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Abstract 

Two divergent ~-tubulin genes (designated Sf3-1 and S~3-2) were isolated by screening a soybean genomic library 
with a Chlamydomonas reinhardtii/3-tubulin cDNA probe. Restriction fragment analysis of the clones reco- 
vered, and of soybean genomic DNA, indicated that these represent two unique classes of structurally different 
/~-tubulin genes in the soybean genome. However, it is possible that unidentified members of these classes or 
additional highly divergent classes of/3-tubulin genes (thus far undetected) exist in the soybean genome. 
The S~3-1 and St3-2 genomic clones were sequenced, revealing that both are potentially functional genes which 
would encode/3-tubulins of 445 and 449 amino acids, respectively. A comparison of their derived amino acid 
sequences with B-tubulins from several organisms showed that they are most homologous to Chlamydomonas 
B-tubulin (85 - 87%), with lesser degrees of homology to/3-tubulins of vertebrate species (79- 83%), Trypano- 
soma brucei (80- 81%) and Saccharomyees eerevisiae (66-68%). The amino acid sequences of SB-1 and S/3-2 
are as divergent from each other as they are from the Chlamydomonas B-tubulin. The amino acids at the 
diverged positions in S~-2 are nearly all conservative substitutions while in S~-I, 18 of the 69 substitutions 
were non-conservative. Both soybean ~3-tubulin genes contain two introns in exactly the same positions. The 
first soybean intron is located in the same position as the third intron of the Chlamydomonas/3-tubulin genes. 
Codon usage in the two soybean/3-tubulins is remarkably similar (D 2 = 0.87), but differs from codon usage 
in other soybean genes. 

Introduction 

Microtubules are filamentous polymers of the di- 
meric protein tubulin, whose two subunit polypep- 
tides, designated o~- and B-tubulin, have molecular 
weights near 50000 [20, 33]. A comparison of the 
amino acid sequences of the B-tubulins from numer- 

ous species, obtained by direct protein sequencing or 
derived from nucleotide sequences of their encoding 
genes or cDNAs, suggests that the tubulins are exten- 
sively conserved in evolution, and that the diver- 
gence between the/3-tubulins is clustered primarily 
in one highly variable domain at the carboxyl termi- 
nus [9]. A constant region also has been identified 
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which shows nearly 100070 conservation between 
different species (amino acid positions 401-425). 
The yeast Saccharomyces cerevisiae fl-tubulin ex- 
hibits greater divergence than that of other species 
(approximately 70°7o conserved as compared to 
mammalian fl-tubulins), but it has a similar pattern 
of highly conserved and diverged regions [31]. 

Plant cells have several microtubule arrays, with 
specialized functions, which are not found in animal 
cells. These include: 1) the cortical array, which may 
be involved in the orientation of cellulose microfibril 
deposition, 2) the preprophase band, which may ori- 
ent the plane of cell division, and 3) the phrag- 
moplast, which forms the cell plate during cytokine- 
sis [15]. Recent studies have shown that higher plant 
tubulins differ significantly from vertebrate tubulins 
in their drug and herbicide-binding characteristics, 
immunological properties, and peptide maps 
[26-30]. For these reasons it is important to deter- 
mine the sequence of higher plant tubulins and to 
compare these sequences with those of vertebrates 
and other organisms. Ultimately we hope to explain 
the unique functional properties of plant tubulin 
and the interactions of microtubules with other cel- 
lular structures in terms of the molecular structure 
of the tubulin monomers. 

The tubulins are encoded by multigene families in 
nearly all eukaryotes examined thus far [9]. The ex- 
ceptions are Saccharomyces cerevisiae [31], 
Schizosaccharomyces pombe [18] and Neurospora 
[32], each of which have a single ~-tubulin gene, and 
Tetrahymena, with one a-tubulin gene [5]. Other eu- 
karyotes exhibit from 2 to 20 different o~- and/3- 

tubulin genes or pseudogenes, although in humans 
many of these are pseudogenes [9]. While the num- 
ber of functional tubulin genes usually varies from 
two to four in most lower eukaryotes, mammals have 
six functional ~- and six functional ~-tubulin genes 
[41, 42]. This paper describes the isolation and se- 
quencing of two members of the ~-tubulin gene fa- 
mily from a higher plant (soybean). Sequence analy- 
sis revealed that both genes contain regulatory 
signals found in most eukaryotic genes, indicating 
that they are potentially expressed. Analysis of the 
deduced amino acid sequences of these soybean/3- 
tubulins demonstrates that they encode compara- 
tively divergent proteins (for tubulins), both from 
each other and from the ~-tubulins of other species. 

Materials and methods 

Soybean genornic fibrary screening 

A Charon 4a Lambda library was constructed in the 
laboratory of Dr R. Goldberg (Biology Dept., 
UCLA), from sized, randomly sheared genomic 
DNA of Glycine max cv. Forest, to which EcoRI 
linkers had been attached. The library was screened 
by plaque hybridization [1] to a 1.2-kb PstI fragment 
from the Chlamydomonas reinhardtii ~-tubulin 
cDNA (which was obtained from Dr C. Silflow, 
Dept. of Cell Biol. and Genetics, Univ. of Minneso- 
ta) [37]. The hybridizations were carried out at 42 °C 
for 16 h in a mixture of 3 x SSC, 1 x Denhardt's so- 
lution [10], 40°7o formamide, and 100/zg/ml salmon 
sperm DNA. Filters were washed in a series of 3 x,  
1 x and 0.3 x SSC (each with 0.1070 SDS) at 55 °C for 
a total of 60 min. 

Bacterial strains and plasmids 

The E. coli strain KH802 was used as a Lambda host, 
while strains JM83 [25] and TB1 [T. O. Baldwin, Tex- 
as A&M Univ., personal communication] were used 
for cloning in pUC13 [40] and in SP6 plasmids [24]. 
Strain JM103 [44] was used for M13 phage vectors. 
The cells were made competent for DNA transfor- 
mation by standard methods [17]. 

Nucleic acM extractions and analys& 

DNA was extracted from Glycine max cv. Forest seed- 
lings using the CTAB method [38]. Bacteriophage 
DNA was phenol-extracted from CsCI gradient- 
purified liquid lysate preparations [22]. Plasmid 
DNA was purified by alkali extraction [2], and large- 
scale plasmid preparations were further purified by 
CsC1 density gradient ultracentrifugation [22]. 
Southern analysis was performed by separating 
DNA restriction fragments by agarose gel elec- 
trophoresis followed by transfer to nitrocellulose 
filters using standard techniques [22]. The blots were 
hybridized to labeled probes in 50°7o formamide, 3 x 
SSC, and 10x Denhardt's solution at 42 °C, then 
washed at 50 °C in 0.1 x SSC and 0.1070 SDS for 2 h 
before autoradiography. 



SP6 RNA probes 

Fragments of  S~-I and S/3-2 containing coding 
regions (a XhoI-BamHI fragment from S~-I and a 
BgllI-SalI fragment from S/3-2) were subcloned into 
the vectors SP64 and SP65. Single-stranded, labeled 
RNA hybridization probes were obtained by tran- 
scribing the cloned sequence from the SP6 
promoters of  these vectors [24]. 

DNA sequencing 

Fragments spanning the coding sequences and 
flanking regions of both S/3-1 and S/3-2 were isolated 
from the pUC13 subclones and either sequenced 
directly by the Maxam and Gilbert [23] method, or 
subcloned into M13mpl8 or mpl9, and sequenced by 
the Sanger dideoxy method [34, 36] (see Fig. 1). The 
reactions were electrophoresed on 0.4-mm-thick 
urea/polyacrylamide gels [35], then autoradi- 
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ographed. Sequence data was analyzed with the soft- 
ware developed by the University of  Wisconsin 
Genetics Computer Group [11], using a Digital 
Equipment Corporation VAX II computer. Se- 
quences of other tubulin genes were retrieved from 
the Genbanl( and EMBL data bases. 

