentiation, microtubules are also involved in cell migration
(Olmsted and Borisy, 1973) and are essential in creating the basic
asymmetry of neurons, that distinguishes between axons and den-
drites (Matus et al., 1983; De Camilli et al., 1984). In mature
neurons axon outgrowth, synapse formation and axoplasmic
transport depend on mcirotubule integrity (Daniels, 1972; Mar-
chisio et al., 1980; Tytell et al., 1984). It appears that diverse
microtubule types are involved in several neuronal functions
which may be controlled by the presence of various tubulin iso-

types and microtubule-associated proteins (MAPs). In spite of
the overall decrease in tubulin synthesis during rat brain matura-
tion (Schmitt et al., 1977; Gozes et al., 1977), more tubulin
isotypes are expressed in the mature than in the pre-natal brain
(Gozes and Littauer, 1978). Some of the age-dependent increase
in tubulin and TAU factor microheterogeneity is controlled at
the mRNA level (Gozes et al., 1980; Ginzburg et al., 1982).

Tubulin, like several other eukaryotic genes, is encoded by
a multigene family. In Drosophila four a- and four ,B-tubulin
genes have been identified which have been shown to be func-
tional (Kalfayan and Wensink, 1982; Natzle and McCarthy,
1984). In the mammalian genome the tubulin gene family is more
complex and, due to the high homology within the members of
the family, the analysis of a unique member becomes more dif-
ficult. Using a rat ai-tubulin cDNA probe, we have shown that

- 20 copies of tubulin genes exist in the rat genome (Ginzburg
et al., 1983b). However, the number of functional genes is
unknown, and indeed several rat a-tubulin pseudogenes were
identified and sequenced (Ginzburg et al., 1983b; Lemischka and
Sharp, 1982). Here we describe the analysis of a complete rat
3-tubulin sequence and its use for studying specific gene
transcripts. The determination of the ,B-tubulin sequence allow-
ed us to select specific regions for the synthesis of synthetic oligo-
deoxynucleotide probes. Using these probes, we could reveal the
presence of three distinct mRNA species whose expression
changes during rat-brain development.

Results
Isolation of overlapping (3-tubulin cDNA clones
Poly(A)-containing mRNA was isolated from 12-day-old rat
brains and fractionated by sucrose gradient centrifugation. The
fractions above 16S encoding for tubulin mRNA, were pooled
and used as a template for double-stranded cDNA synthesis which
was subsequently inserted into pBR322 as previously described
(Ginzburg et al., 1980). About 2500 transformants were screened
using the 32P-labeled PstI insert isolated from a chicken ,B-tubulin
cDNA clone (Valenzuela et al., 1981; kindly supplied by M.W.
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Fig. 1. The organization and sequencing strategy of rat ,B-tubulin cDNA
clones. The partial restriction map of p ,B3, p ,B5 and p (37 is presented.
The sequencing method for the respective DNA fragments is denoted.
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Not T 615 CCAACACC
Chick PT? CGC

10 20 33
MET ARC GLU ILE VAL HIS ILE CLR ALA GLY GLN CS5 CL? ASN GLR D.E CLY ALA LYS FIVE TRP CU) VAL ILE SCM ASP CLU HIS GLY ILE

lot T915 ATG CCC GAG ATC GIC CAC ATC CAG GCCG GGC CAA TCC CCC AAC CAC ATC MCC GCC ACG TTT TCC GAG CTG £TA AGC CAT GAG CAT CCC ATC
CnAOkAPT2 T C C C C C C
CoickA4 A G C A C C C C A
HumanDOgI T T T T C C C T A

HO so 60
ASP PRO THM CLY 5CR TSYR HIS CLY ASP 3CR ASP LEU GLN LEU GCU ARC ILE ASM VAL TYR TYR ASN GLU ALA ALA CLY ASH LYS TYR VOL

Mat T015 GAG CCC ACC CCC ACC TAC CAT GGC GAGC AECZ AC ETC GCAG CTG GAG AGA ATC OAT GGTC SOC TAC OAT? GAO GCC GCT CCC AAC 000 TAT ETA
CAIOkAFT2 T C C C C C C C C C COACA T C C C
ChickASH C CC A ECr TCGC C CC C C C T CC TCTCSC C C C
Human OIl C C C C C C C C CC C TC COACA TCCG

70 80 90
PRO ARC ALA ILE LEU VOL ASP LEO CU) PMO CLY THM MIET ASP SCR VOL 0MG 5CR CLY PRO PHC CLY CLR ILE FIVE 0MG PMC ASP ASHNFPVE

