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Abstract

Two soybean ribulose-1,5-bisphosphate carboxylase small subunit (SSU) genes, SRS1 and SRS4, are
highly homologous over aregion that includes 4 kb of 5" and 1 kb of 3’ flanking sequences. The expression
of these genes was compared using synthetic oligonucleotide probes. Analysis of a soybean leaf cDNA
library indicates that SRS1 and SRS4 are the most highly expressed members of the soybean SSU gene
family. Similar changes were observed in the RNA levels for these genes in response to white light,
far-red light and darkness, although SRS1 was expressed at a four-fold higher level in total RNA than
SRS4 under all conditions. However, nuclear run-on assays indicate that SRS1 is transcribed at a lower
rate than SRS4, which suggests that SRS1 RNA is more stable. S1 nuclease analysis and oligonucleotide
directed RNase H cleavage indicate that transcripts from both genes are polyadenylated within two
principle regions separated by 35 nt. Sequence analysis of 16 independent cDNA clones identified seven
different polyadenylation sites, and six of these sites lie within these two regions. Although SRS1 RNA
was poorly recovered during poly(A)* fractionation, RNase H cleavage experiments showed that
transcripts from SRS1 and SRS4 had similar poly (A) tail lengths ranging from 0 to 220 nt. In addition,
and despite differences in the untranslated leader sequences, SRS1 and SRS4 RNAs are assembled into
polysomes with equal efficiencies. The overall similarity in expression patterns for these two genes further
illustrates the coordinate evolution of individual members of a SSU gene family and is consistent with
the proposal that gene conversion homogenizes both the coding and regulatory regions of these genes.

Introduction (Rubisco), which catalyzes competing reactions
in photosynthetic carbon fixation and photo-
The small subunit (SSU) of the chloroplast respiration, has served as a model for studies on

enzyme, ribulose-1,5-bisphosphate carboxylase the regulation of gene expression. SSU poly-
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peptides are encoded by small nuclear gene fami-
lies in higher plants and green algae. Expression
of these genes is regulated by light and involves
both transcriptional and post-transcriptional
processes [62, 65]. Although the members of
SSU gene families are highly homologous in
nucleotide and amino acid sequence, differences
have been found in the organ and tissue-
specificity or levels of expression of individual
SSU genes in a number of plants including maize
[55], pea [27, 59], petunia [19, 63] and tomato
[60].

Two SSU genes have been characterized from
soybean [5,29]. These genes share extensive
homology at the nucleotide level, ranging from
959%, in the coding regions to approximately 80%,
in introns and proximal flanking regions. The
region of homology covers 6 kb and is too large to
be accounted for by conservation of regulatory
sequences. Beyond this region there is no detecta-
ble sequence homology. Recent quantitative
molecular evolution studies on SSU gene families
from a variety of plant species demonstrate that
SSU gene family members in all species examined
interact frequently by gene conversion, homo-
genizing SSU coding sequences [45, 48]. Thus
the homology between the two soybean sequences
may be the result of recent gene conversion events
covering the 6 kb region. In this case any dif-
ferences which might evolve in the regulation of
expression of these SSU gene family members
would also be homogenized in this process. The
advantage to the organism is that multiple SSU
genes interacting frequently by gene conversion
are able to evolve novel sequence combinations
more rapidly than could a single SSU gene [23].
In addition, this results in all the gene family
members encoding a homogeneous mature SSU
polypeptide [45].

In this study the expression of the two soybean
SSU genes was compared using gene-specific
oligonucleotide probes. Similar changes in RNA
levels were observed for both genes in response to
white light, far-red light and darkness. The com-
plex polyadenylation patterns, poly(A) tail lengths
and efficiency of loading into polysomes are simi-
lar for the two transcripts. However, dis-

crepancies between the transcription rates and
steady state RNA levels of these genes suggest
that transcripts from the SRS1 gene are more
stable.

Materials and methods
Plants and RNA isolation

Soybean plants (Glycine max cv. Wayne or Pella
’86) were grown in the greenhouse. Light treat-
ments were as described in Shirley and Meagher
[57]. Total RNA was prepared from leaves at
various stages according to previously published
methods [33, 58, 72]. Poly(A)* RNA was pre-
pared by oligo(dT) cellulose chromatography
[72]. Polysomes were isolated from soybean
leaves and RNA was purified from the sucrose
gradient fractions as described in Shirley and
Meagher [57]. All plant material was harvested at
12.00 noon.

Gene-specific oligonucleotides

Oligonucleotide probes for SRS1 and SRS4 were
synthesized on an Applied Biosystems DNA
synthesizer and purified on polyacrylamide gels
or by HPLC. The 18-mer oligonucleotides were
from homologous sites in the 3’ untranslated
region of the mRNA (nt 789-807, Fig. 5). Anti-
sense probes, complementary to the sequence of
the mRNA, were used to screen the cDNA library
and to measure steady state RNA levels in total
and poly(A)* RNA samples. Sense probes hav-
ing the same sequence as the mRNA were used to
sequence the cDNA clones by primer extension
through the polyadenylation sites.

The gene specificity of the SRS1 and SRS4
antisense oligonucleotide probes was determined
according to various criteria. Both probes hybrid-
ized to one band of the correct size for SSU on
northern blots of soybean total RNA. The SRS1
oligonucleotide hybridized to bands predicted for
SRS1 on Southern blots of soybean genomic
DNA digested with Eco RI or Hind III. The oligo-



nucleotide was also specific for SRS1 when used
as a primer for RNA sequencing (J.F. Senecoff
and R.B. Meagher, unpublished data). On the
other hand, the SRS4 oligonucleotide hybridized
to bands of the correct predicted size for SRS4 in
Eco RI and Hind 111 digests of genomic DNA, but
also to an additional SSU fragment on Southern
blots under non-stringent conditions. Thus these
two genes may comprise a subfamily separate
from SRS1. However, the SRS4 oligonucleotide
was specific for SRS4 in primer extension
sequencing of total RNA from soybean leaves
(J.F. Senecoff and R.B. Meagher, unpublished
data), detected only full length products when a
SRS4 DNA fragment was used in S1 protection
analysis of total and poly(A)* RNA (described in
Results), and detected only SRS4 clones (based
on sequence data from the 3’ end) in a leaf cDNA
library (see Resuits). Thus it appears that the
second gene in the SRS4 gene subfamily is
expressed at low levels relative to SRS1 and
SRS4, if at all, in soybean leaves. It was therefore
assumed that hybridizations with the SRS4 oligo-
nucleotide probe reflected expression of only the
SRS4 gene in the experiments described in this
study.

