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We have isolated and sequenced Ha UbiS, a cDNA for a dry- 
seed-stored mRNA that encodes tetraubiquitin. We have observed 
differential accumulation of tetraubiquitin mRNAs during sunflower 
(Helianthus annuus 1.) zygotic embryogenesis. These mRNAs were 
up-regulated during late embryogenesis and reached higher preva- 
lence in the dry seed, where they were found to be associated 
mainly with provascular tissue. UbiS mRNA, as confirmed by RNase 
A protection experiments, accumulated also in response to heat 
shock, but only in leaves and later during postgerminative develop- 
ment. These novel observations demonstrate expression during seed 
maturation of specific plant polyubiquitin transcripts and develop- 
mental regulation of their heat-shock response. Using ubiquitin 
antibodies we also detected discrete, seed-specific proteins with 
distinct temporal expression patterns during zygotic embryogene- 
sis. Some of these patterns were concurrent with UbiS mRNA 
accumulation in seeds. The most abundant ubiquitin-reacting pro- 
teins found in mature seeds were small (16-22 kD) and acidic 
(isoelectric points of 6.1-7.4). Possible functional implications for 
UbiS expression elicited from these observations are discussed. 

Ubiquitin, a 76-amino acid protein, is perhaps the most 
conserved polypeptide in eukaryotes. Ubiquitin is present 
either free or covalently bound to other proteins in a11 
cellular compartments. A11 proposed functions for ubiq- 
uitin are mediated by protein conjugation, either transla- 
tional or posttranslational. These functions comprise, for 
example, involvement in the control of degradation of 
short-lived proteins including receptors and crucial tran- 
scriptional regulators, possible additional gene regulation 
through stable association with chromatin, and chaperon- 
like activities during ribosome biogenesis (recently re- 
viewed by Monia et al., 1990; Finley and Chau, 1991; 
Hershko and Ciechanover, 1992; Jentsch, 1992; Vierstra, 
1993). 

In plants, as in other eukaryotes, ubiquitin is encoded by 
natural gene fusions of two classes. Polyubiquitin genes 
contain contiguous, direct repeats of the 76-amino acid- 
coding unit, ended by an extra amino acid that follows the 
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last repeat. In other, different fusion genes, a single ubiq- 
uitin-coding unit is joined in-frame to unrelated amino acid 
sequences at the carboxyl-terminal site of ubiquitin. In 
either case, ubiquitin genes are transcribed as fusions and 
translated as polyproteins that normally undergo rapid 
processing to produce ubiquitin. Both types of gene fusions 
belong to multigene families of moderate size, even in 
plants with a very small genome such as Arabidopsis (Burke 
et al., 1988; Callis et al., 1990). This, together with observa- 
tion of differential regulation of severa1 plant ubiquitin 
genes, has suggested that their multiplicity and diversity 
reflect an evolutionary divergence of their gene regulation 
to cope with different specific tasks, such as functions 
related to cell proliferation and dedifferentiation (Gausing 
and Barkardottir, 1986; Jamet et al., 1990; Genschik et al., 
1992); stress, light, or hormone responses (Burke et al., 
1988; Binet et al., 1991; Hoffman et al., 1991; Garbarino et 
al., 1992; Genschik et al., 1992; Reynolds and Hooley, 1992); 
and organ (flower, leaf, etc.) development (Gausing and 
Barkardottir, 1986; Burke et al., 1988; Hoffman et al., 1991; 
Garbarino et al., 1992). The differential regulation of tet- 
raubiquitin mRNAs during seed maturation and detection 
of putative, seed-specific, protein-ubiquitin conjugates re- 
ported in this study suggest that distinct ubiquitin genes 
could perform specific functions during plant zygotic em- 
bryogenesis. In addition, we have observed a developmen- 
tal regulation of the heat-shock response of the same tet- 
raubiquitin “As, as determined by RNase protection. 
These results, to our knowledge, are novel with respect to 
plant ubiquitin genes. Their possible functional relevance 
is discussed in context with similar observations reported 
for animal polyubiquitin genes (Ovsenek and Heikkila, 
1988; Schwartz et al., 1990) and with the peculiarities of 
plant zygotic embryogenesis. 

MATERIALS AND METHODS 

Plant Materiais and Stress Treatments 

Sunflower (Heliantkus annuus L., cv Sunweed, Rhône 
Poulenc) was grown in a controlled environment (Almo- 
guera et al., 1993). Mature seeds and staged embryos were 
collected, dissected, and stored essentially as described by 

Abbreviations: DPI, days postimbibition; HSP, heat-shock pro- 
tein; Imw, low mo1 wt. 
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Almoguera and Jordano (1992). Conditions for seed germi- 
nation and for heat-shock or water-stress treatments of 4- 
to 6-week-old sunflower were as previously reported (Al- 
moguera and Jordano, 1992; Almoguera et al., 1993; Coca et 
al., 1994). 

Recombinant DNA Techniques 

A sunflower dry-seed-stored cDNA library was con- 
structed and differentially screened (Almoguera and Jor- 
dano, 1992). The Ha UbiS cDNA insert was excised with 
NotI and cloned in pBluescript SK+. Another subclone, 
UbiS-3', containing cDNA sequences between nucleotides 
811 and 1069, was constructed from one of the former 
plasmids (with the cDNA insert in appropriate orientation 
with respect to the vector polylinker) by BamHI deletion of 
UbiS sequences between nucleotides 1 and 811. Conven- 
tional molecular cloning techniques were used for purifi- 
cation of plasmid and phage DNA, purification and liga- 
tion of DNA fragments, and labeling of nucleic acid probes 
(Sambrook et al., 1989). The nucleotide sequence of both 
strands of Ha UbiS cDNA was obtained by dideoxy se- 
quencing. Sequence analysis was performed as described 
by Almoguera and Jordano (1992). 