Rat TAl5 CCT CCC GCC ATC CTA CTCG GAG CTG GAG CCA CCC 0CC ATG, GAC TCA ETC 0CCG TCC GCA CCA TTC CCC GAG ATC TTC 0CCG CCA GAC AAC TTT
Chick PT? C T C T C C C C C C C C T A C A C
Chick 94 C C TT C 0CGC CC TCC C CC CC C C
Huaa-i DOI T C T A A T C T T CC 0 T T T T A

100 110 123
VOL PAE CL? GLN SCA CLY ALA CL? ASh ASH TOP ALA LYS CL? HIS T YM THR CU) CLY AULA CU) LEO VOL ASP SEM VOL LEO ASP VOL VOL

Rat T 615 ETC TTC CCT COAG AEGr GET GCA COG AOT AAC TOGG CCA AAG CCC CAC TOG AGO GAG GET GCCC GAGCTG ETC GCO TCT ETC CTC COGT GGTCEC
ChickAPT2 C T C C C C C C C C A C T C
ChicAROA1T C C C C C C C G C C
Human050O T SC C S C C A C T T A

130 1AO 150
ARC LYS CU) 5CR CU) SEA CIM ASP CIS LCU GLR CL? PVC CLN LEO THM HIS SCM LEOU CL? CL? CL? TigR CL? SER CLY RET CL? TAR LEOU

Mat T 615 0CC AAG GAG TCA GAO 0COC TEGT GAC TET CTC COG GcC TTT CAG cTG 0CC COG TCO TTC CCC CCA CCC OCT CCC TCA CCC ATC CCC 0CC CTG
CoACh PT? C C C C C T CC C C C C C C C
ChickA0AG CT C A C C C C CC T C C C C C
HumaniDOIG C C C C C C C C A T A C T C

160 170 lAO
LEA OLE SEA LTS ILE ARC CU) CLU) TYR PRO0 ASP ARC OLE MET ASH TAM PVC SCM VOL M ET PRO SEM PRO LYS VOL OEM ASP TSRO VOL VOL

Rat TRiS5 CTC ATC 0CC AAG ATC AGA GAO GAG TAG CCA GAG CCC ATC ATG AAC 0CC TTC ACC ETC ATG CCC TCA CCC A kC ETCG TGCC;GAG OCT ECr ETCG
ChicA PT? C C C C C C C
Chick GGC CC C G C T CC C C C
Hum-i DOI T C A T T T T CC T A T C C

1 90 200 210
CU)A PRO TSTR ASR ALA TAR LEO SCM VOL HIS CLR LEA VOL CU) 05N THM ASP CLU) TAR T SR CYM OLE ASP ASH CL? ALA LEAU T SR ASP OLE

Rat T915 COG CCC TAT OAT CCC ACC CTT TCGEC COGGAAG CTGCETA GAG AAC ACA GAG GAA ACC TOG TCGC ATC GAG AAC GAG GCT CTC TOT GAC ATC
Chick PT? C T C C C C
Chick 0A C C C A C T A C C S C C C
Aumani DOI C C C S S S T T C T S C C T

220 23? 2H0
CIS RAE ARC TAR LEA LYS LEAU TAR TAR PRO0 TAR TSYR CL? ASP LCU 056 HIS LEO VOL SCR ALA TAM MET SCM CL? VOL TAM TAR CIS LEAU

kat T 615 TCC TTC CCC 0CC CTG AAC CGT 0CC AGO CCC 0CC TAT CCC GAT CTC AAC COG CTC ETCG TCA CCC 0CC ATC ACr GGA ETC 0CC 0CC TGCCTEC
Chick PT? C T C C C C C C C
CniCk 0H A C T C C C A C C C cCT C CC
HAuman DO1 5 C 0 C C C S C C GAGSTT C

250 260 270
ARC PHE PRO CL? GLN LEO ASN ALA ASP LEO ARC LYS LEO ALA VOL ASH MET VOL PRO PliE PRO ORG LCU If1IS P4C P4E MET PRO CL? PVC

Rat T 615 CCC TTC CCT CCC GAG CTGAACG CCA GAG ETC CCC AAG CTG GCT ET GAC ATGOT CTGCCGT TTC CCA CCOC CTG COG TTC ETTC ATG CCA CCC ETC
Chick PT? C C C C C C G
ChICk 54 C C C T C C C C T
Auan&- OI T C T T C T A C C C T C T T T T

280 290 3S0
ALA PRO LEO TAM 5CR ARC CL? SER GLN GLR TSR ARC ALA LEA TAR VOL PRO CU)L LEOU TAR GLN GLN MET RAE ASP SCM LYS ASR MET MET

