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Abstract 

Ubiquitin is an omnipresent protein found in all eukaryotes so far analysed. It is involved in several 
important processes, including protein turnover, chromosome structure and stress response. Parsley 
(Petroselinum crispum) contains at least two active polyubiquitin (ubi4) genes encoding hexameric pre- 
cursor proteins. The deduced amino acid sequences of the ubiquitin monomers are identical to one 
another and to ubiquitin sequences from several other plant species. Analysis of the promoter region of 
one ubi4 gene revealed putative regulatory elements. In parsley plants, the ubi4 mRNAs were the pre- 
dominant  ubiquitin mRNAs and were present at comparable levels in all plant organs tested. In cultured 
parsley cells, high levels of ubiquitin gene expression remained unaffected by heat shock, elicitor or light 
treatment. 

Introduction 

Among all proteins known to date, ubiquitin is 
one of the most  highly conserved throughout nu- 
merous eukaryotes investigated [46]. In all cases, 
the ubiquitin polypeptide consists of 76 amino 
acids, has a molecular mass of 8.5 kDa  and an 
isoelectric point of 6.7. It is located intracellularly 
either free or linked to a variety of cytoplasmic, 
nuclear or integral membrane proteins. The best 
characterized role for ubiquitin is its covalent 
conjugation with target proteins as a recognition 
signal for protein turnover [28]. A complex se- 
quence of enzymatic reactions attaches ubiquitin 

to other proteins, usually by covalent linkage to 
the e-amino group of lysine residues at the target 
proteins. The resulting conjugate contains ubiq- 
uitin either as a monomer  or as oligo ubiquitin 
chains which may form branched structures [27]. 
In addition, ubiquitination is involved in the heat- 
shock response and in the preservation of chro- 
matin structure [23, 40]. There are various other, 
more or less firmly established, functions in sev- 
eral biological processes [19]. Examples involv- 
ing ubiquitin from higher plants include the deg- 
radation of the Pfr form of phytochrome [26, 45] 
or effects of altered ubiquitin function on leaf 
morphology in tobacco [2]. 

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under 
the accession numbers X64 344 (ubi4-1 cDNA) and X64 345 (ubi4-2 gene) 
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The uibiquitin polypeptides are synthesised ei- 
ther with short, unrelated peptides of about 52 or 
80 amino acids at the C-terminus (ubiquitin ex- 
tension proteins; see e.g. [ 11]) or as polyproteins 
with varying numbers of ubiquitin monomers 
[43]. The ubiquitin extension proteins are in- 
volved in ribosome biogenesis [18], whereas the 
precursor polyproteins are split into the subunits 
to provide most  of the ubiquitin found in eukary- 
otic cells. The last monomer  of polyubiquitin pep- 
tides nearly always contains a C-terminal exten- 
sion of one amino acid [40]. Maturation of the 
polyprotein involves removal of this tail, thus un- 
masking the C-terminal glycine-76 residue 
through which ubiquitin is joined to target pro- 
teins [ 19, 40]. 

Ubiquitin is encoded by multigene families, in- 
cluding genes coding for ubiquitin extension pro- 
teins and for ubiquitin polyproteins [40, 43 ]. The 
structure of a polyubiquitin gene was first 
described for the yeast UBI4 locus [36, 37]. Poly- 
ubiquitin genes analysed so far comprise from 3 
(Phytophthora infestans [38]) up to 52 (Trypano- 
soma cruzi [52]) direct repeats, each of which 
encodes one ubiquitin monomer.  In plants, the 
number of repeats present in the polyubiquitin 
genes described to date varies from 5 in Arabi- 
dopsis (Arabidopsis thaliana [ 10]) to 6 in sunflower 
(Helianthus annuus [6]) and 7 in maize (Zea mays 
[13]). 

In our attempts to functionally assign previ- 
ously identified, elicitor-responsive as well as un- 
responsive genes [49], we found that a gene ten- 
tatively designated CON2 ('constitutively' 
expressed) encodes polyubiquitin. In this study, 
we analysed the expression of polyubiquitin 
mRNAs in parsley and describe the structure of 
one polyubiquitin gene in more detail. 

Materials and methods 

Cell cultures and plants 

Parsley cell suspension cultures were propagated 
at 26 °C as described elsewhere [30]. Heat shock 
was applied continuously at 37 °C [55]. Parsley 

plants (cv. Hamburger Schnitt) were grown under 
greenhouse conditions for about one year. For 
RNA isolation, various organs from flowering 
plants were harvested, frozen in liquid nitrogen 
and stored until use at -80 °C. 

eDNA and genomic libraries 

The construction of the 2gtl 1 cDNA [56] and the 
2EMBL-4 genomic [24] libraries have been de- 
scribed. Phage clones which were positive through 
at least three rounds of plaque hybridization were 
subjected to restriction mapping, cDNA inserts 
of 2g t l l  phages (2ubi/1 to 2ubi/19) were sub- 
cloned via their engineered Not I sites into 
pSKII  + (Stratagene) and the resulting plasmid 
clones were designated pubi/1 to pubi/19. The 
selected 2.8 kb Eco RI fragment from the genomic 
clone, g2ubi-2, was subcloned into p K S - .  

