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ABSTRACT. Four different S-tubulin clones were isolated from carrot genomic and cDNA libraries. Their nu-
cleotide sequences were determined! and their predicted amino acids were compared with each other. The pre-
dicted amino acid composition of the C-terminal region of three of them (5-1, 3, 4) resembled one another, but
that of one isotype (5-2) was divergent. The -2 tubulin included two hydroxyl amino acids, serine and threo-
nine, and consisted of a lower number of negatively charged amino acids than the others in the C-terminal re-
gion.

The predicted hydrophobicity profile of the 3-2 tubulin around the residue 200 is less hydrophobic than 8-1,
but it is still more hydrophobic than those of animal and fungal S-tubulins. The 3-2 gene was transcribed in cul-
tured cells and flowers, while the 5-1 gene was ubiquitously transcribed in cultured cells, roots, shoots and flow-

ers.

When the predicted amino acids of plant tubulin were compared with those of other organisms, substitutions
from non-polar amino acids to those with hydroxyl group were conspicuous in the region corresponding to the

third exon in the plant genes.

Unique distributions and functions of microtubules
are known to exist in the plant cell during the process of
cell division cycle and morphological differentiation
(16). In plant cells, microtubules are formed as a prepro-
phase band at G2, phragmoplast at G1 and cortical mi-
crotubules at interphase, in addition to universally ob-
served microtubules as mitotic spindle and interphase
cytoplasmic microtubules extending from near the sur-
face of the nucleus to the cell periphery (11). On the
other hand, aster, midbody and centriole microtubules,
observed in animal, are generally not seen in plant cells.
Some pharmacological properties are different between
plant and animal cells. The sensitivity of plant tubulin
to colchicine is low compared with animal tubulin, and
podophyllotoxin does not inhibit the colchicine binding
to carrot tubulin (23). These different functional and
pharmacological properties would seem to be the result,
at least in part, of the structural differences between tu-
bulin molecules in plant and animal.

Some observations suggest specific expression or mod-
ification of certain isotype(s) at the specific phase in a
cell cycle. a-Tubulin transcript in Physarum has been
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shown to increase its transcript before mitosis and de-
crease sharply after anaphase (25). In synchronous to-
bacco culture, acidic isoform increased before mitosis
after which the main component shifted to a more basic
one (20). Phosphorylation of S-tubulin during carrot
cell growth was reported by Koontz and Choi (14). The
class III B-tubulin in animal brain has serine at the C-ter-
minal region which can be phosphorylated in vivo and
in vitro (1, 7). However, the relationship of the isotypes
and the different microtubule arrays in a cell cycling has
not been established yet. Dawson and Lloyd (6) have re-
ported that no obvious changes were observed in the iso-
form composition between growing and differentiating
cells. Microinjected animal tubulin could be incorpo-
rated into all the microtubule arrays in living plant cell
and the incorporated cells underwent normal mitosis
(32).

The DNA sequences of S-tubulin gene determined to
date were in 4 species of dicotyledonous and 3 species of
monocotyledonous plant. Tubulins are encoded in a
multigene family in plant cells as well as in animal cells.
Snustad and his colleagues have investigated tubulin
isotypes on Arabidopsis and Zea mays extensively and
have suggested that certain isotypes are expressed
organ-specifically and in a developmentally controlled
manner (26, 30). Fosket and his colleagues reported the
tissue-specific expression of one of the S-tubulin iso-
types in soybean and its down regulation by light (4).



Microtubules in cultured carrot cells disassemble under
cold within 1 hour. The free tubulin degrades gradually
in four days in the cold and is restored to the pretreat-
ment level within a day after treatment. The decay and
recovery rates of the two S-tubulin isoforms were differ-
ent (22). Chu et al. (5) reported the difference in expres-
sion of Arabidopsis 5-tubulin genes and the stability of
their transcripts at low temperature exposure.