DNA Hybridization 

Sunflower genomic DNA was purified from seedlings 
(3-5 DPI) by the method of Dellaporta et al. (1983). After 
restriction enzyme digestion (with EcoRI, HindIII, and 
BamHI), DNA (8 pg/lane) was separated in 0.8% agarose 
gels, transferred to Hybond-N (Amersham) membranes, 
and hybridized to UbiS (or UbiS-3') cDNA probes under 
the following conditions: 5X SSPE, 50% formamide, 0.1% 
SDS, and 5X Denhardt's solution at 42°C. After hybridiza- 
tion, membranes were washed in 1 X SSPE, 0.1% SDS for 30 
min at 42"C, followed by a final wash in 0.1X SSPE, 0.1% 
SDS for 15 min at 65°C. 

RNA Hybridizations and RNase A Protection 

Total RNA preparation from frozen tissue and sequential 
hybridization of Hybond-N (Amersham) membranes, us- 
ing RNA or DNA probes, were performed as previously 
described (Almoguera and Jordano, 1992; Almoguera et al., 
1993). For RNA blots, 20 pg of total RNA (per lane) was 
analyzed in 1 % agarose-formaldehyde gels (Almoguera 
and Jordano, 1992). Uniformly labeled RNA probes (ribo- 
probes) complementary to Ha UbiS mRNAs were prepared 
as follows: plasmids containing either the complete cDNA 
insert or the UbiS-3' sequences were linearized with XbaI 
and in vitro transcribed using T3 RNA polymerase (Almo- 
guera et al., 1993). The lengths of hybridizing ubíquitin 
m M A s  were estimated from their electrophoretic mobility 
with respect to the rRNA bands (Almoguera and Jordano, 
1992). For RNase A protection experiments, a different 
483-nucleotide riboprobe that includes sequences comple- 
mentary to the UbiS mRNA (811-1069 in the cDNA) and 
additional pBluescript SK+ sequences (737-774 and 533- 
718 in the vector) was used. This probe was prepared from 
the UbiS-3' plasmid (see above) after complete digestion 

with Pvu[I and in vitro transcription from the T3 RNA 
polymerase promoter. Riboprobe purification, RNA hy- 
bridizations, and RNase A digestion conditions were car- 
ried out as described by Forrester et al. (1987) with minor 
modifications. Total RNA (30 pg/sample) was hybridized 
to 1 X 105 cpm (approximately 2 ng) of UbiS riboprobe for 
16 h at 48°C. RNA hybrids were digested with Ri'Jase A (75 
pg/mL) for 30 to 60 min at 30°C. Samples were analyzed in 
6% urea-polyacrylamide gels. The size of the protected 
RNA hybrids was determined by using, as stantlard, end- 
labeled, HpaII-digested pBR322 plasmid DNA (fragment 
sizes: 26, 34, 67, 76, 90, 110 123, 147, 160, 180, 190, 201, 217, 
238, 242, 309, 404, 570, and 622 nucleotides). 

Tissue-Printing RNA Localization 

Sections of sunflower dry seeds were printed on Hy- 
bond-N (Amersham) membranes as described by Almo- 
guera et al. (1993) and Coca et al. (1994). mRNAs were 
localized by hybridization with digoxigerin-labeled 
UbiS-3' riboprobes (see above). As a control foi, these hy- 
bridizations, sense riboprobes (with the same polarity as 
the mRNA) were prepared after linearization of the UbiS-3' 
plasmid with SacII and in vitro transcription from the T7 
promoter. The digoxigenin nucleic acid labeling and detec- 
tion kit from Boehringer was used. Conditions Jor hybrid- 
ization, washing, and immunodetection were essentially as 
described by Tiré et al. (1993). For anatomical coinparisons, 
sections were stained with toluidine blue (Tiré et al., 1993). 
Microphotography was performed with a Nikon SMZ-U 
stereomicroscope using Kodak T-MAX (100 AS 4) film. 

lmmunodetection of Ubiquitin-Protein Conjugates 

Protein extraction and analysis by one-dimmsional or 
two-dimensional gel electrophoresis was perfor med essen- 
tially as reported by Almoguera et al. (1993). Samples 
(approximately 50 pg  protein/lane) were routinely ana- 
lyzed using 12.5% SDS-PAGE (gel size, 82 X 50 X 0.75 
mm). For two-dimensional electrophoresis, protein sam- 
ples (approximately 70 pg/gel) were separatecl in thicker 
(82 X 50 X 2 mm) 15% gels. Conditions for westrrn blotting 
and imniunodetection using the chemiluminescense (ECL) 
system from Amersham have been previously described 
(Almoguera et al., 1993; Coca et al., 1994). Bovir e ubiquitin 
antibodies (Sigma U-5379) were used at a 1 : l O O O  dilution. 

RESULTS 

lsolation and Sequence Analysis of UbiS, a Seetl 
Tetraubiquitin cDNA 

The clone Ha UbiS was isolated from a sunflower cDNA 
library by a differential hybridization screening; procedure 
directed at identifying dry-seed-stored, abundiint mRNAs 
(Almoguera and Jordano, 1992). The nucleotide and pre- 
dicted amino acid sequences for Ha UbiS ar<? shown in 
Figure 1. These sequences clearly identify Ha UbiS as a 
polyubiquitin transcript. Translation of the lclngest open 
reading frame in the UbiS cDNA shows that it encodes four 
ubiquitin repeats. The amino acid sequences of these four 