Soybean leaf cDNA library

Double-stranded ¢cDNA was synthesized from
the poly(A)* RNA of 40-day-old plants and was
cloned into the Agtl0 vector essentially as
described by Huynh ez al. [39]. Approximately
2 x 107 pfu were obtained per ug of cDNA
(4.5 x 10° pfu per ug of poly(A)* RNA). Phage
containing the SSU cDNA sequences were
selected through three rounds of plaque hybridi-
zation using a nick-translated insert from a pea
Rubisco cDNA clone, pSS15 [14]. Plaques were
transferred to nitrocellulose filters and the DNA
was denatured and fixed to the filters. The filters
were baked at 80 °C for 2h and were pre-
hybridized for 4-5 h at 37 °Cin 35%, formamide,
5x SSC, 5x Denhardt’s solution [20], 0.1%
SDS, 100 ug/ml yeast tRNA and 10 pg/ml
poly(A) RNA. The filters were hybridized in fresh
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solution overnight at 37°C using
0.5-1.0 x 10% cpm of nick-translated probe per
filter. After hybridization, the filters were washed
once for 30 min at room temperature and three
times for 30 min at 50 °C. All washes were
carried outin 3 x SSC and 0.1%, SDS. The con-
ditions used in plaque hybridizations for esti-
mating the occurrence of specific sequences in the
c¢DNA library and in dot blot hybridizations for
probing the Agtl0 SSU clones with the oligo-
nucleotide probes were as follows: filters were
prehybridized for 4-5h at 48 °C in 6 x SSC,
10 x Denhardt’s solution, 100 ug/ml yeast tRNA,
0.5% SDS. The filters were hybridized in fresh
solution overnight at 48 °C. Usually
1-2 x 10° cpm of the 32P-labelled oligonucleotide
probes were used per ml of hybridization solution.
The filters were washed twice in 6 x SSC, 0.5%
NP40 at room temperature for 20—-30 min, and
finally once in 6 x SSC for 5 min at 54 °C. DNA
was isolated from individual plaques by standard
procedures [43].

Additional DNA was subsequently prepared
for sequence analysis. Small amounts of phage
DNA were used to transform E. coli directly by
the method of Hanahan [35]. The transformed
cells were plated as for a A library according to
Maniatis et al. [43] and the resulting plaques were
transferred into 1 ml SM buffer and vortexed with
50 pl chloroform and stored at 4 °C. For each
clone, approximately 10-15 ug of ADNA was pre-
pared by the method of Grossberger [31] with the
modification that the bacterial culture was
infected with 100 ul of the plaque suspension
rather than with an entire plaque.

In order to confirm that the SRS1 and SRS4
clones were derived by priming of independent
SSU RNA molecules and did not arise from
amplification of a single cDNA during cloning,
the Eco Rl digestion patterns of several SRS1 and
SRS4 c¢cDNA clones were compared on non-
denaturing polyacrylamide gels. One Eco RI site
was present in the same location within the
second exon of the genes. Thus differences in
sizes of the fragments reflected differences in the
location of the polyadenylation site and the site
within the poly(A) tail which was primed by
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poly(dT) during cDNA synthesis. All ten of the
SRS4 clones and at least five of six SRS1 clones
examined contained 3’ Eco RI fragments of dis-
tinctly different sizes (data not shown), and must
therefore have been derived from individual
mRNA molecules.

DNA, RNA dot blots and transcription assays

Dot blots of the Agt10 SSC cDNA clones were
prepared on nitrocellulose. Dot blots of SSU
DNA and soybean RNA were prepared on
Biotrans filters as described in Shirley and
Meagher [57]. Transcription assays were per-
formed as initially described for soybean
seedlings [6]. The technical guidelines for quanti-
fying both the transcription rates and steady-state
assays of SSU RNA in total and poly(A)* RNA
samples on dot blots have recently been outlined
[57]. Most experiments were repeated several
times and none fewer than twice with completely
independent RNA preparations.

SI nuclease protection assays

The 0.8 kb Eco RI fragment from SRS1 [5] and
the 1.5 kb Hind III fragment from SRS4 [29],
contain sequences from the 3’ halves of the
genes. These were hybridized to total or poly(A)™
RNA at 50 °C and treated with S1 nuclease as
described in Condit and Meagher [16]. The pro-
ducts were separated on 8% polyacrylamide
denaturing gels and transferred electrophoreti-
cally [26] to Biotrans filters (I.C.N.). The gene-
specific antisense oligonucleotides (see above)
were used as probes for the protected RNA
fragments.

Oligonucleotide directed RNase H cleavage assays

RNase H cleavage assays were performed as
described in Carrazana et al. [15]. A synthetic
oligonucleotide, 1043N (5'TGGGGGCTT-
GTAGGCGATGAAZ3'), was used to direct the
sequence specific RNase H cleavage of the RNA.

This oligonucleotide is complementary to a
unique sequence 21 nt long, positioned 3-23 nt
upstream from the translational stop codon within
the 3rd exon of both the SRS1 and SRS4 tran-
scripts [29]. A 10 ug sample of total RNA from
8-day-old light grown soybean seedlings was
incubated with 50 pmol of the 1043N oligo-
nucleotide alone or with both 1043N and
500 pmols oligo-dT (12-18). Following RNase H
cleavage, the products were separated by electro-
phoresis in 6% polyacrylamide-8.3 M urea gels
and electrophoretically transferred to a nylon
membrane. The membrane was prehybridized in
2x SSC,0.2% SDS, 0.25% dry milk for at least
one hour followed by overnight hybridization with
30 x 10% cpm end-labelled oligonucleotide probe.
The gene specific oligonucleotide probes de-
scribed above were used to differentiate the
cleavage products for SRS1 and SRS4. For
SRS4, gene specificity was achieved by perform-
ing hybridization at 56 °C in Blotto, washing
twicein 2 x SSC, 0.2% SDS for 10 min at 23 °C
and once in 2x SSC, 0.2% SDS for 1 min at
56 °C. Gene specificity was achieved for the
SRS1 oligonucleotide by performing both the
hybridization and final wash at 62 °C.

