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S"mmary. We present the sequence of the nuclear-
®ncoded ribosomal small-subunit RNA from soy-
€an. The soybean 18S rRNA sequence of 1807
Qucleotides (nt) is contained in a gene family of
3Pproximately 800 closely related members per
aploid genome. This sequence is compared with
the ribpsomal small-subunit RNAs of maize (1805
0t), yeast (1789 nt), Xenopus (1825 nt), rat (1869
M), and Escherichia coli (1541 nt). Significant se-
Quence homology is observed among the eukaryotic
Small-sybunit rRNAs examined, and some se-
Quence homology is observed between eukaryotic
angd prokaryotic small-subunit rRNAs. Conserved
Tegions are found to be interspersed among highly
Iverged sequences. The significance of these com-
Parisons is evaluated using computer simulation of
arandom sequence model. A tentative model of the
Secondary structure of soybean 188 rRNA is pre-
$ented and discussed in the context of the functions
Of the various conserved regions within the se-
Quence. On the basis of this model, the short base-
Daired sequences defining the four structural and
ctional domains of all 18S rRNAs are seen to be
Well conserved. The potential roles of other con-
Served soybean 18S rRNA sequences in protein syn-
©sis are discussed.
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Introduction

Ribosomes from all prokaryotic, archaebacterial, and
eukaryotic sources are composed of small and large
subunits. These complexes of RNA and protein
molecules have conserved overall structures and
perform similar biological functions during protein
synthesis (Wool 1980; Liljas 1982; Lake 1983). The
ribosomal complex has been studied as an example
of RNA-RNA and RNA-protein interactions. These
interactions are reflected in a conserved structure
for the ribosomal RNAs (rRNAs) (Noller and Woese
1981).

The rRNA molecule associated with the small
ribosomal subunit from any source is referred to as
the small-subunit TRNA. Small-subunit rRNAs are
often grouped according to source and size: 18S
tRNAs from eukaryotic cytoplasms, 16S rRNAs
from prokaryotic sources, 12S rRNAs from animal
mitochondria, etc. Although their lengths vary ap-
proximately twofold, from 954 nucleotides (nt) [128
from human mitochondria (Eperon et al. 1980)] to
1962 nt [18.5S from maize mitochondria (Chao et
al. 1984)], small-subunit TRNAs contain certain
structures that can be identified as shared by all. All
the nuclear-encoded 18S rRNAs have lengths of close
to 1800 nt and share significant nucleotide sequence
homology. However, the eukaryotic 18S and pro-
karyotic 16S small-subunit rRNAs differ in length
by about 300 nt and share little overall nucleotide
sequence homology.

Relatively little is known about plant cytoplasmic
ribosomes and rRNAs. The sequence of the small
rRNA from maize, a monocotyledon, has recently
been reported (Messing et al. 1984). To extend struc-
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tural and evolutionary comparisons further, we have
determined the nucleotide sequence of the 18S rRNA
gene from soybean, a dicotyledon. This sequence is
compared here with other nuclear-encoded eukary-
otic small-subunit rRNAs, as well as with Esche-
richia coli 16S rRNA.

Experimental Procedures

Recombinant Clones. ASR1 is a recombinant lambda clone con-
taining one and one-half rDNA repeat units from the soybean
Glycine max, var. Wayne (Eckenrode 1983). The inserted DNA
of ASR1 is composed of three EcoRI fragments: two identical
3.9-kb fragments and one 3.75-kb fragment (Fig. 1). Each of these
two different EcoRI fragments was subcloned into the EcoRI site
of pBR325 (Bolivar and Backman 1979) and relevant portions
of these were further subcloned into the appropriate sites of
pBR322 (Bolivar et al. 1977). Ligations were performed as de-
scribed by Maniatis et al. (1982). The nomenclature of these
subclones is presented in Fig. 1. Transformations of HB101 were
performed as described by Kushner (1978). Colonies that tested
asrecombinant on the appropriate antibiotic plates were screened

LO2kb panded map

for the presence of inserted DNA in the vector plasmid (Meiiﬁher
et al. 1977a). Inserted DNA fragments were identified on the
basis of their sizes and restriction patterns. Plasmid DNA from
spectinomycin- (pBR325) or chloramphenicol- (pBR322) a™”
plified cells was purified as described by Meagher et al. (1977b)'
Restriction enzymes were purchased from either BetheS
Research Labs (Gaithersburg, MD) or New England Biolab’
(Waltham, MA) and used according to the manufacturers’ spec”
ifications.

