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Using a tobacco eDNA chine as a probe, a genomic chine named TUQG-4,  coding fitr a 
tobacco polyubiquitin protein with the five head-to-tail repeats of ubiquitin monomer  was 
isolated. The five ubiquitin units were completely conserved except for the extra 
phenylalanine at the carboxy terminus of  the last ubiquitin monomer.  The putative open 
reading frame identified from the nucleotide sequence showed two possible intron sequences 
in the coding region for the first ubiquitin monomer.  When the amino acid sequence deduced 
from the nucleotide sequence of TUQG-4 was compared to the amino acid sequences coded 
by other polyubiquitin genes of tobacco, there were three or fimr amino acid differences in 
the sequence. When the nucleotide sequences coding for the ubiquitin monomers  were 
compared fiw various species origins, the degree of identity was at the highest between the 
ubiquitin monomers  in one polyubiquitin and did not reflect the distance of the phylogenetic 
relationship. 
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Ubiquitin is one of the most highly conserved 
proteins known, and has been proposed to be 
involved in diverse processes such as DNA repair, 
cell cycle control, circadian rhythm, stress response, 
apoptosis, and other important cellular functions in 
eukaryotic cells. The ubiquitin-dependent protein 
degradation pathway appears to be the maior 
mechanism to degrade abnormal and short-lived 
proteins in eukaryotic cells. Alternatively, ubiquitin 
can reversibly join to an acceptor protein in the 
nucleus and can modulate protein function without 
destabilizing the acceptor protein. The combined 
functions of ubiquitin thus play major roles in 
controlling the physiology and development of a 
eukaryotic cell (Ciechanover, 1994; Hochstrasser, 
1995; Drexler, 1997). 

In Nicotiana tabacum, there seem to be at least 
five ubiquitin genes present, and there have been 
three different heat-shock responses of the ubiquitin 
gene family reported (Seo et al., 1996; Park et al., 
1998). For the identification of differential functions 
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of ubiquitins coded by different genes, it would be 
essential to obtain and characterize the genomic 
chines. 

M A T E R I A L S  A N D  M E T H O D S  

Screening  o f  the G e n o m i c  Library  

Tobacco genomic library in EMBL3 arms were 
plated out on an Escherichia coli lawn (strain KW 
251) as described by Sambrook et al. (1989). About 
I x  105 plaques were formed on a 23 c m •  cm 
I~B bottom agar plate and blotted on a Hybond-N 
membrane for the primary screening. The membrane 
was prehybridized and hybridized in 5/)% formamid, 
5X SSPE, 5X Denhardt's solution, 1% SDS, and 100 
g/ml denatured salmon sperm DNA at 42~ The 
ubiquitin cDNA clone, pTUQC-I (Seo et al., 1996), 
was labeled with :~:P-dCTP using Prime-a-Gene 
system (Promega, USA). After washing in 0.5X 
SSPE aud 0.1% SDS at 4TC, the membrane was 
exposed on an X-ray film (Kodak, USA) with two 
intensifying screens (Dupont, USA) at -70"C 
(Sambrook et al., 1989). For the secondary 
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screening, plaques at the positive signal in the 
primary screening were picked and plated out to 
form well-separated plaques, Hybridization of the 
blot was carried out as in the primary screening. 

DNA Sequencing and Analysis 

Insert of thc genomic clonc was subchmcd into 
pBluescript 11 SK(+), and a set of unidirectio:nal 
deletion derivatives was obtained by exonucleasc I11 
using the deletion kil fi)r kilo-sequencing (Takara, 
Japan). Sequencing reactions were performed using 
Sequenase version 2.0 (United States Biochemical 
Corportation, USA). The nucleotide and the deduced 
amino acid sequences were analysed using the 
current GenBank and Swiss-Prot databases. 

R E S U L T S  A N D  DISCUSSION 

From the screening of a tobacco (Nicotiana 
tabacum cv, Xanthi) genomic library in EMBL3 
with the 32p-labeled ubiquitin eDNA clone, pTUQC- 
1 (Seo et al., 1996), a putative polyubiquitin 
genomic clone designated as TUQG-4 was isolated. 
The genomic clone had an insert size of 15-kb at 
the SalI site of EMBL3 and had several EcoRl  and 
Sail sites flanking the putative ubiquitin coding 
region (Fig. 1). The 3.l-kb EcoRl/Sali  restriction 
fragment hybridizing to the ~:P-labeled pTUQC-I was 
subcloned into pBluescriptIl SK(+) for nucleotidc 
sequencing. 