Developmental Regulation of Sunflower Tetraubiquitin mRNAs 767

1 CAAATATCTTCAACAATCTCAAGaieCAGATCTTCGTCAAAACCCTAACTGGCAAGACAA 60
H Q I F V K T L T G K T I

61 TCACTCTCGAGGTCGAGAGTTCCGACACAATCGACAACGTCAAGGCGAAAATCCAAGACA 120
T L E V E S S D T I D N V K A K I Q D K

121 AGGAAGGAATTCCCCCAGACCAGCAGAGGCTCATCTTCGCTGGAAAACAACTCGAAGACG 180
E G I P P D Q Q R L I F A G K Q L E D G

181 GTCGCACTCTCGCCGACTACAACATCCAAAAGGAGTCCACTCTCCACTTGGTCCTCCGTC 240
R T L A D Y N I Q K E S T L H L V L R L

241 TCCGTGGTGGCATGCAGATCTTCGTCAAAACCCTAACCGGCAAGACAATCACTCTGGAAG 300
R G G H Q I F V K T L T G K T I T L E V

301 TCGAAAGCTCCGACACCATTGACAACGTCAAGGCGAAGATCCAAGACAAGGAGGGCATCC 360

361 CACCGGACCAGCAGAGGCTCATCTTCGCTGGGAAACAGCTCGAAGACGGTCGCACTCTTG 420
P D Q Q R L I F A G K Q L E D G R T L A

421 CGGACTACAACATCCAGAAGGAGTCGACTCTGCATCTGGTGTTGAGGTTAAGAGGTGGTA 480
D Y N I Q K E S T L H L V L R L R G G M

481 TGCAGATATTCGTCAAGACGTTGACTGGGAAGACGATTACTCTGGAGGTCGAGAGTTCGG 540
Q I F V K T L T G K T I T L E V E S S D

541 ATACGATTGACAATGTGAAGGCGAAGATTCAAGATAAGGAGGGGATTCCACCGGACCAGC 600
T I D N V K A K I Q D K E G I P P D Q Q

601 AGAGGTTGATTTTCGCTGGGAAGCAGCTCGAGGATGGGCGTACGCTGGCTGATTACAATA 660

661 TTCAAAAGGAATCGACTCTGCATCTTGTGTTGAGGTTGAGGGGTGGTATGCAGATATTTG 720
Q K E S T L H L V L R L R G G H Q I F V

721 TGAAGACGTTGACGGGGAAGACAATTACTCTGGAGGTTGAAAGTTCGGACACGATTGATA 760
K T L T G K T I T L E V E S S D T I D N

781 ATGTGAAGGCGAAGATTCAAGATAAGGAAGGGATCCCGCCGGATCAGCAGAGGTTGATAT 840
V K A K 1 Q D K E G I P P D O Q R L I F

841 TTGCTGGGAAACAGCTTGAAGATGGGAGGACTCTTGCTGACTACAATATCCAGAAGGAGT 900
A G K Q L E D G R T L A D Y N I Q K E S

901 CTACCCTGCATCTTGTGCTTCGTCTTCGrGGCGGGTTTTGAAGTTTCTGTGGTTGATGTT 960
T L H L V L R L R G G F *

961 TGGAACAAGTTGTTCGTGGTTGAATAAAAGATGTCTATGTTTGAGGTTTTCTTTTATGTT 1020
1021 AAAAGACTTGAAAGTACTGTGGTGATGAATGAATGAATGTTTTCAAATT 1069

Figure 1. Nucleotideand predicted aminoacid sequence of Ha UbiS
cDNA. On the mRNA strand, nucleotides matching plant initiation
sequences are underlined. The predicted stop codon and the internal
SamHI site are shown in boldface. On the protein sequence, the first
amino acid in each ubiquitin repeat is underlined, and the extra
amino acid after the last ubiquitin repeat is shown in boldface.

repeats are the same and are identical to those determined
for other plant ubiquitins, as deduced, for example, from
different soybean (Fortin et al., 1988) and sunflower (UbBl,
Binet et al., 1991) polyubiquitin cDNAs or from direct
protein sequencing of oat ubiquitin (Vierstra et al., 1986).
As found for other plant ubiquitins (Burke et al., 1988;
Binet et al., 1989; Christensen and Quail, 1989), UbiS differs
from yeast and animal ubiquitins by two or three con-
served amino acid changes (respectively, at positions 29
and 57 and 19, 24, and 57; data not shown). The last
ubiquitin repeat in UbiS is followed by an additional Phe
codon (TTT; Fig. 1). This is the same extra amino acid
found before the stop codon in several plant ubiquitins
(Burke et al., 1988; Fortin et al., 1988; Binet et al., 1989).
DNA sequence similarity between the different ubiquitin
repeats in UbiS ranged from 76.7% to 86.8%. Repeats 3 and
4 are the most similar and are somewhat different from
repeats 1 and 2, which are also very similar to each other
(86.3%). Similar results have been reported for other plant
polyubiquitin genes (Burke et al., 1988; Binet et al., 1989,
1991).

In the cDNA sequence, we identified the most likely
initiation codon (Fig. 1). Sequences in this vicinity show
similarity with the plant translation initiation consensus
(Liitcke et al., 1987). The length of the cDNA insert (1069
bp) corresponds approximately to the estimated size (1300

nucleotides) of UbiS mRNAs detected in northern hybrid-
ization experiments (see below; some data not shown). This
indicates that Ha UbiS is an almost full-length cDNA clone.
The UbiS open reading frame is flanked by a short leader
(23 nucleotides) and by a longer 3' untranslated region (128
nucleotides). Since UbiS mRNAs are polyadenylated (Al-
moguera and Jordano, 1992; and data not shown), the
cloned mRNA 3' flanking sequences are likely to be incom-
plete [i.e. they lack the poly(A) tail]. The UbiS cDNA could
be also missing some 5' flanking sequences, as inferred
from the finding of longer (usually 80-90 nucleotides) 5'
untranslated exons in different plant polyubiquitin genes
(Binet et al., 1991; Christensen et al., 1992).