Subcloning and sequencing

The cDNA inserts were subcloned into the plas-
mid vector pTZ18U (Pharmacia). Double-
stranded DNA from plasmid minipreps was used
directly for sequencing by the method of Senecoff
et al. [54]). Gene-specific sense oligonucleotides
which anneal to the nonsense strand of the SRS1
and SRS4 genes were used as primers in the
sequencing reactions, thus generating sequence
data for the 3’ ends of the cDNA clones.

Results

SRS1 and SRS4 RNA levels respond similarly to
light and darkness

Previous studies have shown that the steady-state
level of SSU RNA in soybean seedlings is



approximately eight-fold higher in light grown
leaves than in etiolated leaves relative to other
RNAs [29, 57]. In addition, SSU RNA levels
change rapidly in response to white light, far-red
light and darkness. However, it was not known
whether individual members of the soybean SSU
gene family exhibited similar levels and patterns
of expression. Therefore, the expression of the
two closely related soybean SSU genes, SRS1
and SRS4, was compared using gene-specific
oligonucleotide probes. RNA was extracted from
leaves of etiolated seedlings shifted into the light
for different amounts of time. RNA was also iso-
lated from leaves of light-grown seedlings placed
in darkness or treated with 15 min of far-red light
and shifted to darkness. The levels of SRS1 and
SRS4 RNA were measured on dot blots contain-
ing two fold dilution series of each RNA sample.
DNA standards were used to normalize between
filters hybridized with different oligonucleotide
probes and to confirm that gene-specific hybridi-
zation conditions were used in each experiment.
Hybridization of duplicate filters with a probe for
soybean 18S rRNA [29] was used to confirm that
equivalent amounts of total RNA were present in
each sample.

The results of this experiment are shown in
Fig. 1. The levels of SRS1 and SRS4 RNA
showed similar changes in response to light and
followed the patterns previously described for the
soybean SSU gene family as a whole [57]. SRS1
and SRS4 RNA levels increased slowly in
response to light to levels 4—8-fold higher than in
etiolated leaves. In leaves of light-grown plants
the levels of both RNAs decreased 4-8-fold in
response to darkness. Although far-red light has
a marked effect on SSU transcription, SRS1 and
SRS4 RNA levels were not affected by this treat-
ment relative to treatment with darkness alone
(data not shown), consistent with previous obser-
vations for the SSU gene family [56]. However,
a difference was found in the relative levels of
SRS1 and SRS4 expression. Normalization of
the hybridization signal to the DNA standards
showed that at least four-fold more SRS1 than
SRS4 RNA was present in total RNA under all
conditions examined.
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Fig. 1. Comparison of light regulation of SRS1 and SRS4
steady state RNA levels. DNA and RNA samples were
applied to nylon filters in two-fold dilution series. Filters were
hybridized with oligonucleotide probes specific for SRSI,
SRS4 and 18S rRNA and washed as described in Materials
and methods. The first four samples on each blot contain
plasmid DNA encoding: rRNA (pSR1.1, 0.01 pmol in first
dot), SRS1 (pSRS0.8, 0.033 pmol in first dot) and SRS4
(pSRS4-1.5, 0.033 pmol in the first dot). The remaining
samples contain RNA (10 pg in the first dot) from leaves of
light-grown seedlings treated with darkness or etiolated
seedlings treated with white light, as indicated. The asterisk
indicates RNA obtained from plants placed in continuous
light rather than a 12 h light/dark cycle.

Analysis of a soybean leaf cDNA library

The expression of SRS1, SRS4 and other poten-
tial members of the soybean SSU gene family was
examined by analysis of a ¢cDNA library. The
library was constructed by oligo(dT) priming of
poly(A)* RNA from soybean leaves. The gene-
specific probes were used to compare the num-
bers of SRS1 and SRS4 clones in the library to
the number of clones hybridizing to a general
SSU probe. The library was plated at a density of
approximately 2000 pfu per plate and a replica
filter imprints of the phage were made from each
plate. One filter from each pair was hybridized to
a nick-translated heterologous pea SSU cDNA
insert [ 14] at low stringency to estimate the total
number of SSU sequences in the library (Fig. 2A,
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Fig. 2. Analysis of a soybean leaf cDNA library. A. Auto-
radiograms of nitrocellulose filter imprints of DNA from a
soybean cDNA library made from mature leaf poly(A)*
RNA probed with a general SSU pea cDNA clone at low
stringency (left) and a replicate filter probed with the oligo-
nucleotide specific for SRS1 (right, top pair) or SRS4 (right,
bottom pair) at high stringency (as described in Materials
and methods). B. Twenty-eight cDNA clones were selected
based on hybridization to a pea SSU clone, spotted onto
nitrocellulose and hybridized with the SRS1 or SRS4 gene-
specific oligonucleotide. Clones not hybridizing to either
probe are marked with an X. Filters were hybridized and
washed as described in Materials and methods.

left). The consistently large number of synony-
mous nucleotide substitutions between the pea
and soybean SSU genes suggests that a pea SSU
probe should hybridize equivalently to all soybean
SSU genes {45]. This probe was shown to hybrid-
ize to six to ten genes on Southern blots of
soybean genomic DNA and appears to be no

more specific for the SRS1 and SRS4 genes than
for any other soybean SSU genes [5]. Based on
hybridization with this probe it was estimated that
approximately 1.59% of the phage in the library
contained SSU sequences. Replicate filters were
hybridized to the gene-specific oligonucleotides to
determine the frequency of SRS1 and SRS4
cDNA clones in the library (Fig. 2A, right). Of the
sequences hybridizing to the pea probe, approxi-
mately 209, contained the SRS1 sequence
whereas approximately 559 contained the SRS4
sequence.