We have previously cloned a cDNA fragment of car-
rot S-tubulin which encoded consensus and variable
C-terminal regions and had 3-flanking sequence (21).
Using this cDNA as a probe, we obtained four different
clones by screening carrot genomic and cDNA libraries.
In this paper, we describe nucleotide and predicted ami-
no acid sequences and the levels of transcript of the iso-
types, mainly the divergent -2, and discussed the iso-
type composition in carrot and differences in local hy-
drophobicity between animal and plant 3-tubulins.

MATERIALS AND METHODS

Materials. The cell line, GD2, was isolated from a red car-
rot, Daucus carota cv. Kintoki and established as a suspen-
sion culture (19). It is maintained by transferring aliquots
every week to a fresh Murashige and Skoog’s medium (18).
Plant materials for RNA extractions were grown from the
seeds of carrot cultivar Kintoki (Takii Seed Corp., Kyoto).
Seedlings were harvested at 14 days after the imbibition and di-
vided into root and shoot segments. Whole flower tissues were
harvested at the early stage of flowering. All materials were
frozen in liquid N, immediately after harvest and stored at
—80°C until use.

Construction of genomic and complementary DNA librar-
ies. Genomic DNA was isolated by phenol chloroform meth-
od. Cells at early stationary phase (0.1 g) were collected by suc-
tion, rinsed briefly with saline and quickly frozen in liquid Nj.
The frozen cells were ground with mortar and pestle in liquid
nitrogen with the extraction buffer (100 mM TrisHCl (pH
8.0), 50mM EDTA, 500 mM NaCl, 1 mM p-mercaptoetha-
nol) which is previously frozen dropwise in the mortar. Pow-
dered cells were put into 9.9 ml of extraction buffer kept at
75°C and dispersed quickly with a siliconated glass stick.
After all the disrupted cells were transferred, the mixture was
brought to a 65°C bath, and 667 pl of 20% SDS was added.
The suspension was mixed gently and incubated at 65°C for
10 minutes. Then, 1.44 ml of 8 M NaClO, (pH 8) was added
to the mixture and spum at 1,000 rpm for 5 minutes at room
temperature. An equal volume of isopropanol was added to
the supernatant and mixed gently with a glass stick. The fi-
brous precipitate was taken with the stick and rinsed in 50%
isopropanol and then in 70% ethanol. The precipitate was
dried in a desiccator and suspended in 1 ml of TE at 55°C.
After that, 10 ¢l of 20 mg/ml RNase A was added and the sus-
pension was incubated at 37°C for 1 hour. Then, 25 gl of 400
mM EDTA, 25 pl of 20% SDS and 10 gl of 10 mg/ml protein-
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ase K were added and incubated at 55°C overnight. After
digestion, 30 z1 of SM NacCl, 15 ¢l of 1 M TrisHCI (pH 9.0)
were added and extracted with phenol, phenol: chloroform
and chloroform. The purified DNA was precipitated with etha-
nol.

An aliquot (30 zg) of genomic DNA was partially digested
with Sau3A. Fragments of about 9-23 kb were collected by
gel purification using low-melt agarose, ligated to lambda
DASH II arms and packaged ir vitro with GigaPack II (Strata-
gene, LaJolla, Ca. USA). The complexity was determined by
measuring the number of plaque forming units on an aliquot
of the library, and the library was used for screening without
amplification.

Complementary DNA library was constructed as described
before (21) from the polyA+ RNA isolated from the cultured
carrot cells.

Screening of the library. About 50,000 plaques were
formed on a 135 mm petri dish with E. coli LE392 or SRB
(Stratagene) as host bacteria. The plaques were lifted with ni-
trocellulose paper, denatured, neutralized and fixed at 80°C
for 2 hours. In some experiments, charged nylon membrane
was used with alkali-fixation instead of baking. The filter was
hybridized with CB1 (a 180 bp 3-fragment of carrot -1 tubu-
lin cDNA (21)) or C-5 1.8 (a 1.2 kbp fragment of genomic
DNA corresponding to the BamHI site in the first intron to
the EcoRlI site in the third exon of carrot -1 tubulin gene) pro-
be.