Results 

Isolation and characterization of soybean 
genomic fragments containing ~-tubulin 
homologous sequences 

Approximately 1.9 genome equivalents of soybean 
DNA in a Lambda Charon 4a library were screened 
with a 1.2-kb PstI fragment from a Chlamydomonas 
13-tubulin cDNA designated/3-37 [37]. Thirty-five 
Lambda clones were isolated which hybridized 
strongly to the heterologous probe. After three 
rounds of  plaque purification, DNA was isolated 
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Fig. 1. Restriction maps of cloned soybean DNA fragments containing unique ~-tubulin genes Sl3-1 and S~-2. The location of the coding 
sequences (open boxes), introns (solid boxes) and the direction of transcription (5' to 3') are indicated as deduced from hybridization 
to various Chlamydomonas ~-tubulin cDNA fragments. Restriction fragments that were sequenced by the dideoxy method [36] are indicat- 
ed with half-headed arrows, while those sequenced by the method of Maxam and Gilbert [23] are indicated with complete arrows. 
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from these clones and restriction mapped. The re- 
striction fragments containing putative j3-tubulin se- 

quences were identified by hybridization to the la- 
beled Chlamydomonas probe described above. Two 
Lambda clones (designated MG-2 and MG-5) were 

identified which contained sufficient homologous 
sequence to represent full-length /%tubulin genes. 
The selected clones also were representative of  the 

two most common restriction patterns observed. All 
of  the remaining Lambda clones which had been 
selected and mapped exhibited a pattern of  ~-tubulin 
positive restriction fragments which were identical 
to either all or a subset of  the fragments observed in 
either MG-2 or MG-5 (data not shown). 

The 8.1-kb and 7.4-kb EcoRI fragments from the 
Lambda clones MG-2 and MG-5, respectively, which 
contained the sequences hybridizing to the 
Chlamydomonas ~-tubulin cDNA probe, were sub- 

cloned into the EcoRI site of  pUCI 3 (plasmids desig- 
nated pMG2S~I-8.1 and pMG5S~2-7.4). Restriction 
maps of  these inserts show that the two sequences 
differ in both internal and flanking restriction sites 
(Fig. 1). These two putative soybean B-tubulin genes 
were designated S~-I (from MG-2) and S/3-2 (from 
MG-5). The 3 '  ends, and thus the orientation of the 

genes, were determined by hybridization of  restric- 
tion fragments from Sj3-1 and S~-2 with a cloned 

0.46-kb SalI-BamI fragment from the 3'  terminus of  
the Chlamydomonas ~-tubulin cDNA ~-(8-31) [37]. 

To assess the number of/~-tubulin genes, soybean 
genomic DNA and the plasmids containing the 

cloned SB-1 and SB-2 sequences were digested with 
Hinfl and analyzed by Southern hybridization 
(Fig. 2). Both the genomic blots and the blots of  the 

cloned soybean sequences were probed with a nick- 
translated 2.3-kb XhoI-PstI fragment of  S/3-1, while 

the blots of  the cloned sequences were probed with 
the nick-translated 0.46-bp SalI-BamHI fragment 

from the/~-(8-31) cDNA of  Chlamydomonas as well. 
The probe from SB-1 includes nearly the entire ~- 
tubulin homologous region, while the second probe 
contains the 3 '  end of  the Chlamydomonas ~- 
tubulin coding sequence. The soybean genomic 
DNA exhibited four Hinfl fragments which hybri- 
dized to S~-I probe, with sizes of  1.4, 1.0, 0.8 and 
0.5 kb. Two HinfI restriction fragments of  the S~-I 
DNA, a 1.4-kb fragment and a 0.8-kb fragment, 

1 2 3 4 

H H H H 
SBI SB2 SB1 

, ', K b  r , , , r" , 

5 
H 

SB2 
! w 

D -  1 . 4 - ~  

I I -  1 .0_ 

D m °8-g B 

F .1~ ,~  " 

j O.5 

Fig. 2. Southern analysis of soybean genomic DNA and the 
cloned soybean/3-tubulin genes. Glycine max cv. Forest genomic 
DNA (lane 1) and cloned plasmids containing the soybean B- 
tubulin genes S~-I (pMG2S~I-8.1; lanes 2 and 4) and S~-2 
(pMG5S~2-7.4; lanes 3 and 5) were restricted with HinJ] (=H). 
The restriction fragments were separated by agarose gel elec- 
trophoresis, and the gels were blotted to nitrocellulose and 
probed. Lanes 1-3 were probed with a nick-translated 2.3-kb 
Xhol-PstI fragment from S#-I, while lanes 4 and 5 were probed 
with a nick-translated 460-bp SalI-BamHI fragment from the 
Chlamydomonas/3-tubulin cDNA ~-(8-31), which spans the 3' 
end of the coding sequence. The blots were hybridized under the 
conditions described in Materials and methods. The autoradio- 
gram of lane 1 was exposed for 28 days, while those of lanes 2-  5 
were exposed for 16 h. The molecular weights of the hybridizing 
fragments are indicated to the left of lane 2. The 0.5-kb markers 
are not aligned because lanes 2-5 were electrophoresed for less 
time than was lane 1. 

hybridized to the S~-I probe. The 1.4-kb fragment 
also hybridized to the Chlamydomonas probe. The 
HinfI digest of  S~-2 also exhibited two fragments 
which hybridized to the S~-I probe, with sizes of  

1.0 kb and 0.5 kb. One of  these (the 0.5-kb frag- 
ment) also hybridized to the Chlamydomonas probe. 
Over-exposure of  the filter revealed no additional 
bands. Thus, all four of  the genomic bands are ac- 
counted for in the two subclones. 



Sequence analysis 

The nucleotide sequences of the two putative p- 
tubulin genes and flanking DNA were determined. 
The positions and orientations of the fragments se- 
quenced are shown in Fig. 1. The nucleotide se- 
quence of these two genomic fragments (Figs. 3 and 
4) indicates that both contain potentially functional 
genes. Both sequences contain consensus TATA and 
CAAT boxes in the 5 ’ flanking DNA, and two in- 
trons. The proposed locations of the introns were de- 
termined by comparison of the possible open read- 
ing frames with known /3-tubulin sequences and by 
the identification of consensus intron splice site 
dinucleotides at the appropriate positions [3]. The 
putative 3 ’ and 5 ’ splice junction and branch point 
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sequences are shown in Table 1. The first intron in 
S/3-1 is 508 bp and it interrupts codon 132, while the 
first intron in S/3-2, also interrupting codon 132, is 
723 bp. A second intron interrupts codons 222 in 
both genes and is 72 bp in SD-1 and 113 bp in $3-2. 
A comparison of the 5 ’ and 3 ’ flanking and intron 
sequences revealed no other significant homologies 
between them, with other tubulin genes, or with 
analogous sequences from various other plants 
genes. 

So-1 would encode a P-tubulin of 445 amino acids 
and a net negative charge of - 22, while $2 would 
encode a protein 4 amino acids longer with a net 
negative charge of - 26. The deduced amino acid se- 
quences of the two soybean genes were compared 
with those of @-tubulins from five diverse organisms 

Table 1. Conserved 5 ’ and 3’ spljce junctions and putative branch points from the four introns in the two soybean P-tubulin genes, 
So-1 and Sp-2. The consensus splice junction and branch point sequences were derived by Brown [3] through a comparison of 177 
plant introns. The splice site is indicated with a colon. For the branch point, numbers to the right of the sequences indicate the distance 
from the putative adenosine branch point to the 3’ splice junction. Positions which do not fit the consensus are underlined. 

5’ Splice junction 

Position -3 -2 -1 : 1 2 3 4 5 6 

Consensus C 
A A G G T A A G T 

sp11vs1 A G G G T A C T A 
sp11vs2 G T T G T A A G T- 
spzrvs 1 A A G G T A T G G 
sgzrvs2 G C T G T A A G c - - - 

3’ Splice junction 

Position - 15 - 14 - 13 - 12 -11 -10 -9 -8 -7 -6 -5 -4 -3 -2 -1 : +l 

Consensus T T ;, T T 6, ;, f, 8, T T G C A G G 

sp11vs1 T T T G A T G A T C A A C A G G 
sp11vs2 CT T FAACAATTGCAG T 
sp21vs 1 ?T CT T CTTGTTGCAG G 
sp21vs2 CATTTTTGTGTGCAG T - - 

Putative branch points 

Position 

Consensus 

sp11vs1 
sp11vs2 
sp21vs1 
sp21vs2 

-5 
T 
PU 

A 
G 
G 
T 

-4 -3 -2 -1 0 +l 
T C 
PU T T Pu A PY -16T0 -49 

T A T G A G -25 
A G T A A T -25 
G T T G A T -26 
A T T G A T -23 
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1 GCTAC~ CCTGACG TTACACCGTGTATGTAAGGAGGTG~TG TTGTCA~ CTAACIATTGTGGAGAGAAGCATGGTG 