Plasmids and hybridization probes 

CON2b, CON2d, and CON2e are representative 
cDNAs for the 'constitutively' expressed parsley 
CON2 gene(s) [49]. The DNA for the ubi4 probe 
represents the entire Eco RI fragment of the 
CON2b plasmid (length as indicated in Fig. 1) 
and is identical to the probe designated con2, 
which was used in several earlier studies [32-34, 
54, 56]. For screening of the 2gtl 1 cDNA library, 
a fragment corresponding to the 3' region of the 
cDNA was isolated from CON2b plasmid DNA. 
The probe 5 'ubi4-2 was prepared from a 90 bp 
Bgl II fragment from the 5' region of the 2.8 kb 
Eco RI fragment which had been subcloned into 
pSKII  + (Stratagene). The gene-specific probes 
3 'ubi4-1 (180 bp in length) and 3 'ubi4-2 (140 bp 
in length) were prepared from DNA fragments 
produced by PCR using the primers 4-1 dn, 
4-2dn,  and 4-2up as indicated in Figs. 1 and 5. 
For the 3 'ubi4-1 probe, the second primer used 
was located in the vector close to the cloning site. 
Probes included for reference in the run-on as- 
says were prl -1  cDNA [50, 51] and 18S rDNA 
[49]. 



Other materials 

Oligonucleotides used for sequencing and PCR 
were synthesised on an Applied Biosystems DNA 
synthesizer and purified on Sephadex G-25 
(Pharmacia) columns. Enzymes were purchased 
from Boehringer, Biolabs, BRL and Pharmacia, 
and radionucleotides were from Amersham- 
Buchler. DNA length standards were obtained 
from BRL. 

Standard procedures 

Conventional molecular biology techniques were 
carried out as described [41]. Hybridization ex- 
periments were conducted using Hybond N nylon 
membranes (Amersham-Buchler), and isolated 
DNA fragments were labelled by random priming 
[17] using premixed reagents (Boehringer). The 
filters were hybridized in 10~/o dextran sulphate, 
1M NaC1, 50 mM Tris/HC1 pH 7.5, 10 x Den- 
hardt's solution and 1~o SDS at 65 °C for 16h, 
using 10 7 cpm of labelled probe and washed in 
0.2 × SSC, 0.5~o SDS at 60 °C (stringent con- 
ditions). 

Nucleic acid isolation 

RNA was isolated according to Weisshaar et al. 
[56] and genomic DNA from cultured parsley 
cells was prepared according to Schulze-Lefert 
et al. [44]. 

Sequence analysb 

Sequencing was carried out using the dideoxy 
chain termination method [42], double-stranded 
plasmid DNA, and the T7 DNA sequencing kit 
(Pharmacia). Most of the sequencing was done 
by creating the appropriate subclones. Non- 
redundant parts of  the 5' sequences of ubi4-2, 
without useful restriction sites, were sequenced 
with the help of synthetic oligonucleotides. The 
sequencing reaction products were resolved on 
sequencing gels with the addition of 1 M sodium 
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acetate to the bottom buffer (simplified salt gra- 
dient gels [47]). Except for the 5' portion of the 
ubi4-1 cDNA sequence, which is unique to 
pubi/1, all sequences have been verified on two 
strands. Nucleotide and amino acid sequence 
analysis was performed on a VAX computer using 
the U W G C G  program package [ 14]. 

Nuclear run-on transcription 

The conditions for run-on transcription assays 
have been described [49]. In the experiments pre- 
sented here, the amount of labelled RNA added 
was kept cons tan t  (10 7 cpm), because with nuclei 
from heat-shocked cells the amount of label 
yielded from an equal number of nuclei (corre- 
sponding to 200 #g DNA) was consistently about 
3-fold lower than with nuclei from control cells. 
The amount of linearized recombinant plasmid 
DNA loaded onto the nitrocellulose filters was 
1/~g per sample. 

Rapid amplification of cDNA ends (RACE) 

To map the 5' end of the ubi4-2 RNA, a modi- 
fication of the RACE protocol [20] was used. 
After a 'primer extension' reaction with 10 #g total 
RNA from untreated cultured cells using primer 
1 ( 5 ' - C A A A G A T C T G C A T A C C A C C A C - 3 ' )  
and subsequent A-tailing with terminal trans- 
ferase, a PCR was performed using primer 2 
( 5 ' - G C G G A T C C G A C G G A G C A C C A G A T G -  
G-3')  and a modified SK primer containing a 
Hind III recognition sequence as well as 17 T 
residues at its 3' end (5 ' -TCTAGAACTAG- 
TGGATCAAGCTTTTTTTTTTTTTTTTT-3  ' ). 
The products were electrophoretically size-sepa- 
rated, and DNA fragments of the expected size 
range (i.e. the part of the first ubiquitin repeat plus 
the 5' untranslated region) were isolated. After a 
second PCR using the isolated fragments as tem- 
plate as well as primer 3 (5 ' -GCGGATCCAT- 
GTTGTAGTCAGCTAGG-3 ' )  and the SK 
primer (without the T residues), the resulting 
products were gel-purified and cloned via the re- 
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striction sites introduced by the primers (Spe I 
and Bam HI). The anticipated annealing posi- 
tions of the primers 1, 2 and 3 are indicated in 
Fig. 5. Obviously, because of the redundancy of 
the ubiquitin sequence, the primers can also an- 
neal at different positions. To reduce this misan- 
nealing the primers were placed at relatively 
sequence-variable positions. Also, the size sepa- 
ration and the repeated use of different primers 
increased the probability for obtaining a specific 
product• 

Results 

Identification of cDNAs encoding ubiquitin 

The longest representative of the previously iso- 
lated CON2 cDNAs (CON2b) [49] was se- 
quenced. Comparison of the deduced amino acid 
sequence with GenBank data revealed that 
CON2b encodes 3 complete and one partial ubiq- 
uitin repeat units. In addition, it contains D N A  
complementary to the 3'-untranslated region as 

5' ubi/1 5' ubi/11 
• I t .  