Mat T 615 GCA GET CTG 0CC 0COC 0CC CCC 0CC COG COG TAG CGA CCC CTG AGO ETC CCC GAG ETC 0CC COG COGC ATC TTSC GAG TCC AAG AAC ATG ATG
Cnick PT? C C C CC C CG C
Chick 04 C C CC T C S C C T S C
Human15DI C C CT A S S C C C CC SCT

310 320 330
ALA ALA CIS ASP PRO ARC HIS CL? ORG TSYR LEOU TAMR VOL ALA AUOALE PVC ARC CL? ORG MET SER MET LYS GLU' VOL ASP CU) GLH MET

Rat T 015 CCT CCC TCC GAG CCA CGCCAGT CCC CCC SAC CTC ACC ETA CCC CCC ATT TTC CCC CCC CCC ATG TCC ATC AAG COG ETC CAT GAG COG ATG
CnlckOPT2 C C C C C S C A C
Chick RH C C C C A CC C C
HAuaaniDOI T C C A C C S TCG CT cC

340 350 360
LEO ASR VOL CLVi ASN LYS ASH SCM SCM TSYR PVCE VOL CLU) TMP OLE PRO ASH 038 VOL Lys TAR ALA VOL CYS ASP ILE PRO PRO AMG CL?

Rat T 0lS CTC AACG ET COG AACAACO AACO AG0C 0CC SAC ETC ETC GAO TOG ATC CCC LOG OAT ETC AAC ACC GCCCrEC SEGTGAC ATC CC? CCT GE CrGCC
Cnick PT? C S C C C C C C
Chick R4 S C CC A C C SC C C ET S C C C C
AumanOADl S S C 0 C A

370 380 390
LEO LYS MET SCR ALA TAM PVCE OLE CL? ASH SEA TAR ALA OLE GLM CU) LEO PHE LYS ORG OLE SCR CLU) GLN PE TAR AU) AET PVC ORG

Mat TOlS5 CTCAG ATGOTCCC CCC 0CC ETC OTT CCC AAC 0CGC ACC CCC OTC COO GAG CTG STC AAG CCC ATC TCC COG COG TTC OCT CCC ATG TTC CGCC
Cnick Pr2 C C C C A C C
Chick 0 S C C C 0 C C
HomanDOIl COAT C S A C C C

M0O Alto 20
ARC LYS ALA PVE LEOU HIS TSRP TSYR TAR CL? CLU) CL? MET ASP CU) MET CU) PilE TAR CLU)A LA CU) SCM ASH fICr ASH CU) LEO VOL SCM

Mat T 015 CCC AAG CCC ETC CTC GAG TGG SOC 0CC CCC GAG CCC ATC GCO GAG ATC COG TrC 0CC GAG CCC COG 0GC AAC ATG OAT CGACCTC ETCG TCT
Chick rPT2 S C S C C C A

Human Dol C C A T C C C C

430 440
CU) TSR CLN GLM TSR CUN ASP ALA TAR ALA ASP CU) GL CL? CLU) PHE CU)J CU) CU)GCU) CL CU) ASP CU) ALA ERRD

Mat TRi5 COG TOG CAG GAG TOG GAG COT CCC ACG GCT GAS GAG COG CCC GAG TTC GAG COG COG COG GET GAG COT GAG GCC? TGAErTTCCCACCCCAAGCA
Chick PT 2 A C S A T A A GA AC 0 AGGCA ATGGE;TACC
Cnick gA C C C C A C S C S TS AG C TCC AC. -

HumanDali S C 0 0 C AC T T CCGAA se C A GAGAGCCC TCAC

Rat T 615 GGTTACCCAAACCTGACCGCGAACACCAMGCET GGGCETCTTAATCTGr GAAAATACCTTGCACCTTGGAAGAACCAGAATGETCTTAGETTT ETCCTGG-CTCTCTGETGCTCTTTAETEr
Chicek PT2 AGCGAO SET ETCTGA ACCCAAGT TTCATT A ACCAG ATCGtETC C TGTCCT A CAT CErTTTCTTA T T ErCCTCTCCCC S CS S C CAGCACrETGS A
Roman, 061 CTCAG CTTCTCGAETCC TTAOCCCETCTTACTCAAC GCCCGC T CCTCCCCTCAGAAT?TETG TTGCTGCCCTCT TCTTGr TTTG S TTCTTCTCCGGG

Rat T gIS TGCCTCTETACTTTTTTCTCTTTTT ErAATATCGATGACETrGATET GATGCT?GAGATGTTTCTGAACTCCTETTETGATCCCTGAAATCGCCETGAAGCCTTET ETCCTAAA
Cnick PT?2 CCT GAETETCCGA ETAACAG C A ATAC TCA 0 TCT CTCTTGAA ICC? AA TCT AAACA AAAOCTTT? TGtG TCTAAAOAAAAAAAAAAAAA..