81 AG CA~CGGGGTGGCAATTGGAGTGTAT~ G ACAGATGGGATATCAAGTQGTAGGA~GAACTGATAATTCAGATACAT~G 

161 GCCACAAGGCCATGAGAACAATCATGCAACTTCTTGTCACT~CCACGTCCAG CTCATTACACTACTTGGAGTAAGACAT 

241 AGC CCCTTCCCATCAAACCCACATGAACCTATTAATTGAA CTTCTATTCATTTTTATTTTCCACTTGACACAAAGAAAGG 

3 2 i  CAAGTA CCATTTTTCTCAA CCTTATCACCCTTTTG CATAAAAGGGCCA CCCCTTCTTCTTCTTCCCTTCTCAACTTGTAC 

401 TACAATTTCTGGATTGAATTATCTTCAAAATGAGAGAAATCCTTCATG TTCAAG CTGGTCAATGTGGAAACCAAATTGGA 
l l e t A r g ~  1 u I  lelAeuH I mva l G 1 hA1 aG1 yG 1 nCysC  1 y A s n C l n I  l e C  1 y 

481 ~G CAAGTTTTGGGAGGTGATGTGTGATGAACATGGGATTGATGCCACTGG/~TTACGTAGGTA~CTTTCATCTTCAACT 
G ~ ~L~sPbeTr~G ~ u ~  ~Net Cy~AsPG ~ uH i mG ~ ~ ~ ~ eJ~PA~ aThrG ~ ~ As nT~r~a ~ ~ ~ ~ A~nPbeB i ~1~uG ~ n ~  

561 TGAGAGGG TTAA CGTGTA CT ACAATGAAGCAAGTGGGGGACGGTATGTTCCTCGAGCTGTGCTTATGGA CCTTGAACCAG 
uG 1 uAru%'a IAsnVa 1TFTTyrAJnG 1 uAlaSe rG 1 ),G1 yArgTyrVa  1Pr oAruA1 a Va 1LeulqetJ&a ,LeuG I uP':oG 

641 GGACCATGGATAGCTTGCGTTCTGGTCCTTTTGGAAAAATA~CAGACCCGATAACTTCGTGTTCGGCCAAAATGGAGC' 
lyTh.,'lqetAspSerI~uArgSerC1yProPbeG1yLyslleFheArgProAspAs~beValPheCl~l~ly~a 

721 GGTAACAA CTGGG CTAAAGGG CATTACACTGAGGGAGCTGAGCTTATTGATTCAGTTCTTGATGTTGTTCGAAAAGAAGC 
GIyAsnAsnTrpAIaLysGIyBisTyrThTGluGIyAIaGIUlaeulIeAs ~e rVa i la~uAspVal ValATgLysG I uAl 

[ Ivs 1. 
801 TGAGAATTGTGACTGCTTG CAGGGTA CTACTACTTGCTTAGTTAATTCTTCTCTCTCTCTTTTTTAAAGTTAGTTAATTC 

aG I uAs;nCysAspCysLeuG 1 n 

881 AAGTTCTTAGTAAATTCATAAATTTAGATG~AGTTAA~AACTA~q~.2CAT~TTATTCTTTAATTAGAGAGTAGTAGTT 

961 T CA C CTT~FFI~G T.~4 C ~  TATATAT G TA GTA CCTTAA 6nCA lq~r CA'~GTTG TT CTTTTA CYAAA.A T.~.AAAG TTT CA T 

1041 CTTAGTAACATGTG I-FF~'GTTG TAAGGCAA CTATAATAATACTCTAGTTCAG TAG TTCTGA~'~GAAGGG ~ C G ~  

1121 TCA CCTAAAGAATTGTAT CATAGATT~TCvz-jTI-Z ACAGTCCCTTAAATA CFFFI~TCTGATCCTCAATCAAAA~A G 

1201 AGTTTTACCTAG TAGCATATG~ATTGTGTGAATTA CTGAGAAGAAA CTCTAA TT CTAATAGG~T~T~G ~ TA 
.] 

1281 GAAGTA CATCTAAGTTATGCATATGAGAATTGTTTGTTTGATGATCAACAGGG TTCCAAATTTGTCA CTCACTGGGAGG T 
G1 yPbeG I nI ] eCysHi6SerLeuG 1 ~G 1 y 

1361 GGAACTGGGTCTGGAATGGGTA CCTTGCTTATCTCAAAGATCAGAGAAGAGTATCCGGATAGGATGATGTTGACTTTCTC 
G Iy~G 1 ySerG I )~et G I )*Fnr LeuLeu I i eSe r Lys I I eArgG IuG 1 uTyr PrOASLm%r~etMe t LeuThr P~eS e 

1441 AGTGTTCGCCGT~CC~GAAGGCTCTGACACTGTGGTTGAACCCTACAATGCCACTCTCTCTGTTCATCAACTAGTTGAGA 
r ~ a ~ ph eA ~ a ~ a ~ pr~G ~ u G ~ ~S e r As pThr V a ~ ~ a ~ G ~ u~r ~Tyr As nA~ a Thr Le u~e rv a1~ i ~G ~ n~ u V a ~ G ~ uA 

1521 ATGC~ATG~TGCATGGTC~rCGAT~IkTGAGGCA CTC~ACGATATCTGTTTCCG~CACTC~G CTCAC~IkTCCAA GT 
snA/aAspGl uCy~etVal LeuAsNnG I uA/a LeuT tramp I I eCy s Pb eArgThr LeuLys I~uThrAsnProS e r 
[ IVS 2 ] 

1601 TG TAAG TATTCTCAA G C C CA CATGATTCA TTATAGAGGGAGGG AG T~ATGTG TG TG TG CTTT AA CAA TTG CAG TTGG T GA 
ValGIyAs 

1681 TCTGAACCACTTGATCTCAACAA CAATGAGCGGAGTAACGTGCTGTCTCCG CTTC C CAGGGCAG CTG~ ~C~AC ~CC 
plamJ&~mB I a lam.tl 1 ~ I yVa l  Th_,.C,F~',2m lamAry  Pt, mproG 1FG ~ A g p L e u A  

1761 GCAAACTCG CCGTGAA CCTCATCC CCTTCCCTCGCCTCCACTTCTTCATGGTCGGCTTCGCGC CCCTCACATCCCGCGG C 
r~LysLeuAlaValAsnl~uIleFro~eProAr~LeuRisP~ePbel~etValGiyPheAlaProI~uThrSer~iy 

1841 TCCCAGCAGTATCGGTCCCTCA CAATCCCGGAACTCACCCAGCAAATGTGGGACGCCCGGAACATGATGTGCGCCGCCGA 
SerG l nG l nTyr Ar~S e r LeuThr I l e PToG l ul~uThrG l ~G l n~e t TrpAspAl aArgAs nMe tRet CysAl ~ ~ 

1921 TCCCCGCCACGGCAGGTACCTGACGGCGTCCGCCAT•TTCCGCGGCAAGATGAGCACCAAGGAAGTGGACCAG•AGATGA 
pPToArgH i ~G I y ~ LeuThr Al aSer Al aNe t P h ~  I y LymRetSerThr L ysG l u V a lA~pG l ~G l nMe t I 

2001 T•AACGTACAGAACAAGAACTCCTCCTAcTTCGTGGAGTGGATCCCGAACAACGTCAAGTC•AGCGTcTGCGACATCCCT 
leAmnVa 1 G I nAsnLysAsnSerSe rTyrRbeVa I G 1 uTz ,I I eProA~nAsnVa i LysSerSerWa I CymAmpI I e~ro 

2081 CC•ACGGGTTTGTCCATGTCcTC•ACCTTCATGGGGAACTCCACCTCCATTCAGGAGATGTTTCGCCGCGTcTCCGAGCA 
ProThrG I y I~uSe r~e tS e rSerThrPbeRe tG I y A~nSerThrSe r i l eG l ~G l uRe t R b ~  a l SerG luG l 

2161 GTT CA CGGTCATGTT CAAGAGAAAGG CCTTCTTG CATTGG TA CACTGG CGAGGGAATGGATG AGATGGAGTTTA CTGAG G 
~J~n eThr ~ a ~ Met pb e L ~ ~Kr~ L ~ sA~ a ~b e ~ uR i ~TrpTyrThrG ~ MG ~ uG ~ ~ e t2us ~G ~ uRe t G ~ ~Ph e ThrG ~ u v 

2241 TGAGAGCCAACATGAATGACTTGGTGGCCGAGTATCAACAGTATCAAGATGCCACCGCCGTCGATGACcACGAGGACGAG 
alArgA/aA~n~etA~rOt~' )Le t IVa lA/aGluTy l "GlnGln ' l '~GlnA~ d~laThrAlaVa].A~pA~pHimGluAspGlu 