Southern hybridization. The carrot genomic DNA was
digested with an appropriate enzyme and electrophoresed on
0.8% agarose. DNA in the gel was denatured and transferred
to a nitrocellulose membrane with 20 X SSC. The membrane
was washed once with 2 X SSC, baked at 80°C for 2 horus and
used for the hybridization.

Hybridization was performed using C-3 1.8 as a probe with
non-radioactive ECL direct nucleic acid labelling and detec-
tion systems (Amersham). The filter was incubated with 10
ng probe DNA/ml prehybridization mix at 42°C overnight.
NaCl concentration in the prehybridization mix was adjusted
to 0.5 M. The filter was washed twice in the primary wash buff-
er (6 M urea, 0.5 x SSC) at 42°C and once with the secondary
wash buffer (2 X SSC) at room temperature.

Dot blot hybridization. Total RNA was prepared by phe-
nol extraction and LiCl precipitation as described previously
(20). FITC-labelled probes specific for each isotypes were pre-
pared by amplifying 3-untranslated regions by PCR. Hybridi-
zation and detection were performed with Gene Images label-
ling and detection systems (Amersham).

RESULTS

Isolation and characterization of i clones carrying
carrot S-tubulin DNA. In a previous paper (21), we
have reported a cDNA fragment, CB1 encoding C-ter-
minal region of a 8-tubulin which was cloned by screen-
ing a carrot cDNA library with a monoclonal antibody
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against chicken brain g-tubulin. Using CB1 as a probe,
we obtained its genomic clone, 2-P1. However, this was
truncated in the putative first intron. By southern blot-
ting of carrot genomic DNA probed with a fragment of
A-P1 insert, C-5 1.8 that included about 2/3 of the cod-
ing region, we detected multiple positive bands, suggest-
ing multiple isotype genes in carrot genom (Fig. 1). An-
other genomic library was therefore constructed using
E. coli strain, SRB as a host and we could obtain 25 pos-
itive clones by its screening. These clones were classified
into four groups by comparing the restriction maps and
Southern blotting profiles.

We had other clones that contained fragments of 5-tu-
bulin genes by screening carrot cDNA library. From the
predicted amino acid sequence corresponding to the C-
terminal variable region, they were classified into three
groups, A-cl, -c11 and -c12. We assigned the genes in 4-
cl and 1-c12 to two of the genomic clones by Southern
hybridization. The insert of one genomic clone, 1-8,
did not have any corresponding sequence in the cDNA
clones. On the other hand, the genomic DNA corre-
sponding to 1-c11 was not found. One genomic clone,
-6, was likely to have two different p-tubulin se-

Fig. 1. Southern analysis of carrot genomic DNA. DNA (10 g)
from carrot cells was digested with EcoRI (lane 1), HindIII (lane 2),
Pstl (lane 3) and BamHI (lane 4), subjected to electrophoresis in a
0.8% agarose gel, transferred to nitrocellulose membrane and al-
lowed to hybridize with the probe Cg-1.8.
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quences, probably identical to the insert of 4-cl and A-
c12. We nominated the isotype corresponding to CB1 as
B-1, the insert in 2-8 as $5-2, and the other two isotypes
inserted in 2-c12 and A-cl1 as -3 and -4, respectively.
They encoded unique C-terminal amino acid sequences
as shown in Fig. 2. The predicted C-terminal amino
acid was methionine in three clones (3-1, 3, 4) and had a
consensus XQX'M sequence.

Analysis of the nucleotide sequence of the 3-2 gene.
The S-tubulin-homologous sequence was included in
the center of 4 kb BamHI fragment of 1-8 phage DNA.
The fragment was subcloned into pUC 118 plasmid in
both directions and the nucleotide sequence was de-
termined. The nucleotide and deduced amino acid se-
quences are shown in Fig. 3. The sequence contained
two putative introns at the same position as most of the
other reported S-tubulin genes from higher plant. Both
introns began by GT at the 5" and ended by AG at the 3",

The predicted amino acid sequence was similar to the
B-tubulins of other higher plants except for the extreme
C-terminal regions. The C-terminal acidic amino acid
cluster was rich in aspartic acid rather than glutamic
acid, and had two hydroxyl amino acids, threonine and
serine. The sequence was shorter by three or four amino
acids, and the extent of the negative charge in the clus-
ter was less than the other three carrot S-tubulin iso-
types (Fig. 2).