* Addttional mno acids 4H6-450 COG GGC GCC AAG
*.data ends here

Fig. 2. The nucleotide sequence of rat 13-tubulin T 1315. Comparison of the sequence of T 1315 with chicken pT2 (Valenzuela et al., 1981). Chicken ,B4
(Sullivan and Cleveland, 1984) and human D 131 (Hall et al., 1983). Only positions that differ from rat T 115 sequence are noted. * Indicates deletion of a
nucleotide; + indicates insertion of a nucleotide; + + indicates that data ends here.
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Fig. 3. The derived amino acid sequence of rat T (315 as compared with other vertebrate 3-tubulins. The data are derived from Figure 2 together with the
amino acid sequence of (-tubulin isolated from porcine brain (Krauhs et al., 1981). Only positions that differ from rat T (15 sequence are noted. * Indicates
a deletion; / indicates a site of microheterogeneity where either the amino acid of the top line or the slashed one may be present.

Kirschner). Twenty rat clones containing 0-tubulin sequences

were further identified by positive hybridization followed by
translation of the selected mRNA in a reticulocyte lysate cell-
free system (Ricciardi et al., 1979). The labeled products were

analyzed by SDS-polyacrylamide gel electrophoresis and shown
to co-migrate with tubulin.

Figure 1 shows the restriction map analysis of three overlapp-
ing 3-tubulin cDNA clones (p /33, p /5, p /37) that were chosen
for further studies and their cumulative sequence was designated
as T /15.
Sequence analysis of rat /-tubulin cDNA clones
The overall length of T /15 is 1589 bp and includes 1338 bp
comprising the entire coding region and the termination codon
as well as 8 bp from the 5'-non-coding region and 243 bp from
the 3'-non-coding region. The nucleotide sequence strategy is
illustrated in Figure 1 and included both the chemical modifica-
tion method as well as subcloning into phage M 13 and using the
dideoxy termination method (Maxam and Gilbert, 1977; Sanger
et al., 1977).
The deduced amino acid sequence confirmed that these three

clones carry /3-tubulin sequences. Clones p /3, p /5 and p /7
contain inserts of 1064 bp (positions -8 to 1056), 1245 bp (posi-
tions 350-1595) and 419 bp (positions 1170-1589), respec-
tively. The nucleotide sequence confirmed the absolute identity
of the overlapping regions, suggesting that they are encoded by
the same gene. The nucleotide sequences of T /315 is presented
in Figure 2 in comparison with the sequence of three other
available vertebrate /3-tubulin sequences, namely chicken cDNA
clone pT2, the chicken genomic clone /-4 (Valenzuela et al.,
1981; Sullivan and Cleveland, 1984) as well as human cDNA
clone D /3-1 (Hall et al., 1983).
The overall calculated nucleotide divergence between the

coding region of rat T /15 and chicken pT2 is 153 nucleotides
of which 143 are silent substitutions, while the divergence of
human D /-1 is higher and reaches 199 nucleotides of which
159 are silent substitutions. The chicken genomic /-4 is even

more divergent when compared with the rat /-tubulin sequence.
There are 207 nucleotide changes of which only 165 are silent
substitutions that do not result in changes of amino acids. Thus,
there is a high degree of nucleotide homology in the coding
regions between the various /3-tubulin clones ranging between
84.5% and 88.6%. On the other hand, there is little homology
between the 3'-non-coding regions among these DNA clones,
except for a region between positions 1471 and 1499 that is highly
enriched with T residues and also appears with minor changes
in the 3'-non-coding region of the human D /3-1 sequence.

Comparison of the derived rat T /15 polypeptide with that of
chicken, human and porcine /3-tubulin sequences

Comparison of the derived rat T /315 /-tubulin amino acid se-

quence with that of chicken pT2 and the two porcine variants
shows a high degree of homology (Figure 3) (Valenzuela et al.,
1981; Sullivan and Cleveland, 1984; Hall et al., 1983; Krauhs
et al., 1981). All these sequences represent major brain /-tubulin
isotypes, which have a chain length of 445 residues and differ
by four, six and 12 amino acids, respectively, from rat brain T
/15. On the other hand, the amino acid sequence derived from
the human fetal brain clone p /3-1 demonstrates 25 amino acid
replacements and contains only 444 residues. The amino acid
sequence encoded by the genomic chicken /-4 DNA shows even

a higher divergence from the rat sequences with 42 amino acid
changes and is longer with 449 residues.

