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Abstract

The identification of a cDNA (MR19) corresponding to a maize «-tubulin and homologous genomic
clones (MG 19/6 and MG19/14) is described. The cDNA has been isolated by differential screening of
a cDNA maize root library. We have found two a-tubulin genes in a tandem arrangement in the genomic
clones, separated by approximately 1.5 kbp. One of the genes (gene I) contains an identical nucleotide
sequence which corresponds to the cDNA clone. The two deduced proteins from DNA sequences are
very similar (only two conservative replacements in 451 amino acids) and they share a high homology
as compared with the published a-tubulin sequences from other systems and in particular with the
Arabidopsis thaliana and Chlamydomonas reinhardtii sequences reported. The structure of both genes is
also very similar; it includes two introns, of 1.7 kbp and 0.8 kbp respectively, in each gene and only one
intron placed at a homologous position in relation to Arabidopsis thaliana genes. By using specific 3’
probes it appears that both genes are preferentially expressed in the radicular system of the plant. The
a-tubulin gene family of Zea mays seems to be represented by at least 3 or 4 members.

Introduction

Microtubules are the basic components of the
cytoskeleton. They play an essential role in
eukaryotic cells in many processes such as cell
division, internal transport, motility and morpho-
genesis. As compared with animal systems plant
cells present particular features that both restrict
and give additional functions to microtubules. In
fact, plant microtubules have specialized roles in
mitosis controlling the plane of cell division and
consequently the direction of cell elongation. In
this sense microtubules are involved in determin-

ing plant cell morphogenesis [ 16]. A particular set
of plant microtubules, the cortical array, has been
proposed to take part in the orientation of cellu-
lose fibrils in the wall [27].

The major component of microtubules is tubu-
lin, a heterodimer protein formed by two different
subunits, alpha and beta, of approximately
50kDa each. Both subunits share 409 of
homology. In addition, a- and S-tubulins have
been extremely conserved through evolution. The
majority of published sequences can be placed
below 159, of divergence [26]. Tubulins (x and f)
are coded in vertebrates by complex multigene

The nucleotide sequence data reported will appear in the EMBL/GenBank/DDBJ Nucleotide Sequence Databases under the
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families. In these systems, members of the family
are organized in a dispersed way. In man more
than 20 o-tubulin genes have been described and
approximately 15 genes have been characterized
in mouse or rat [7]). Most of these are supposed
to be pseudogenes [25].

In addition, several a-tubulin sequences have
been published in lower eukaryotic systems. More
than 15 a-tubulin genes have been described in
Trypanosoma forming clusters, organized into
tandem repeats of alternating « and f gene units
3.7 kbp long [24].

a-tubulin genes have also been characterized
from various photosynthetic organisms such as
Chlamydomonas reinhardtii [41] and Volvox car-
terii [30]. These two species present two unlinked
genes in each case. However, in comparison with
the abundant information available for genes cod-
ing for a-tubulin in animal systems, very few data
exist from the plant kingdom [42]. Tubulins have
been purified from plant cells by using their prop-
erty of in vitro assembly into microtubules [32].
Protein data have indicated the existence of mul-
tiple isotypes in tissues of the higher plant
Phaseolus vulgaris 21], and monocotyledon endo-
sperm cells [35]. Only the a-tubulin gene family
from Arabidopsis thaliana has been extensively
characterized so far in higher plants [28]. In this
species four genes coding for this protein have
been detected organized in a dispersed form in the
genome. A possible cluster of alternating o/f
tubulin genes has been proposed from mung bean
[38], but no sequence data from cloning studies
are yet available.

The existence of different tubulin genes in a
given organism may correspond to the need of a
differential expression in defined tissues or devel-
opmental stages. Data from the literature indicate
that in some cases different genes are expressed
in distinct tissues or developmental stages. In rat
the presence of a specific cerebellum isoform of
a-tubulin has been described [14] while in mouse
two specific genes are expressed in testis [49] and
an unusually highly divergent testicular isoform of
a-tubulin, not found in brain, has been described
[20]. Constitutive and tissue-specific isoforms of
a-tubulin have been observed in Drosophila

melanogaster [48]. In contrast with the hypothesis
of different a-tubulin genes present in functionally
different microtubules, data from two yeast
species studied, Saccharomyces cerevisiae and
Schizosaccharomyces pombe, show only two genes
for a-tubulin in their genome, only one of which
seems to be essentially required whereas the other
one is dispensable [43, 1].

As has been shown in animal organisms, plant
tubulin genes may be interesting markers to study
developmental processes occurring in plants.
More complete information available for a plant
system comes from Arabidopsis thaliana, where
one of the genes seems to be specifically expressed
in flowers as compared with leaves and roots
[29]. Recent reports based on protein data indi-
cate the existence of specific patterns of tubulin
polypeptides in different organs of carrot [22]. A
developmental control of the expression of tubulin
proteins during somatic embryogenesis in cul-
tured carrot cells has been described [9].