Expression of 3-2 gene in cultured cells and differenti-
ated organs. Specific probes for each isotypes were
prepared using the 3-untranslated regions and hybrid-
ized with total RNA from cultured cells, roots, shoots
and flowers. Fig. 4 shows the result of dot blot hybridi-
zation. The p-2 transcript level was highest in flower
and cultured cells, and very low in roots and shoots,
while -1 transcript level was highest in cultured cell
and ubiquitously present in differentiated organs at the
lower levels. The -3 transcript level was highest in
flowers and low in other cells and organs observed.

Plant-specific amino acid substitutions. A moderate
number of amino acid substitution was found when the
predicted amino acid sequences were compared with
other organisms. Figure 5 shows the summary of the
substitutions with reference to chick -2 tubulin (29).
Most of the substitutions occurred commonly in plant

B1 421 EYQQYQDATADEEEYYEDEEEEEA-QGM 447
B2 421 EYQQYQDATAEEDDYDDGEGSTGD---- 444
B3 421 EYQQYQDATADEEGDYFEDEEEE-RQEM 447
B4 421 EYQQYQDATAEEEDYYEDEQEEEAHQDM 448
Fig. 2. C-terminal sequences of carrot f-tubulin isotypes. Gray let-

ters are the same amino acids in $-2,3 and 4 as those at the correspond-
ing position in $-1.
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aagctttcaatataaaatgtatagttatgtttccatagaggctcatgtttaatctgcttggcaacttttaattacctatgtaatccttgcatcgragetttgcaagaaagtgttgaateg
ccctgttggcttttgagttcaattttgtaaatttgattatacaagttttgagggataaaattataataatcgagtcatttcatgtcaaatttgggttaaaaagtcatgttcgtgatgttt
caagatatttatgtatgaatcgagtgaagtttcggttetgttgatgtttgacatactaacgageataactctgtaatagttcgtttagacctagttcgegttectcacactgatatgega
caactctgaggaaaagatcattaaccgcacagcaaactatacgactttccgaggecatatcagtatgetgatactactgaaataccatgtaaattttaacattttcatgattaagaacgea
gecatgtgaaacacagagtagagataagtagtgatggggattggccgecgatcacaagatcaatgeccagteggcatgteatatgattctcatttctcataaccaaatggtcaactaaatga
cacagctaccatctctcagtaaacggttgettctecgecgtecgatcaaattctactcctecaat ccttacctt ccaatccaactgeaggecagttattcaactgtttatataccactta
aaattctgtatgtccaacagtctcaactgecaagtacttaacatatttcttcaccatctggtecgtgatcacttectettacgagecaaaATGCGCGAGATTCTTCACATCCAAGGAGGGC
MR EI LHI QGG
AATGCGGGAACCAAATTGGATCAAAGTTCTGGGAAGTTGTTTGTGATGAGCATGGCATTGACCCTACTGGT CAAGTACTGTCGGAATCTGACCTGCAGCTTGATAGAATCAATGTGTACT
Q CGNGQI GS KF WEUVYVY CDEHGIDPTGA QY LSESTDLA QLTDRINVY
ACAATGAAGCTAGCGGCGGGAGGTACGTTCCACGGGCAGTGCTCATGGACCTCGAGCCAGGCACCATGGACAGCGT CAAGACAGGCCCGCATGGACAGATTTTCAGGCCTGATAACTTTA
Y NEA $SGGRYVPRAV LMDLTEPGTMD SV KTGPHGA Q! FRPDNTF