Genomic Organization of UbiS Sequences

Previous studies (Binet et al., 1991) showed that hybrid-
ization of sunflower genomic DNA with polyubiquitin
probes resulted in complex hybridization patterns, which
suggested that, in this plant, ubiquitin is encoded by a
multigene family of at least 10 members. To estimate the
diversity of UbiS homologous sequences in the sunflower
genome, and to try to identify UbiS specific probes, we
performed Southern blot hybridizations (see "Materials
and Methods") using different labeled UbiS DNA frag-
ments (Fig. 2). When restriction enzyme-digested sun-
flower DNA was analyzed using the complete cDNA as a
probe, only about six distinct bands were observed (Fig.
2A). Thus, under our conditions, the full-length UbiS probe
appears to show some specificity toward sunflower ubiq-
uitin sequences, at least as compared with the results of the
above-mentioned hybridization analyses (Binet et al.,
1991).

Similar hybridizations with another probe (UbiS-3') that
contains the second half of the last ubiquitin repeat (nucle-
otides 811-939) and the mRNA 3' flanking sequences
present in the cDNA resulted in a much simpler hybrid-
ization pattern (Fig. 2B). Only one band was observed

B

23.1 -
9.4 _

6.6 _

4.4 _

Figure 2. Southern analysis of UbiS sequences. Sunflower genomic
DNA was digested with SamHI (lanes B), fcoRI (lanes E), or H/ndlll
(lanes H) and analyzed by hybridization with two different Ha UbiS
probes: the full-length cDNA probe (A) and the UbiS-3' probe (B, see
"Materials and Methods"). Asterisks in A mark the bands that can be
detected with the UbiS-3' probe. Positions of molecular size markers
are indicated to the left.
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when genomic DNA was digested with Hindlll, which
does not cut within the cDNA (Fig. 2B, lane H). The same
result was obtained with EcoRl (Fig. 2B, lane E). This en-
zyme cuts at position 127 in the cDNA within the first half
of ubiquitin repeat 1. Thus, detection of only one band was
expected for a highly specific hybridization with probe
UbiS-3'. In contrast, two bands were detected with BamHl
(Fig. 2B, lane B), which cuts in the middle of the fourth
ubiquitin repeat. Results shown in Figure 2B thus demon-
strate a higher specificity of the UbiS-3' probe, which was
anticipated from sequence homology analyses of plant
polyubiquitin genes (Joshi et al., 1991), and have been
experimentally confirmed with other, similar DNA or RNA
hybridizations (Genschik et al., 1992, see below). However,
the UbiS-3' probe does not appear to be completely gene
specific, because detection of two bands with BamHl (Fig.
2B, lane B) could suggest the presence in the sunflower
genome of at least another gene that is very homologous to
UbiS.

Differential Regulation of Tetraubiqutin mRNAs during
Seed Development

The accumulation of polyubiquitin mRNAs during seed
maturation was investigated. Total mRNA from staged
embryos, dissected from plants grown in a controlled en-
vironment, was analyzed by northern blot experiments
using two different UbiS probes (Fig. 3). Hybridizations of
the same filter with a seed-storage protein mRNA (data not
shown) and with 18S rRNA probes were performed to
verify, respectively, the developmental stage of the em-
bryos and the amount of RNA in each sample (Almoguera

6 8 10 12 15 25 M

Ha UbiS

Ha UbiS-31

18SrRNA

Figure 3. Differential accumulation of tetraubiquitin mRNAs during
seed maturation. Total RNA from embryos or mature seeds (M) was
analyzed by northern hybridization (see "Materials and Methods").
Numbers correspond to the age of staged embryos (6, 8, 10, 12, 15,
and 25 DAF). Probes used for sequential hybridization of the same
nylon membrane are indicated to the right of each autoradiograph. In
the top panel, arrows point to the different polyubiquitin mRNAs: the
1.6-, 1.3-, and 0.9-kb size classes (from top to bottom). Asterisks (top
and middle panels) indicate tetraubiquitin mRNAs (1.3 kb) that spe-
cifically hybridize to the UbiS-3' probe.

et al., 1993; Coca et al., 1994). Hybridization with the full-
length UbiS cDNA probe detected three polyubiquitin
mRNA bands with estimated sizes of approximately 1.6,
1.3, and 0.7 kb (Fig. 3, top). All of these mRNA bands were
observed during early embryogenesis (6 DAF), but only
accumulation of the 1.3-kb size class mRNAs was induced
during seed maturation (Fig. 3, top). This was confirmed
using the UbiS-3' probe described above (Fig. 3, middle).
That probe hybridized only to the 1.3-kb mRNAs, showing
their induced accumulation during the last stages of zy-
gotic embryogenesis (from 25 DAF to mature seed), con-
comitantly with the faster phase of seed desiccation in
sunflower (Robertson et al., 1978). The specific detection of
the 1.3-kb mRNA band with the UbiS-3' probe agrees with
an earlier assignment of this band to tetraubiquitin
mRNAs, as deduced from hybridizations of sunflower
seedling RNA with hexaubiquitin probes (Binet et al.,
1991).

Visual inspection and densitometric scanning (data not
shown) of the autoradiograms shown in Figure 3 (top)
revealed that accumulation levels of the 0.7- and 1.6-kb
mRNAs (monoubiquitin and hexaubiquitin, respectively,
as suggested by Binet et al. [1991]) actually decreased
during late embryogenesis. In contrast, tetraubiquitin (1.3
kb) mRNAs were approximately 8- to 10-fold more abun-
dant in mature seeds than in young embryos. A less ap-
parent up-regulation (approximately 2-fold) of tetraubiq-
uitin mRNAs was also observed during mid-maturation
(Fig. 3, middle, 12 DAF).