In the present paper we show that a-tubulin
genes are cloned in Zea mays by a family of genes
that includes a subgroup of two genes forming a
tandem array. Both genes have a preferential
expression in the radicular system. The structure
of the proteins is compared with other known
systems showing a high level of homology. The
novel organization of a-tubulin genes in this plant
species is discussed, as well as in different
varieties of the maize group.

Materials and methods

Plant material

All our studies were done with Zea mays L.
(inbred line W64A) grown under greenhouse con-
ditions. Plantlets were obtained by germinating
dry seeds through imbibition in water at 25 °C in
the dark for the indicated period of time.

General methods

DNA ligation, bacterial transformation (Escheri-
chia coli DHS5aF’ strain) and cloning procedures



followed published methods [17]. Harvesting and
preparation of lambda-phage DNA were carried
out according to described protocols [10] as well
as preparation of plasmid DNA, restriction
enzyme analysis, agarose gel electrophoresis of
nucleic acids and blotting [31]. Vectors used in
subcloning and sequencing procedures were
pUCI18 and M13mp18/19 [50].

Enzymes were purchased from Boehringer
(Mannheim) unless stated otherwise, labelled
nucleotides were from Amersham.

RNA isolation and poly(A)* RNA selection

20-40 g of plant material were frozen in liquid
nitrogen and ground to a fine powder in a mortar.
For the construction of ¢cDNA libraries the
guanidinium isothiocyanate method was used
[31]. For preparing single-strand cDNA probes
and Northern blot analysis the RNA was ex-
tracted according to described methods [11, 45].
Poly(A)* RNA was selected on oligo(dT)-cellu-
lose chromatography.

c¢DNA library

A JAgtl0 ¢DNA library was prepared from
poly(A)* RNA of Zea mays roots two months
old, essentially according to described protocols
[15], with modifications.

1) For first-strand cDNA synthesis 6 ug of
poly(A)* RNA was denatured by incubation at
70 °C for 5 min and the reaction carried out in a
volume of 55 uL containing 50 mM Tris-HCl
pH 8.3 (at 42 °C), 10 mM MgCl,, 10 mM DTT,
1 mM dATP, 1l mM dCTP, 1 mM dGTP, 1 mM
dTTP, 120 mM KCl, 25 u of RNasin (Stehelin),
5.5 ug of oligo-d(T)'>~'® and 20 u/ug RNA of
Super Reverse Transcriptase (Stehelin). The mix
was incubated at 42 °C for 1 hour.

2) For second-strand cDNA synthesis up to
1 ug of single-stranded cDNA (i.e. 2 ug of hybrid)
was processed in 200 yl of 20 mM Tris-HCl
pH75 5mM MgCl,; 10mM (NH,),SO,,
100 mM KCl 150 uM NAD, 200 uM dATP,
200 uM dCTP, 200 uM dGTP, 200 uM dTTP,
50 pg/ml BSA, 2.7 u RNase-H (Stehelin), 50 u
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DNA Polymerase I (Stehelin), and 5u E. coli
DNA ligase (Biolabs). Incubations were sequen-
tially 2h at 15 °C and 1 h at 22 °C.

3) The cDNA was methylated with Eco RI
methylase (Biolabs), the ends repaired with
T4-DNA-Polymerase I (Klenow, Biolabs), and
the cDNA ligated to synthetic Eco RI linkers
(10-mer, Biolabs). The ¢cDNA attached to the
linkers was cleaved with Eco RI and fractionated
by agarose gel electrophoresis according to
length. cDNAs between 500 bp and 3.5 kbp were
inserted into the unique Eco Rl site in the cI gene
of the Agt10[23]. The DNA was packeged in vitro
[31] and plated onto C600 Hfl E. coli K 12 cells.
2 ug of poly(A)* RNA yielded 1.2 x 10° inde-
pendent clones of Acl recombinants.

Differential screening of the cDNA library

Single-strand cDNA probes were obtained with
poly(A)* RNA from 2-month-old roots and
leaves of maize by a modification of the method
described previously [46]. The reactions were
carried out in a volume of 25 ul containing 1 ug of
poly(A)* RNA of each organ separately; 1.4 ug
of oligo d(T)'*7'® (both prewarmed 3 min at
65 °C and cooled on ice); S0 mM Tris-HCI
pH 8.3 (42 °C), 10 mM MgCl,, 10 mM DTT,
0.5mM dATP, 0.5 mM dCTP, 0.5 mM dTTP,
0.03 mM dGTP, 50 uCi 2P.dGTP
(3000 Ci/mmol, Amersham), 30u RNasin
(Genofit) and 10u of Reverse Transcriptase
(Genofit). The mixes were incubated at 42 °C for
45 min and unincorporated **P-dGTP separated
by chromatographyon a0.7cm x 10cm Sephadex
G-50 column. Three plaque filter replicas of 5
plates of the cDNA library (3000 pfu/plate) were
prepared. Replicas were obtained by transferring
each one during 2, 4 and 8 min onto nitrocellulose
paper. The first and third filters were hybridized
with single- strand cDNA probes from roots, and
the second one with corresponding probes from
leaves at a specific activity of ca. 1.5 X 107 cpm/ug.
Hybridization was performed at Tm-25 with
0.6 — 1 x 10° cpm/ml solution for 24-36 hours, in
the presence of 509, formamide, and final washes
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(30 min each) were done in 0.2 x SSC, 0.1%
SDS at 65 °C.