1 GTAT CTATAT TTTCATCAAT TTCAAGA~.AAATCT TTG TGAAAACCCTCACCGGAAAGAC CATCAC TCTT GAGGT CGAAAGC TCTGACACAATCGACAACGTCAAGGCCAAGATTCAGG 120 
I V K T L T G K T I T L E V E S S D T I D V A 32 Q F N K K I Q D 
5' LtX/7/12 5' ubi/3 

121 A•AAGGAAGGGATTCC•CCAGAC•AGCAGAGATTGATCTTTGCTGGAAAGCAGTTGGAAGATGGCAGGA•TCTTGCTGA•TACAACATCCAGAAGGAGT•AACTCTCCATTTGGTG•TCA 240 
33 K E G I P P D Q Q R L I F A G K Q L E D G R T L A D Y N I Q K E S T L H L V L R 72 

5' ubi/6 5' CO~e 
T T  

241 GGCTCCGTGGTGGTATGCAAATCTTCGTCAAGACCTTGACAGGAAAGACCATTACTCTTGAGGTCGAAAGCTCTGACACAATTG•TAATGTTAAGGCCAAGATTCAGG•CAAGG•GGGAA 360 
73 L R G G ~ Q I F V K T L T G K T I T L E V E S S D T I D N V K A K I Q D K E G I 112 

361 T TCCCC CAGAC CAGCAGAGGT TGATC TTTGC TGGAAAACAACTTGAGGATGGCAGGACCCT TGC TGACTACAACATCCAGAAGGAGTC TAC GC TCCATT TGGTGC TCCG TC TAC GT GGGG 480 
113 P P D Q Q R L I F A G K Q L E D G R T L A D Y N I Q K E S T L H L V L R L R G G 152 

5' CON2b/2d• 3'. ~ ) N  2e 

481 GTATGCAGATC TTTGT TAAGACC TTGAC TGGAAAGACGATCAC TCT TGAAGTTGAGAGC TCCGACACCATTGACAACGTCAAGGC TAAGATCCAGGACAAGGAAGGAATTC CCCCAGAC C 600 
153 ~ Q I F V K T L T G K T I T L E V E S S D T I D N V K A K I Q D K E G I P P D Q 192 

601 AGCAGAGGTTGATC TTCGC TGGAAAGCAACT TGAGGATGGCAGGAC CC TAGCCGAC TACAACATCCAGAAGGAGTCCACACTC CATC T TGTCC TCCGTC TC CGTGG TGG T TGCAGATCT 720 
193 Q R L I F A G K Q L E D G R T L A D Y N I Q K E S T L H L V L R L R G G Q I F 232 

721 T TGT TAAGACCTTGAC TGGAAAGACTATAAC TC TTGAAG TTGAGAGCTCCGACACCATTGACAATGTCAAGGC TAAGATCCAGGACAAAGAAGGCATTC CCCCAGACCAGC AGAGATTGA 840 
233 V K T L T G K T I T L E V E S S D T I D N V K A K I Q D K E G I P P D Q Q R L I 272 

841 ~QQA 960 T TTTCGC TGGCAAGCAGT TGGAAGATGGCAGGACCC TGC-C TGAT TACAATATCCAAAAGGAATCGACCC TTCATC T TGTGC TCC GTCTACG TGGTGGT GATTTTTGTGAAGACTC 
273 F A G K Q L E D G R T L A D Y N I Q K E S T L H L V L R L R G G I F V K T L 312 

3' C~d 

961 T CACAGGGAAGACCAT TAC CC TTGAAGTGGAGAGTT C TGACACC ATTGACAATG TGAAGGCCAAGATCCAGGATAAGGAAGGAATCCCACCAGACCAGC AGCGT TT GATCT TTGCTGGCA 1080 
313 T G K T I T L E V E S S D T I D N V K A K I Q D K E G I P P D Q Q R L I F A G K 352 

1081 ~GC~T TGG~m;AG~CC.~CAGGACTC TTGCAGACTACAACATTCAGAAGGAG TCTAC T CTGCACCT TGTGC TTCGT CTCCG TGGTGGTA~---CAGAT C T TTGTG~GAC T~GAC ~ G A  1200 
353 Q L E D G R T L A D Y N I Q K E S T L H L V L R L R G G ~ Q I F V K T L T G K T 392 

1201 CTATTACCCTGGAA•TGGAGAGTTCT•A•ACTATTGA•AAT•TGAAGGCCAA•ATT•AGGATAAGGAGGGTATT••TCCAGATCAGcAGAGGTTGATCTTTGCTGGAAAGCAGCTCGAGG 1320 
393 I T L E V E S S D T I D N V K A K I Q D K E G I P P D Q Q R L I F A G K Q L E D 432 

4-1dn 

1321 ATGGAAGGACC C TAGC TGATTATAATATC CAGAAGGAGTC TACTC T TCAC TTGGTGT TGCGTC TCCG TGG TGGT GAT TTCTA~£~CC TGTGGGAAGC TGGTC TGC TTG TGGTAG TGGTGGT 1440 
433 G R T L A D Y N I Q K E S T L H L V L R L R G G D F * 472 

. 