2321 GACGAGGACGAAGCCATGG•TGCATGAGAAAACCCTTTGTATATG•CATATGGTGTTGTTATATATGTCTATCTGCAAGG 
AspG 1 uAspG 1 uA/aJ, letA1 aA/a.~m~ 

2~01 TGGSTGGCCTC~TCA~TTTTTAC~ArTTTCTTTCTTTCr~ATTGCTTGTTGTOGGTTTTOGT~TTAATGCTACTTT 

2481 A~GACTTTGTTTGCACCTTTTATGTCCTCTcTTGTCCATGTCAATGATTGATGTAATTAGTGGAAAATTAATCATATACA 

2561 AAATTTTAA CTAT CT CTTTAATAG TTT CAAATTCA TACTAAA TTAA CAA G TAAA TTA TTTAAAA CCC CAAAATTAATTAT 

2 6 4 1  TATTTAAATGGAAATTTACATCATTGCCAGTCCAACCTTTTCATATATGTAGATTTTCACAATAAACAA~GAACAATTA 

2721 CTATCTATTTGTTAAAATCTGCCTCTGACAGTAACTTGGGTCCATAGCTCAGTGGTAGAGATTTGACTGCAGATcAAGAG 

2801 GTCA CGG TT CGAA C C CG G TTGGG C CCTTTG TATTAATTTTTTTCTTTTCCAAA G TAA CATTTTCATTA~TAGAA TATTA 

2881 TTGATTTTAAAA CATCAAATGGGTTCATACATAGCTCAGCAGTGGATCC 2929 

Fig. 3. The complete nucleotide sequence and deduced amino acid sequence of S~-l. The location and orientation of the overlapping 
restriction fragments that were sequenced are shown in Fig. 1. The intron sequences (IVS1 and IVS2) are marked with brackets and 
underlined, while putative regulatory signals (TATA and CAAT boxes as well as the possible polyadenylation signals) are indicated with 
a double underline. The coding regions were translated and the amino acids are shown on the line below the nucleotide sequence with 
standard three-letter abbreviations. 



1 AA CAAAT CA CAA'IATT KAATT CG CCK~ CATTTT AAATT,~kATT CTT/~ G AC AAAAG TTT CK.M~TCTTKATK~A,~CTCGT 177 
81 CCGTTTGAGTTTTGACTG CCACqAGTGACACCCGTCCCAACAGAGAGAGAAAGACTCACCCGTTTTCCCCCCACACAATA 

161 GGGTC CCACAAAAA CAG TACT CT C CAG CTGTA CATTCAAAAAAATT CAAATTTCAAAATAATC CT CT CTCAT CAAATAAA 

241 AATAAAATAAAATAA~G GTTCACGAG CTCACATT CG TTCTC CCC CAC C CCAATT C AAAA~ C CAA CCGTTGCAACAAA 

321 AAG CCAC CAACTTTTTTT CTATATAAA~ CAA CG CTT CTCA CC CTTT CTTA CC C CA CTCAAA C C C A A A ~  CC CTCTC 

401 TTTCTCTCTCTTC CAAkAACC7 AA TTTTCATTTTTT CT CTTCAAA CAAATTTTCAAAATG CG TGAG AG C CTTCACATCCAA 
MetArgG I user LeuB i s I I eG 1 n 

481 GGTGGCCA~TGCGGCAACCA GATCGG CGCCAAG TTCTGGGA GGTGGTTTG CGCGG AG CACGGGAT CGAC CCCA CTGG AAG 
G IyG 1y~ i nCysG 1 yAsnG 1 nl I eG 1 yAl aLysPheTrpG 1 uVa ] Va I CysAI aG 1 uH i ~G l y I I eAspProThrG I yAr 

581 GTACGGTGGGGACTCAGAGCTTCAGCTCGAGAGGATCAATGTCTACTACAACGAAGCCAGCTGCGGCCGGTTCGTGCCG C 
9TyrG I ~i yAspSe rG 1 uLeuG I nLeuG 1%~rg I I eAsnVa I TyrTyr~us n~ 1 uAl aSer~ ~G I yAr~ P~eVa I PT~ 

64 i •CGCGGTTCTCATGGACCTCGAACCGGGCACCAT•GACAGCGTCCGGTCCGG•CCGTACGGGCAGATCTTCAGGCCCGAC 
r~l aVa I Le~etAspLeuG I uProG I )e~hrMetAspSe r~a IArgSe rG 1 yProTyr~ 1 ~G 1 n I i e Ph~ ~ p  

721 AACTTTGTGTTCGGG CAGTCCGGGG CAGGAAA CAACTGGG CCAA GGGG C A CTACA CTGAGGGTG CTGAACTCATTGATT C 
AsnPheVa I PheG I yG I rise rG 1 FAI aG 1 yAsnAsnTrpAl aLy sG 1 yS i sTyrThrG 1 uG 1 yAl aG I uLeul I eAspSe 

• . [ Ivs 1 
801 TGTTCTCGATGTGGTG CGCAAGGAGG CTG AGAACTG CGATTG CTTG CAAGG TAT GG G A GTTTTGGG TG TAAAG GTTG GGG 

rWal Le~ ~Va iVa IArg LysG I uA/aG I uAsnCy sAspCyslaeuG 1 n 

881 ~TTTTTTAGGGTTTTGTGGGGGGTTTTGGTTTTTG AATTTAGGG TG TGGGGTTGG TG 0 TTTTGG ATTGGGTCTGTG TGG A 

961 TTTGTTGGGAAAGTGAAAGATG GAGGG TTTTTGTGGGTGGTG CCTGATTGAA C ATCA GTGC CTTTTAATAAAGG TGG AA G 

1041 CTTTTTAGGG TTTTGTG GGTGTTTTAGAATTGGGTGTGTG AGGGAGTGTGTTTTTA G GG TTTTTTTT CGGTGATTTTGGG 

1121 ~y~TGCATGTACTTTTCTATAGGATTGT-AACCTTGGATATGTTGTGTGACCGATTTTTTGATACATATAGCCTTGGATGTG 

1201 ~CTGTGGCCGATTTTGATACATATAGCCTTGGATGTGTTCTGTGGC CGATTTTGATACATA~TAAAGGCCAAGCT~ 

1281 GAT~TGTC, C, GTGGTATTG AAA TCTGAA CT~AGA C~CTTG TA%~PGI~YGTT CA Cq~GGAAATC, G A GG TG T~AG T~G C ~ 

1361 GAAGGG ~/~TSTC, GTTGA Fl-~-~q GAGATGAGATGTTTATG i'~'I A ~-i"~-~ GGAAATGGAGGTGTT~AAGGGC~GAGGTT 

1441 GATTTCTGAGATGAGAAGTTTATGTTGTGGTTGAGTTTTGAACTGGAGGTGTTTATTTGGAGGGTTTTATGGGTGTATTT 

1521 TTAATTAGGTGTTTGTTTTGTGGTTGATTTT~AGATGTTTCTTCTTGTTGCAGGTTTTCAAGTGTGCCATTCTCTGGGAG 
G i yPheG i nVa 1 CysHisserLeuGl yG 

1601 GAGGAACTGGATCAGGAATGGGTACCTTGTT•ATTTCTAAGATCAGGGAAGAGTACCCAGATAGGATGATGCTTACTTTC 
i yGI yThrG iySerGl~etGl yThr LeuLeuI leSerLysl I eArgG lug luTyrProAspArgMetMetlamuThrPhe 

1681 TCTGTTTTTCCTTCTCCAAAGGTTTCGGACACTGTTGTGGAACCCTACAATGCTAC FCTCTCTGTTCACCAGCTTGTTGA 
SerVal PheProSer PToL' .sVa 1 Se rAspThrVa 1 Va i G 1 uProTyrAs nA/aThr LeuSe rVa 1 H i sGl nleuVa 1 G 1 

1761 AAACG CAGACGAGAG CATGGTG CTTGACAATGAAG CTTTGTATGA CATTTG CTT CCG TACC CT CAAGCT2 LCCACCCCAA 
UuKs nA/aASDG I uSerNetVa I LeuAspAsnG I uAl a LeuTyrAspI I eCys Ph~lamuLy s LeuThrThrPr oS 

[IVS 2. 
1841 GCTGTAAGCT FTTACAAATCACATTTAGCCCCTTTTCAATTTAAGACTTCTCAATTTTGGGCATGTAAGATTGTTCAATG_. 