Northern blot analysis

10 pug of total RNA and 0.5 ug of poly(A)* RNA
were fractioned in 1.5%, agarose-formaldehyde
gels [3], transferred to either nitroceliulose
(BAS8S, Schleicher & Schuell, 0.45 um) or nylon
membranes (Hybond-N, Amersham) and hybrid-
ized according to protocols suggested by the
suppliers. Probes were labelled by nick-trans-
lation [39] or random-primed (Boehringer—
Mannheim kit) reactions [ 12] to a specific activity
up to 10° cpm/ug.

Southern blot analysis

Isolation of DNA was performed following proce-
dures described previously [4] with variations.
20 g of plant material were frozen in liquid nitro-
gen and reduced to powder in a mortar. 4 ml/g of
extraction buffer (0.35 M NaCl, 10 mM Tris-HCl
pH 8, 0.1 M EDTA, 19, Sarcosyl, 7 M urea and
5% phenol) was added. The mixture was incu-
bated for 2 h at 37 °C under gentle shaking. After
phenol/chloroform extraction, DNA was ethanol-
precipitated and purified through a CsCl gradient.

10 ug of genomic DNA digested with restric-
tion enzymes were fractioned in 0.89, agarose
gels and blotted onto nylon membranes
(ZetaProbe, BioRad). Hybridizations were done
in: 1.5 x SSPE (1 x SSPE is 180 mM NaCl,
10 mM NaH,PO, pH 7.7, 1 mM EDTA), 1%
SDS, 0.5% powered skimmed milk (Molico,
Nestlé) and 0.5 mg/ml of denatured salmon
sperm DNA at 65 °C for 16~20 h. Washes were
performed also at 65 °C up to 0.1 x SSC, 1%,
SDS.

DNA sequence analysis

Reactions were carried out using the MI13-
dideoxy nucleotide method according to de-

scribed protocols [40] with modifications in order
to use 3°S-labeled nucleotides [2]. Klenow DNA
polymerase (New England Biolabs) and the
T7-Sequencing Kit (Pharmacia) were used. The
products obtained were separated in 69, acryl-
amide 8 M urea 02-0.45mm wedge gels. Se-
quence alignment and analysis was done by using
software from the CITI2 database (Paris) and
Micro-Genie-(Beckman) [37].

Screening of the genomic library

The screening of a ACh35 genomic library of
maize [13] was carried out with cDNA clones
labelled by random priming (Boehringer—
Mannheim kit). Hybridization conditions of
nitrocellulose replicas were: 106 cpm/ml, 5x SSC,
SxDenhardt’s solution, 509, formamide, 5 mM
EDTA, 25 mM sodium phosphate, 0.1%, SDS
and 250 ug/ml of denatured salmon sperm DNA,
at 42 °Cfor 24 h. The final two washes were done
in 0.2 x SSC, 0.1% SDS at 65 °C for 15 min
each.

Results
c¢DNA cloning and sequencing

A group of cDNA clones corresponding to maize
a-tubulin was found in the course of a differential
screening of a maize root cDNA library using
labelled single-stranded ¢cDNA probes synthe-
sized from root and leaf poly(A)* RNA. The
library was contructed in Agt10 and 15000 recom-
binant clones were screened. From those giving a
preferential signal with root RNA, a number were
selected to confirm their predominant expression
in the radicular tissues by means of a northern
analysis. One of these clones (MR19), giving a
7-fold increase in root DNA as compared to leaf
(see Fig. 1A), was one of those chosen for further
analysis. The estimated size of the mRNA was
approximately 1750 nucleotides.