In order to verify these results, DNA was puri-
fied from 28 SSU cDNA clones selected with the
pea probe and used to prepare DNA dot blots.
Duplicate blots were hybridized to the SRS1 and
SRS4 oligonucleotide probes. Figure 2B shows
that eight of the 28 clones (289,) contained the
SRS1 3° mRNA sequence while 18 of the 28
clones (64%) contained the SRS4 3' mRNA
sequence. Only two of the 28 SSU ¢DNA clones
did not contain the SRS1 or SRS4 3’ sequence.

The results of this analysis suggest that SRS1
and SRS4 encode the majority of the SSU
mRNA in soybean leaves. This is based on the
assumption that the cDNA sequences in the
library were representative of the poly(A)*
mRNA in leaf cells. However, analysis of the
cDNA library suggested that SRS4 was ex-
pressed at a higher level than SRS1, even though
SRS1 RNA levels were significantly higher in
total RNA from soybean leaves (Fig. 1). Thus,
although SRS1 and SRS4 appear to be the most
highly expressed members of the SSU gene family
in soybean leaves, it is possible that other SSU
transcripts were underrepresented in the cDNA
library, as well.

SRS1 RNA is under-represented in polyyA)* RNA
relative to SRS4 RNA

To further examine the discrepancy between
¢DNA frequency and total RNA levels for SRS1
and SRS4, dot blots were used to compare the
levels of SRS1 and SRS4 RNA in total and
poly(A)* RNA preparations. DNA standards
were again used to normalize hybridization sig-



nals between filters and to confirm the gene-
specificity of the hybridization conditions.
Figure 3 and other independent experiments
show that levels of SRS1 RNA were approxi-
mately two- to four-fold higher than SRS4 RNA
in poly(A)* RNA, but were four to eight fold
higher in total RNA from 10-day-old soybean
seedlings. Identical results were obtained with
RNA from 60-day-old plants (data not shown).
This result indicates that SRS1 RNA is poorly
recovered relative to SRS4 RNA during poly(A)*
RNA fractionation.

The underrepresentation of SRS1 in poly(A)™*
preparations only partially explains the low num-
ber of SRS1 clones recovered in the cDNA
library. Even though the levels of SRS1 were
approximately 2x that of SRS4 RNA in
poly(A)* RNA samples, twice as many SRS4
clones as SRS1 clones were identified in the
cDNA library. Thus SRS1 RNA was further
underrepresented in the oligo-(dT)-primed cDNA
library when compared to the recovery of
poly(A)* RNA.
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Fig. 3. Comparison of SRS1 and SRS4 RNA levels in total
and poly(A)* RNA. DNA and RNA samples were applied
to nylon filters in two fold dilution series. The first two lanes
of each filter contained plasmid DNA encoding 3’ sequences
for SRS1 (pSRS0.8) or SRS4 (pSRS4-1.5), 0.0025 pmol in
the first dot of each sample. The last two lanes of each filter
contained total RNA (10 ug in the first dot) and poly(A)*
RNA (PA*, 1 ugin the first dot) from 10-day-old light-grown
soybean leaves. The filters were hybridized with the gene-
specific oligonucleotide probes for SRS1 and SRS4 and
washed as described in Grandbastien et al. [29].
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These experiments suggest that SRS1 tran-
scripts hybridize less efficiently to oligo (dT) than
do SRS4 RNAs. One possibility is that SRS1
transcripts have shorter poly(A) tails than do
SR S4 transcripts. Alternatively, differences in the
secondary structure of SRS1 and SRS4 RNA
could affect the recovery of transcripts from both
oligo(dT) chromatography and oligo(dT)-primed
cDNA synthesis.

Gene-specific S1 protection reveals two principle
regions of 3' processing for both SRS1 and SRS4
RNAs

The results of S1 nuclease analysis have previ-
ously indicated that the 3’ ends of soybean SSU
RNAs are heterogeneous [29]. This suggests that
transcripts from the SRS1 and SRS4 genes might
exhibit differences in 3’ processing and poly-
adenylation. Preliminary experiments showed
that in standard protection assays neither S1 nor
mung bean nucleases differentiated between
homologous and heterologous SRS1 and SRS4
duplexes. Therefore, gene-specific S1 nuclease
protection assays were performed. Unlabeled
DNA fragments (Fig. 4A) hybridized with total or
poly(A)* RNA were treated with S1 nuclease
and the protected fragments were resolved on
sequencing gels and transferred to nylon filters.
The filters were hybridized with the antisense
oligonucleotide probes to identify protected RNA
fragments while at the same time discriminating
between SRS1 and SRS4. Based on DNA stand-
ards, the sizes of the RNA protection products
cluster in two groups of approximately 360 nt and
390 nt in both total and poly(A)* RNA prepara-
tions (Fig. 4B). These experiments indicate that
SRS1 and SRS4 transcripts have multiple but
related 3’ processing sites clustered about 160 nt
and 190 nt from the termination codon. For each
gene the distribution of RNA protection products
was approximately the same in total RNA and in
poly(A)* RNA, although there were fewer of the
long S1 products in total RNA probed with the
SRS1-specific oligonucleotide. Similar results
were obtained using mung bean nuclease (data
not shown).



916

A s oi-goﬂuchgudo probes
3 T 0=
SRS1 ¢ n £
SRS4 | 4
AUG TAA
B. T PA* T PA+
910 bp — -
- i
658 —
g
403 — LS,
S
L
- ]
&t
s
SRS1 SRS4

Fig. 4. S1 analysis of SRS1 and SRS4 in total and poly(A)*
RNA. A. The DNA fragments used in S1 nuclease protection
are indicated above the structure of the SRS1 and SRS4
genes. Boxes indicate the positions of the three exons.
B. DNA fragments containing the 3’ half of the SRS1 or
SRS4 genes were hybridized with either 25 ug of total RNA
(T) or 2 ug of poly(A)* RNA (PA™) from leaves of light
grown soybean seedlings. Hybrids were treated with Sl
nuclease as described in Grandbastien et al. {29]. Blots of S1
products were hybridized with the SRS1 or SRS4 oligo-
nucleotide probes.