1441 TTATGCTAAGTGTTTGTTGGTTTATGTGGGATTTGTGTTTGTTTTAAATCAAAGTTTGTTTAAGCGTCT••CCTGTGGGGAATGAACAATGTGGAA•CGTGTTATAAGTGTTAATAAAGA 1560 

1561 TCTGGGATC GGT T TATTAAGTAAAAAAAAAAA 1592 

Fig. I. Nucleotide and deduced amino acid sequence of the parsley ubi4-1 polyubiquitin cDNA. The 5' ends (closed triangles) 
and 3' ends (open triangles) of several cDNAs of identical sequence are indicated. ATG codons highlighted in bold correspond 
to the 5' ends of the 6 repeat units, each of which encodes one ubiquitin monomer. The corresponding methionine residues are 
encircled. Amino acids extending from the last monomer are marked in italic style and the stop codon is marked by bold style. 
The position of the potential polyadenylation signal [29] is underlined and the arrow marks the annealing position of the oligo- 
nucleotide used to prepare the Yubi4-1 probe. Linker sequences added to the eDNA during cloning, such as the Eco RI site at 
the 3' terminus of the CON2b eDNA, are not included. 



well as a poly(A) tail. The parsley gene repre- 
sented by this c D N A  was designated ubi4-1. 

Two other cDNAs,  CON2d and CON2e, also 
encode ubiquitin and seem to correspond to in- 
ternal Eco RI fragments o fa  polyubiquitin cDNA. 
These Eco RI ends, as well as the Eco RI site at 
the 5' end of CON2b,  are most likely due to in- 
complete methylation of  Eco RI restriction sites 
during construction of the original c D N A  library 
[15]. To obtain the missing 5' end, new clones 
were isolated from a different 2gtl 1 c D N A  library 
[56]. The chance of  detecting related cDNA 
clones was increased by using a fragment from 
the 3' part of the CON2b c D N A  as a probe. Nine 
independent clones were plaque-purified and se- 
quenced from both ends. Six of them (pubi/1, 
pubi/3, pubi/5, pubi/6, pubi/7 and pubi/11) con- 
tained sequences identical to CON2b (ubi4-1). 
The combined nucleotide sequences of the initial 
CON2 cDNAs and the 6 new ubi4-1 cDNAs,  
including part of the 5'-untranslated region, are 
shown in Fig. 1. Three related but non-identical 
cDNAs,  lacking internal Eco RI sites (pubi/14, 
pubi/15, pubi/19), were derived from a very sim- 
ilar type of polyubiquitin m R N A  representing a 
closely related gene that was designated ubi4-2. 

CON2 was initially identified as a gene whose 
expression was not significantly affected by light 
or elicitor treatment of cultured parsley cells and 
hence has been used under these conditions as an 
internal control probe in RNA blot and nuclear 
run-on experiments [32-34, 54, 56]. We note that 
RNA blots always yielded only one signal in the 
1.8 kb range, which we now interpret as the sum 
of several closely related mRNAs  transcribed 
from different parsley ubi4 genes (see below). 
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treated cells were isolated and analysed for the 
presence of heat-shock proteins. The observed 
pattern of labelled proteins was similar to that 
described earlier for heat-shocked parsley ceils 
[55]. Besides the ubi4-1 cDNA, prl  and 18S 
rDNA probes were used as controls. The data 
presented in Fig. 2 demonstrate that the total ex- 
pression of ubi genes in parsley cells was not af- 
fected by heat shock. The controls show that ex- 
pression was slightly reduced for the 18S rRNA 
and drastically reduced for the prl genes. Essen- 
tially similar results were obtained at the mRNA 
level in RNA blot experiments (data not shown). 

ubi4 mRNAs are the most abundant ubiquitin 
mRNAs in parsley plants 

We also analysed ubi gene expression in parsley 
plants. In total RNA isolated from different plant 
organs, the 1.8 kb ubi4 mRNAs were the pre- 
dominant type of ubiquitin-encoding mRNAs 
(Fig. 3). mRNAs  differing considerably in size 
from 1.8 kb were not observed. Weak signals in 
the lower part of the autoradiogram, especially in 
RNA from flower stems, are due to background 
hybridization. The size of the ubi4 m R N A  in 
whole plant tissue and cultured cells was identi- 
cal. In all organs analysed, the polyubiquitin 
mRNAs  were present in considerable amounts. 

Total ubiquitin gene expression is not affected by 
heat shock in parsley 

To test whether heat shock affects the overall ubi 
gene expression in cultured parsley cells, nuclear 
run-on assays using nuclei from heat-treated and 
untreated cells were performed. As a control for 
efficient induction of  the heat-shock response, 
35S-labelled proteins from a portion of the heat- 

Fig. 2. Effect of heat shock on gene expression. Labelled 
run-on RNA was hybridized with filter-bound plasmid DNA 
detecting ubi and control (prl and 18S rRNA) transcripts. 
Autoradiographs of filters incubated with RNA from heat- 
shocked nuclei (right) and control nuclei (left) indicate the 
respective gene transcription rates. 
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Fig. 3. RNA-blot analysis of parsley ubiquitin mRNA from 
various organs of a parsley plant. Total RNA (10 #g) from 
young leaves (yl), old leaves (ol), flowers (f), flower buds (fb), 
flower stems (fs), and roots (r) of flowering parsley plants was 
separated electrophoretically, transferred to nylon membrane, 
hybridized with the ubi4 probe and autoradiographed. The 
positions of cytoplasmic rRNAs are indicated for size com- 
parison. 

Slightly increased hybridization signals were ob- 
served in R N A  isolated from flowers, and re- 
duced signal intensity was obtained for old leaves. 