When northern analysis was carried out with
RNA extracted from different parts of the maize
plant the preferential expression of MR19 in the
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Fig. 1. A. Northern blot analysis of maize adult root and leaf
RNA. Total RNAs (10 ug) isolated from adult (60 days after
germination) roots (1) and leaves (2) and corresponding poly
(A)* RNAs (0.5 pg) fraction from roots (3) and leaves (4)
were probed with the insert of MR19 clone (cDNA). The
mobilities of 258, 18S and 16S ribosomal RNAs are indi-
cated. The estimated length of the transcript (in kilonucle-
otides)is shown. B. Northern blot analysis of MR 19 a-tubulin
in maize in different organs and several stages of develop-
ment. The following RNAs were probed with the insert of
MR19 (cDNA) clone. Polysomal RNAs, membrane-bound
(2 ug) purified from endosperm 20 days after pollination (1);
total RNAs (10 ug) extracted from embryo 20 days after
pollination (2); young roots two (3), four (4) and seven (5)
days old; root tip from seven-day-old young roots (6); adult
root (7); coleoptiles two (8), four (9) and seven (10) days old;
upper part of coleoptile (including node) (11) and seven-day-
old shoots (12) and adult leaves (13).

radicular tissues was confirmed. The northern
analysis of RNA extracted from endosperm and
embryo 20 days after pollination, adult (two
months old) roots and leaves, and different parts
of different ages of the young roots and coleoptiles
is presented in Fig. 1B. It appears that, while
RNA hybridizing with this cDNA is poorly repre-
sented in leaves and shoots, the highest amount of
mRNA is found in the meristematic part of the
young roots, but it is also found in adult roots. In
general, it appears that the mRNA is especially
abundant in zones of the young plant rich in
meristematic regions, such as young roots and
coleoptiles, with a special increase in the radicular

tissues. Although there is a good hybridization
signal in coleoptiles, a clear decrease of hybridiza-
tion in adult leaves is observed as compared with
adult roots. Expression is also detected at a lower
level in embryo and endosperm.

Sequencing of the insert was carried out with
the dideoxy method. The nucleotide sequence and
the protein sequence deduced from it are shown
in Fig. 2 (between asterisks at positions 6530 and
8210, excluding introns), together with the
MG19/6 and MG19/14 genomic clones (de-
scribed below) in an overlapping form. Searching
in the EMBL databank revealed a strong homol-
ogy with Chlamydomonas renhardtii «-tubulin
[41], and subsequently with all the other pub-
lished sequences coding for a-tubulins. As could
be expected from the size of the cDNA insert
(1483 bp), as compared with the estimated
mRNA length, the protein sequence deduced
lacks the initial part of the N-terminus of maize
a-tubulin. The non-translated 3’ end of the
mRNA is 280 nucleotides long and has two possi-
ble polyadenylation signals at 27 and 104 nucle-
otides before the beginning of the poly(A) tail (at
position 8210) as shown in Fig. 2. Both sequences
(AATAAT and AGTAAA) depart from a single
nucleotide in the consensus sequence
(AATAAA).

Genomic cloning and sequencing

The cDNA insert of the MR19 clone was used to
screen a genomic library contructed in ACh35 by
partial digestion with Mbo I of endosperm DNA
from the maize inbred line W64A [13]. Eleven
clones were found positive, and two having a
strong hybridization signal (MG19/6 and
MG19/14) were used for further analysis. Clones
MG19/6 and MG19/14 were found to overlap,
MG19/14 being longer at its 3’ end and therefore
containing the whole ¢cDNA sequence (see
Fig. 3). The sequence of the overlapping frag-
ments showed that they corresponded to identical
genomic sequences.

From the restriction analysis and partial se-
quence (8.5 kbp) of the insert of the genomic
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Fig. 2.

thggtttacaacacctgaUgttgwagagttgttaattcccctgcattgctaccgagttattgagaataattaUggcv;tttacgttgttgcttcatcccggagawc“tacattm
cwccttgttcatcttttgmatcagmaatcgagtcggcggangattttctmcgtcWgtcawagtaugagtagtatggattgtttgatgcuwwtcacatmgaagatag
tacgate

Nucleotide sequence of the tandem a-tubulin genes in Zea mays. The sequence (8287 nt long) corresponds to MG19/6

and MG19/14 overlapped genomic clones as showed in Fig. 3. The sequence is numbered beginning from a Sa/ I site marked
with an asterisk in Fig. 3. Sequence of the MR19 ¢DNA clone is indicated between asterisks above positions 6530 and 8210,
excluding introns. The deduced coding sequences are presented in upper-case letters. The predicted amino acid sequence of
a-tubulin I and II (single-letter code) is shown below the corresponding nucleotide triplets. The putative TATA boxes ( =) and
polyadenylation signals ( + ) are marked above the indicated nucleotides. The intergenic repetitive sequence shown in Fig. 4 lies

between positions 4373 and 4693 denoted with points above nucleotides.

clones it appeared that the genomic fragment insert and the location of the coding sequences
contained two regions homologous to the MR19 and introns are shown in Fig. 3. The 3’ region
cDNA probe. Sequence data indicated that two (gene I) contains a nucleotide sequence identical
different units coding for a-tubulin, genes I and II, to the cDNA, except for the presence of three

were present. The restriction map of the genomic insertions flanked by the consensus sequences of



TATAAA

HHX B X 1,0

MR19 ¢cDNA
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Fig. 3. Restriction maps of genomic clones MG19/6 and MG19/14 showing two a-tubulin units, genes I and II. In both genes

white boxes represent introns and black ones the corresponding exon coding segments. The putative TATA boxes, ATG and

stop signals are indicated. The map of the MR19 cDNA clone is also shown. The dotted box located between genes represent

azone rich in repetitive sequences (see Fig. 4). The sites presented here are marked as follows: H (Hind I1I), E (Eco RI), S (Sac 1),

X (Xho I) and B (Bam HI). Arrowed lines marked with A, B and C show probes used in experiments described in Fig. 5 and 6.