Oligonucleotide directed RNase H cleavage identi-
fies two major regions of polyadenylation and similar
poly(A) tail lengths for both transcripts

In order to confirm the S1 nuclease data and
compare the lengths for of the poly(A) tails of

SRS1 and SRS4 transcripts, oligonucleotide
directed RNase H cleavage products of the tran-
scripts were analyzed. The strategy is outlined in
Fig. 5A. A hybrid is formed between both SRS1
and SRS4 transcripts in total seedling RNA and
an oligonucleotide complementary to 21 nucle-
otides just prior to the stop codon in the third
exon. These molecules are treated with RNAse H,
resolved on acrylamide gels and blotted to nylon
filters. The gene specific oligonucleotide probes
for SRS1 (Fig. 5B) and SRS4 (Fig. 5C) each
detected a broad range of cleavage products due
to different poly(A) tail lengths. These range from
approximately 190 to 380 nt (lane c), which repre-
sents primarily the 3’ untranslated sequences of

RNAse H
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Fig. 5. Oligonucleotide directed RNase H cleavage.
A. Strategy. The oligonucleotide, 1043N, complementary to
both the SRS1 and SRS4 transcripts at a position nine
nucleotides upstream from the stop codon, and oligo(dT) are
annealed to total RNA. RNA/DNA hybrids are cleaved with
RNase H and blotted to nylon filter. B. RNAs detected on
autoradiograph of filter imprint probes with the SRS1 gene-
specific oligonucleotide. C. RNAs detected on autoradio-
graph of filter imprint probed with the SRS4 gene-specific
oligonucleotide. The lanes in 5B and 5C contain: a. 10 ug
total seedling leaf RNA; b. RNA + RNase H; C; RNA +
oligo(1043N) + RNase H; d. RNA + oligo(1043N) + oligo-
(dT) + RNase H; e.0.1 ug of the 0.8 kb Eco RI plasmid
DNA insert from SRS1; f. 0.1 ug of the 1.4 kb SRS4 Hind II1
plasmid DNA insert. Details are described in Materials and
methods.
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the transcripts and variable poly(A) tail lengths. Seven polyadenylation sites were found in 16 inde-
When oligo(dT) is included in an identical pendent cDNA clones

reaction in order that the poly(A) tails are also

removed by RNase H, two clusters of products at In order to define more precisely the polyadenyla-
approximately 160 nt and 190 nt in length are tion sites in these genes, the 3’ ends of a number
detected for both SRS1 and SRS4 (Fig. 5B,C, of SRS1 and SRS4 cDNA clones were se-
lane d). These products define the sites at which quenced. The results are illustrated in Fig. 6.

poly(A) addition occurs. A single filter was Seven different polyadenylation sites were found
stripped and reprobed such that the results for the in ten independent SRS4 cDNA clones and these
two oligonucleotides could be compared directly. were concentrated in two regions. Five of the
These data suggest that the majority of poly(A) polyadenylation sites were in a region between
tails from both transcripts vary from approxi- 156 and 168 nt downstream of the translation
mately 0 nt to 220 nt in length. This result also stop codon (Fig. 6, region I); another four were in
demonstrates that there are two major regions of a region between 191 and 205 nt downstream of
polyadenylation for both transcripts approxi- the stop codon (Fig. 6, region II). Only one clone
mately 160 nt and 190 nt from the termination contained polyadenylation site outside of these
codon consistent with the results of S1 nuclease two regions, 106 nt downstream of the stop
protection assays. Appropriate controls included codon. The two clusters of polyadenylation sites
demonstrating that the oligonucleotide probes are in the cDNA clones correspond to the regions of
gene specific (Fig. 5, lanes ¢,f) and that RNase H RNA processing and polyadenylation detected in
directed cleavage does not occur when oligo- the S1 nuclease protection and oligonucleotide-
nucleotides complementary to the RNA are directed RNase H cleavage experiments.
omitted (lane b). However, the six independent SRS1 clones
SRS1 CAT G C A C Ay **»* *

SRS4 S5' CCA GGC TTC TAA GT**GTCAAAAATTTCGAAA |GCATTTGTAGCCGCCACC]| CCACTTTGTTTGTTTGTACTTAAACTACAT
Pro Ser Phe

* A T
TCCCATTTGTTTTTGCTTTTTGAGATTTCATCATCCTGTATTTTTGGTTTCTGTTTTCGGACTTCAATGGA AATTAATGGATGAG
Vay
106
(6)
166

v c G T CA T
AACTAATGAATRAGCTATTGTGTTGTGTTGCTTTGTT TCAAAATAACTTCAATAACCCATCGTCCTTGCATTTCTCTCTAGTGGG 3°
A AN AN N N
156 160163 168 191 205
(2) (3
1 ] 1 |
I 11

Fig. 6. Sequence of SRS1 and SRS4 showing polyadenylation sites. The sequence of SRS4 is shown, with the nucleotide
substitutions for SRS1 indicated above. Deletions of nucleotides in either sequence with respect to the other are shown by an
asterisk (*). The last three codons and the stop codon of exon 3 are shown in groups of three nucleotides, with the predicted
amino acid sequence given below. The SRS4 sequence is numbered beginning with the first nucleotide after the stop codon
(deletions and insertions of nucleotides, make the numbering for SRS1 slightly different). The boxed nucleotides indicate the
gene specific primers used for sequencing cDNA clones. The sequences in bold face type are homologous to known mammalian
polyadenylation signals. The arrows indicate the polyadenylation sites found for SRS1 (W) and SRS4 (A). The positions of these
sites are numbered relative to the stop codon. Numbers in parentheses indicate the number of cDNAs sequenced that contained
poly(A) tracts starting at that position. The two regions of polyadenylation found in SRS4 are labelled I and II.
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that were sequenced all contained polyadenyla-
tion sites at one position, 166 nt downstream of
the stop codon. This site corresponds to the
homologous sequence position (163 nt) at which
polyadenylation occurred for two of the SRS4
clones and is located in one of the regions identi-
fied by S1 nuclease protection and RNase H
cleavage analysis (Fig. 6). It appears likely that
the differences in the distribution of poly-
adenylation sites in the SRS1 and SRS4 cDNA
clones is related to the under-representation of
SRS1RNAs in the cDNA library and may reflect
differences in the 2° structure of the SRS1 tran-
scripts with different 3’ processing sites.