er 
] 

1921 AGGATAATATTG ATTGTGTTTC_AT~TTTTG TGTG CA Q TT GGT GACTTGAA C CAT CTGAT CTCAG CTACAATGTCTGG TG T C 
PheG 1 yAspLeuAsnH is LeuI I e~e rAl aThrMetSe rG 1 yVa 1 

2001 ACTTGTTGTTTGAGGTTCCCTGGTCAA CTTAACTCTGAT CTGCGAAAG CTTGCAGTGAACCTTATTCCCTTC CCT CGC CT 
ThrCy$Cysl~uArgPheProG I yG 1 nLeuAsn~e rAspl~uArg Lys LeuAl aValAsnLeul i e ProPhe ~ ~ 

2081 CCA CTTCTTCATGGTTGGATTTG CT CCTTTAGCATCTCGTGGCTCT CAG CAATACA GGG CCTTGAGTGTTCCAGAGCTGA 
uHis P~ePhe/qetVa IG i yPheA/a ProLeuA/aSerArgG i ySerG I nG 1 nTyrArgA/aLeuSerVa i Pr~l ~uT 

2161 CACAG CAAATGTGGGA~TCAAAGAACATGATGTGTG CTGCTGA C CCTCGACATGG CCG CTACCTCACTG CCTCAG CCAT G 
hrG 1 ,G I rime t TrpAspSer Ly ~AS n~etMe t Cy sAl aAl aAspPr oArgH i sG I yArgTyr la~uThr A1 aS er ~ ~e t 

2241 TTTAGAGGCAAGATGAGCA CCAAGGAAGTCG ACGAACAGATGATCAATGTG CAGAACAAGAA CTCCTCCTACTTTGTTGA 
~n~lyLy~MetSerThrLysGluValAsp~luGlnRetlleAsnValGlnAsnLysAsnSerSerTyrPheValGl 

2321 GTGGATTCCTCA CAACGTGAAATCCACAGTCTG TGACATTCCC CCAACTGGCTTGAGGATGG CTTCAACATTCATTGGTA 
uTI-p I I e PTOH i sAsnVa i L, '~SerThrVa I Cys~KspI i ePToProThrG I yl~etAl aSerThrPhe I I eGl yA 

2401 ACTCTAC CTCCATTCAGGAAATGTTCCGTAGAGTGAGTGAGCAATTCACTGCTATGTTTAGGAGGAAGG CTTT CTTG CAT 
mnSerThrSer I I eG in~l u~etPheAr~a 1 SerGl uGl nPheThrAl a~etPheAr~Arg LymAI aPhela~i s 

2481 TGG TA TA C CGGGG AAGG CATC.GA CGAG ATGGAGTT CACAG AGG CTGAGAG CAA CA TGAACG AT CT CGTGT CGG A G TAT C A 
Tz WT~FhrG i y~G I ~(~ I ~ tA~ I ~t~ 1 u/~e~ I uA/mG i ~u~er A~nRetA~ nA~p LeuVa I SerG 1 uTyr~ 1 

2561 GCAG TAC CAGGATG CCA CTG CTGA TGAGGATGAGTATG AA G AGGAAG AGGA GGAGGAGG AG TTT G CCCAA CATG ATATG T 
nGlnTy~GIDAspAlaThrAlaAs~GluAspGluTy1~luGluGluGluGl~GluGluGl~PheAlaGl~isAsp~etE 

2641 GAATTTGAA CTTGGGTGTGGTGTATTG CGGTGGCTTTAGA CAAGAAGATGGATAACAAGCTG CAACTT C CTGTTGCCGCT 
.d 

2721 TGATGATTGTCTCTTTTGAGGGGATGGTTTTGTTCCGG CTAGATCTAGTTTCTATTACTGTTCTATAAAACTGATTCTGG 

2801 TTTGTTTCCC TTTTTATGTATAACCTGTTGGTAGGGAAGA C~ATATAAAACTGCTATTATTTGAAG CT CTAAATGTTTGA 

2881 TCCATCTAAATG CT CGATGATCAGTGTT CTTTTTATAACG C CTTG CTCTCTATATGCATATCCTGAAAAGAAATTTATTC 

2961 AACCAAATCAAT CGCATGTAAGTTGGTACAAATTAGTTTTTATTAGAAGATGATTAATTTTTGTCGAAAATTGTAAGCGT 

3041 ATAGAAAATCATGATTAATTTTTTGTTGAA 3070 

Fig. 4, The complete nucleotide sequence and deduced amino acid sequence of  S/~-2. The position and orientation of  the overlapping 
restriction fragments that were sequenced are shown in Fig. 1. Other details are as shown in the legend for Fig. 3. 



178 

AMINO A C I D  HOMOLOGY ANALYSIS OF DIVERGENT /gTUBULINS 

Soy /9-1 
Soy /9-2 
Humtbbra40 
Chick /9-1 
Ch i amy 
Trypan 
Yeast 

1 MREILHVQAGQCGNQIGGKFWEVMCDEHGIDATGNYVGNFHLQLERVNVY 50 
S I G A V A P R G DSE I 
V 1 A IS P T H DSD D IS 
V I A IS P S H DSD I 
V I G A VS P T H DSD I 
VC S I S  V P T Q D SD  I 

I I S  Y AA T I  G L FN T H H D D I  K L 

Soy / 9 - 1  

Soy /9 2 

Humtbbm40 
Chick /9 1 
Chlamy 
Trypan 
Yeast 

51 YNEASGGRYVPRAVLMDLEPGTMDSLRSGPFGKIFRPDN~'VFGQNGAGNN I00 
C F V YQ S 

T K I V V Q S 
TNK IV V Q S 

F T I V YQ T 
FD T S I VA YQ I S 
F S I<W SINV W I AV NSAI NL YI SS V 

_ -- -- -- - 
Soy /9-i 101 WAKGHYTEGAELIDSVLDVVRKEAENCDCLQGFQICHSLGGGTGSGMGTL 150 

Soy / 9 - 2  V 

Humtbbm40 V S LT 

Chick /9 1 V S S LT 
Ch I amy S V 

Trypan CC S 
Yeast V M I R G S T 

- - - -  - -  -- 

Soy /9-i 151 LISKIREEYPDRMMLTFSVFAVPEGSDTVVEPYNATLSVHQLVENADECM 200 
Soy /9-2 PS KV E S D S 
Humtbbm40 I N VPS KV T TY 
Chick /9 1 I N MPS KV T TY 
Chlamy VPS KV 
Trypan L Q I M lIPS KV T S S 
Yeast F K L A LPS KT HS TF 

- - . _ _ 

Soy fl-i 201 VLDNEALYDICFRTLKLTNPSFGDLNHLISTTMSGVTCCLRFPGQLNSDL 250 

Soy f l - 2  T C A N S 

Humtbbm40 Cl R T TY V G EC T A 
Chick fl i Cl T TY V A T A 
Chlamy T T AV I A 
Trypan CI T T V AW 
Yeast CI Q NQ Y N V SV TS Y 

Fig. 5. See page 179 for legend. 

(Fig. 5). Both soybean genes were from 66°7o to 8707o 
homologous with these other fl-tubulins. They are 
somewhat more homologous to the fl-tubulins of  
Chlamydomonas (85°7o -8707o) than they are to ver- 
tebrate tubulins (7907o - 83 07o). However, the soybean 
fl-tubulins are as diverged from each other (8707o) as 
they are from the Chlamydomonas tubulin. 
Although the Sfl-I tubulin is only slightly more 
divergent overall than Sfl-2, most of  the amino acid 
substitutions in Sfl-2 are conservative, whereas 18 
out of  69 (2607o) of  the Sfl-I residues that differed 
from the consensus are non-conservative changes 
that could be expected to affect the secondary of ter- 
tiary structure of  the protein, particularly the 
clustered non-conservative changes at positons 

39-41 and 171-175 (Table 2). In addition, Sfl-2 ex- 
hibits a cluster of  3 substitutions, one of  which is 
non-conservative, within the region from position 
401 to 425 which is very highly conserved in all other 
known fl-tubulins [9]. 