The nucleotide sequence presented in Fig. 2 lies between a Sal I site (marked with an asterisk) and the 3’ end of the MG19/14
genomic clone.

introns. The central region of the genomic clone,
hybridizing with the MR19 probe, resulted in
another gene (gene II) coding for an a-tubulin
protein of an identical protein sequence as com-
pared with the other one, except for two conserva-
tive replacements (Glu/Asp, Asp/Glu) in the
hypervariable acidic C-terminus of the protein
(see Fig. 7).

The nucleotide sequence of the two genes is
very similar but clearly not identical. They show
959 homology when only the translated se-
quences are considered. Among 1353 translated
nucleotides in both genes we have found 72 nucle-
otide replacements while only 2 (as mentioned
before) result in amino acid changes.

The sequence of the unit of tandem genes,
resulting from MG19/6, MG19/14 and MR19
clones, is presented in Fig. 2. Genes I and II are
interrupted by three introns. The first and third
introns are located between amino acid positions
31/32 and 233/234, respectively, whereas the
second one is found between the first and second

base of triplet coding for amino acid 110 of the
protein, the same position of the second intron of
A. thaliana o-tubulin genes [42]. In particular,
although their position is identical in the two
genes, the length and the sequence of the introns
are quite different. The first intron is 859 bp long
in gene I and 1724 bp in gene II, the second one
is 93 bp long in both cases, and the third one is
105 bp long in gene I and 92 bp long in gene II.
The six introns present consensus 5’ (GT - ) and
3’ (- AG) recognition signals as reported in the
literature [18].

Both genes have consensus TATA boxes at
approximately the same distance from the initial
ATG, whichis — 149 and - 152 for gene [ and II
respectively. The nucleotide positions surround-
ing the putative TATA boxes have been con-
served showing a high degree of homology. When
the 5’ end of the coding region is compared with
the a3-tubulin 4. Thaliana sequence [28], good
homology is found between the transcriptional
starting point for gene a3 of Arabidopsis and the



ACGTTTAAACTTGTCTAAGGTGCCATCTAGATCATGAACTTGTCAAGG

famHi
GTTGCCACTTAGATCATGAACTTCGTAAATATGTTTTTGGATCCAAAA

TATGTTITTTATCCTTAAGGGTGTGTTTGTGTGTTTGGTTGAATGTATA

<
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Fig. 4. Repetitive sequences found in the intergenic region of

the MG19/6 genomic clone. Equal patterns of duplication are

shown with homologous filled arrows. The Bam HI site is

presented to locate the region in the genomic map (see
Fig. 3).

maize genes. This point is situated at 34 bp
(gene IT), and 35 bp (gene I), downstream from
the putative TATA boxes. Both genes have TAG
as stop codon and present possible polyadenyla-
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tion signals (shown in Fig. 2) placed, as men-
tioned before, in gene I and a single one at 120
nucleotides from the stop codon in gene IL

The intergenic region is 1452 bp long, from the
stop codon of gene II to the ATG of gene 1. In this
zone homologies between the two genes are found
in the transcribed 3’ and 5’ ends and within an
approximately 200 bp region surrounding the
TATA box. An especially interesting sequence is
found in a zone (marked with a dotted box in
Fig. 3 and denoted with dots in Fig. 2) that seems
to separate the two genic regions. A number of
repetitions not observed in other parts of the
sequenced fragment is found. Repeats from 12 up
to 60 bp long can be observed in a variable num-
ber up to 4 times. This sequence is shown in Fig. 4
with the indicated repetitions.