Figure 3 also demonstrates that the amino acid changes are

not randomly distributed, but rather there are distinct conserved
and highly variable regions common to /-tubulin polypeptides
from the various sources. A high degree of amino acid conser-

vation is observed at the N-terminal region between residues 1

and 32 and in another region between residue 336 and 430. The
amino acid conservation between residue 410 and 430 is inter-
rupted only at one site, namely position 417 in which glutamic
acid in the rat sequence replaces aspartic acid in /3-tubulin from
the other sources. This substitution, however, is conservative and
does not change significantly the charge of the molecule. On the
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Fig. 4. Differential expression of 3-tubulin mRNAs during rat brain

development. Equal amounts of 5 /%g of poly(A)-containing RNA were

subjected to electrophoresis on denaturing agarose gels, transferred to

nitrocellulose filter and hybridized to the following probes. (A) T 1315 32p-

labeled by nick-translation; (B) 3' oligonucleotide probe phosphorylated by
T4 polynucleotide kinase; (C) 5' oligonucleotide probe phosphorylated by
T4 polynucleotide kinase. Brain mRNA isolated from 0 (new-born). 12,

30-day-old rats (tracks 1-3, respectively) and chicken brain (track 4);
rRNA markers were run and stained in a parallel slot. Before hybridization
of (B) and (C) the previous probe was removed by treatment with 10 mM

methylmercury hydroxide. In panel B, track 10, is shown following longer
exposure.

other hand, prominent divergence is apparent at the C-terminal

region beyond residue 430. From residue 430 up to 445, there

are between two and 10 amino acid substitutions. An additional

divergent region is found between residues 33 and 57. This lat-

ter region has been shown to display internal microheterogenei-
ty between the two porcine (3-tubulin variants (Krauhs et al.,

1981).

T (315 sequences are prominently expressed in rat brain and are

developmentally regulated

Several (3-tubulin mRNA species which differ in their size

distribution exist in various vertebrates. Thus, two mRNA species
of 1.8 and 2.6 kb were detected in HeLa cells by using human

cDNA D (3-1I as a probe (Hall et al., 1983; Lewis et al., 1985).
In addition, chicken pT2 cDNA revealed three (3-tubulin mRNA

species in chicken brain, namely an abundant 1.8-kb species as

well as a 3.5-kb and 4-kb species (Lopata et al., 1983). We sought
to determine the size distibution and expression of (3-tubulin
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Fig. 5. Quantitative analysis of 03-tubulin and ci-tubulin mRNA. Increasing
amounts of mRNA were subjected to analysis as described in Figure 4. (A)
,B-Tubulin T 1315 cDNA. (B) Following removal of the probe used in A the
blot was re-hybridized with labeled cx-tubulin pT25 cDNA (Ginzburg et al.,
1981). 1, 2 and 5 /tg of brain mRNA from 0-day-old rats (tracks 1-3,
respectively). 1, 2 and 5 Ag of brain mRNA from 30-day-old rats (tracks
4-6, respectively).

mRNA at different stages of rat-brain development. As a label-
led probe we employed the mixture of clone p 03 and clone p
05 that span together the coding and 3'-non-coding regions of
T ,B15.
Equal amounts of RNA were subjected to gel electrophoresis

under denaturing conditions, blotted onto nitrocellulose paper and
then hybridized to the radiolabeled 3-tubulin cDNA probe. Figure
4A shows that the most prominent hybridization was to a 1.8-kb
mRNA species which is present in high abundance in brain tissue.
As was previously described, there is a slight increase in the
amount of hybridizable ,(-tubulin mRNA at 12 days of rat-brain
development followed by a sharp decrease towards the age of
30 days to 30% of the level found in new-born brain (Ginzburg
et al., 1983a; Bond et al., 1984). Two additional mRNA species
are also observed in rat brain preparations although to a lesser
extent than the major 1.8-kb species. A 2.9-kb species is promi-
nent in mRNA from new-born and 12-day rat brain, the level
of which decreases during later stages of brain development. The
second (-tubulin mRNA species has a size of 2.6 kb, is not
detected at earlier stages of brain development and starts to ap-
pear at the age of 12 days (Figure 4A). Quantitative analysis of
mRNA from new-born and 30-day-old mRNA showed that the
2.6-kb and 2.9-kb species comprise 7% and 3%, respectively,
of the total hybridizable (-tubulin mRNA (Figure 5A). Fol-
lowing removal of the previous cDNA probe, the same RNA
blot used in Figure 5A was re-hybridized, with 32P-labeled ae-
tubulin pT25 cDNA. Figure SB shows that this probe only
hybridizes to the 1.8-kb mRNA species. Thus, the 2.6- and 2.9-kb
mRNA species are unique for (-tubulin.