Developmental Regulation and Organ Specificity of the
Heat-Shock Response of Sunflower Tetraubiquitin Genes

Because various cloned plant polyubiquitin genes re-
spond to heat shock, we investigated in sunflower the
effect of this stress on the steady-state accumulation of
UbiS cross-hybridizing mRNAs (Fig. 4). Initial northern
hybridization experiments were performed with dark-
grown 3-DPI seedlings, using the conditions described for
our initial analysis of the heat-shock induction of sun-
flower Imw HSP genes (Almoguera et al., 1993). Heat in-
duction of polyubiquitin mRNA accumulation was com-
pared to that of previously reported Ha hsp!7.6
(Almoguera and Jordano, 1992; Almoguera et al., 1993).
Unlike hsp!7.6, polyubiquitin mRNAs belonging to the
three different size classes were present at moderately high
levels in unstressed 3-DPI seedlings. Whereas the heat
inducibility of hsp!7.6 was evident after 3 h of exposure to
42°C, only the accumulation of tetraubiquitin mRNAs was
slightly heat inducible (less than 1.5-fold) at this develop-
mental stage (Fig. 4, top, lanes "3 d").

The effect of heat shock was tested later in postgermina-
tive development (9 DPI), after cotyledon expansion and
exposure of seedlings to light, and in mature plants (41
DPI) before flowering (Fig. 4, top, lanes "9 d" and "Plants,"
respectively). The heat inducibility of hsp!7.6 mRNAs re-
mained essentially unchanged during plant development,
and it did not show organ specificity. In contrast, the heat
inducibility of tetraubiquitin mRNAs (and perhaps also
that of the 1.6-kb class) became evident in light-grown
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Seedlings Plants
3d. 9d. leaf stem

20 42 20 42 20 42 20 42

Ha UbiS

§••1
Hahsp17.6

18SrRNA

Figure 4. Heat-shock response of sunflower tetraubiquitin genes.
Seedlings of different ages (3 and 9 d, expressed as DPI) and plants
(approximately 41 DPI) were subjected to heat-shock treatments at
42°C (lanes 42) after normal growth at 20°C (lanes 20). Total RNA
samples from control and treated plants were analyzed by northern
hybridization. Adult plant RNAs were prepared separately from leaf
or stem samples. Probes used for sequential hybridization are indi-
cated to the right. An arrow points to the band that corresponds to
tetraubiquitin mRNAs.

seedlings and reached its maximum in adult plants. In
these plants we also observed a clear organ specificity of
this heat-shock response, because it was evident in leaves
but absent from stems (Fig. 4, top). The heat-shock re-
sponse of polyubiquitin mRNAs appeared to be moderate,
compared to that of a typical HSP gene (Fig. 4). In the case
of tetraubiquitin mRNAs, these novel expression patterns
were later confirmed for the UbiS gene (see below).

Analysis of UbiS Transcripts by RIMase Protection

Our northern hybridization studies suggested novel reg-
ulation of sunflower tetraubiquitin (1.3 kb) mRNAs during
zygotic embryogenesis and in response to heat shock (Figs.
3 and 4). However, because even the more specific probe
used in these analyses (UbiS-3') contained conserved cod-
ing sequences, and because Southern hybridization analy-
sis raised some doubts concerning its absolute gene speci-
ficity (Fig. 2B; see above), RNase A protection studies were
performed to specifically investigate UbiS gene expression.
In vitro transcription through the 3' flanking portion of the
cDNA into adjacent vector sequences allowed us to prepare
an RNA probe with a size easily distinguishable from the
expected protected mRNA fragments (see "Materials and
Methods"). Complete hybridization (without a single mis-
match) of this probe with totally homologous UbiS mRNAs
was expected to give rise to a fully protected RNA-RNA
hybrid of 258 nucleotides. This fragment was actually de-
tected by RNase protection in all of the RNA samples used
for northern analyses, and it was undetected in control
hybridizations performed with yeast tRNA (Fig. 5). The
results of RNase protection experiments confirmed that
UbiS transcripts accumulate during late embryogenesis

and the developmental regulation and organ specificity of
its heat-shock response (compare results in Figs. 3-5). In
addition, RNase protection analysis of total RNA from
control and water-stressed sunflower demonstrated induc-
tion of UbiS transcript accumulation in response to condi-
tions (Almoguera et al., 1993) of mild water deficit (Fig. 5,
lane ws).

In Situ Localization of Seed-Stored Tetraubiquitin
Transcripts

We performed tissue-print northern analyses to study
the distribution of polyubiquitin mRNAs in mature sun-
flower seed. Digoxigenin-labeled UbiS-3' RNA probes of
antisense polarity were used for mRNA hybridization on
printed sections (Tire et al., 1993; see also "Materials and
Methods"). In dry seeds, this probe should detect only
tetraubiquitin mRNAs, identical with or very homologous
to UbiS (Fig. 3). Representative results obtained in mRNA
localizations are shown in Figure 6A. Tetraubiquitin
mRNAs were located primarily in the procambium, mostly
in the vicinity of the root apical pole of the embryo but also
in the cotyledons alongside the procambial veins. Hybrid-
izations with control ubiquitin probes of sense polarity did
not give positive signals (Fig. 6B). RNase A pretreatment of
tissue prints precluded also detection of hybridization sig-
nals using the antisense probe (data not shown).

Detection and Characterization of Seed-Specific
Ubiquitin-Protein Complexes

In plants, as in other eukaryotic organisms, expression of
polyubiquitin genes in response to stress leads to protein-
ubiquitin conjugation. All proposed ubiquitin-related func-

leaf stem
c \NS t

***«*-• X
Figure 5. RNase A protection experiments. Different RNA samples
were hybridized to a riboprobe containing UbiS-3' and plasmid
vector sequences. RNA hybrids were digested with RNase A and the
products analyzed by 6% PAGE. Leaf RNA from adult plants or from
3-DPI seedlings (3d) were analyzed either during normal growth at
20°C (lanes 20) or following heat-shock treatments at 42°C (lanes
42). Stem RNA samples were either from well-watered adult plants
(c) or from plants subjected to mild water deficits (ws). Other RNA
samples analyzed were: dry mature seed (ds), 1 5-DAF embryos (e),
and yeast tRNA (t). On the left, the arrow points to the predicted fully
protected RNA fragment of 258 nucleotides, and tick marks indicate
positions of chosen size standards (from top to bottom: 309, 217,
180, and 160 nucleotides, see "Materials and Methods").
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B