DNA Fragment Purification. All DNA fragments to be pu’
fied were separated by electrophoresis in 3-mm-thick nonden®
turing 5% acrylamide gels (Maxam and Gilbert 1980). DNA frag
ments were electroeluted in a dialysis bag using the modifi€
TEA buffer described by Carreira et al. (1980); 60 mM Triz®?
Base and 2 mM disodium ethylenediaminetetraacetate (EDTA)’
titrated to pH 8.3 with glacial acetic acid. The buffer containifB
the DNA sample (~3 ml) was concentrated tenfold by evap®”
rating water from the sample in a Savant Speed-Vac. Paniculﬁte
matter was removed by centrifuging the sample through a plué
of siliconized glass wool in an Eppendorf tube with a hole in t
bottom into a fresh Eppendorf tube (Maniatis et al. 1982). If the
DNA sample had already been radicactively labeled, 15 pg phet”
ol-extracted tRNA (Sigma, St. Louis, MO) was added to act %
a carrier during ethanol precipitations. Three ethanol preciplw'



‘li;;s were performed prior to sequencing (Maxam and Gilbert
0).

Labeling the DNA. Recessed 3' ends of restriction fragments
Were filled in using [e-32PJdNTPs and the Klenow fragment of
* coli DNA polymerase 1 (both from New England Nuciear
Orp., Boston, MA). The reaction conditions were as described
Y Shah et al. (1982), with the modification that the reaction
MXtures contained no more than 10 pmol of fragment ends and
3bproximately 12 pmol of the appropriate radioactive nucleotide
Usually 50 ,Ci, with a specific activity of =3000 Ci/mmol).

DN4 Sequence Determination. Purified DNA fragments were
equenced by the method of Maxam and Gilbert (1980), with
® maodification that the “G + A” reaction was performed in
formic acid for 5 min, as described by Krayev et al. (1980).
uencing gels were run as described by Maxam and Gilbert
980), except that high gel temperatures (>65°C) were necessary
Or Obtaining reproducible DNA sequence patterns of this ribo-
%omal gene region, most likely because of the high degree of
Botentia] secondary structure in rDNA. Because the rRNA tran-
SCripts from this gene probably have approximately 50% of their
ases in a base-paired configuration (see Discussion), each DNA
$rand can also form intrastrand duplexes, which could cause
Treni sequencing patterns. Elevating the temperature probably
Yenatureq the intrastrand duplexes. Typical gels (43 cm long, 35
M wide, 0.3 mm thick) were run at 150 W constant power.

Computer Analysis of the DNA Sequence Data. Sequencing
ta were stored and analyzed using the Stanford Gene Molgen
Toject with NIH SUMEX-AIM Facility (Stanford, CA). An Ap-
Ple 1 Plus computer and a Zenith Z-19 terminal were used to
teract with the Stanford computer via the TYMNET satellite
mmunications system. Additional analyses were performed us-
g the Intelligenetics system (Palo Alto, CA) and the same ter-
Winals, Files were transferred from the remote system 1o the
Pple II Plus system using a BITS program (Software Sorcery,
CLean, VA).

A program developed by Arnold et al. (J. Arnold, V.K. Eck-
®arade, K. Lemke, G.J. Phillips, and S.W. Schaeffer, manuscript
Submitteq to Nucleic Acids Research) for 2 PDP 11/34A com-
Puter (Digjtal Equipment Corporation, Maynard, MA) was used
Or the final pairwise intergenic comparisons of the small-subunit
RNA nucleotide sequences. The program implements a dynamic
D""&ramming algorithm described by Kruskal (1983) and origi-
Ually proposed by Needleman and Wunsch (1970). This algo-