In parallel, we have examined the size distribution of chicken
brain (-tubulin mRNA. The pattern obtained (Figure 4A) was
identical to that previously described with the chicken pT2 DNA
probe (Lopata et al., 1983). Three mRNA species were evident,
the most abundant one was a 1.8-kb species and, in addition,
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Regulation of three ,B-tubulin mRNAs during rat brain development

2 3 4 5 Kb
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Fig. 6. The tissue distribution of ,B-tubulin mRNA. The methods used were
as described in Figure 4. 13-Tubulin 32P-labeled T p315 cDNA was used as
the probe. Tracks 1-4 contained 15 jig of mRNA isolated from rat glioma
C6BU-1; human neuroblastoma SK-N-AS; rat muscle and rat liver,
respectively. Track 5 contains only 1 ug of mRNA isolated from 12-day-
old rat brain.

two minor species of 3.5 and 4.0 kb were also evident which
were not present in the various mRNA preparations from rat
tissues. Moreover, the 2.9- and 2.6-kb ,B-tubulin mRNA species
which are present in rat brain were not detected in mRNA isolated
from chicken brain. In contrast to the high level ofT j315 mRNA
expression in brain, considerably lower levels were observed in
muscle, liver, rat glioma and human neuroblastoma cells. Figure
6 shows the hybridization of the labeled T fl15 probe with 15
jig of poly(A)-containing RNA from the various sources as com-
pared with 1 /g of brain mRNA.
Use of labeled synthetic oligodeoxynucleotides as probes to ex-
plore the expression of various 0-tubulin mRNA species
To examine further the expression of the ,B-tubulin gene family,
we have used as probes two synthetic oligodeoxynucleotides.
The first oligodeoxynucleotide synthesized was complement-
ary to the 3' end of the rat T p315 j3-tubulin gene, namely 3'-
CTCAAGCTCCTCCTCCTCCCA-5'. This sequence (3' ,B) cor-
responds to amino acid residues 435 -441 and is located in the
highly divergent region of f-tubulin (Figure 2). Following
removal of the previous cDNA probe, the same RNA blot used
in Figure 4A was re-hybridized, with 32P-labeled oligodeoxy-
nucleotide 3' (3. Figure 4B shows that the only species detected
in the rat-brain mRNA preparations was the highly abundant
1.8-kb species. On the other hand, the 2.6- and 2.9-kb mRNA
species did not hybridize to this probe. Most interestingly, the
abundant chicken 1.8-kb species displayed poor hybridization
with this probe, indicating that there is a high degree of sequence
divergence in this region between the rat and chicken genes. In
contrast, the two higher mol. wt. chicken mRNA species of 3.5
and 4.0 kb show significant hybridization, and appear in doublet
form. The origin of these two subpopulations present in the 3.5-
and 4.0-kb chicken mRNA species is not clear.

In contrast to the 3' end of the mRNA, the region near the
5' end which codes for the N-terminal region of the polypep-
tide, is highly conserved (Figure 2). We have, therefore, syn-
thesized an oligodeoxynucleotide complementary to this region
which corresponds to amino acids 4-10 of the j3-tubulin se-
quence, namely 3'-TAGCACGTGTAGGTCCGCCCG-5' (5' ,B).
This sequence was used to probe the same mRNA blot used in
Figure 4A and B. The result of such an hybridization experi-
ment is shown in Figure 4C. The 5' ( probe hybridized readily
to the 1.8-kb abundant mRNA from either rat or chick brain.
However, of the two minor rat mRNA species, it hybridized only
to the 2.9-kb species and, in the chicken mRNA, to the 4.0-kb
species.

H'ac pT25 pT/315
Rat C6 Rat C6

23KB-

9.4KB -a

6.5 KB--

4.3 KB _P

2.32 KB _

2.02 KB-

Fig. 7. Hybridization of tubulin cDNA probes to EcoRI-digested genomic
DNA. 10 jig of rat brain and rat glioma C6 DNAs were digested with
EcoRI, subjected to electrophoresis on 0.7% agarose gel, and transferred to
nitrocellulose filters. The hybridization was carried out with 32P-labeled
pT25 or T ,B15 probes. Hybridization was performed at 42°C in buffer
containing 50% formamide; 5 x SSC, S x Denhardt solution; 50 mM
NaPO4, pH 6.5; 25% dextran sulfate and 0.15 Agfnml salmon sperm DNA.
Following the hybridization reaction, the filter was washed twice for 30 min
at 50°C in a solution containing 1 x SSC, 0.1% SDS and once at 70°C in
a solution containing 0.1 x SSC and 0.1% SDS.