Figure 6. Tissue-print localization of tetraubiquitin mRNAs in sun-
flower dry seeds. Prints of longitudinal sections were hybridized to
UbiS-3' antisense (A) or sense (B) probes. Arrows in A point to the
procambium and procambial veins in the embryo. C, Staining with
toluidine blue. Scale bars = 2 mm.

tions are thought to be mediated by covalent linkage of
ubiquitin to cellular proteins (reviewed by Monia et al.,
1990; Finley and Chau, 1991; Hershko and Ciechanover,
1992; Jentsch, 1992; Vierstra, 1993). In an attempt to gain
some insight into the functional significance of tetraubiq-
uitin gene expression during seed development, we used
an antiserum, raised against bovine ubiquitin, to analyze
the expression patterns of cross-reacting proteins during
zygotic embryogenesis. Protein extracts from staged sun-
flower embryos, dissected from plants grown under con-
trolled, unstressed conditions, were separated in SDS-
PAGE gels and analyzed after protein blotting and
immunodetection (Coca et al., 1994; Fig. 7A). We observed
discrete protein bands strongly reacting with the ubiquitin
antiserum. The most prominent of these bands are indi-
cated with Roman numerals in Figure 7A; their estimated
apparent molecular masses are: I, 70 kD; II, 38.6 kD; III, 28.5
kD; and IV, 20.5 kD. Bands III and IV showed expression
patterns comparable to that of seed tetraubiquitin mRNAs
(see also Fig. 3): they appeared to accumulate toward late
embryogenesis (15-25 DAF) and reached their highest lev-
els in mature dry seeds. Band II was "constitutive" (i.e. its
expression is independent of developmental stage). In con-
trast, band I peaked earlier (12-15 DAF) during maturation
(Fig. 7A). The proteins in bands II, III, and IV, but not in
band I, were easily detected in mature dry seeds. Of these
proteins, only those of band II corresponded to abundant
proteins that could be readily spotted in Coomassie blue-
stained gels (data not shown). Proteins in bands II, III, and

IV disappeared during early germination (at approxi-
mately 3 DPI; data not shown).

Re-induction by stress of the seed anti-ubiquitin cross-
reacting proteins was investigated in various vegetative
tissues of adult plants following stress treatments carried
out under conditions already described (Almoguera et al.,
1993). Neither heat shock nor moderate water deficits
could re-induce proteins apparently similar in abundance
and electrophoretic mobility to band IV (Fig. 7B, lanes hs
and ws). In general, the tested stress treatments resulted in
the induction of different ubiquitin cross-reacting proteins
of higher molecular masses, which were unresolved in our
SDS-PAGE gels (Fig. 7B). This agrees with previous obser-
vations in plants, demonstrating complex multi-ubiquiti-
nation patterns caused by stress-induced damage of differ-
ent proteins (reviewed by Vierstra, 1993).

Because of its seed specificity, high antigenicity, and
small apparent molecular mass, we decided to further char-
acterize the proteins in band IV by two-dimensional gel
electrophoresis and western blot immunodetection using
the anti-ubiquitin antiserum. Proteins in band IV were
resolved in seven different major cross-reacting polypep-
tides, their pis ranging from 6.1 to 7.4 (Fig. 8). Their ap-
parent molecular masses were distributed between 16.3
and 22 kD. The polypeptides with a pi of 6.1 (a) were
resolved as a doublet of 22.0 and 20.8 kD, and those with
pis of 6.8 (c) and 7.4 (e) were resolved as pairs of proteins

B stem leaf root
c ws hs c ws c ws ds

66.2 —
42.7 —

Figure 7. Expression patterns of anti-ubiquitin-reacting proteins dur-
ing seed maturation and in response to stress. A, Protein extracts
isolated from staged embryos (8-20 DAF) or mature dry seeds (ds)
were separated by SDS-PAGE, blotted, and probed with ubiquitin
antibodies. I-IV, Different protein bands referred to in the text. B,
Similar analysis performed with protein extracts from different organs
of control (lanes c), heat-shocked (lane hs), or water-stressed (lanes
ws) adult plants. A sample from mature dry seeds (ds) is also enclosed
for reference. Molecular mass is indicated to the left.
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pH4.0 pH9.5

66.2 —

42.7-

21.5 —

14.4- b c d e

Figure 8. Two-dimensional gel analysis of anti-ubiquitin-reacting
proteins in sunflower embryos. Protein extracts from 25-DAF em-
bryos were resolved by denaturing IEF and SDS-PAGE, transferred to
nitrocellulose, and probed with ubiquitin antibodies, a to e, The
major different polypeptides into which band IV (see Fig. 7) was
resolved. Molecular mass is indicated to the left.

with similar molecular masses of 17.5 and 16.3 kD. We
were unable to detect any of these polypeptides (or those
corresponding to the larger bands I, II, and III) after strip-
ping the antibodies and reprobing the same membrane
with an anti-HSP17.9 antiserum (Almoguera et al., 1993).
Because both the anti-ubiquitin and the anti-HSP17.9 im-
mune sera were raised in rabbits, this latter result (not
shown) further suggests that detection of the polypeptides
in band IV (and others) is dependent on specific reaction
with the ubiquitin antibodies and not on artifactual reac-
tions with nonspecific antibodies (in rabbit sera) or with
the secondary antibody used for ECL chemiluminescent
detection. As deduced from their pis, the polypeptides in
band IV appear to be different from ubiquitin dimers (oat
ubiquitin pi of approximately 6.7 [Vierstra et al., 1985]) and
from intact ubiquitin extension proteins of a similar size
(Callis et al., 1990; predicted pis from 10.6 to 10.7). The
apparent molecular mass of polypeptides in band IV and
that of ubiquitin chains (in SDS-PAGE, i.e. monomer, 5.5
kD, and dimer, 15.3 kD; Haas and Bright, 1985) could
preclude also that the former polypeptides correspond to
ubiquitin-protein conjugates produced as a result of mul-
tiple ubiquitination of different proteins. We cannot, how-
ever, completely rule out that some of the polypeptides in
band IV, and perhaps others in the larger bands, could be
ubiquitin dimers or longer ubiquitin chains, respectively
(i.e. tri- or tetraubiquitin; see below).