SRS1 and SRS4 are both transcribed at high levels
in soybean leaves

The observation that SRS1 RNAs were present
at higher levels in total RNA samples than SRS4
RNAs suggested that the SRS1 gene was tran-
scribed at a higher rate or that its RNA was more
stable. Transcription rates for the two genes were
measured using nuclear run-on assays as de-
scribed in Berry-Lowe and Meagher [6, 57]. Dot
blots containing SRS1 and SRS4 DNA were
probed with RNA labelled with [a-*?P]UTP in
transcriptionally active nuclei isolated from leaves
of soybean seedlings. The results of this analysis
are shown in Fig. 7. This experiment indicates
that SRS4 is transcribed at twice the rate of
SRS1, even though levels of SRS1 RNA were
four-fold higher in total RNA from soybean
leaves. The two-fold higher transcription rate for
SRS4 is only an approximate value since some
cross-hybridization occurs between full-length
SRS1 and SRS4 RNA and the DNA sequences
used as probes in this study. Attempts to use
gene-specific synthetic oligonucleotides bound to
filters in these transcription studies have not been
successful. However, this preliminary result sug-
gests that SRS1 RNA is more stable than SRS4
RNA since SRS1 RNA was present at a higher
steady state level despite an apparently lower
transcription rate.

N N X RGN

pBR
® SRSt
® @ sRs4

Fig. 7. Transcription of the SRS1 and SRS4 genes in iso-
lated nuclei from soybean seedling leaves. Nitrocellulose fil-
ters containing two-fold dilution series of plasmid DNAs
were hybridized within run-on transcripts labelled with
[«-**P]JUTP in nuclei isolated from leaves of light-grown
seedlings. The TRNA control contained 1 ug of the soybean
18S rRNA clone pSR1.2B3 [24] in the first dot. 5 ug of the
remaining DNA samples, pBR322, ASRS1 [5] and ASRS4
[29] were present in the first dots. Hybridization was in 3 x
SSC/50%, formamide at 56 °C as described in Berry-Lowe
and Meagher [6]. Filters were washed 4 x 15 min at 56 °C
in 0.2x SSC, 0.1% SDS.

SRS1 and SRS4 mRNAs are assembled with equal
efficiencies into polyribosomes

Recent studies suggest that SSU RNAs are
among the most efficiently translated RNAs in
soybean leaves [57]. However, transcripts from
the different members of the SSU gene family
might be translated with different efficiencies and
this could effect differences in RNA stability. The
untranslated leaders of SRS1 and SRS4 tran-
scripts are identical except for several nucleotides
preceding the start codon. Therefore, polyribo-
somes from light and dark grown soybean leaves
were fractionated on sucrose gradients [57] and
the distribution of SRS1 and SRS4 RNAs was
determined. RNA was purified from (A)the
region at the top of the gradient, presumably
containing ribonucleoprotein particles and free
RNA, (B) the region of the gradient containing
ribosomal subunits and monosomes and (C) the
region containing polyribosomes (see Materials
and methods) and was analyzed on dot blots
(Fig. 8). In the polyribosomal RNA fraction,
4-8-fold more SRS1 and SRS4 RNA was present
per ug of RNA loaded than found in the other two
fractions. This is identical to what was previously
found for the soybean SSU gene family as a whole
[57]. In addition, the levels of SRS1 RNA are
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Fig. 8. Prevalence of SRS1 and SRS4 mRNAs in poly-
ribosomes from light (Lt) and dark (Dk) grown soybean
seedlings. Dot blots contained two-fold dilution series of
SRS1 and SRS4 plasmid DNAs (0.5 fmol in the first dot),
total RNA and RNA from three regions of the polysome
gradients: A) RNPs and free RNA at the top of the gradient,
B) ribosomal subunits and monosomes, C) polysomes (each
lane contains 2 ug RNA in the first dot). Filters were hybrid-
ized with the SRS1 and SRS4 oligonucleotide probes as
described in Grandbastien et al. [29].

higher than SRS4 RNA in all three fractions,
reflecting the relative levels of these RN As in total
RNA samples. Thus it appears that SRS1 and
SRS4 transcripts are assembled into polysomes
with approximately equal efficiencies, despite dif-
ferences in leader sequences and apparent dif-
ferences in stability.

Discussion

In this study the expression of two members of the
soybean SSU gene family was compared. They
appear to be the most highly expressed SSU genes
in the leaves of soybean seedlings. The patterns of
expression of SRS1 and SRS4 RNA were identi-
cal in response to treatment with white light,
far-red light and darkness. Complex but similar
patterns of polyadenylation and comparable
poly(A) tail lengths were found for both tran-
scripts. The transcripts were also assembled into
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polyribosomes with equivalent efficiencies. How-
ever, differences were found in the transcription
rates, steady-state RNA levels and apparent
RNA stabilities of SRS1 and SRS4. In addition,
transcripts from SRS1 were inefficiently recover-
ed during poly(A)* fractionation, which could
reflect differences in secondary structure.

RNA stability

Discrepancies between transcription rates and
steady-state RNA levels suggest that SRS1 RNA
is more stable than SRS4 RNA. In a recent study
the 3’ sequences of an Arabidopsis SSU gene
resulted in significantly higher levels of expression
of a reporter gene in transgenic plants than the 3’
sequences of several other diverse genes [40].
Differential processing or stability was suggested
as a possible explanation for this result. A number
of different mechanisms have been proposed to
explain the rate at which RNA is degraded. One
hypothesis is that poly(A)* sequences play a role
in protection of the 3’ terminus of mMRNA against
exonucleolytic attack [11, 12, 66]. Poly(A) tails
may be continuously exposed to exonuclease
activities and thus more stable mRNAs would
acquire shorter tails as they age [10]. However,
our data indicate that SRS1 and SRS4 have simi-
lar poly(A) tail lengths suggesting that the
degradation of poly(A) tails does not control the
differential stability of these RNAs. In a second
postulate the sequences adjacent to the poly(A)
addition site can control the rate at which the
poly(A) tail is degraded [4, 39, 66]. A model was
proposed in which RNA sequences adjacent to
the poly(A) tails modulate the poly(A)-protein
interaction, resulting in the differential stability of
the poly(A) tails of individual mRNAs. Dif-
ferential polyadenylation could expose or remove
sites which activate degradation. However, S1
nuclease protection and RNase H cleavage
experiments demonstrate a similar distribution of
polyadenylation sites for SRS1 and SRS4 RNAs.
A third possibility is that SSU RNA turnover is
linked to translation as it is in a number of animal
systems. The degradation of histone [30, 52],
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B-tubulin [70] and c-fos [67] mRNAs in mam-
malian systems have all been shown to be depend-
ent on the association of the mRNAs with ribo-
somes and in several cases on active translation
of the mRNA. However, no significant differences
were observed in the assembly of SRS1 and SRS4
mRNA into polyribosomes in soybean seedling
leaves. It appears unlikely that the difference in
the stabilities of SRS1 and SRS4 RNA is related
to differential translation of these transcripts.
Thus, the mechanisms that control the overall
stabilities of SSU RNAs and contribute to the
differential stabilities of SRS1 and SRS4 RNA
are not yet known.