Identification of the gene coding for f-tubulin
Southern blot analysis with labeled rat a-tubulin cDNA pT25
has allowed us to detect 10-20 tubulin genes in rat DNA (Figure
7). Such analysis will detect all the functional tubulin sequences
as well as some non-functional pseudogenes. Indeed several a-
and ,B-tubulin pseudogenes were identified and sequenced in
genomic DNA clones from human (Cowan and Dudley, 1983)
and rat brain (Ginzburg et al., 1983b; Lemischka and Sharp,
1982). The hybridization pattern obtained with the rat (3-tubulin
T (315 sequence revealed only two genes in rat DNA and DNA
isolated from rat glioma C6 cells (Figure 7). This pattern was
observed under stringent conditions of hybridization and washing,
thus indicating that the ,B-tubulin T (15 sequences detects only
a limited number of genes.
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Discussion
Among the possible different mechanisms leading to tubulin
microheterogeneity one may involve the existence of multiple
gene families. We have previously demonstrated the presence

of 15-20 tubulin genes in the rat (Ginzburg et al., 1983b).
Similarly, multiplicity of tubulin genes was observed in DNA
from other mammals (Cleveland et al., 1980). However, the
number of expressed genes remains to be determined. About half
of the human or rat ot- or (3-tubulin genes so far sequenced ap-

pear to be pseudogenes (Lemischka and Sharp, 1982; Ginzburg
et al., 1983b; Cowan et al., 1983). In the present work we have
characterized a rat (-tubulin cDNA sequence and described its
expression during brain development. The coding region of
vertebrate (-tubulin appears to be highly conserved (Figure 1).
Comparison of rat T 015 with chicken pT2 and human D (-1
sequences shows that most of the nucleotide differences are silent
substitutions and only 0.7% and 2.9%, respectively, resulted in
amino acid changes. The rate of accumulation of silent substitu-
tions in the nucleotide sequence of DNA during the evolution
process has been estimated to be of the order of 1 % per 106 years

(Miyata et al., 1982). The accumulation of these changes has
been used as a biological clock to study the evolutionary history
of genes (Miyata et al., 1982; Shen et al., 1981; Efstratiadis et

al., 1980). The expected degree of homology between rat and
human that diverged -75 x 106 years ago is <50% and be-
tween chicken and rat which diverged - 300 x 106 years ago

the expected homology is < 30 %. However, the high degree of
amino acid sequence homology observed in the coding regions
indicates the importance of conservation of functional domains
along the protein molecule.
Comparison of the (3-tubulin species so far sequenced shows

that the amino acid changes are not randomly distributed; rather
there are two highly variable regions. The first is located be-
tween residues 33 and 64, which has been shown to display in-
ternal microheterogeneity in both porcine, chicken and human
(3-tubulin isotypes (Krauhs et al., 1981; Sullivan and Cleveland,
1984; Lewis et al., 1985). The second variable region is located
at the C-terminal region between residue 430 and the C terminus
of the polypeptide which varies in length for different vertebrate
(-tubulin species. The variability in the amino acid sequence of
these two domains may contribute to or change the specificity
of interaction of (3-tubulin isotypes with its various ligands (in-
cluding MAPs), thus generating functionally different micro-
tubules (Ginzburg and Littauer, 1984; Ginzburg et al., 1985).

In contrast to the coding region, comparison of the nucleotide
sequence of the 3'-untranslated regions of rat T (315, chicken
pT2, (-4 and human D (1 cDNA clones reveals a high degree
of divergence. It has been previously noted that, while within
a given species the 3'-untranslated region of individual cx-tubulin
genes are totally dissimilar, each in turn shares very high in-
terspecies homology (Cowan et al., 1983; Ginzburg et al., 1985;
Elliot et al., 1985). For the (-tubulin family such conservation
of the 3'-untranslated sequence has not yet been observed, this
could be due to the limited number of active (3-tubulin genes so

far sequenced.
To study the expression and size distribution of (3-tubulin dur-

ing brain maturation, we have used the rat T (315 sequence and
two synthetic oligodeoxynucleotide probes which are complemen-
tary to the conserved and divergent regions located at the 5' and
3' end of (-tubulin sequence, respectively. Using the T (315 se-