TCTTCGGACAGTCAGGAGCTGGCAACAATTGGGCTAAGGGGCATTATACTGAGGGTGCTGAGCTTATTGACTCTGTTCTTGATGT TGT TAGAAAGGAAGCTGAGAATTGTGAATGTTTAC
| F GQ $SGAGNNWAIKGHYTETGATELIDZ SV LDVVYRKTEAENTCETCIL
AAGgttagtgataactgatcagtgttacaagcttcagttcctgaatttacctactaattagcatatgtaatcagaagtcaatgaaaggttggaaagaccattattctgagtgetgataat
]
tatttcagGTTTTCAAGTATGTCATTCTCTTGGAGGTGGCACAGGATCTGGAATGGGAACTTTGCTTATTTCAAAGATAAGGGAAGAATACCCTGACAGAATGATGCTTACTTTCTCTGT
GFQVCHZ SLGGGTGSGGMGTLLI SKI REEYPDRMMLTEFSYVY
GTTCCCGTCTCCTAAGGTCTCCGACACGGTTGTAGAGCCCTACAATGCCACCCTCTCTGGTCATCAGCTGGTAGAGAATGCTGATGAGTGCATGGTGCTTGATAATGAAGCTCTTTACGA
FPSPKVSDTVVEPYNATTLSG GHA QLVENADETCMVYLDNEATLYTD
TATCTGCTTCAGGACACTCAAACTATCCACTCCCAGCTgtaagtgttgctataatgtttgatcggeccacataccattcagettaagettttacattatttgacaacattctgatctgatt
| CF R T LK LS TP S
tgtgtgtactaacagTTGGAGACTTGAAT CATCTGATTTCGGGTACAATGAGT GGAGTGACTTGCTGCTTGCGTTTTCCTGGTCAGCTGAATTCAGACCTCAGGAAGCTAGCAGT GAACT
FGDODLNHL I $GTMS GV TCCLRFUPGA QLNSDLRKTLAVN
TGATTCCATTCCCAAGACTCCACTTTTTCATGGTGGGGTTTGCTCCCCTGACATCGAGAGGATCACAGCAGTACAGAACTTTGACTGTCCCGGAACTGACACAACAAATGTGGGATTCCA
L1 PFPRLHFFMYGFAPLT SSRGS QQ@YRTLTVYPETLTAQQMWODS
AGAACATGATGTGTGCAGCTGACCCGCGACATGGTCGCTATCTGACAGCCTCAGCAATGTTTAGAGGCAAAATGAGCACCAAAGAGGT CGATGAACAGATCCTGAATGTGCAGAACAAAA
KN MMCAADU PRUHGRY LTASAMFRG GKMSTEKEUVDEQI LNV QNK
ACTCATCTTATTTTGTCGAGTGGATTCCCAACAATGTAAAGTCTAGTGTCTGTGACATTCCTCCAAGAGGGCTCTCTATGTCTTCCACATTCATTGGCAATTCAACCTCCATCCAGGAGA
NS SYFVEWI P NNVKSSVCDIPPRGLSMS STFI GNJSTS I QE
TGTTTCGACGAGTTAGTGAACAGTTTACAGCTATGTTCAGGCCAAAGGCTTTCTTGCATTGGTATACCGGAGAGGGAAT GGATGAAAT GGAATTCACT GAAGCCGAAAGCAATATGAATG
MFRRVYSEQFTAMFRT®PKAFLUHWWYTG GETGMDEMETFTTEAESTSNMN
ATCTTGTTTCGGAGTATCAGCAGTACCAAGATGCTACAGCTGAAGAGGATGACTATGATGATGGTGAAGGCAGTACTGGAGATTGAAgatgttecccaacat tgttgatgegtattttac
DLVSEY QQYQDATAEETDDYDTDGESGT STGHD #
gtgcagcaatgtatcataaactttaatttctcagaagttttattcttcctttatttcacttcaagtgettcaatgagtecagtgatcaatgtgactctgtgatacacatatgtatggeet
gtcttectatctatt 2535
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Fig. 3. The nucleotide and the deduced amino acid sequences of -8 insert (5-2). Two CAATs and TATA sequences at the 5-untranslated re-
gion and CATAAA at the 3-untranslated region are underlined.
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and green algae, and it was noticed that substitutions of
non-polar amino acids with hydroxyl or sulfhydryl ami-
no acids frequently contributed to it. The cystein resi-
dues in animal tubulin at the positions 201 and 303
shifted two amino acids, and those in carrot and other
plant tubulins at the position 239, one amino acid
ahead.