Gene structure and differential expression
The proteins encoded by gene I and II slightly
differ in their C-terminus. the 3’ untranslated

region has also marked differences between the
two genes. As has been done in other cases using

C D

R o A T -

It sud. D8

Fig. 5. Southern analysis of genomic «-tubulin sequences homologous to the MR19 ¢cDNA clone of Zea mays. Southern blots
were prepared from Zea mays genomic DNA digested with Xho I (X), Sac I (S), Hind III (H), Eco RI (E) and Bam HI (B) and
hybridized with A, B and C probes respectively (see Fig. 3). Probe A corresponds to the most conserved part of a-tubulin
sequences. Probes B and C correspond to the hypervariable and specific carboxyl-terminus protein sequences and the 3’ ends
of genes I and II. The same filter was reused in order to allow a better comparison of the observed signals. D. Southern blot
analysis of a-tubulin genes in several related cereals. DNAs were extracted from Sorghum bicolor (1), Zea diploperennis (teosinte)
(2), an F1 from Zea diploperennis x Zea mays (Palomero Toluquefio) (3), Zea mays inbred line A188 (4), Zea mays inbred line
W64A (5) and Zea mays Black Mexican Sweet (6). All these DNAs were diggested with Eco RI and hybridized with probe A
(see Fig. 3).
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3’ specific probes, it could be possible to study
both the genomic structure as seen in Southern
analysis and the expression of the two genes by
northern blots. The Southern blot using a probe
that contains the nucleotide region coding for the
most conserved domain of the protein (probe A in
Fig. 3) gives the pattern shown in Fig. 5A.

At this level of stringency two types of bands of
different intensity may be observed (see, for
instance, the Hind III lane). Using 3’ specific
probes (probes B and C in Fig. 3) a pattern giving
rise to single Southern bands is obtained (Fig. 5B
and C). By comparing the three blots it is possible
to interpret the pattern of intense bands obtained
with the probe of the invariable zone and, with the
help of the two other probes, to attribute them to
either gene I or gene II (see Fig. 3).

The bands observed in the Southern blots using
3’ probes correspond exactly to the genomic
restriction fragments of the cloned segments as
presented in Fig. 3, except where sites outside the
clones are involved. The Xho I lane shows three
bands when probe A is used. The lowest and most
intense one corresponds to both genel and
gene II (see restriction map in Fig. 3), giving a
higher intensity of hybridization. The bands hav-
ing a lower mobility and intensity are supposed to
correspond to other members of the family of
o-tubulin genes. Sac I lane gives only two bands
using probe A. The larger one would match per-
fectly to both corresponding genomic fragments
of genes I and II, as can be seen when probes B
and C are used, whereas the smaller one will be
the sequence homologous to other gene(s). The
Eco RI lane shows the simplest pattern since
using probe A only two bands appear. Each one
can be directly related to gene I or gene II when
specific probes are used. The Hind III lane gives
two bands of higher intensity together with two or
three smaller and fainter bands. The first and
second bands account for the corresponding
genes (I or II, observing the signal when specific
probes are used). The rest of the bands corre-
spond to the other less homologous members of
the family. A similar behaviour can be observed
in Bam HI lanes.

The genomic structure of the corresponding

genes of a-tubulin in different varieties of maize
and related species has also been studied. In
Fig. 5D the Southern blot of DNA from Sorghum
bicolor, Zea diploperennis (teosinte), and F1 gen-
eration resulting from Zea diploperennisx Zea
mays (Palomero toluquefio) and three inbred lines
of Zea mays (A188, W64A and Black Mexican
Sweet) is shown. Although polymorphisms are
observed at the genomic level, the number of
genes homologous to those here studied appear to
be similar in all these plants.

The same probes used for the Southern analy-
sis were used to measure the expression of the two
genes in different parts of the plant. The pattern
of distribution of the mRNA using the probe for
the conserved region (Fig. 6A) or the 3’ probe of
gene I (Fig. 6B) is quite similar. When the 3’
probe of genell is used (Fig. 6C) some dif-

lA
175> . ' -

B

175 .

C
175 .-..

N LR
knt

Fig. 6. Analysis of mRNA accumulation of a-tubulin genes I
and II. Northern blots were prepared with total RNAs
extracted from, two-day-old coleoptiles (1) and young roots
(2); poly(A)* RNA (0.5 ug) from adult leaves (3) and roots
(4); total RNAs (10 ug) from adult leaves (5) and roots (6).
The filters were hybridized with probes A, B and C, respec-
tively (see Fig.3) and with histone H3 maize probe (H).
Filters were washed and reprobed for a better comparison of
results. In each case the same time of exposition (7 days) was
used.



ferences can be observed. In particular, the
expression of this gene seems to be only confined
to young plantlets with preferential expression in
young roots.

Parallel experiments were carried out with
maize histone H3 [6] (shown in Fig. 6) and H4
[34] (data not shown), as probes for detecting
expression in organs rich in dividing cells. The
results indicated that a very similar pattern of
mRNA accumulation of these two histone genes
is obtained in organs rich in meristematic regions,
such as young roots and coleoptiles, while a dif-
ferent pattern is observed when probe A, B or C
are used. Autoradiographs of northern blots were
scanned in a densitometer to obtain relative
quantification of bands in the different lanes.
When the signal of histone H3 is taken as a
reference, the expression of gene I in radicular
tissues is 9 times more intense than in the
coleoptile, and there is a 6-fold increase in gene II
indicating a preferential expression of gene I
(and II) in the radicular system of Zea. mays.