i specifies a weight for each type of nucleotide mutation:
ansition, transversion, and insertion/deletion. A perfect match
s no weight. A transition is defined as having a weight of L.
}h", less likely mutations are given higher weights. The optimal
Bnment of two sequences involves minimizing the sum of these
Cights; this minimum sum is defined as the evolutionary dis-
ce. Sankoff et al. (1976) suggested giving insertions/deletions
Weights of 2.25 and transversions weights of 1.75. These numbers
€re based on the resulis of muitiway sequence comparisons
among 55 rRNAs. We found that weighting transversions more
€avily than transitions, as suggested by Brown and Clegg (1983),
A little effect on our pairwise alignments. Therefore, transitions
d transversions were both given weights of 1, as in the work
% Erickson and Sellers (1983). For the sake of simplicity, inser-
Uons/deletions were weighted twice as heavily as transitions and
Tansversions, i.¢., were given a weight of 2. Mismatches were
Crefare favored over insertion/deletion events, All nucleotide
Sequence comparisons in Fig. 2 represent optimal pairwise align-
fNents against the soybean 185 rRNA. Percentage homology be-
€en any two nucleotide sequences was calculated as the number
f positions with the same nucleotide divided by 1919, the total
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number of positions needed to make the six-way maich shown
in Fig. 2.

To test the significance of the evolutionary distances, the dis-
tribution of evolutionary distances between pairs of random se-
quences was determined. Five hundred pairs of random se-
quences with lengths of 1819 nt and an average G + C composition
of 51% (see Table 1) were generated using a multiplicative ran-
dom-number generator with period 2*! — 1 and multiplier 75
{(Knuth 1981). The generator was tested as in Knuth (1981).

Generation of a Secondary-Structure Model. To facilitate the
analysis of conserved structural regions and regions of signifi-
cance in the soybean 188 rRNA sequence, we devised a potential
secondary structure based on a secondary-structure model for
yeast and Xenopus 188 rRNAs (Zwieb et al. 1981). Changes in
the lengths and relative placements of duplex regions were made
from the model for the yeast 18S rRNA to accommodate the
soybean 188 rRNA sequences, The base pairing and structure
rules of Erdmann et al. (1983) were followed for the determi-
nation of duplex regions.

Analysis of Soybean Genomic DNA for Smali-Subunit rRNA-
Encoding Sequences. Soybean genomic DNA was analyzed
{Southern 1975) for small-subunit rDNA sequences hybridizing
to the small-subunit TDNA insert contained in pSR1.2B3. This
1.05-kb Bstl-EcoRI fragment encodes nucleotides 544~1583 of
the 185 rRNA gene of ASRI. Filters were prehybridized and
hybridized in 50% formamide, 5 x SSC, 5x Denhardt’s solution
(Denhardt 1966), at 56°C. Filters were washed three times in
0.2x SSC, 0.2% sodium dodecyl sulfate (SDS), at 56°C for 10
min each and exposed overnight to film,

Results
Description of the Soybean 18S rRNA Seguence

The nucleotide sequence of a soybean 18S rRNA
molecule, as inferred from the gene sequence con-
tained in recombinant phage ASR1, is presented in
full on the top line of Fig. 2. Also shown in Fig. 2
is a comparison of the sequence of the soybean 188
rRNA with the sequences of four other eukaryotic
188 rRNAs [maize (Messing et al. 1984), yeast
(Rubstov et al. 1980), frog (Salim and Maden 1981),
and rat (Torczynski et al. 1983)] and with the se-
quence of one prokaryotic 16S rRNA [E. coli (Noller
and Woese 1981)]. Because the 5’ and 3’ ends of the
18S rRNAs from yeast (Krayev et al. 1980), frog
(Salim and Maden 1981), and rat (Torczynski et al.
1983) have been experimentally determined and be-
cause of the perfect homology of the end nucleotides
and the nearly perfect sequence homology of the
first 70 and last 50 nt, the limits of the mature soy-
bean 18S rRNA sequence were operationally de-
fined by their agreement with those of these three
other TDNA genes. The mature 185 rRNA from
soybean is 1807 nt long. This is within the length
range of the known eukaryotic 18S rRNAs, from
1789 [yeast (Krayev et al. 1980)) to 1869 [rat (Tor-
czynski et al, 1983)] nt.

The average G + C content of the eukaryotic 18S
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Fig. 2. Comparison of the soybean 18S rRNA nucleotide sequence with those of four eukaryotic 18S rRNAs and of one prokaryotic