A comparison of the hydropathy plots of the 7/3- 
tubulin proteins revealed a similar pattern of 
hydrophilic and hydrophobic regions in all except the 
yeast protein (data not shown). However, there were 
some notable differences. First, Sfl-I exhibits a 
strongly hydrophobic region near residue 165. This 
region is less hydrophobic and shifted slightly toward 
the N-terminus in other tubulins. Secondly, the re- 
gion near residue 315 is less hydrophobic in both soy- 
bean tubulins than it is in the other tubulins. Finally, 
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Soy #-I 251RKLAVNLIPFPRLHFFMVGFAPLTSRGSQQYRSLTIPELTQQMWDARNMM 300 

Soy f l - 2  A A SV SK 
Humtbbm40 MV P A V D VF K 
Chick B-i MV P A V F S 
Chlamy T A V K 
Trypan V M G SV F K 
Yeast V Y AI SF V F K 

Soy fl-i 301 CAADPRHGRYLTASAMFRGKMSTKEVDQQMINVQNKNSSYFVEWIPNNVK 350 

Soy fl-2 E H 
H£~tbbm40 A C VA V R M E L 
Chick fl-I A C VA I R M E L 
Chlamy L R E L 
Trypan Q L R E L I I 
Yeast A N VA F V V EDE HK S D Q 

- _ _ _  - -  _ 

Soy f l - i  351 SSVCDIPPTCLSMSSTFMCNSTSIQEMFRRVSEQFTVMFKRKAFLHWYTG 400 
S o y  f l - 2  T R A I A R 

Hu~tbbm40 TA R K AV I A L K I A R 
Chick fl-I TA R K A I A L RI A R 
Chlamy K K A I A K A R 
Trypan K K AV I N C G L R 
Yeast TA SVA Q D AA IA L K GD SA S 

Soy fl-I 401 EGMDEMEFTEVRANMNDLVAEYQQYQDATAVDDHEDEDEDEAMAA* 445 
Soy @-2 AES S DE EYE E E E F QHDM* 449 
Humtbbm40 AES S EEEEDFGE A EE * 444 
Chick fl-i AES S DEQG F E GEDE * 445 
Chlamy AES S S EEEG F C E EA* 443 
Trypan AES S IEEEG FDE EY* 441 
Yeast L S AES S E VE E VDENGDFG PQNQDEPITENFEB* 458 

Percent homology relative to; 
s f l - 1  sfl-2 

Soy ~ - I  - GIyclne max f l - I  I00% 87% 
Soy f l-2 - C iyc ine max f l-2 87% 100% 
Humtbbm40 - Homo sapiens fl-M40 79% 82% 
Chick fl-i - Callus gallus fl-I 81% 83% 
Chlamy - Chlamydomonas reinhardtii 85% 87% 
Trypan - TrvDanosoma brucei 80% 81% 
Yeast - Saccharomyce$ cerevisiae 66% 68% 

Fig. 5 .  A comparison of the deduced amino acid sequences of the soybean ~-tubulins with those of five diverse organisms. The amino 
acid sequence encoded by Sfl-I is given using the single-letter amino acid code. The sequences of the other fl-tubulins compared are placed 
below Sfl-1, with an amino acid shown only if it differs from that of Sfl-1 in the same position. In addition to the two soybean genes, 
~-tubulins from chicken [39], human [16], yeast [31], Trypanosoma brucei [191 and Chlamydomonas [45] were compared. 

the C-terminal 20 amino acids are more hydrophilic 
in the two soybean fl-tubulins than in the other fl- 
tubulins examined. 

Codon usage in Sfl-1 and Sfl-2 is shown in Table 3. 
Codon usage in the fl-tubulin genes of  soybean and 
several other organisms were compared by the meth- 
od of Grantham [13]. This method provides a 
statistical analysis of the similarity of  codon usage 
between two genes by calculating the sum of  the 
squares of the differences (D 2) in codon usage fre- 
quency. The smaller the value of  D 2 the more simi- 

lar the codon usage in the two genes compared. 
Although the two soybean fl-tubulin genes exhibit 
very similar codon usage (D 2 = 0.87) this bias is not 
similar to the codon usage of  tubulin genes in other 
organisms. Furthermore, although the codon usage 
of the soybean fl-tubulin and certain other soybean 
genes is somewhat similar (D 2 = 1.6 for the small 
subunit of  ribulose-l,5-bisphosphate decarboxylase; 
D 2 = 3.8 for soybean actin) codon usage in the soy- 
bean fl-tubulins and soybean leghemoglobin is very 
different (D 2 = 6.4). 
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Table 2. Non-conserved substitutions in the amino acid se- 
quences of the two soybean ~-tubulin genes. The deduced ami- 
no acid sequences of the soybean S~-I and S/~-2 were compared 
with those of five other organisms, as shown in Fig. 5. The fol- 
lowing is a listing of those residues in which the substitution ob- 
served in the sequence of S/3-1 was not conservative. 

Position Amino acid in Consensus Number with 
amino acid consensus/ 

S~-I S~-2 7 ~-tubulins 

32 Ala Pro Pro (5) 
39 Asn Asp Asp (5) 
40 Phe Ser Ser (5) 
41 His Glu Glu (5) 
83 Lys Gin Gin (5) 

171 Ala Pro Pro (6) 
172 Val Ser Ser (6) 
174 Glu Lys Lys (6) 
175 Gly Val Val (5) 
231 Thr Ala Ala (4) 
283 Ser Ala Ala (4) 
328 Gin Glu Glu (5) 
359 Thr Thr Arg or Lys (4) 
362 Ser Arg Lys (4) 
412 Arg Glu Glu (6) 
420 Ala Ser Ser (6) 
431 Val Asp Glu (4) 
435 His Glu Glu (3) 

Discussion 

The cloned soybean genomic fragments designated 
S/3-1 and S~-2 each contain potentially functional 
/3-tubulin genes. Homology analysis of the derived 
amino acid sequences demonstrated that the protein 
encoded by each of these genes would bear a high 
degree of homology to the/3-tubulins of other organ- 
isms (see Fig. 5). Hydropathy profiles of these soy- 
bean /3-tubulins also illustrated the remarkable 
degree to which they are similar structurally to/3- 
tubulins from evolutionarily divergent organisms. 
At the same time, tubulins are considered to be one 
of the most highly conserved groups of proteins and 
the degree of amino acid sequence conservation of 
these higher plant/3-tubulins does not appear to be 
as great as that of most other tubulins. For example, 
even Chlamydomonas/3-tubulins are nearly 90070 
homologous with the most prevalent vertebrate/3- 
tubulin isotype [9]. Also, there are six different roam- 

malian/3-tubulin isotypes and five of these six are 
95°70 - 97°70 homologous to each other. On the other 
hand, the sixth mammalian/3-tubulin is only 78°70 
homologous with the other isotype [41, 42]. These 
considerations indicate that the soybean/3-tubulins 
are among the more divergent/3-tubulins, although 
the degree of their divergence is not unique. 

Codon usage was remarkably similar in the 2 soy- 
bean/3-tubulin genes (Table 3). This would indicate 
that the 2 genes had recently diverged from a com- 
mon ancestral gene, particularly since there was little 
similarity in codon usage between the /3-tubulin 
genes and other soybean genes. The fact that the in- 
tron positions were the same in the soybean /3- 
tubulin genes tends to support this view, although 
there was no significant sequence homology in the 
intron sequences, beyond short regions of homology 
that most likely represent splice j unction and branch 
point sequences [3]. However, the comparatively 
high degree of coding sequence divergence makes 
this explanation less than convincing. It is possible 
that there has been some selection pressure to main- 
tain the codon bias exhibited by these genes. 