A nucleotide sequence determined from the 
deletion series of the subcloned EcoRl/SalI  fragment 
of TUQG-4 identified an open reading frame for a 
polyubiqui t in  protein.  A sequence of 541 
nucleotides was determined in the Y-upstream of the 
open reading frame which contained putative CAAT 
and TATA boxes. The consensus transcription 
initiation sequence, TCATCA (Joshi, 1987), could 
not be located, and the putativc translation initiation 
codon was not flanked with the consensus sequence 

Fig. 2, Nucleotide sequence and a deduced amino acid 
sequence for TUQG-4. A putative open reading frame 
was started with ATG and ended with TAA. Amino acid 
sequence is represented in one letter symbol. The 
methioninc residues expected to be the starting amino 
acids [br each ubiquitin monomer are shown in boldface. 
CAAT box-like and TATA box-like sequences are 
underlined. Putative intron sequences are underlined. 
Pt)lyadenylation signal-like sequences are underlined. 

frequently found in plants, AACAATGGC (Futterer 
and Hohn, 1996). Codon usage in the open reading 
frame showed heavy biases in arginine, glutamine, 
glutamic acid, glycine, and lysine to AGA, CAA, 
GAA, GGA, and AAG, respectively. There were 
two putative intron sequences interrupting the open 
reading frame of the first ubiquitin monomer. The 

Fig. I. Rcstriction map of TUQG-4. Aboul a 15-kb DNA insert was in an EMBL3 vector at Sail site. The shaded fragment 
hybridized specifically to the 3eP-labeled ubiquitin cl)NA clone, I"UOC-1 (Seo et al., 1996), B, I1amlll; E, EcoRl; S, SaII. 
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putative intron sequences were started with GT and 
ended with AG-the consensus intron-flanking 
sequence. In the 3'-downstream of the open reading 
frame, 321 nucleotides were determined, and 
polyadenylation signal-like sequences (Rothnie, 
1996); far-upstream element, T G T I T G T C ;  and near- 
upstream element, AATAAA, were located (Fig. 2). 

Amino acid sequences deduced from the open 
reading frame of TUQG-4 identified five direct 
repeats of the typical ubiquitin monomer. The 
polyprotein had four monomers of 76 amino acids 
and one monomer of 77 amino acids. Molecular 
mass could be estimated as 43 kD, and the 
isoelectric point was calculated as 7.48 (LaserGene, 
DNASTAR, USA). Comparison of the amino acid 
sequence between the ubiquitin monomers in TUQG- 
4 showed 100% identities except for the last repeat 
which had one additional amino acid, phenylalanine. 
Perfect identities between the ubiquitin monomers in 

a polyubiquitin and an additional amino acid at the 
last repeat followed the previously reported 
characteristics of ubiquitins (Christensen et al., 1992; 
Genschik et al., 1992; Hu and Henney, 1997). 

The amino acid sequence of ubiquitin coded by 
TUQG-4 was compared to the ubiquitins from 
various sources. They were TUQG-2, a polyubiquitin 
gene from N. tahacum (Park et al., 1998), TUQG-3, 
a ubiquitin-extension protein gene from N. tabacum 

(Park et al., 1996), NTU4. a polyubiquitin gene from 
N. tabacum (Gcnschik et al., 1992), ATUB4, a 
polyubiquitin gene from Arabidops is  thaliana (Burke 
et al., 1988), YSTU4, a polyubiquitin gene from 
yeast (Ozkaynak et al., 1987), and HMUB3, a 
polyubiquitin gene from humans (Baker and Board, 
1987). For A. thaliana,  yeast, and human, we chose 
the polyubiquitin genes showing the highest 
similarity to TUQG-4 from each organism. The 
comparison proved strong conservation of ubiquitin 

Fig. 3. Homology comparison of the tobacco ubiquitin monomers with the reported ubiquitins at the amino acid level. 
Amino acid sequence is in one letter symbol. TUQG4-a, -b, -c, -d and -c rcpresent the five ubiquitin monomers shown in 
Fig. 2. TUQG2-a, -b, -c and -d represent the four ubiquitin monomers in a polyubiqutin gene of N. tabacum (Park et al., 
1998). TUQG3 rcprcscnts the ubiquitin monomer in a ubiquitin-extension fusion protein (Park et al., 1996). NTI)'4-a, -b, -c 
and -d represent the ubiquitin monomers in the polynbiquitin gene of N. tabacum (Genschik et al., 1994). ATUB4-a, -b, -c, 
-d and -e reprcscnt the ubiquitin monomers in thc polyubiquitin gene of A. thaliana (Burke et at., 1988). YSTU4-a, -b, -c, 
-d and -e represent the ubiquitin monomers in the polyubiquitin gene of ycast (Ozkaynak et al., 1987). l tMUB3-a, -b and -c 
represent the ubiquitin monomers in the polyubiquitin gene of humans (Baker and Board, 1987). 
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proteins, i.e., a difference in four amino acids at the 
most (Fig. 3). 