The similarity in the distribution of SRS1 and
SRS4 in polysomes is also surprising in light of
sequence differences in the mRNA leaders of the
two genes. One of the most striking differences is
the presence of an A at the — 3 position relative
to the AUG initiation codon in SRS1 and a C at
this position in SRS4. According to the observa-
tions of Kozak in mammalian systems [42], this
should significantly decrease the translation effi-
ciency of SRS4 relative to SRS1. However, tran-
scripts from both genes appear to be very effi-
ciently assembled into polyribosomes. Thus,
sequences that direct ribosome loading and trans-
lation initiation appear to be different in plants
than in animals.

SRS and SRS4 mRNA share similar patterns of
polyadenylation and poly(A) tail lengths

The poor recovery of SRS1 poly(A)* RNA rela-
tive to SRS4 RNA on oligo dT cellulose and the
low frequency of SRS1 clones relative to SRS4
clones in a soybean leaf cDNA library suggested
that SRS1 mRNA is retained less efficiently by
oligo(dT) cellulose than SRS4 mRNA. This
observation suggested that SRS1 mRNA might
have shorter poly(A) tails than SRS4 mRNA.
However, S1 protection analysis and oligonucle-
otide directed RNase H cleavage demonstrated
that both SRS1 and SRS4 transcripts were poly-
adenylated at multiple sites concentrated in
two regions of the RNA molecules (I, II, Fig. 6).

These regions are separated by approximately
35 nt although direct sequencing of cDNAs sug-
gests that other sites of 3’ processing and poly(A)
addition occur at a lower frequency outside of
these regions. These experiments also showed
that transcripts from both genes exhibit similar
poly(A) tail lengths ranging from 0 to 220 nt. The
low affinity of SRS1 RNA for oligo(dT) cellulose
and the low frequency of SRS1 cDNA relative to
SRS4 remains unexplained. It is possible that
subtle conformational differences between the
RNAs sterically block access of oligo(dT) to the
poly(A) tails of the SRS1 transcripts during
chromatography.

Sequences involved in 3' processing and poly-
adenylation

The locations of polyadenylation sites in the
SRS1 and SRS4 ¢cDNAs provide clues regarding
the signals that are involved in the 3’ processing
of SSU RNAs. The 3’ non-translated regions of
SRS1 and SRS4 contain numerous sequences
homologous to the consensus polyadenylation
signals in animals [5, 29]. One example is the
sequence element, AAUAAA, which is a signal
for polyadenylation in animals and is usually
found 10 to 40 nt upstream of the polyadenylation
site [50]. Sequences homologous to AAUAAA
(indicated in bold in Fig. 5) are present immedi-
ately upstream of the SRS1 polyadenylation site
and the two clusters of polyadenylation in SRS4.
However, no AAUAAA-like sequence is found
upstream of the most 5’ proximal polyadenylation
site in SRS4. In addition, no polyadenylation
sites were found downstream of the third
AAUAAA element in the 10 cDNA clones exam-
ined. The sequence CAYUG is another sequence
element often found either immediately upstream
or downstream of the 3’ processing site in animals
[2]. The CAYUG sequences is 57 nt downstream
of the polyadenylation site in SRS1 (CATTG,
Fig. 6), but is disrupted by a nucleotide change
from T to C in SRS4 (CATCG, Fig. 6). No other
CAYUG element is found in the 3’ end of either
gene. Another element, the G/T cluster, is found



approximately 30nt downstream of the
AAUAAA element in many animal genes {8].
G/T-rich regions are present downstream of all of
the polyadenylation sites in both SRS1 and
SRS4. Interestingly, all of the SRS1 and SRS4
polyadenylation sites occurred at A residues,
which agrees with the general pattern for poly-
adenylation in animals [8].

Plant transcripts have complex patterns of poly-
adenylation

Even though polyadenylation appears to be
ubiquitous among eukaryotes and probably
involves highly conserved mechanisms, the analy-
sis of the polyadenylation of SRS1 and SRS4
RNAs provides further evidence for differences in
the polyadenylation processes of plants and ani-
mals. Examples have been found of muitiple poly-
adenylation sites at the 3’ ends of animal genes
and in some cases multiple polyadenylation sig-
nals are used within a gene to regulate synthesis
of alternative protein products. However, poly-
adenylation generally occurs at a single precisely
defined site in animal RNAs. On the other hand,
in plant systems multiple polyadenylation sites
may be quite common [18, 38, 46]. A survey of
published plant genes which appear to contain
multiple polyadenylation sites based on cDNA
sequence analysis or S1 nuclease protection
assays is presented in Table 1. In many other
studies only one cDNA clone was sequenced in
order to define the polyadenylation site for a
particular plant gene. Complex patterns of poly-
adenylation observed in S1 protection analyses
are often attributed to stuttering of the enzyme or
to the presence of closely related gene family
members. However, substantial evidence exists
that multiple polyadenylation sites are used in
many plant genes and that, in general, poly-
adenylation in plants may be less precise than in
animal systems.