168 rRNA. The nucleotide sequence of 185 rRNA from soybean (G.m.) was predicted from genomic DNA sequences. It is compared
With the nucleotide sequences for the 185 rRNAs from maize (Z.m.), yeast (S.c.), Xenopus leavis (X.1.), and rat (R.r.), and the 16S
IRNA from E. coli (E.c.). All nucleotide sequence comparisons were optimized for homology with the soybean sequence. A nucleotide
in any of the other 18S rRNAs that is identical to that in the soybean sequence in that position is indicated by a dash. A nucleotide
different from that in the soybean sequence is indicated by writing the letter symbol for the differing nucleotide in the appropriate
Position of the other 188 rRNA sequence. A deletion in any sequence is indicated by an “x” in the appropriate position. The four
Predicted structural domains of the soybean sequence are indicated by roman numerals on the left side of the figure and are roughly
$€parated by opposing arrows. The total number of nucleotides presented for each sequence is tallied at the end of each line. Regions

of particular interest are enclosed and numbered (see Discussion)

Table 1. Nucleotide compositions and lengths of various small- Sequence Co mparisons among
Subunit rRNAs the Eukaryotic 185 rRNA Seguences
. G+C .. . .
Number of nucleotides Length con- An examination of Fig. 2 reveals extensive nucleo-
Speciest A U G C (nt) tent tide sequence homology among the eukaryotic 188
S - rRNAs. All of the eukaryotic 18S rRNAs examined
Oybean (G.m.) 451 469 43(1) 351’2 128-5/ ';?02 share at least 74% nucleotide sequence homology
Y ;‘:te((szgi)‘-) Z;Z ‘;gg : ss 347 1789 45% with the soybean 18S rRNA (Table 2). Soybean 18S
Xenopus(X.1) 432 411 516 466 1825  54% rRNA is more homologous (93.5%) in nucleotide
t (R.r.) 421 408 543 497 1869  56% sequence to maize 18S rRNA than to the 18S rRNAs
E. coli (E.c.) 389 313 487 352 1541  54% from the organisms from other kingdoms. Similarly,
Ukaryotic even when they are optimized for alignment with
average 445 447 502 425 1819  51% y P en

* Abbreviations for organisms are as given in Fig. 2

TRNAs examined is 51% (Table 1), with a variation
of 5% from this average. The G + C content of the
Mature 18S rRNA from soybean, 49%, is close to
this average. Although the high degree of variation
Of G + C content among the eukaryotic 18S rRNAs
has been noted previously (Salim and Maden 1981;
Torczynski et al. 1983; Messing et al. 1984), the
Significance of this variation is unknown. Salim and

aden (1981) have noted, however, that this vari-
ation of G + C content is confined to the regions
°f low homology among the 18S rRNAs (see next
Section).

the soybean sequence, Xenopus 18S rRNA is more
homologous (91.6%) in nucleotide sequence to rat
188 rRNA than to the other sequences analyzed.
It is apparent from Fig. 2 that the five eukaryotic
18S rRNAs presented are collinear. In any pairwise
comparison of the eukaryotic rRNAs, there are
stretches of high sequence homology (greater than
90%) separated by stretches of low homology (less
than 45%). For example, soybean nucleotides 1-65
and 81-124 are conserved in all eukaryotic 18S
rRNAs. They are separated by 13 nucleotides that
are nonhomologous among the various sequences.
Other regions of shared high sequence homology
include soybean nucleotides 135-170, 358-490,
505-647, 748-780, 860-895, 902-919, and 950-
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Table 2. Percentage homologies (below the diagonal of null values) and evolutionary distances (above diagonal) between various

small-subunit rRNAs

G.m. Zm, S.c. X.L R.r. E.c.
G.m. 0/100% 138 383 419 497 1126
Z.m. 93.5% 0/100% 412 416 496 1132
S.c. 82.8% 80.8% 0/100% 464 542 1117
X1 79.9% 79.4% 76.7% 0/100% 177 1154
R.r. 78.2% 77.3% 74.8% 91.6% 0/100% 1230
E.c. 53.3% 51.4% 47.8% 47.2% 44.4% 0/100%

All percentages were calculated by taking the total number of similarities between two sequences (using the alignment of Fig. 2) and
dividing by 1919, the total number of positions necessary to accommodate all base insertions. In this way, all the pairwise comparison$
were normalized to the same length. The upper half of the matrix gives the evolutionary distances based on the weighted values for
transitions/transversions and insertions/deletions. An evolutionary tree for the TRNA family can be constructed by single linkag®
(Hartigan 1975) based on either percentage homology or evolutionary distance. The resulting trees are identical, and the common
tree is superimposed on the matrix using boxes. The species abbreviations are as defined in the legend to Fig, 2

990. In all pairwise sequence comparisons, most of
the regions of sequence divergence occur in the same
relative positions. This pattern of 18S rRNA se-
quence conservation was first observed by Salim
and Maden (1981) in a comparison between the
Xenopus and yeast 18S rRNAs and was described
by them as “extensive but interrupted” or “inter-
spersed” homology. Our five-way comparison ex-
tends and confirms their observation.