The non-polar amino acids, alanine, methionine or
phenylalanine at eight sites in the regions corresponding
to the third exon, were substituted for hydroxyl-amino
acids such as serine, threonine or tyrosine. The charac-
teristics of the substitution were inverse in the region
corresponding to the second exon.

Hydrophobicity profiles of carrot -1 and -2 tubu-
lin. The hydrophobicity map of carrot S-tubulins was
compared with that of chicken $-2 using the parameters
of Kyte and Doolittle with eight windows (15). The hy-
drophobicity profile of carrot S-tubulins changed appre-
ciably at the two regions (bars in Fig. 6). At the region
near the °Cys which located two amino acids former
than in animal S-tubulins, the hydrophobicity was in-
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Fig. 4. Expression of s-tubulin isotypes in carrot cells and organs.
Equal amounts of total RNA from cultured cells and various organs
were dot blotted on a charged nylon membrane and hybridized with
isotype-specific probes as described in Materials and methods. Hybrid-
ization was conducted at 65°C in 5 X SSC, 0.1% (w/v) SDS, 0.5% dex-
trane sulfate and blocking reagent. Washings were done in 1 X SSC,
0.1% SDS at 65°C and then, 0.1 X SSC, 0.1% SDS at 65°C.
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Fig. 5. Comparison of predicted -tubulin amino acid sequences. The chicken 8-2 tubulin sequence (29) is shown on the top line and the carrot
B-1, -2, Arabidopsis B-1 (24), Chlamydomonus (31) yeast (12), Drosophila -1, -2 (17), and chicken -4 (28) are shown below in optimal align-
ment. Only amino acids differing from the corresponding amino acid sequence of chicken $-2 tubulin are shown. A gap is inserted between 40
and 41, because additional amino acid exists at this position in the Arabidopsis p-1 sequence. Black letters are sequences of higher plant and
green algae, and gray letters are those of the other organisms. Drosophila -2 and chicken -4 sequences are shown as examples of divergent iso-
types in each organisms. Arrows indicate the positions where intron is inserted in higher plant g-tubulins.

creased considerably. The degree of increase in hydro- a fairly hydrophilic region in animal tubulin (Fig. 6A-
phobicity was significantly different between the two car-  D; broken line, Fig. 6C), but it turned to be hydrophob-
rot isotypes. As is shown in Fig. 6, residue 195-205 was ic in carrot g-1 (Fig. 6A; solid line). Carrot -2 showed

Fig. 6. Hydrophobicity plot of carrot g-1, 5-2, chicken -4 and yeast S-tubulin. Each profile is compared with that of chicken 8-2 (broken line;
29). The light-gray area represents the region where it is more hydrophobic than chicken 3-2. The dark-gray area represents the region where it is
more hydrophilic than chicken 8-2. A: carrot -1, B: carrot -2, C: chicken -4 (28) and D: yeast 8 (12). Bars are the region where the hydrophob-
icity profile is considerably different between plant and animal §-tubulins.
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an intermediate profile between animal and carrot §-1.
The tendency of increase in hydrophobicity at this re-
gion was common to all the g-tubulin isotypes in plant
(26), and also in fungal tubulin (12; Fig. 6D). In the
class III g-tubulin, which is the vertebrate isotype with
lower affinity to colchicine (5-4 (28) for chicken; Fig.
6C), the hydrophobicity around this region did not devi-
ate from that of chicken -2 (class II).

A relatively large hydrophobic area exists at 310-320
in animal tubulin. The hydrophobicity in that area de-
creased considerably in both carrot -tubulins as com-
pared with chick S-tubulins (Fig. 6A, B and C).