Ubiquitin monomers in TUQG-4 were compared 
with the ubiquitins from the various sources on the 
nucleotide sequence. The data presented in percent 
divergence showed that the nucleotide sequence is 
most alike among the ubiquitin monomers in one 
polyubiquitin gene. When the nucleotide sequences 
of ubiquitin monomers from different polyubiquitin 
genes were compared, the degree of divergence did 
not reflect the phylogenetic relationship of the 
source organism. As an example, the degree of 
divergence between the first ubiquitin monomers of 
TUQG-2 and TUQG-4 was 28.2%, and the degree 
of divergence between the first ubiquitin monomers 
of TUQG-4 and HMUB3 was 26.0% (Fig. 4). 

The two putative intron sequences of TUQG-4 in 
the first ubiquitin monomer is characteristic. Intron 
sequences very rich in A and T are common in 
plant polyubiquitin genes, but they are mostly 
located in the 5' upstream untranslated region 
(Christensen et al., 1992; Genschik et al., 1994; 
William and Garbarino, 1996). So far, we have fully 
sequenced two polyubiquitin genes from N. tabacum, 
one from this report and the other from the previous 

report (Park et aL, 1998), and both of them had 
intron sequences in the first ubiquitin monomer. The 
polyubiquitin genes with the intron sequence in the 
open reading frame reported are from A. thaliana and 
Caenorhabditis elegans. The A. thaliana polyubiquitin 
gene is considered a pseudogenc with amino acid 
substitution between ubiquitin monomers (Callis et 
al., 1995), and the C. elegans polyubiquitin gcnc 
has the intron sequence at the same position in the 
ubiquitin repeating units (Graham et aL, 1989). 

The ubiquitin genc is unique among the repeated 
polyprotein genes. There are genes coding for 
perfectly or imperfectly rcpcated polyproteins 
(Slabaugh et al., 1989; Hourcade et al., 1990; 
Atkinson et al., 1993; Colby and Williams, 1993), 
but polyubiquitin is the only example whose 
repeating unit always starts with ATG, the codon for 
methionine, or the first codon of the eukaryotic 
mRNA. So far, no evidence has been raised showing 
the importance of methionine for ubiquitin function. 
Thus it is not likely that evolutionary pressure has 
worked to make every ubiquitin start with 
methionine. It has been suggested in A. thaliana that 
gene duplication coupled with unequal crossing-over 
brought about the polyubiquitination and a sudden 

Fig, 4. Homology comparison of the ubiquitin monomers at the nucleotide level. Percent divcrgcnccs betwecn two ubiquitin 
monomers are shown. TUQG4-a, -b, -c, -d and -e; TUQG2-a, -b, -c and -d; TUQG3; NTU4-a, -b, -c and -d; ATUB4-a, -b, 
-c, -d and -e; YSTU4-a, -b, -c, -d and -c; and I-IMUB3-a, -b and -c are as in Fig. 3. 
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change in the level of the nucleotide sequence 
divergence along a ubiquitin gene (Callis et al., 1995; 
Sun et al., 1997). From TUQG-4 and TUQG-2, the 
polyubiquitin genes of N. tabacum, we were not able 
to find an indication of unequal crossing-over. The 
fact of ubiquitin always starting with methioninc, the 
very wide range of polymerization of ubiquitin, i.c., 
from 3 repeats in I'hytophtora infestans (Pieterse et 
al., 1991) to 52 repeats in Tr),panosoma cruzi 
(Swindle et al., 1988)+ and the rather complex 
organization of the genes while maintaining the unit 
of ubiquitin gene, i.e., polyubkluitin gcnes in A. 
thalina code for ubiquitins with identical amino acid 
sequence (Callis et al., 1995; Sun et al., 1997), and 
that polyubiquitin genes in N. tabacum code for 
ubiquitins with amino acid substitutions, differentiate 
the gene duplication and gene conversion process in 
the development of polyubiquitin genes from those 
involved in other repeated genes. 

Whatever the mechanism of polyubiquitination is, 
the process must have progressed quickly. 
Differences in the structure and expression patterns 
of ubiquitin genes of N. syh,estris and N. tabacum 
might indicate fast recombination events occuring in 
polyubiquitin genes. In N. tabacum, 2.6-kb and 1.9- 
kb transcripts are heat-stress inducible (Set) et aL, 
1996), and in N. sylvestris a 1.6-kb transcript is stress 
inducible (Genschik et al., 1992). This difference 
simply cannot be explained by the allopolyploidization 
of N. sylvestris and N. tomentosifi)rmis which 
established N. tabacum (Leitch and Bennett, 1997). 
Considering that the number of copies of the 
polyubiquitin gene in the chromosome between 
these two species is similar and that the size of the 
polyubiquitin transcripts detected in these two 
species probably reflects multiples of a ubiquitin 
monomer coding sequence, the difference detected 
from these two species may imply the occurrence of 
a fast recombination event of polyubiquitin genes 
while maintaining the gene structure of the ubiquitin 
monomer after the allopolyploidization. 
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