Most striking is the 93.5% homology between the
soybean and maize 188 rRNA sequences, which is
accounted for by the fact that there are only 129
nucleotide replacements between the two genes,
which are scattered throughout the sequences. In
contrast, both the rat and frog sequences are less
than 80% homologous with the soybean sequence,
while being 91.6% homologous with each other. In
fact, the rat 188 rRNA is 62 nt longer than the
soybean 18S rRNA molecule. Most of the additional
nucleotides in the rat 18S rRNA occur in region 3,
rat nucleotides 119-306 (Figs. 2 and 5), in which
the nucleotide sequences also vary among the other
four sequences. The differences in length among the
non-rat rRNA molecules are much less dramatic
and are scattered throughout the whole sequence.

Sequence Homology Between the Soybean and
E. coli Small-Subunit rRNAs

Comparison of the soybean and E. coli sequences
provides examples of the degrees and types of se-
quence homology between eukaryotic and prokary-
otic small-subunit rTRNAs. In contrast to the high
degree of nucleotide sequence homology among the
eukaryotic small-subunit rRNAs, the homology be-
tween the soybean 188 rRNA sequence and the E.
coli 16S rRNA sequence is only 53%. This calcu-
lation was based on a total length of 1919 nucleo-

tides, with insertions placed where necessary t0
maximize the homology. Because the total length
used for the match was longer than the soybeal
sequence and far longer than the E. coli 16S s€-
quence, this percentage is undoubtedly an overes-
timate of the actual homology. The percentage ho-
mology between two random sequences ©
approximate length 1800 is 50% using our matching
program. Therefore, the actual homology betweel
the soybean and E. coli small-subunit rRNAs is not
very different from the homology between two ran-
dom sequences. What is significant is that there aré
short stretches of high sequence homology betweed
the soybean and E. coli small-subunit rRNAs. For
example, there are five perfect matches of ten bases
or more, represented by soybean nucleotides 565~
584 (region 4), 1146-1155 (region 6), 1631-1649
(region 10), 1760-1769 (region 11), and 1785-1794
(region 12). As in the work of Brown and Clegé
(1983, p. 118), the probability of finding a run of
ten perfect matches between E. coli and soybean in
1807 bases is estimated to be (266/1807)(1541/
1807)!1° = 0.030, where the length difference be-
tween E. coli and soybean is 266 bases. The fact
that all five matches occur in an order consistent
with collinear alignhment of the two sequences makes
it highly improbable that these homologies arose bY
chance. It is also notable that these homologies 0¢
cur in regions that are conserved among all the eu-
karyotic 18S rRNA sequences. The potential struc”
tural and functional significance of some of th€
conserved regions within the small-subunit rRNA
sequences will be addressed in the Discussion.

Statistical Significance of Homologies

The evolutionary distance between each pair of €U~
karyotic 185 rRNAs was calculated using the pro-
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Fig, 3A, B. The empirical distribution of “evolutionary” dis-
Ces between 500 pairs of random sequences. A The average
ase composition (51% G + C) of the random sequences and the
!ength (1819 n1) of each random sequence are the averages given
0 Table 1 for eukaryotic 18S sequences. Arrows indicate the
Pbserved evolutionary distances between soybean and the var-
10us eukaryotic small-subunit rRNAS relative to these random
cf‘mlﬁu‘isons. B In each of these comparisons, the base compo-
$tion and length of one random sequence are based on those of
Soybean 185 rRNA (49% G + C, 1807 nt) and those of the other
Tandom sequence are based on those of E. coli 168 TRNA (54%
G+ 1541 nt). Arrows indicate observed distances between E.
0l and the various eukaryotic small-subunit rRNAs on this
%cond scale of random comparisons. Abbreviations for organ-
sms are a5 in Fig. 2

&ram developed by J. Arnold. The higher the evo-
lutionary distance, the less the homology should be.
By this criterion, the calculated data (Table 2) are
In agreement with the homology percentages based
On the optimal pairwise alignments of each sequence
With the soybean sequence.