Polyubiquitin in parsley is encoded by at least two 

genes 

Genomic  D N A  blots provided initial information 
on the structure and genomic organisation of  the 
parsley ubiquitin genes. Restriction digests with 
several different enzymes and hybridization with 
the ubi4 probe yielded fragmentat ion patterns of  
low complexity (Fig. 4A). Addit ional  bands  ap- 
peared upon longer exposure of  the filters. These 
results suggested that a polyubiquitin gene family 
exists in parsley. The  weaker  signals may  repre- 
sent genes encoding ubiquitin extension proteins 
with only one unit and/or  ubiquitin sequences with 
less similarity to the probe used. Screening of  a 
genomic D N A  library [24] with the ubi4 probe 

Fig. 4. DNA-blot analysis of parsley genomic ubiquitin genes. 
Ten /tg genomic DNA isolated from suspension-cultured 
parsley cells was digested with Eco RI (E), Hind III (H), Xho I 
(X), or combinations of these enzymes as indicated, size- 
separated by electrophoresis and transferred to nylon mem- 
branes. One filter each was hybridized with the general ubiq- 
uitin probe ubi4 (A) and with the ubi4-2 specific probe 
5'ubi4-2 (B), and both were autoradiographed. Positions of 
DNA length standards are indicated on the margins. Sizes are 
given in kb. In the centre, the positions of the 2.8 kb Eco RI, 
the 2.4 kb Eco RI/Hind III, and the 1.4 kb Eco RI/Xho I frag- 
ments are given. 

led to the isolation of  14 independent  clones 
(g2ubi). DNA-blo t  experiments and restriction 
analyses of  these clones suggested that an inter- 
nal 2.8 kb Eco RI fragment, obtained from g2ubi-2, 
might contain an entire polyubiquitin gene. A 
fragment of  the same size was also detected in an 
Eco RI digest of  parsley genomic D N A  hybrid- 
ized with the ubi4 probe (Fig. 4A). To further 
verify the identity of  this fragment and to exclude 
internal deletions, we used a probe derived from 
a small subfragment of  the 2.8 kb fragment for 
additional DNA-blo t  experiments. This probe, 
designated 5 'ub i4 -2 ,  detected specifically the ex- 
pected band  (Fig. 4B) of  about  2.8 kb in Eco RI- 
digested genomic DNA.  Double  digests with 
Eco RI /Hind  III  or Eco RI/Xho I also yielded the 
fragments expected from the restriction analysis 



of g2ubi-2. The absence of Eco RI sites within 
this fragment indicated that the encoded gene 
might be ubi4-2. 

The 2.8 kb fragment was subcloned and se- 
quenced. The result is shown in Fig. 5. Alignment 
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of the nucleotide sequences of the pubi/14, pubi/ 
15, and pubi/19 cDNAs with the genomic se- 
quence resulted in 100~ identity (the various 5' 
and 3' ends of the cDNAs are marked by trian- 
gles in Fig. 5). We conclude that the genomic 

E~RI 
-326 GAATTCGAATCCAAAAATTACGGATATGAATATAGGCATATCCGTATCCGAATTATC•GTTTGA•AGCTAGCAACGATTGTACAATTGCTTCTTTAAAAAAGGAAGAAAGAAAGAAAGAA 

AAACGTAAGCGCTTACGTAC 
-206 AAGAATCAACATCAGCGTTAACAAACGGCCCCGTTACGGCCCAAAC@GTCATATAGAGTAACGGCGTTAAGCGTTGAAAGACTCCTATCGAAATACGTAACCGCAAACGTGTCATAGTCA 

-86 GA~CcCTCTTCCTTcACC~C~.~A~Ci~ATj~TCTTCTACA~2CTATATATACsa.AC~CCCCT~̀~TATC1̀~TCC~TCT~TTCATCATC~CTT~TACCCC~TT 

+35 TTAAGAATCCTCTCTTCTCCTCTTCATTTTCAAGqtaaatctctctctctct•tctct•tctgttattcct•gttttaattaggtatgtattattgctagtttgttaat•tgcttatct 

155 tatgtatgccttatgtgaatatctttat•ttgttcatctcatccgtttagaagctataaatttgttgatttgactgtgtatctacacgtggttatgtttatatctaatcagatatgaatt 

-207 

-87 

34 

154 

274 

275 tcttcatattgttgcgtttgtgtgtaccaatccgaaatcgttgatttttttcatttaatcgtgtagctaattgtacgtatacatatggatctacgtatcaattgttcatctgtttgtgtt 394 

395 tgtatgt at acagatctgaaaacatcacttct ct cat ctgattgtgttgtt acatacat agatat agat ctgtt atatcatt ttttt attaattgtgtatat atat atgtgcat agat ct 

515 ggat t acat gat tgtgatt attt acat gattttgtt attt acgt atgtat at at gt agat ct ggacttt ttggagtt gt tgacttgatt gt atttgt gt gtgt at at gt gt gtt ctgat c 
8' ubi/19 5' ut~/15 

• ~ ,  • . 
635 t t gat at gt t at gt at gt ~caqATGCAGATCTTTGTGAAAACCC TCACAGGAAAGACAATCACCCTAGAGGTGGAAAGCTCCGATACAATCGACAACGTCAAGGCCAAGATCCAGGACAA 

5' U~/14 
. I t .  