The results presented here demonstrate that soy- 
bean/3-tubulins are encoded by a small multi-gene 
family. Genomic Southern analysis of soybean DNA 
using high stringency conditions showed that when 
cut with the four-base recognition enzyme HinfI, 
and hybridized to a/3-tubulin probe, four bands of 
hybridization are observed. The cloned soybean/3- 
tubulin genes, S/3-1 and S/3-2, give rise to Hinfl re- 
striction fragments which can account for all 
hybridizing bands seen in the genomic DNA. There- 
fore, the two cloned genes (S/3-1 and S/3-2) represent 
two unique/3-tubulin gene classes in soybean. The 
possibility that there may exist in the soybean genome 
multiple loci or alleles of these genes cannot be ruled 
out, nor can the possible existence of other highly 
divergent/3-tubulin gene classes. Although the Ori- 
gin of the cultivated soybean is not known, because 
of the large number of chromosomes (40) it is unlike- 
ly to be true diploid species. If it is a tetraploid spe- 
cies, the genome could be expected to contain at least 
four/3-tubulin genes, although their degree of diver- 
gence could not be predicted. As a result, our estima- 
tion that the soybean haploid genome contains two 
/3-tubulin genes must be considered a minimum esti- 
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Amino Codon Number Fraction 
acid 

SB1 SB2 SB1 SB2 

Amino Codon Number Fraction 
acid 

SB1 SB2 SB1 SB2 

Gly GGG 8 8 0.22 0.24 

Gly GGA 12 8 0.33 0.24 

Gly GGT 8 8 0.22 0.24 

Gly GGC 8 10 0.22 0.29 

Glu GAG 19 26 0.61 0.67 

Glu GAA 12 13 0.39 0.33 

Asp GAT 15 11 0.56 0.44 

Asp GAC 12 14 0.44 0.56 

Val GTG 11 13 0.35 0.45 

Val GTA 3 0 0.10 0.00 

Val GTT 9 11 0.29 0.38 

Val GTC 8 5 0.26 0.17 

Ala GCG 3 2 0.11 0.07 

Ala GC A 3 4 0.11 0.15 

Ala GCT 7 13 0.26 0.48 

Ala GCC 14 8 0.52 0.30 

Arg AGG 3 10 0.13 0.40 

Arg A G A  5 2 0.22 0.08 

Ser AGT  2 3 0.07 0.09 

Ser AGC  4 7 0.14 0.20 

Lys AAG 9 12 0.69 0.92 

Lys A A A  4 1 0.31 0.08 

Asn A A T  9 4 0.35 0.19 

Asn A A C  17 17 0.65 0.81 

Met ATG 24 22 1.00 1.00 

lie A T A  1 0 0.06 0.00 

lie ATT 5 9 0.31 0.53 
lie ATC 10 8 0.63 0.47 

Thr ACG 4 0 0.16 0.00 

Thr A C A  6 5 0.24 0.21 

Thr ACT 8 11 0.32 0.46 

Thr AC C 7 8 0.28 0.33 

Trp TGG 5 5 1.00 1.00 

End TGA 1 1 1.00 1.00 

Cys TGT 6 5 0.55 0.42 

Cys TGC 5 7 0.45 0.58 

End TAG 0 0 0.00 0.00 

End T A A  0 0 0.00 0.00 

Tyr TAT 5 4 0.36 0.27 

Tyr TAC 9 11 0.64 0.73 

Leu TTG 8 9 0.24 0.27 

Leu TTA 0 1 0.00 0.03 

Phe TTT 6 8 0.25 0.35 

Phe TTC 18 15 0.75 0.65 

Ser TCG 0 2 0.00 0.06 

Ser TCA 5 6 0.17 0.17 

Ser TCT 4 11 0.14 0.31 

Ser TCC 14 6 0.48 0.17 

Arg CGC 3 2 0.13 0.08 

Arg CGA 3 2 0.13 0.08 
Arg CGT 1 4 0.04 0.16 

Arg CGC 8 4 0.35 0.17 

Gin CAG 11 13 0.52 0.59 

Gin C A A  10 9 0.48 0.41 

His CAT 6 5 0.55 0.45 

His CAC 5 6 0.45 0.55 

Leu CTG 4 4 0.12 0.12 

Leu CTA 1 1 0.03 0.03 

Leu CTT 8 8 0.24 0.24 

Leu CTC 13 10 0.38 0.30 

Pro CCG 3 3 0.18 0.16 
Pro CCA 3 5 0.18 0.28 

Pro CCT 4 6 0.24 0.33 

Pro CCC 7 5 0.41 0.28 

mate. We propose that the two sequences described in 
this report are representatives of two different classes 
of  B-tubulin genes. Each of  these classes contains 
at least one, but possible more, members. 

There is a report that the sequence of  a cDNA for 
the B subunit of  glyceraldehyde-3-phosphate de- 
hydrogenase of  mustard chloroplasts exhibits a high 

degree of homology to 3-tubulin [7]. This raises the 
possibility that one of  the two soybean 3-tubulin 
genes we have characterized could in reality encode 
the B subunit of this chloroplast enzyme. However, 
since both $3-1 and $3-2 encode hydrophilic amino 
terminal regions which would be unlikely to function 
as transit peptides, this possibility seems remote. 
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Both ct- and/3-tubulins are encoded by multi-gene 
families in most species examined at this point [9]. 
The significance of this observation is obscure at the 
present time. Fulton and his co-workers proposed 
that the different microtubular arrays in eukaryotes 
were constructed from different tubulin isotypes 
[12]. This "multi-tubulin" hypothesis does not ap- 
pear to be correct for lower eukaryotes, at least in the 
sense that the product of a unique tubulin gene must 
perform a function for which the product of another 
member of the same tubulin multi-gene family can- 
not substitute. While in some lower eukaryotes a 
specific tubulin gene may be expressed preferentially 
at a particular developmental stage, there is no evi- 
dence that the developmentally regulated tubulin 
gene encodes a tubulin subunit that is essential for 
the completion of the events of that developmental 
stage [4, 43]. 

The multi-tubulin hypothesis has not been ade- 
quately tested in higher eukaryotes. It is possible that 
function-specific tubulins have evolved in ver- 
tebrates and angiosperms. This is suggested in ver- 
tebrates by the observation that there appears to be 
strong selection pressure to conserve several /3- 
tubulin sequences, both within a given species and 
among the vertebrates as a whole. Cleveland [8] not- 
ed that several/3-tubulin isotype classes could be 
identified. A given isotype class, which may be ex- 
pressed primarily in a specific tissue, shows a very 
high degree of sequence conservation, approaching 
100%, in different mammalian species. Although far 
from a demonstration that a given isotype class is 
function-specific, .it is difficult to account for the 
strong conservation of a specific isotype sequence in 
the absence of a specific function. On the other 
hand, Lewis etal. [21] used highly specific antibodies 
to demonstrate by means of immunofluorescence 
that three of the six/3-tubulin isotypes were present 
in both mitotic spindle and cytoplasmic cytoskeletal 
arrays in mammalian cells. Furthermore, they 
demonstrated that, when HeLa cells were transfect- 
ed with a cDNA for the highly divergent mammalian 
/~-tubulin, M1, under the control of the SV40 T- 
antigen promoter, this hematopoietic-specific /3- 
tubulin was synthesized and incorporated into all 
microtubule arrays, which continued to function 
normally. These observations argue against a specif- 

ic function for the different tubulin isotypes, at least 
in cultured mammalian cells. However, even here it 
is possible that these individual tubulin isotypes may 
play some essential and unique role at a specific 
point in the life of the organism. This possibility was 
not addressed by these experiments. At the present 
time very little tubulin sequence data is available for 
higher plants. As a result, it is impossible to know 
if higher plants exhibit a similar pattern of intraspe- 
cies divergence and interspecies conservation of 
specific tubulin isotypes. 

The pattern of expression of S/3-1 and S/3-2 during 
soybean development currently is under investiga- 
tion in this laboratory. In addition, we have demon- 
strated that SB-1 is expressed when it is introduced 
into tobacco plants by means of Ti-mediated trans- 
formation [14]. 

Acknowledgements 

The authors are indebted to Dr Robert Goldberg, 
who provided us with the soybean genomic library, 
Dr Carolyn Silflow, who gave us the Chlamydomo- 
nas/3-tubulin cDNA probes, and to Dr Timothy C. 
Hall for continued support during the sequencing 
project and preparation of this manuscript. We also 
would like to thank our other colleagues, especially 
Dr Louis Morejohn, for their helpful comments on 
the manuscript. This work was supported by grants 
from the NSF (PCM82-16035) and the NIH 
(GM34848-01A1) to DEF. 

References 

1. Benton WD, Davis RW: Screening lambda gt recombinant 
clones by hybridization to single plaques in situ. Science 196: 
180-182 (1977). 

2. Birnboim HC, Doly J: A rapid alkaline extraction procedure 
for screening recombinant plasmid DNA. Nucl Acids Res 7: 
1513-1523 (1979). 

3. Brown JWS: A catalogue of splice junction and putative 
branch point sequences from plant introns. Nucl Acids Res 
14:9549-9559 (1986). 

4. Burland TG, Gull K, Schedl T, Boston RS, Dove WF: Cell 
type-dependent expresson of tubulins in Physarum. J Cell 
Biol 97:1852-1859 (1983). 

5. Callahan RC, Shalke G, Gorovsky MA: Developmental rear- 



rangements associated with a single type of expressed c~- 

tubulin gene in Tetrahymena. Cell 36:441-445 (1984). 
6. Cashmore AR: The isolation of poly-A+ messenger RNA 

from plants. In: Edelman M, Hallick RB, Chua NH (eds) 
Methods in Chloroplast Molecular Biology. Elsevier Bio- 
medical Press, New York (1982) pp 387-403. 