As in the studies of Sankoff and Cedergren (1973)
and Elleman (1978), a Monte Carlo method was
Used to test the significances of the homologies among
the sequences of the five eukaryotic 185 rRNAs and
the one prokaryotic 16S rRNA shown in Fig. 2.
Figure 3A shows the distribution of the evolutionary
distances between 500 pairs of random sequences
With a length of 1819 nt and an average G + C
Composition of 51%—the average length and G +
C content for the eukaryotic 18S rRNAs compared
(Table 1), Also shown is the position in this distri-
bution of the evolutionary distance between soy-

€an and each of the small-subunit rRNAs in Fig.
2. The fraction of simulated evolutionary distances
alling below an observed evolutionary distance be-
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tween a pair of real 185 rRNA sequences provides
an estimate of the significance level of this observed
distance. The observed distances between eukary-
otic 18S rRNAs are significant at the 0.2% level (i.e.,
no random comparison gave a distance less than
any observed distance between eukaryotic se-
quences). The evolutionary distance between the
soybean and E. coli small-subunit rRNAs is also
shown for comparison.

Figure 3B shows the distribution of evolutionary
distances between 500 pairs of random sequences
in which one member of each pair has the length
and base composition of E. coli 16S rRNA (1541
nt, 54% G + C content) and the other has the length
and base composition of soybean 18S rRNA (1807
nt, 49% G + C content). The mean evolutionary
distance between random sequences is 1231, where-
as the distance between E. coli and soybean se-
quences is 1100. None of the 500 simulated dis-
tances fall below this level. Therefore, despite the
large size diffference between E. coli and soybean
small-subunit rRNAs, this overall match is signif-
icant at the 0.2% level. Only the rat—-E. coli small-
subunit rRNA comparison fails to be significant by
this criterion (i.e., the observed distances fall within
the distribution of simulated distances). Note that
both the rat and E. coli sequences were optimized
for comparison with the soybean sequence before
being compared with each other. This may account
for the relatively high observed evolutionary dis-
tance.

Analysis of the Soybean Genome for
185 rRNA Seguences

It has been reported that the haploid soybean ge-
nome contains approximately 800 copies of the
rDNA repeat (Friedrich et al. 1979). Does the 188
rRNA gene contained in the repeat unit isolated
with the ASR1 recombinant phage and described in
this paper represent a typical 18S rRNA gene in the
soybean genome, or are there other, divergent DNA
repeat units? Due to the conserved nature of the 188
TRNA gene itself, we felt that a subfragment from
the gene could be used as a probe for all the 18S
rRNA genes in the genome. Figure 4 presents the
genomic hybridization data. The 1.05-kb BstI-EcoR1
fragment used as a probe is an internal portion of
the 18S rRNA gene. The lengths of the observed
fragments are 3.9 kb for soybean genomic DNA
digested with EcoRI and 2.5 kb for digestions with
Bstl. These two genomic bands are consistent with
those observed in the ASR1 clone. No other genomic
fragments encoding the soybean 18S rRNA gene are
detected. On digestion with HindIll the genomic
DNA fragments are longer than 23 kb. These data
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Fig. 4A, B. Analysis of soybean genomic DNA for 18S rRNA
sequences. The A lanes contain 5 ug soybean DNA digested with
EcoRI, Bstl, and HindIII, respectively. The B lanes represent
copy-number reconstructions and contain pSR1.2B3 plasmid
DNA digested with Bstl and EcoRI to vield the 1.05-kb insert
fragment containing an internal portion of the soybean 18S rRNA
gene described in this paper: 2 ng plasmid or 90 copies, 4 ng
plasmid or 180 copies, and 20 ng or 900 copies, respectively.
Based on a haploid genome size of 1.2 x 10° bp for soybean,
each copy of the 18S gene would represent approximately 7 pg
of the 5 ug of DNA loaded

are consistent with there being no observed HindIII
sites in the typical 7.7-kb soybean rDNA repeat.
Varsanyi-Breiner et al. (1979) and Jackson and Lark
(1982) also observed no HindlII sites in soybean
genomic rDNA, although Friedrich et al. (1979) re-
ported the existence at one HindIIl per soybean
rDNA repeat unit.

It can be seen from this experiment that the 18S
rRNA genes are present in about 500-800 copies
per haploid genome, as reported by Friedrich et al.
(1979). We conclude that the clone ASR1 examined
in this paper is representative of the multigene fam-
ily encoding soybean rRNA.