755 GG AAGGC ATTCC TC CTGACCAGCAACGTC TCATC TTC GC TGGTAAACfAAC TCGAAGATGGCAGGACC~TAGC TGACTACAACATCCAGAAGGAG TCCAC TCTC~ATC TGGTC CTCCGTC T 
imimer 3 pnrner 2 

875 TC GI'GGAGGTATGCAGATC TTCGT CAAGACTC TCACC GGAAAGACTATTAC TC T TGAAG TCGAGAGC TC TGACACAATCGATAATGTCAAGGCAAAGAT CCAGGATAAGGAGGGGAT TC C 
prime" 1 Xhd 

995 TCCAGACCAGCAGAC;GTTGATCTTTGCTGGAAAGCAGCTCGAGGACGGAAGGACCCTGGCTGATTACAATATTCAGAAAGAATCGAC TCTCCACCTTGTGCTCCGTC TTCGTGGTGGTAT 

514 

634 

754 

874 

994 

1114 

1115 GCAGATTTTTGTCAAGA••TTGA•AGC•CAAGA•TATAA•TCTTGAAGTTGAGAGCTCTGACACAATTGACAATGTGAAAGCTAAGATTCAGGACAAGGAGGGTATTCCTCCAGACCAGCA 1234 

1235 GCGATTGATCTTCGCTGGAAAGCAATTGGAAGATGGCAGGACCTTAG•TGATTACAATATCCAGAAGGAGTCTACGCTCCA•CTTGTC•TCCGT•TTCGTCs•AGGTATGCAGATCTTTGT 1354 

1355 CAAGACCTTGACAGGGAAGACTATTACTCTTGAAGTTGAGAGCTCAGATACTATTGACAATGTGAAGGCTAAGATTCAGGACAAGGAAC~GTATTCCCCCAGACCAGCAGCGTTTGATCTT 1474 

1475 TG~TGGAAAGCAATTGGAGGA~GGCAGGACTCTTGCAGA~TATAACATT~AGAAGGAGT~TA~TCTC~AT~TTGTGTTGCGT~TC~GTGGCGGTAT~AAAT~TTTGTGAAGAC~CTGA~ 1594 

1595 TGGGAAGA•AAT•ACTCTTGAAGTGGAGAGCTCTGA•AC•ATCGACAATGTGAAGGCGAAGATTCAGGATAAGGAGGGAAT•••ACCA•A•CAGCAGCGTTTGATCTTTGCTGGAAAC-CA 1714 

1715 GTTGGAGGACGGCAGGA•ACTTGCGGATTATAACATccAGAAAGAGTCCA•CCTTCACCTTGTGTTGCGTCTTcGTGGTGGTATGCAGATTTTTGTGAAGACcCTGACTGGAAAGACCAT 1834 

1835 TACCCTGGAGGTGGAGAGTT~GGATACCATTGACAATGTCAAGGCCAAGATCCAGGATAAGGAAGGCATTCCCCCAGATCAGCAGAGGTTGATCTTTGC~AAGCAGCTTGAAGATGG 1954 

&2dn 

1955 GAGGACTTTGGCTGATTACAATATCCAGAAGGAGTCTACTCTTCACTTGGTGTTGCGTCTCCGTGGTGGTGATTTCTc~&ATGAGTTCCAAGATGGTTTGTGACGAAGTTAGTTGGTTGTT 2074 

2075 TTTATGGAAcTTTGTTTAAGCTTGTAATGTGGAAAGAAcGTGTGGCTTTGTGGTTTTTAAATGTTGGTGAATA~AGATG~TTCCTTTGGATTAAcTAGTATTTTTCCTATTGGTTTCATG 2194 

2195 GTTTTAGCACACAACATTTTAAATATGCTGTTAGATGATATGCTGCCTGCTTTATTATTTACTTACCCCTcACCTTC~TTTC~AAGTTGTTGCAATGACTCTGTGTAGTTTAAGATCGA 2314 

2315 GTGAAAGTAGATTTTGTCTATATTTATTAGGGGTATTTGATATGCTAATGGTAAACATGGTTTATGACAGCGTACTTTTTTGGTTATGGTGTTGACGTTTCCTTTTAAACATTATAGTAG 2434 

2435 CGTC CTTGGTCTGT GTTCATTGGTTGAAC~AGGCACAC TCACT TGGAGATGCCGTC TCCAC TGATATT TGAACAAAGAATTC 2518 

Fig. 5. Nucleotide sequence of the parsley ubi4-2 polyubiquitin gene. The 5' ends (closed triangles) and Y ends (open triangles) 
of the various sequenced ubi4-2 cDNAs are indicated. A bent arrow marks the position of transcriptional initiation which is de- 
fined as nucleotide position + 1. The positions of the ocs element-like sequence, the putative TATA box, the Eco RI, Xho I and 
Hind III sites as well as the splice-signal homologies and the assumed polyadenylation signal [29] are marked. For comparison, 
the original ocs element [8] is shown above the related ubi4-2 promoter sequence. Nucleotides given in small characters belong 
to the intron. Of several Bgl II restriction sites, the two used for preparation of the 5 'ubi4-2  probe are shown. Arrows indicate 
the annealing positions of primers used for RACE and for preparation of the ubi4-2 specific probe. 
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2.8 kb Eco RI fragment represents the polyubiq- 
uitin gene ubi4-2. 

Determination of the ubi4-2 transcriptional start 
site 

Visual inspection as well as computer analysis 
failed to identify common promoter elements in 
the vicinity of the protein-coding region of ubi4-2. 
In contrast, a consensus 3' intron/exon border 
sequence (5'-Ylt TGCAG:  G-3 ' )  was detected 
immediately upstream of the putative transla- 
tional start codon. Also, no signal was detected 
on RNA blots hybridized with the 5 'ubi4-2 
probe which is specific for this region. These data 
indicated that an intron might be present in this 
region of the gene. Because the ubi4-2 cDNAs 
did not contain sequences from the 5' untrans- 
lated region, we were unable to deduce the bor- 
ders of this intron. In addition, it was impossible 
to design specific oligonucleotides for primer ex- 
tension experiments to map the transcriptional 
start site. 