DISCUSSION

In this paper we report original evidence for develop-
mental regulation and organ specificity of the heat-shock
response of a sunflower tetraubiquitin gene (UbiS) and for
its differential expression during zygotic embryogenesis.
These findings, together with results from the preliminary
characterization of seed-specific ubiquitin-protein conju-

gates, point to specific functions for a subset of tetraubiq-
uitin genes in stress response and during different phases
of plant development.

Polyubiquitin genes have been isolated from different
plants (Causing and Barkardottir, 1986; Burke et al., 1988;
Christensen and Quail, 1989; Jamet et al., 1990; Genschik et
al., 1992; Garbarino et al., 1992; Reynolds and Hooley,
1992), including sunflower (Binet et al., 1989, 1991). The
nucleotide sequences of these genes are highly conserved,
mainly in their coding regions and in a characteristic 5'
flanking intron (Binet et al., 1991, and refs. therein). Se-
quence divergence in their 3' flanking regions (Joshi et al.,
1991) and the expression of different sized messengers
(Causing and Barkardottir, 1986; Burke et al., 1988; Gen-
schik et al., 1992) have allowed detection of the differential
accumulation of polyubiquitin mRNAs, mainly in response
to heat shock (Christensen and Quail, 1989; Binet et al.,
1991; Christensen et al., 1992; Genschik et al., 1992) and
other stress treatments (Garbarino et al., 1992; Genschik et
al., 1992) but also during leaf (Causing and Barkardottir,
1986; Burke et al., 1988) or flower (Causing and Barkardot-
tir, 1986; Binet et al., 1989) development and in cell dedif-
ferentiation (Jamet et al., 1990). The finding of multiple,
differentially regulated polyubiquitin genes in Arabidopsis
and in all plants studied so far has suggested (Burke et al.,
1988) that evolutionary divergence of their regulation pro-
vides basic, conserved functions (reviewed by Monia et al.,
1990; Finley and Chau, 1991; Hershko and Ciechanover,
1992; Jentsch, 1992; Vierstra, 1993) in specific temporal or
spatial environments.

We cloned and sequenced Ha UbiS, a cDNA for a tet-
raubiquitin mRNA stored in mature seeds. Using probes
containing UbiS 3' flanking sequences, we demonstrated
their high specificity in nucleic acid hybridizations (Figs. 2
and 3), which allowed us to detect a singular differential
accumulation of tetraubiquitin (1.3 kb) mRNAs during em-
bryogenesis (Fig. 3) and in response to heat shock (Fig. 4).
Expression of UbiS transcripts could be distinguished from
other homologous ubiquitin mRNAs by RNase A protec-
tion (Fig. 5), which confirmed for this cDNA the accumu-
lation patterns suggested in northern hybridization exper-
iments (Figs. 3 and 4). The RNase protection experiments
showed additional UbiS mRNA up-regulation in vegeta-
tive tissues of the stem in response to water stress (Fig. 5,
lane ws). Other sunflower genes, very homologous to UbiS
(i.e. with cross-hybridizing mRNAs in the 1.3-kb class)
could have similar regulation and contribute to the accu-
mulation patterns observed by northern hybridization.

The heat-shock response of UbiS mRNAs has unusual
characteristics that to our knowledge are unique for a plant
ubiquitin gene. Heat-shock-induced accumulation of UbiS
mRNAs is developmentally regulated and shows organ
specificity. The UbiS gene responds clearly to heat shock
only after exposure to light of germinating seedlings and
during postgerminative development in leaves but not in
the stem. This contrasted with the "constitutive" heat-
shock inducibility shown in the same experiments by a
previously reported (Almoguera and Jordano, 1992) sun-
flower Imw HSP gene (Figs. 4 and 5). The regulation of the
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heat-shock response of UbiS has similar precedents in an- 
imal polyubiquitin genes, because their induction by ther- 
mal stress is, in some cases, modulated by developmental 
cues (Ovsenek and Heikkila, 1988). The developmental and 
organ-specific regulation of UbiS expression indicates that 
the product of this gene participates in ubiquitin functions 
particular to some photosynthetic organs, as, for example, 
in the degradation, mediated by ubiquitin conjugation, of 
specific proteins damaged by heat shock in leaf tissues. 