DISCUSSION

Two divergent classes of C-terminal structure in car-
rot B-tubulins. As is shown in Fig. 1, approximately
nine S-tubulin copies are expected in a carrot genome.
Four different $-tubulin genes were, however, cloned
from carrot genomic and cDNA libraries. Three of the
genomic clones contained the same sequence as found
in the cDNA clones. The genomic clone corresponding
to one of the cDNA clones, $5-4, has not been found yet.
Marked improvement in the cloning efficiency by using
SRB as a host suggests that modifications, such as meth-
ylation of the genes or tight secondary structure, are pre-
sent and would make the cloning of some genes still diffi-
cult.

Contrary to the case of the -4 isotype, the -2 se-
quence was not found in the cDNA library, though it is
expressed in cultured cells (Fig. 4).

The C-terminal amino acid sequences were similar to
each other among three isotypes (-1, 3, 4), but it was
considerably different in 8-2. 8-2 tubulin ended by aspar-
tate, and had serine and threonine nearby, while others
ended by methionine and have no hydroxyl amino acids
in the corresponding region. -2 tubulin is shorter and
the number of the acidic amino acids it has in the region
after 430 is eight, which is fewer than the others. As the
extent of the negative charge at this region is suggested
to be involved in the regulation of the interaction with
MAPs and other ligands (2), the 8-2 could provide a uni-
que path of regulation. If the serine and/or threonine in
the C-terminal region is phosphorylated, the minus
charge at this region would increase and its electrostatic
property would become similar to that of the other iso-
types. It is therefore important to determine whether
the serine/threonine becomes phosphorylated under cer-
tain physiological conditions. The Class III S-tubulin in
vertebrate has serine at this region and has considerably
different biochemical properties from other isotypes in-
cluding the low affinity to colchicine. Serine at the C-ter-
minal region of class III vertebrate tubulin is reported
to be phosphorylated (2, 7). Class III S-tubulins have
four non-acidic amino acid extensions at the extreme C-
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terminal region. It also contains tyrosine at 436 instead
of phenylalanine in most of the vertebrate s-tubulin iso-
types (28). These peculiar features in the C-terminal
structure of the class III animal S-tubulins are apparent-
ly similar to carrot S-tubulins. In spite of these apparent
similarities in the C-terminal region of carrot tubulins
to chick -4, the structure of other regions was quite
different. The hydrophobicity profile of the class III j-
tubulin did not show the characteristics of plant tubu-
lins as discussed below and the shift of cystein was not
observed.

Differences in hydrophobicity profile of plant B-tu-
bulins. Many of the amino acid substitutions are
commonly found at the same position in plants; dicotyl-
edon, monocotyledon, fern and green algae. A conspic-
uous common feature is the shift of the position of cys-
tein residue at 199, 238, and 301. Substitution of hydro-
phobic amino acids with the hydroxyl amino acids, also
generally occurs in plant (9). The substitution is biased
from hydroxyl to hydrophobic or vice versa depending
on the regions. In the region corresponding to the sec-
ond exon, T/Y, tended to be substituted by A/M/F,
while in the region corresponding to the third exon,
A/M/F, tended to be substituted by S/T/Y. As these
substitutions are common in plants, it is conjectured
that they originate before the branching of green algae
and higher plants. The difference in local hydrophob-
icity may be evoked by the above mentioned type of
substitutions and also by conservative substitutions of
strongly hydrophobic isoleucine for less hydrophobic
methionine. This type of substitution occurs relatively
frequently between plants and animals. By the conse-
quence of these substitutions, plant -tubulins have con-
siderably different local hydrophobicity. It is more hy-
drophobic than animal S-tubulins at the region between
190-270 and more hydrophilic at the region after 270.
These differences in local hydrophobicity may affect the
mode of folding leading to microenvironmental differ-
ences, which in turn result in differences in sensitivity of
tubulin to antimitotics and other ligands.
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