These problems were overcome by using a 
modified version of the PCR-based RACE 
method. On the basis of sequence comparison of 
all 12 available parsley ubiquitin-coding repeats, 
three different primers were designed to allow the 
specific amplification of primer-extension prod- 
ucts spanning the first ubi4-2 repeat and the 5'- 
untranslated region. PCR products of the second 
amplification reaction were cloned into p K S -  
and analyzed for the appearance of restriction 
sites characteristic of the first ubi4-2 repeat. The 
inserts of 6 plasmids which showed the expected 
restriction pattern were sequenced and the results 
compared with the genomic sequence. All six 
contained sequences ranging from primer 3 into 
the 5'-untranslated region of the ubi4-2 cDNA. 
Due to differences in the number of T residues at 
the 5' end of the cloned PCR products, the in- 
serts differ in size. Nevertheless, all 6 sequenced 
PRC-amplified primer-extension products termi- 
nated at the same position, thereby defining the 
transcriptional start site (position + 1 in Fig. 5). 
Sequence comparison revealed the position of a 

587 bp intron in the ubi4-2 gene (small characters 
in Fig. 5). The A/T content is 70.2~ for the in- 
tron, whereas the overall A/T content of the ex- 
onic sequences is 53.5~o. 

The 2.8 kb fragment contains 326 bp of the 
ubi4-2 promoter region. This region includes a 
TATA box about 30 bp upstream of the tran- 
scriptional start site and a sequence reminiscent 
of the ocs enhancer element around position - 110 
(Fig. 5). 

Parsley polyubiquitin genes encode hexameric pre- 
cursor proteins 

From the nucleotide and deduced amino acid se- 
quences of the ubi4-1 cDNA and from the cod- 
ing region of the ubi4-2 gene we draw the follow- 
ing conclusions: (1) both genes contain six repeat 
units, each coding for one ubiquitin monomer; 
hence, ubi4-1 and ubi4-2 are hexaubiquitin genes; 
(2) the C-terminal monomers are followed by the 
same two amino acids, aspartic acid and phenyl- 
alanine; (3)all monomers from both genes are 
identical in amino acid sequence; (4)no intron 
disrupts the ubi4-2 coding sequence; (5)the 
ubi4-1 c D N A  contains a putative polyadenyla- 
tion signal 23 nucleotides upstream of the begin- 
ning of the poly(A) tail. This signal is also present 
in ubi4-2 at a similar position. 

Specific probes for ubi4-1 and ubi4-2 detect con- 
stant mRNA levels 

Probes derived from the 3'-noncoding sequences 
of ubi4-1 and ubi4-2 were used to assay for the 
expression of the two genes in a gene-specific 
manner. Specific hybridization was observed with 
the two types of polyubiquitin cDNA under strin- 
gent conditions. In addition to the response to 
heat shock, we tested the effects of UV-containing 
white light and of a fungal elicitor on possible 
differential activation of the two polyubiquitin 
genes. The results obtained with the two gene- 
specific probes (Fig. 6) indicate more or less 
constitutive expression, similar to earlier studies 



Fig. 6. RNA-blot analysis of  ubi4-1 and ubi4-2 epxression in 
response to various stimuli. RNA prepared from cultured 
parsley cells, which had been subjected to the treatments in- 
dicated for the time periods given in hours, was size-separated 
electrophoretically and transferred to nylon membrane. Two 
identical filters were hybridized either with the 3' ubi4-1 probe 
(upper part) or with the 3 'ubi4-2 probe (lower part) and 
autoradiographed for the time indicated. The positions of cy- 
toplasmic rRNAs are indicated for size comparison. 

with the ubi4 probe [32-34, 54, 56]. Different 
signal intensities, reflected by different exposure 
times of the two autoradiograms, suggest that 
ubi4-1 contributes about eight times more to 
the total polyubiquitin mRNA level than ubi4-2 
does. 

Discussion 

Our results demonstrate the existence of at least 
two hexaubiquitin genes in parsley. One of them, 
Pcubi4-1, was analysed in the form of one near 
full-length and several partial cDNAs, the other, 
Pcubi4-2, in the form of cDNAs and cloned ge- 
nomic DNA. The existence of cDNAs with iden- 
tical sequences and gene-specific probing clearly 
shows that the genomic 2.8 kb Eco RI fragment 
encodes an active polyubiquitin gene. Expression 
studies indicate that a variety of parsley tissues 
and cultured parsley cells contained high levels of 
polyubiquitin-encoding (ubi4) mRNAs. No ap- 
preciable changes in expression occurred in re- 
sponse to light treatment, elicitor treatment or 
heat shock, neither with the ubi4 probe nor with 

681 

gene-specific probes for the two types of poly- 
ubiquitin mRNA analysed. 

The unequivocal identification of CON2 as 
an ubiquitin-encoding gene was facilitated by 
the exceptionally high degree of amino acid se- 
quence conservation among ubiquitin proteins. 
Even the ubiquitin portion of a ubiquitin exten- 
sion protein from a lower plant (Chlamydomonas 
reinhardtii) differs only at amino acid position 
24 from the higher plant ubiquitins [39]. The 
deduced amino acid sequence for ubiquitin in 
parsley was identical with that reported for ubiq- 
uitins from other higher plants [40], including 
Arabidopsis [ 10], sunflower [5] and the monocot- 
yledonous plant maize [ 12]. It is noteworthy that 
the C-terminal extensions of polyubiquitins en- 
coded by the Arabidopsis and both parsley ubi4 
genes consist of two (non-identical) amino 
acids, in contrast to other known cases with only 
one additional amino acid [19, 40]. Due to dif- 
ferences in 'wobble' positions, the nucleotide se- 
quences encoding the individual repeat units are 
only about 84~o identical within each gene as 
well as between the two genes. Values in the 
same range result from any combination of 
repeat units from the Arabidopsis ubq4 and the 
two parsley ubi4 genes. The number of repeats is 
also very similar for the polyubiquitin genes in 
parsley [6], Arabidopsis [5], maize [7], and sun- 
flower [ 6]. 