Discussion

A tandem repeat of «-tubulin genes has been
cloned in maize as a result of a differential
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screening of a root cDNA library. The two genes
code for two almost identical proteins with only
two conservative (Asp/Glu and Glu/Asp)replace-
ments in the hypervariable C-terminus of the
protein. The sequences are more variable at the
nucleotide level but keep 959 homology between
the two genes.

When the protein sequence of maize x-tubulin
is compared with that of other known a-tubulin
sequences, a high degree of similarity is found. In
Fig. 7 the two maize sequences are compared
with the two a-tubulin sequences known from
A. thaliana, «1 [29] and «3 [28], with the uni-
cellular algal sequence a1-tubulin form Chlamydo-
monas reinhardtii [41], and with the ko l-tubulin
from man [8]. The homology between two organ-
isms as diverged as Homo sapiens and Zea mays
yields a remarkable level of homology (83.4%).

Comparison of the protein sequences demon-
strate that the maize sequences «1- and a2-tubulin
corresponding to genes I and II, respectively,
share an 99.6% homology. In addition, the
highest similarity is found between the Chlamydo-
monas protein and o« 1-maize (91.8%, ) or a2-maize
(91.6%), a degree of homology exceeding that
found with a3 protein from Arabidopsis (91.2%,
for a1-maize and 90.7 %, for «2-maize). Homology

MRECH SIH!WGIQWLYCLEFGIWTKWFWFSETWWPRAVFYDLEPTVIEVRTGTYMFPPE([!&XEDMWARGNTOGE lﬂéﬁg
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Z mys & RIRKLADNCTGLAGF L VFNAVGGGTGSGLGSLLLERLSVDYGKKSKLGF TVYPSPQYSTSVVEP YNSVLSTHGLLEHTOVA ) LLONEA | YDICRRSLD! ERPTYTNLNRL vSaV| SSLTA
‘A?, ”c%"ffgnm L F A : : WY : s T T
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Fig. 7. Comparison of a-tubulin protein sequences between different organisms. The predicted amino acid sequence of the

al-tubulin of Zea mays (coded by gene I) is presented at the top line of single-letter code. The predicted amino acid sequences

of the a2-tubulin of Zea mays (coded by gene II) and other a-tubulin are shown below respecting an optimal alignment. Only

those amino acids that change from «1-tubulin of Zea mays are indicated. A dash in the sequence means a gap in the amino

acid sequence introduced in order to maintain a good alignment. Sequences from Chlamydomonas reinhardtii al-tubulin,

Arabidopsis thaliana «1 and a3 tubulin, and Homo sapiens Kol-tubulin are those published in refs. [41], [29], [28] and [8],
respectively.
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between a1 and a3 proteins of Arabidopsis is lower
(91.2%) than between the two maize tubulins.
These data would suggest that the duplication
observed in maize is relatively recent and, in any
case, more recent than the duplication observed in
Arabidopsis. On the other hand, we observe by
Southern analysis a similar pattern of genomic
structure in different varieties of Zea mays and
related species (Fig. 5D), indicating that the
existence of these two related genes may be a
general characteristic of the group.

Both deduced proteins 1 and a2 from maize
present a Tyr as a C-terminal end. The same has
been reported in all other plant or algal a-tubulin
sequences published showing that the phenome-
non of absence of this ending amino acid of the
variable 3’ terminus may be restricted to the ani-
mal kingdom [36]. There is also a high degree of
conservdtion in the sequence postulated to be
involved in GTP binding in the a-tubulin se-
quences (amino acids 143-149) [44].

The introns and the flanking regions show a
much larger divergence between the two genes
than the coding sequence. The similarity between
homologous introns of both genel and II are
88.2%, in the second intron and 61.99 in the third
one. A much lower similarity in the first intron is
observed. It presents homology only at defined
stretches. This intron seems to have evolved
incorporating different sequences in gene II which
are not present at all in the corresponding region
of genel. This first intron is unusually long
(859 bp for gene I, 1724 bp for gene II) for plant
introns reported until now [19]. Likewise, the
location of introns differs from that observed in
other species. Only the second intron is placed
at the same amino acid position (110) as those
observed in the two a-tubulin genes of Arabidopsis
thaliana [ 28, 29], while the two other ones are dif-
ferent in position and length. Although the posi-
tion is the same in the second intron their lengths
are quite different in both plants (512 bp for the
ol gene, and 76 bp for the a3 gene of A. thaliana;
93 bp in both genes of Z. mays). Low homologies
are observed when the second introns of both
organisms are compared, but short segments (up
to 30 nt) of the sequence appear to be extremely

similar. The finding of the second intron con-
served at the same place in both plants, A. thaliana
and Z. mays, may be a result of the obvious
evolutionary relationships between both organ-
isms, while the homology observed when the cod-
ing region is compared puts the described maize
a-tubulin genes nearer to the corresponding ones
from C. reinhardtii (91.7%, on the average) than to
the other ones from A. thaliana (88.2%, on the
average). These results may reflect the existence
of two different rates of evolution, one related
with intron positions and the other one corre-
sponding to the coding sequence itself.