Using specific probes and RNase protection experiments, 
we were able to show developmental regulation of UbiS 
mRNA accumulation during plant zygotic embryogenesis 
under normal, controlled growth conditions (Figs. 3 and 5). 
These conditions rule out thermal stress as a major deter- 
minant of the observed expression patterns (Coca et al., 
1994). The abundance and expression patterns of UbiS, and 
perhaps of other putative tetraubiquitin (1.3 kb) "As, 
are very similar to those of late embryogenesis abundant 
genes, and of developmentally regulated lmw HSP tran- 
scripts (Almoguera and Jordano, 1992; Coca et al., 1994; 
and data not shown). As previously proposed for the latter 
(Coca et al., 1994), the water-stress inducibility of UbiS 
mRNA in vegetative tissues (Fig. 5, lane ws) could point to 
the participation of rapid desiccation, during the final 
stages of embryogenesis, as an inducer of its developmen- 
tal up-regulation in maturing seeds, although other factors 
could also mediate this regulation (Almoguera and Jor- 
dano, 1992; Coca et al., 1994). In addition, and as deduced 
in distinct situations for other plant polyubiquitin genes 
(Gausing and Barkardottir, 1986; Burke et al., 1988; Gen- 
schick et al., 19921, the differential expression of tetraubiq- 
uitin mRNAs during seed maturation could indicate, in 
this case, an involvement of these mRNAs (including UbiS) 
in specific ubiquitin functions associated with zygotic em- 
bryogenesis. Perhaps the most obvious possibility is par- 
ticipation in ubiquitin-mediated degradation of denatured 
proteins produced as a consequence of desiccation during 
late embryogenesis. The tissue specificity of tetraubiquitin 
mRNA distribution in mature seeds (Fig. 6) is also consis- 
tent with even more specific functions during develop- 
ment, such as ubiquitin-mediated modulation of cell dif- 
ferentiation or (and) proliferation. In animals, there have 
been suggestions of ubiquitin involvement in these func- 
tions, based on the observation of polyubiquitin gene acti- 
vation during programmed cell death (without apparent 
activation of the cells' heat-shock response [Schwartz et al., 
19901) and on the cloning of cell-surface hormone receptors 
as stable ubiquitin-protein conjugates (Siegelman et al., 
1986; Leung et al., 1987). 

In an effort to gain more insight into the possible func- 
tional significance of polyubiquitin gene expression during 
seed maturation, we studied proteins that react with a 
commercial antiserum raised against bovine ubiquitin and 
their expression pattern in zygotic embryogenesis (Figs. 7 
and 8). Most of these proteins were found to be different 
from other polypeptides detected with the same antibodies 
in stressed vegetative tissue (Fig. 7B). With the exception of 
band 11, none of these proteins was easily spotted in Coo- 
massie blue-stained gels, which indicated that they are not 

particularly abundant proteins (data not show n). There- 
fore, their immunodetection appears to be specific because 
it is unrelated to protein abundance. In addition, it was 
dependent on ubiquitin antibodies, since other rabbit im- 
mune serum (i.e. anti-HSP17.9; data not shown) did not 
detect any of these polypeptides using the same inembrane 
and detection system. Thus, it is reasonable to assume that 
these proteins correspond to seed-specific protein-ubiq- 
uitin conjugates and not to proteins fortuitousl y reacting 
with nonspecific antibodies. The former hypothl2sis would 
also fit diverse observations in the literature that indicate 
the presence of ubiquitin-conjugating activitjes in dry 
seeds (Vierstra, 1987) and zygotic embryos (Pramanik and 
Bewley, 19931, as well as that of a functional ubiquitin- 
mediated protein degradation pathway in seeds (Skoda 
and Malek, 1992). 

We further characterized these putative pr stein-ubiq- 
uitin conjugates by two-dimensional electrophoresis (Fig. 
8). The determination of the molecular masses and pIs of 
the polypeptides into which band IV could t e  resolved 
allows us to propose that these polypeptides could be 
different from ubiquitin dimers or from unprocessed ubiq- 
uitin extension proteins. Band IV polypeptides rnigrated as 
seven definite spots with pIs (6.1-7.4) and molecular 
masses (16.3-22 kD) different from those predicted for the 
ubiquitin dimer (pI 6.7, Vierstra et al. [1985]; 15 5 kD, Haas 
and Bright [19851). However, partia1 unfoldiiig (in SDS 
gels) of ubiquitin dimers, and/or their postti~anslational 
modification, could explain the anomalous elec trophoretic 
mobility of some of these polypeptides. Band IV polypep- 
tides would also be similar in size to unprocessed ubiquitin 
extension proteins, but their pIs are more acidic than pre- 
dicted for those proteins (Callis et al., 1990; Hoj fman et al., 
1991). Furthermore, and contrary to what happsns in some 
animal systems (Muller-Taubenberger et al., L989), plant 
extension proteins are rapidly cleaved to produce free 
ubiquitin (Callis et al., 1990). Their expressim patterns 
would also be different from that of UbiS "As, because 
extension proteins are usually expressed in higlily dividing 
cells and seldom up-regulated in response to stress (Callis 
et al., 1990; Hoffman et al., 1991). In contrast expression 
during the desiccation stages of embryogenesis of proteins 
in band IV (Fig. 7A) paralleled that of UbiS mlU\JAs (Fig. 3). 
Alternatively, if the band IV polypeptides w12re proteins 
modified by ubiquitin conjugation, their sma 11 molecular 
masses would indicate that they are monoubiquitinated, 
and a functional link between UbiS up-regula rion and the 
appearance of these polypeptides would be possible. 

Evidence for the two latter possibilities is, iis presented 
here, only circumstantial, but in our opinion it deserves 
some consideration. Only a few proteins have been de- 
scribed so far to be monoubiquitinated, a11 of them in 
animal systems. These proteins include histon es H2A and 
H2B, actin, and severa1 cell-surface receptors (reviewed by 
Jentsch, 1992; Vierstra, 1993). In plants, a 23-kD protein- 
ubiquitin conjugate has been tentatively ideni ified as mo- 
noubiquitinated H2A (Ferguson et al., 1990). Because mo- 
noubiquitinated proteins appear to be quite stable 
compared with the multiubiquitinated prol eins, it has 
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been suggested that, in  the former, ubiquitin conjugation 
could mediate protein stabilization rather than their target- 
ing for degradation (Vierstra, 1993, and refs. therein). This 
alternative could be  relevant in  the scenarios for a more 
specific involvement of ubiquitin during embryogenesis 
that we discussed above. O u r  work  suggests nove1 func- 
tions for plant tetraubiquitin genes, some of them perhaps 
particular for zygotic embryogenesis. A deeper biochemi- 
cal characterization of the seed-specific, ubiquitin-reacting 
polypeptides described here could help to further define 
these functions. 
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