Evidence for differences in the polyadenylation
processes in plants and animals has also come
from two studies on the processing of animal
genes in plant cells. Hunt et al. {37] showed that
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polyadenylation signals from the human growth
hormone gene and two animal virus genes are
processed inefficiently or incorrectly in transgenic
tobacco cells. In addition, Martinez-Zapater
etal. [44] recently showed that when a gene
encoding the Drosophila P-element transposase
was expressed in tobacco plants, the 3’ end of the
most abundant transcript was located in a region
of high A + T content in the transposase coding
sequence. Thus, significant differences must exist
between plants and animals in the signals and/or
mechanisms that control 3’ cleavage and poly-
adenylation.

Although 3’ processing and polyadenylation
have been extensively studied in animal systems,
the signals that control these processes in plants
are not yet well defined. Functional tests have
demonstrated the role of the conserved sequences.
AAUAAA and CAYUG, and GT-rich regions in
the 3’ processing and polyadenylation of mRNAs
in animal systems [8]. In addition, a 64 kDa pro-
tein has been found to interact specifically with
viral AAUAAA sequences {68] and regions of the
highly conserved small nuclear RNA U4 have
been found to be complementary to the
AAUAAA and CAYUG sequences [3]. Many
plant genes possess sequences homologous to
these control signals, often in appropriate loca-
tions relative to known polyadenylation sites
(Table 1) but their significance is unknown. In
many cases these sequences have been assumed
to be involved in 3’ processing and polyadenyla-
tion. However, the 3’ untranslated regions of a
number of plant genes do not contain these
sequences [37]. In addition, an AAUAAA-like
sequence is not present upstream of the first poly-
adenylation site in SRS4.

Only a few functional tests have been per-
formed to identify the sequences required for 3’
processing and polyadenylation in plants. Analy-
sis of a pea SSU deletion mutant in transgenic
plants showed that sequences between — 235 and
— 6 (relative to the major polyadenylation site) are
required for normal polyadenylation [36]. Dele-
tion of these sequences results in polyadenylation
at at least seven new sites located from 20 to
300 nt downstream of the normal sites. Deletion
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Table 1. Plant genes with multiple polyadenylation sites.

Species Gene Gene A,UA,- Number of Method Ref.
designation like Poly (A)
sequences sites
A. tumefaciens’ ocs? wt 4 2 S1 [21]
A. tumefaciens ocs? rGV1(del)® 4 4 S1 [21]
A. tumefaciens nos* - 1 3 S1 7
castor bean ricin - 2 2 cDNAs (2) {34}
French bean endochitinase - 1 2 cDNAs (4) [13]
maize bronze - 2 3 cDNAs (6) [18]
maize GST? GST-1 1 4 cDNAs (5) [32]
maize GST GST-III 2 4 cDNAs (5) [32]
maize PEPC? - 3 4 ¢DNAs (5) [69]
maize Adh’ Adh 1-S 2 4 S1 [53]
maize Adh Adh 1-F 2 7 S1 [53]
maize waxy Adh 1-F 3 3 c¢DNAs (3) [41]
parsley 4CL8 Pc4CL-1/2 0 10 cDNAs (17) [22]
pea seed lectin LecAd 1 2 cDNAs (2) [28]
petunia cab'® cab91R 2 2 c¢DNAs (2) [18]
petunia cab cab29 2 2 cDNAs (2) [18]
petunia Rubisco SSU*! SSuU301 3 3 cDNAs (12) [18]
petunia Rubisco SSU SSuUs11 3 3 cDNAs (13) [18]
petunia Rubisco SSU Ssu211 2 2 cDNAs (2) [18]
potato not determined SF-LS1 2 2 cDNAs (2) [25]
rice glutelin type I 2 2 cDNAs (2) [61]
rice glutelin type 11 2 2 cDNAs (2) [61]
soybean lectin Lel 1 2 S1 [64]
soybean hsp'? Gmhsp17.5-E 3 4 S1 [17]
™V PRP! PR-1a 3 2 cDNAs (2) [47]
TMV!3 PRP PR-1c 1 2 cDNAs (2) [47]
tobacco ATPS gsSuU"* atp2-1 1 4 S1 9]
tobacco Rubisco SSU rbcS-8B 1 2 S1 [49]
tobacco stylar glycoprotein S, 2 2 cDNAs (2) [1]
wheat a/b gliadin - 2 2 cDNAs (3) [51]
wheat lipoxygenase 3 - 4 2 cDNAs (2) [71]

! Agrobacterium tumefaciens; > octopine synthase; >3’ deletion mutant of octopine synthase gene; * nopaline synthase; ° glutathione
S-transferase; ®phosphoenolpyruvate carboxylase; ”alcohol dehydrogenase; 4-coumarate : CoA ligase; ®the authors do not
identify which of the 17 cDNAs are Pc4CL-1 or Pc4CL-2; '°Chlorophyll a/b-binding protein; ''ribulose-1,5-bisphosphate
carboxylase small subunit; '2heat shock protein; > tobacco mosaic virus; '# pathogenesis-related protein; ' Beta subunit of the

mitochondrial ATP synthase.

of an additional 57 nt causes loss of the cryptic
polyadenylation sites as well [36]. A more recent
study suggests that regions as large as 100 nt on
either side of the major polyadenylation sites in a
pea SSU gene are required for normal processing
[38]. These results suggest that distant flanking
sequences play a role in directing the complex
polyadenylation patterns observed in plants.
However, the specific sequences required for 3’

processing and polyadenylation of plant RNAs
have not yet been identified.

Conclusion
In this study the expression of two members of the

soybean Rubisco SSU gene family, SRS1 and
SRS4, was compared. These genes share exten-



sive homology, even in distant flanking sequences,
thus the similarity in their expression in response
to light is perhaps not surprising. These simi-
larities may result from periodic gene conversion
events among SSU gene family members [45] and
a selection for organisms with coordinately regu-
lated SSU gene family members. However, an
apparent difference in the stabilities of the tran-
scripts from these genes was inferred from our
data. Although RNA stability has been linked to
polyadenylation and translation in other systems,
no significant differences were found between
SRS1 and SRS4 in complex patterns of poly-
adenylation, in poly(A) tail lengths or in efficiency
of assembly into polyribosomes. Future studies
will focus more specifically on the sequences and
mechanisms that direct post-transcriptional con-
trol of these genes.
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