In the flanking regions homology is found
between the two genes in the region surrounding
the TATA boxes up to —250 from the ATG.
When more upstream regions are compared
defined homologous segments can be observed in
both genes separated by divergent sequences. An
interesting sequence is found in the 5" end of the
intergenic region. This is the only part of the
8.5 kbp sequence where a high degree of repeti-
tions is found. In fact, a complex structure of
duplications may be observed at this point (see
Fig. 4). The functional meaning of these dupli-
cations either as a part of the promoter or as a
hinge region in the gene duplication will be object
of future experiments.

The cDNA clone presented has been identified
after a differential screening of a root cDNA
library searching for clones corresponding to a
mRNA preferentially expressed in the radicular
tissues. The northern analysis presented indicate
that the a-tubulin genes described here are ex-
pressed in the meristematic parts of the plant, for
example in the coleoptile or in the root tip, and
therefore their expression may be correlated with
cell division. In order to investigate this correla-
tion we decided to use maize histone probes
[6, 34] as a reference for division activity, since
H3 and H4 genes are particularly expressed
where DNA replication is present. In addition, it
has been proposed that histone and tubulin genes
have a cell-cycle regulation, giving the major
peaks of accumulation simultaneously at the late
G2 phase, as has been demonstrated in Physarum
[5]. However, when the mRNA level of «-tubulin



is compared with that of histone genes a relatively
high expression is observed in the radicular
tissues, indicating that what is observed is not
only the result of a concentration of dividing cells
(as could result from the differential screening
approach) but also an organ-specific control
superimposed on these one. The two genes show
similar patterns of expression with gene IlmRNA
accumulation being restricted to the meristematic
parts of the young plantlet.

Tubulin genes expressed in defined tissues have
been observed in animals and data are available
from human, mouse, rat, chicken and other verte-
brate and invertebrate organisms [47]. In verte-
brates, the variable acidic C-terminus amino acid
positions of the protein would act as a specific
domain related to the particular expression of the
gene. No evidence in that direction has been
detected in plant tubulin sequences, probably due
to the lower number of sequences and situations
reported. In plants little is known about this
question. Most data come from 4. thaliana where
a gene, the ol-tubulin [29], is diferentially
expressed in flowers and through differents
phases of flowering, whereas the a3-tubulin [28]
is expressed contitutively in all organs examined.
Also a S-tubulin (the 1 gene from A. thaliana) has
been described presenting a preferential accumu-
lation in the root system of the plant as we have
shown for the a1 and «2 maize tubulin genes. In
addition, a possible organization in a tandem
array has been proposed for other f-tubulin genes
of A. thaliana, but no sequence data are available
up to now [33].

In summary, a group of a-tubulin genes from
maize have been cloned whose members (genes I
and II) are highly homologous. These two genes
are organized in a tandem arrangement. This kind
of organization for the x-tubulin genes has not
been reported before in the genome of higher
eukaryotic organisms, except for some clusters of
o- and f-tubulin genes present in sea urchin [7].

When specific probes for gene I (probe B) and
gene II (probe C) are used, a single-gene pattern
can be deduced since in all five lanes (in both
genes) a single band is observed (Fig. 5). If the
bands observed when using those specific probes
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would correspond to more than one gene it would
imply an extremely high conservation of se-
quences, even of those located downstream and
upstream of the coding regions of the a-tubulin
genes. That would be unlikely in maize, specially
when polymorphisms are present in most of the
restriction sites used, located within the coding
region of these two highly conserved genes.
Southern analysis also shows that other a-tubulin
sequences, having a lower degree of homology,
exist in the genome of the plant. Our results and
analysis of different genomic clones obtained
(data not shown) would indicate a small number
of genes (probably three or four) coding for the
whole a-tubulin family of Zea mays.

The expression of both a-tubulin genes could
be divided into two aspects which may interact at
different levels of regulation of gene expression.
First, it is clear that a divisional control exists,
since both histone (H3/H4) and «-tubulin genes
accumulate in the same meristematic organs such
as root tips and coleoptiles. In addition, a second
level of control appears indicating a preferential
expression in radicular tissues when the signal of
histone H3 probe is taken as a reference.

It would be very interesting to focus future
experiments on analyzing the meaning of this kind
of organ-specific expression, in order to locate the
«l- and «2-tubulin proteins in particular sets of
cells. In this way, genes I and II and their protein
products may be useful markers of development
in the root system of maize.
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