quence as a probe, we have detected three (-tubulin mRNA
species in rat brain, which are developmentally regulated. The
most dominant mRNA species has a size of 1. 8 kb and may be
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specific to neurons, as only very low levels were found in glioma
cells. In addition to the major 1.8-kb 3-tubulin mRNA species,
two minor species of 2.9 and 2.6 kb were detected in rat brain
mRNA. The 2.9-kb species appears early during brain develop-
ment while the 2.6-kb mRNA species appears at later stages of
brain development. Similarly, three mRNA species exhibiting
size classes of 1.8, 2.6 and 2.9 kb were described in developing
cerebellum (Bond et al., 1984). In contrast to rat brain, chicken
brain mRNA contains, in addition to the major neuronal species
of 1.8 kb, two higher mol. wt. species of 3.5 and 4.0 kb while
neither of the rat brain 2.6- and 2.9-kb, species are present.
The use of oligodeoxynucleotide probes complementary to

regions located at the 5' and 3' end of (3-tubulin coding sequence
allowed us to conclude that there are three different (-tubulin
mRNA species in brain and to ascribe some relationship between
the different mRNA size classes. It is clear from Figure 4B that
the 3'-terminal probe (3' 3) detected only the 1.8-kb major
neuronal mRNA species and hence it differs in its 3' sequence
from the 2.6- and 2.9-kb mRNA chains. On the other hand, the
5'-terminal (5' B) probe revealed that the 2.9- and 1.8-kb mRNA
species share sequence homology at the 5' end, while the 2.6-kb
is not detected with this probe (Figure 4C). The data therefore
suggest that the 2.6-kb mRNA species is a product of a different
gene with unique 5' and 3' ends. On the other hand, it is not
clear whether the 2.9- and 1.8-kb mRNA species which differ
at the 3' end are transcribed from two separate genes or are deriv-
ed from a single gene by different splicing processes and therefore
share homologous 5' sequences. The latter hypothesis would be
compatible with the genomic hybridization data (Figure 7) which
showed that the T (315 sequence detects two genes in the rat
DNA. In the case of chicken brain ,(-tubulin mRNA the
5'-terminal probe preferentially hybridized to the 4.0- and 1.8-kb
mRNA species and did not show homology with the 3.5-kb
species. On the other hand, the 3'-terminal probe showed low
homology to the major 1.8-kb species but hybridized to the 4.0-
and 3.5-kb species. The interrelationship of the three chicken
,B-tubulin species is not clear, but appears to differ from that found
for the rat brain.

In neurons microtubules are essential in creating the basic
asymmetry that distinguishes between axons and dendrites. It ap-
pears that neither genetic diversity nor any other single
mechanism may account for cellular control over the enormous
versatility of microtubule functions. Among the possible different
mechanisms, one may invoke the presence of multiple genes
coding for various tubulin isotypes and different MAP forms.
Additional mechanisms which may yield several products may
involve different splicing events, a read-through mechanism (Lee
et al., 1983) as well as post-translational modifications of these
proteins. Finally, the different interactions that may take place
between all these components may result in diverse microtubules
involved in specific functions.

Materials and methods
Identification of tubulin cDNA
mRNA isolation, preparation of recombinant plasmids containing rat-brain tubulin
sequences and positive identification was carried out as previously described (Ginz-
burg et al., 1980).
Nucleotide sequence analysis of recombinant DNA
DNA sequence analysis was carried out by the chemical sequencing method (Max-
am and Gilbert, 1977) or by the chain termination method (Sanger et al., 1977)
using M13 vectors mplO and mpl 1 (Messing and Vieira, 1982).

Analysis of tubulin mRNA levels
RNA blots were carried out on the indicated poly(A)-containing RNA samples
as previously described (Fellous et al., 1982).
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Oligodeoxynucleotide synthesis
Oligonucleotide probes were synthesized by Dr. 0. Goldberg from the Weiz-
mann Institute of Science. The synthesis was conducted in a step-wise manner
essentially as described (Beaucage and Caruthers, 1981). The oligonucleotides
were 5' end-labeled by the procedure of Richardson (1965). In short, 10 pmol
of oligonucleotide were labeled with 10 pmol of -y-labeled [32P]ATP (7000 Ci/mol)
in the presence of four units of T4 phage polynucleotide kinase. The probes were
separated from free [32P]ATP by chromatography on DE52 cellulose. Hybridization
was performed in 4 x SSC; 5 x Denhardt's solution; 0.02 M EDTA, 0.1 %
SDS, 250 pg/ml salmon sperm DNA, 0.06% NaPPi at 55°C, which is 10°C
lower than the calculated suitable temperature for the base composition and length
of the oligonucleotide that were used (Dalbadie-McFarland et al., 1982). Hybridiza-
tion was performed for 18 h, and the hybridization was followed by two washes
for 30 min in 1 x SSC containing 0.1% SDS and 0.06% NaPPi at 50°C.
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