We have shown that the overall transcription 
rate of parsley ubi genes is not affected by con- 
tinuous heat shock, although different heat-shock 
conditions may lead to different results (see [ 12]). 
Earlier results obtained for light or elicitor treat- 
ment of culture parsley cells [32-34, 54, 56] in- 
dicated that ubiquitin mRNA levels and gene ac- 
tivity do not significantly change in response to 
these stimuli. In these earlier studies, the ubi4 
(con2) probe was used, which most probably de- 
tects all ubiquitin sequences. Here we show that 
ubi4-1 and ubi4-2 mRNA levels are not differ- 
entially influenced and remain largely constant 
after application of the respective stimulus. This 
suggests that both genes are neither induced nor 
repressed by the stimuli tested. However, due to 
the small size of the gene-specific probes, expres- 
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sion at the level of gene activity was not mea- 
sured. 

It is interesting to note that the ubi4 probe 
detects only one size class o f m R N A  in RNA-blot  
experiments. Similar results were obtained with 
RNA from cultured cells as well as intact parsley 
plants, regardless of whether total or poly(A) + 
RNA was analysed. In contrast, the parsley ubi4 
probe detects 4 hybridizing bands with RNA from 
Arabidopsis [53]. This pattern is similar to that 
obtained by Burke et al. [ 10] with a homologous 
ubiquitin probe. One explanation is that in pars- 
ley, in contrast to other systems, all ubiquitin- 
encoding mRNAs  are of the same size. Further 
studies, especially with respect to ubiquitin exten- 
sion proteins, are necessary to clarify this possi- 
ble difference between parsley and other plants, 
such as Arabidopsis, sunflower [6], tomato [25], 
maize [12] and barley [21], all of which express 
several size classes of ubiquitin mRNAs.  

The ubi4-2 transcriptional start site was de- 
termined by a modification of the RACE proto- 
col [20]. Sequence analysis of the resulting 6 
cloned PCR-amplified primer-extension prod- 
ucts, and comparison with the genomic sequence 
defined the transcriptional start site and the lo- 
cation of an intron. The 587 bp intron is located 
immediately 5' to the translational start codon, 
contains at its ends the exon/intron-junction con- 
sensus sequences (5 ' -AG:GTAAGT-3 ' ,  5'- 
Yl lTGCAG:G-3 '  [9]), and shows an increased 
A/T content which is a common feature of plant 
introns [57]. An intron was also shown to be 
present at a very similar position in two sunflower 
(Haubbl and 2 [6]) and in two maize (Zmubil 
and 2 [13]) polyubiquitin genes, and a closely 
related gene organization has been reported for 
human and chicken polyubiquitin genes [3, 7]. In 
the maize ubil and ubi2 genes, it has been shown 
that the intron is inefficiently spliced upon a se- 
vere heat shock. The question of whether this 
conserved intron is involved in the regulation of 
expression of polyubiquitin genes in plants was 
addressed in the sunflower system. By transient 
expression analysis, no effect of the intron on 
gene expression was detected [4]. 

With respect to possible regulatory promoter 

elements, a TATA-box sequence occurs around 
position -30. No CCAAT-box sequence [16] is 
obvious in the ubi4-2 promoter similar to the 
maize ubil gene. In contrast to the sunflower and 
maize polyubiquitin genes, no heat-shock element 
is detected in the Pcubi4-2 promoter region up 
to -326. Our data do not indicate heat-shock 
regulation of the ubi4-1 and ubi4-2 genes. How- 
ever, the transcriptional activity of most of the 
genes not directly related to the heat-shock re- 
sponse is greatly reduced under heat shock in 
various systems [35], and this also applies to prl 
and several other elicitor-responsive genes in 
parsley (I. Somssich, unpublished results). It is 
interesting to note that ubiquitin gene expression 
seems to be hardly affected by heat shock in pars- 
ley cells. Further experiments are required to de- 
termine whether this is due to compensatory ef- 
fects, or to a very brief, transient induction of the 
ubi4-1 and ubi4-2 mRNAs,  which was not de- 
tected in the RNA-blot experiment using the 
gene-specific probes. 

A promoter element of possible functional rel- 
evance for ubi4-2 gene expression might be the 
sequence resembling an ACGT element (ACE) 
[ 1, 56] around position - 110; which is similar to 
the ocs [8] and the as-1 [31] elements. These 
elements, often containing twice the sequence 
ACGT separated by eight base pairs, are well 
characterized in plant pathogen promoters (e.g. 
as-1 in the 35S promoter of the cauliflower mo- 
saic virus), and can be bound by two dimers of 
plant bZIP DNA-binding proteins [ 1, 48]. Inter- 
estingly, a sequence similar to the G-box [22] 
which also contains the ACGT core is present in 
a short promoter region found to be important for 
activity of the sunflower ubbl gene [4]. From the 
sequence similarity with other ACEs, it can be 
predicted that the element within the ubi4-2 pro- 
moter will be recognized by plant bZIP proteins 
present in parsley nuclear extracts (see [1]). Se- 
quence similarity and possible protein binding 
might suggests a role of the ACE sequence in 
ubi4-2 gene regulation, a hypothesis which will 
be tested by promoter analysis in parsley proto- 
plasts. 
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