Discussion
Secondary Structure

The high degree of sequence conservation within
the eukaryotic 18S rRNAs implies a high degree of
similarity of potential secondary structure (Noller
and Woese 1981; Stiegler et al. 1981; Zwieb et al.
1981). To provide a perspective on the types of
sequence homology in small-subunit RNAs, we pre-

sent in Fig. 5 a rough proposal for the secondary
structure of the soybean 18S rRNA, constructed by
using as a guide the proposed secondary structures
for the yeast and Xenopus 18S rRNAs (Zwieb et al-
1981).

Despite the limited sequence homology between
the eukaryotic 18S rRNA class and the prokaryotic
16S rRNA class [e.g., the 53% homology between
the soybean 18S and the E. coli 16S rRNAs (Fig
2)], there is a great deal of secondary-structure sim-
ilarity between the small-subunit rRNAs of the two0
different classes (Kiintzel and Kochel 1981; Stiegler
et al. 1981; Zwieb et al. 1981).

Description of the Model

The model of the soybean 18S rRNA presented int
Fig. 5 contains 53% of its nucleotides in base-paired
configurations. This is comparable to the percentagé
proposed by Zwieb et al. (1981) for both the yeast
and Xenopus 18S rRNA secondary structures. Fur-
thermore, there are no extended perfect duplexes in
the proposed secondary structure of soybean 185
rRNA. The longest perfect duplex is 14 bp long
(nucleotides 117-130 pair with nucleotides 203~
210). This, too, is comparable in length to the long-
est proposed perfect duplex of 13 bp in yeast 185
rRNA (Zwieb et al. 1981) and the longest proposed
perfect duplex in the E. coli 16S rRNA of 12 bp
(Noller and Woese 1981; Zwieb et al. 1981). Noller
and Woese (1981) have suggested that this lack of
extended perfect duplexes in small-subunit rRNAS
provides them with increased structural flexibility
when packaged in the small ribosomal subunit.

More significantly, examination of Fig. 5 reveals
that the proposed secondary structure of soybean
18S rRNA can be geometrically divided into four
structural domains, I-IV. These are comparable 10
the four structural domains in Stiegler et al.’s (1981)
proposed generalized secondary structure for small-
subunit rRNAs. These structural domains are be-
lieved to be related to the four functional domains
determined by Herr et al. (1979) from biochemical
data prior to the development of reliable secondary-
structure models for E. coli 16S rRNA. Herr et al-
(1979) suggested that domain I functions in the
structural organization and assembly of the small
ribosomal subunit, that domain II functions in the
contact of the small ribosomal subunit with the largeé
ribosomal subunit, that domain III lines the pocket
created-at the interaction with the large ribosomal
subunit, and that domain IV functions in the inter-
action with the large ribosomal unit and plays a key
role in the initiation of protein synthesis.

The four domains are separated from each other
and stabilized by a core of five central duplex regions
(regions 1, 2, 5, 7 and 8 in Figs. 2 and 5). Then
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Nucleotides that form the antiparallel strands of these
central helices are also indicated in Fig. 2. It should
be noted that the regions that form the comparable
helices in the E. coli 16S rRNA secondary structure
Occur in comparable, if not identical, positions in
Fig. 2, despite the limited sequence homology be-
tween the soybean 18S and E. coli 16S rRNAs. The
antiparallel strands of each of these central duplexes
are separated from each other by more than 300
bases of sequence. Duplex formation between such
distant sequences has been defined as lopg-range
interaction (Noller and Woese 1981) and is a hall-
Mmark of the proposed secondary structures for
IRNAs.

Suggested Functions of Selected Conserved Regions
of the Small-Subunit rRNA Molecule

In the eukaryotic 18S rRNAs, the sequences forming
the central core of duplexes composed of nucleotides
involved in long-range interactions (regions 1, 2, 7
and 8, in Figs. 2 and 5) all occur within more ex-
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Fig. 5. Model of a potential
secondary structure for soybean
188 rRNA. This model was
based directly on the secondary
structures proposed for the 1885
rRNAs from yeast and Xenopus
by Zwieb et al. (1981). Nucleo-
tide positions are numbered in
intervals of 100 nucleotides, and
the 5’ and 3‘ ends are indicated.
The four domains of the mole-
cule (Stiegler et al. 1981) are in-
dicated by roman numerals: 1
(bases 1-611), II (bases 612—
1144), 111 (bases 1145-1633),
and IV (bases 1634~1807). Junc-
tions between domains are indi-
cated by arrows. Regions dis-
cussed in the text are indicated
by Arabic numerals. The four
domains and the numbered re-
gions can also be correlated with
Fig. 2
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tensive regions of conserved sequence. The se-
quences forming these central duplexes have an av-
erage of greater than 90% sequence homology. It is
likely that the conservation of these regions main-
tains the proposed long-range interactions.