7. Cerff R, Hundrieser J, Friedrich R: Subunit B of chloroplast 
glyceraldehyde-3-phosphate dehydrogenase is related to /3- 
tubulin. Mol Gen Genet 204:44-51 (1986). 

8. Cleveland DW: The multitubulin hypothesis revisited: What 
have we learned? J Cell Biol 104:381-383 (1987). 

9. Cleveland DW, Sullivan KF: Molecular biology and genetics 
of tubulin. Ann Rev Biochem 54:331-365 (1985). 

10. Denhardt DT: A membrane filter technique for the detection 
of complementary DNA. Biochem Biophys Res Commun 23: 
641- 646 (1966). 

11. Devereux J, Haeberli P, Smithies O: A comprehensive set of 
sequence analysis programs for the VAX. Nucl Acids Res 12: 
387-395 (1984). 

12. Fulton C, Simpson PA: Selective synthesis and utilization of 

flagellar tubulin. The multitubalin hypothesis. In: Goldman 
R, Pollard T, Rosenbaum J (eds) Cell Motility. Cold Spring 
Harbor Laboratory, Cold Spring Harbor, NY (1976) pp 
987 - 1005. 

13. Grantham R, Gautier C, Gouy M, Jacobzone M, Mercier R: 
Codon catalog usage is a genome strategy modulated for gene 
expressivity. Nucl Acids Res 9:r43-r74 (1981). 

14. Guiltinan M J, Velten J, Bustos MM, Cyr R J, Schell J, Fosket 
DE: The expression of a chimeric soybean ~-tubulin gene in 
tobacco. Mol Gen Genet 207: 328-334 (1987). 

15. Gunning BES, Hardham AR: Microtubules. Ann Rev Plant 

Physiol 33:651-698 (1982). 
16. Hall JL, Dudley L, Dobner PR, Lewis SA, Cowan N J: Iden- 

tification of two human/3-tubulin isotypes. Mol Cell Biol 3: 

854- 862 (1983). 
17. Hanahan D: Studies on transformation of Escherichia coli 

with plasmids. J Mol Biol 166:557-580 (1983). 
18. Hiraoka Y, Toda T, Yanagida M: The NDA3 gene of fission 

yeast encodes 13-tubulin: A cold-sensitive nda3 mutation re- 
versibly blocks spindle formation and chromosome move- 
ment in mitosis. Cell 39:349-358 (1984). 

19. Kimmel BE, Samson, Wu J, Hirschberg R, Yarbrough R: 
Tubulin genes of the African trypanosome Trypanosoma 
brucei rhodesiana: nucleotide sequence of a 3.7-kb fragment 
containing genes for alpha and beta tubulins. Gene 35: 

237-248 (1985). 
20. Krauhs E, Little M, Kempf T, Warbinek RH, Ade W, Pon- 

stingl H: Complete amino acid sequence of ¢3-tubulin from 
porcine brain. Proc Natl Acad Sci USA 78: 4156- 4160 (1981). 

21. Lewis SA, Gu W, Cowan N J: Free intermingling of mam- 
malian /3-tubulin isotypes among functionally distinct 
microtubules. Cell 49: 539-548 (1987). 

22. Maniatis T, Fritsch EF, Sambrook J: Molecular Cloning, A 
Laboratory Manual. Cold Spring Harbor Laboratory, Cold 
Spring Harbor NY (1982) 545 pp. 

23. Maxam AM, Gilbert W: Sequencing end-labeled DNA with 
base-specific chemical cleavages. Methods Enzymol 65: 
499- 560 (1980). 

183 

24. Melton DA, Krieg PA, Rebagliati MR, Maniatis T, Zinn K, 
Green MR: Efficient in vitro synthesis of biologically active 
RNA and DNA hybridization probes from plasmids contain- 
ing a bacteriophage SP6 promoter. Nucl Acids Res 12: 
7035 - 7056 (1984). 

25. Messing J: New M13 vectors for cloning. Methods Enzymol 
101:20-89 (1983). 

26. Morejohn LC, Fosket DE: Higher plant tubulin identified by 
self-assembly into microtubules in vitro. Nature 297: 
426-428 (1982). 

27. Morejohn LC, Fosket DE: Inhibition of plant microtubule 
polymerizaton in vitro by the phosphoric amide herbicide 
amiprophos-methyl. Science 224: 874-876 (1984). 

28. Morejohn LC, Bureau TE, Tocchi LP, Fosket DE: Tubulins 
from different plant species are immunologically nonidenti- 
cal and bind colchicine differentially. Proc Natl Acad Sci 
USA 81:1440-1444 (1984). 

29. Morejohn LC, Bureau TE, Tocchi LP, Fosket DE: Resistance 
of Rosa microtubule polymerization to colchicine results 
from a low-affinity interaction of colchicine and tubulin. 
Planta 170:230-241 (1987). 

30. Morejohn LC, Bureau TE, Mole-Bajer J, Bajer AS, Fosket 
DE: Oryzalin, a dinitroaniline herbicide, binds to plant 

tubulin and inhibits microtubule polymerization in vitro. 
Planta (In Press). 

31. Neff NF, Thomas JH, Grisafi P, Botstein D: Isolation of the 
~-tubulin gene from yeast and demonstration of its essential 
function in vitro. Cell 33:211-219 (1983). 

32. Orbach MC, Porro EB, Yanofsky C: Cloning and characteri- 
zation of the gene for ~-tubulin from a benomyl-resistant mu- 
tant of Neurospora crassa and its use as a dominant selectable 

marker. Mol Cell Biol 6:2452-2461 (1986). 
33. Ponstingl H, Krauhs E, Little M, Kempf K: Complete amino 

acid sequence of a-tubulin from porcine brain. Proc Natl 
Acad Sci USA 78:2757-2761 (1981). 

34. Sanger F, Coulson AR: A rapid method for determining se- 
quences in DNA by primed synthesis with DNA polymerase. 
J Mol Biol 94:441-448 (1975). 

35. Sanger F, Coulson AR: The use of thin acrylamide gels for 
DNA sequencing. FEBS Lett 87:107-110 (1978). 

36. Sanger F, Nicklen S, Coulson AR: DNA sequencing with 
chain-terminating inhibitors. Proc Natl Acad Sci USA 74: 
5463- 5467 (1977). 

37. Silflow CD, Rosenbaum JL. Mutliple a- and/3-tubulin genes 
in Chlamydomonas and regulation of tubulin mRNA levels 
after deflagellation. Cell 24: 81-88 (1981). 

38, Taylor B, Powell A: Isolation of plant DNA and RNA. Focus 
(BRL) 4 3 : 4 - 6  (1983). 

39. Valenzuela P, Quiroga M, Zaldivar J, Rutter W J, Kirschner 
MW, Cleveland DW: Nucleotide and corresponding amino 
acid sequences encoded by c~- and i3-tubulin mRNAs. Nature 
289:650-655 (1981). 

40. Vieira J, Messing J: The pUC plasmids, an Ml3mp7-derived 
system for insertion mutagenesis and sequencing with syn- 
thetic universal primers. Gene 19:259-268 (1982). 

41. Villasante A, Wang D, Dobner P, Dolph P, Lewis SA, Cowan 
N J: Six mouse ct-tubulin mRNAs encode five distinct iso- 



184 

types; testis-specific expression of two sister genes. Mol Cell 
Biol 6:2409-2419 (1986). 

42. Wang D, Villasante A, Lewis SA, Cowan N J: The mammalian 
f/-tubulin repertoire: hematopoietic expression of a novel 8- 
tubulin isotype. J Cell Biol 103:1903-1910 (1986). 

43. Weatherbee JA, May GS, Gambino J, Morris NR: Involve- 
ment of a particular species of beta-tubulin (beta 3) in conidi- 
al development in Aspergillus nidulans. J Cell Biol 101: 

706-711 (1985). 
44. Yanisch-Perron C, Vieira J, Messing J: Improved MI3 phage 

cloning vectors and host strains: nucleotide sequences of the 
Ml3mpl8 and pUC19 vectors. Gene 33:103-119 (1985). 

45. Youngblom J, Schloss JA, Silflow CD: The two B-tubulin 
genes of Chlamydomonas reinhardtii code for identical pro- 
teins. Mol Cell Biol 4:2686-2696 (1984). 