It has been established that the TRNA molecule
does indeed play active roles in protein synthesis
(Noller and Woese 1981). These roles include mRNA
recognition and binding, tRNA binding and codon~
anticodon recognition, and subunit recognition
(Noller and Woese 1981). Brimacombe (1982) has
suggested that the small-subunit rRNA is also in-
volved in elongation and translation. We will now
discuss two of these functions in relation to the soy-
bean 18S sequence and its proposed secondary
structure.

mRNA Recognition and Binding. The 3’ end of
small-subunit rRNAs has been implicated in mRNA
recognition by the ribosome. In view of the high
degree of sequence homology among the eukaryotic
and E. coli small-subunit rRNAs (Fig. 2), it would
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not be surprising if a significant function was per-
formed by this region. Shine and Dalgarno (1974)
proposed that a specific sequence (CCUCC) at the
3’ end of E. coli 16S rRNA is an mRNA recognition
site [E. coli nucleotides 1534-1538, in region 13
(Figs. 2 and 5)). Steitz and Jakes (1975) have shown
that there is a sequence homologous to the Shine-
Dalgarno sequence at the 5’ ends of the majority of
E. coli mRNAs. However, the Shine-Dalgarno se-
quence is missing in all the eukaryotic 18S rRNAs
we have examined (Fig. 2, between the soybean bas-
es 1804 and 1805). The mechanism of mRNA rec-
ognition in eukaryotes may rely on another specific
sequence at the 3’ end of 18S rRNAs. This theory
has been tested (Kozak 1983) by comparing the se-
quence at the 3’ end of 18S rRNAs with that at the
5’ end of eukaryotic mRNASs. To date, no consistent
conclusions have been drawn from these data. Noll-
er (1980) has proposed that there may be switches
between two alternate base-pairing schemes that
permit the binding of specific molecules at specific
stages during protein synthesis. Based on psoralen
cross-linking studies, Thompson and Hearst (1983)
have suggested that a specific switch between two
alternate base-paired conformations, one consisting
of region 12 paired as shown, and the other of region
9a paired with region 9b (Figs. 2 and 35), permits
mRNA recognition by E. coli 168 rRNA. In view
of the high degree of conservation between E. coli
and the eukaryotic small-subunit rRNAs in these
regions, both in sequence and in potential secondary
structure, this interaction may also take place in
eukaryotic 18S rRNAs.

tRNA Binding and Codon-Anticodon Recogni-
tion. Ofengand et al. (1982) have demonstrated that
tRNA in the P site of a preinitiation complex in-
cluding mRNA, tRNA, and the small ribosomal
subunit covalently binds a nucleotide in a conserved
region corresponding to region 10 (soybean nucleo-
tide 1642). This happens with both E. coli and yeast
small ribosomal subunits. In view of the high degree
of nucleotide conservation of this region, it is pos-
sible that it plays the role in tRNA binding suggested
by Ofengand et al. in all small-subunit TRNAs.

Summary

It can be seen from our data that soybean 185 rRNA
is typical of small-subunit rRNAs. Considering the
degree of sequence conservation, potential conser-
vation of secondary structure, and conservation of
function, it is likely that the major aspects of ribo-
somal function in higher plants are very similar to
those in other eukaryotes. The data presented here
showing partial conservation of sequence between
soybean and E. co/i small-subunit rRNAs and a high

degree of potential secondary-structure homology
suggest that many of the extensive genetic and bio-
chemical studies on prokaryotic ribosomes are ap-
plicable to eukaryotic ribosomes. Further exami-
nation of plant rRNA structures should be helpful
in this regard.

During the preparation and review of this manu-
script the complete sequences of two eukaryotiC
small-subunit rRNAs were published [rabbit (Con-
naughton et al. 1984) and Dictyostelium (McCarroll
etal. 1983)]. The rabbit 18S rRNA sequence is quite
similar to the rat sequence we have examined. A
detailed comparison of these new sequences to 0¥~
bean has not yet been done.
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