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ABSTRACT  Association of the 30S and 50S subunits to gen-
erate the 70S ribosomes of Escherichia coli has long been known
but the mechanism of this interaction remains obscure. Light-
scattering studies indicate that naked 16S and 23S RNAs can also
associate under conditions similar to those required for the as-
sembly of ribosomes from the constituent RNAs and proteins. The
RNA-RNA association also takes place in the presence of ethanol,
which promotes folding of 16S and 23S RNAs into specific com-
pact structures with the morphological features of 30S and 50S
ribosomes, respectively. Equimolar amounts of the two RNAs are
involved in the association. The formation of a stoichiometric com-
plex was shown by light scattering, sucrose density gradient cen-
trifugation, and composite polyacrylamide/agarose gel electro-
phoresis. The presence of the two species of RNA in the complex
was also shown by gel electrophoresis. The association of naked
16S and 23S RNAs suggests that RNA-RNA interaction may play
an important role in the association of 30S and 50S subunits.

It has been known for 25 years that the Escherichia coli 70S
ribosome is composed of two subunits, the 50S subunit and the
30S subunit (1), that dissociate at low Mg?* concentrations.
During protein synthesis, the two subunits associate at the be-
ginning of chain elongation and then dissociate at chain ter-
mination (2). The mechanism of this association and dissocia-
tion is unknown. Traub and Nomura (3) have shown that the
30S subunit can be reconstituted from 16S RNA and the 30S
ribosomal proteins in the presence of high concentrations of
salt and Mg®*. These conditions are referred to as reconstitu-
tion conditions. Assembly of the 50S subunit, on the other hand,
has required a more elaborate two-step procedure (4-6).

In this laboratory, RNase I has been used to study the struc-
ture of E. coli ribosomes (7-11). We observed that naked 16S
and 23S RNAs become highly resistant to RNase I under re-
constitution conditions (unpublished data). This observation and
earlier reports (12, 13) that, under specified conditions in the
presence of ethanol, 16S and 23S RNAs assume shapes resem-
bling those of the 30S and 50S subunits, respectively, when
viewed in the electron microscope, led us to test whether naked
16S and 23S RNAs would form a complex similar to that formed
by the ribosomal subunits under reconstitution conditions or in
the presence of ethanol. Preliminary crosslinking experiments
using psoralen indicated that complex formation between the
two rRNA species does occur (14). Further evidence for com-
plex formation when the naked 16S and 23S RNAs are mixed
under appropriate conditions is presented here.

MATERIALS AND METHODS

Preparations. E. coli 708, 50S, and 30S ribosomes were pre-
pared by ultracentrifugation as described (9). 16S and 23S RNAs
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Fic. 1. Association of 16S and 23S RNAs at various Mg2* concen-
trations as measured by light scattering. (A) Association of equimolar
amounts of 16S and 23S RNAs. 0, 16S RNA; 0, 23S RNA; A, 16SRNA/
23S RNA. (B) Association of equimolar amounts of 30S and 50S ri-
bosomes. @, 30S ribosomes; m, 50S ribosomes; a, 30S ribosomes /508 ri-
bosomes.

were isolated from 30S and 50S ribosomes, respectively, by
treatment with phenol in the presence of NaDodSOy, followed
by precipitation with ethanol as described (6). The 23S RNA
was separated from 5S RNA by filtration through Sephadex G-
100 (15). 32P-Labeled 16S and 23S RNAs were prepared from
cells grown in *2P-containing medium. All reagents were of an-
alytical grade.

Assays. Light scattering. Solutions of 16S and 235 RNAs were
separately dialyzed for 12 hr against 20 mM Tris:HCI, pH 7.5/
400 mM KClI containing the desired amount of Mg*. The two
solutions were then mixed in the required proportions and light
scattering was measured at an angle of 90° in a 1-ml cuvette in
an Aminco Bowman spectrofluorometer. The excitation and
emission monochromators were set to 400 nm. Similar mea-
surements were carried out at low salt concentration in the
presence of 1.0 M ethanol. For measurement of the association
of 308 and 50S subunits in control experiments, each prepa-
ration was dialyzed for 24 hr against 20 mM Tris'HCI, pH 7.5/
30 mM NH,CI/0.1 mM Mg(OAc),/6 mM 2-mercaptoethanol.
Light scattering was measured as described for the RNA mix-
ture.

Sucrose density gradient centrifugation. Aliquots (0.2 ml) of
the dialyzed preparations or mixtures of 23S and 16S RNAs in
reconstitution buffer (20 mM Tris-HCI, pH 7.5/400 mM KCl/
20 mM MgCl,) were layered on 4.8 ml of a 5-20% sucrose gra-
dient in reconstitution buffer. Centrifugation was carried out
at 150,000 X g for 6 hr in a Zanetzki VAC 601 ultracentrifuge.
The fractions were collected from the bottom and the absor-
bance was measured at 260 nm.
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Composite polyacrylamide/agarose gel electrophoresis. This
method could not be used in the presence of high salt because
of generation of heavy convection currents. It was used only in
the presence of 1.0 M ethanol at low salt concentrations. A mix-
ture of *2P-labeled 16S and 23S RNAs in the presence of 1.0
M ethanol/20 mM Mg(OAc),/60 mM NH,OAc, pH 7.5, was
subjected to electrophoresis on composite gels containing 2%
acrylamide and 0.5% agarose. Both the gel and the electrode
buffer contained the same buffer mixture. This procedure was
also used for separation of noncomplexed 16S and 23S RNAs
but in this case the buffer was 10 mM Tris-HCI, pH 7.5/0.1 M
KCl/1 mM EDTA.

RESULTS

Association of 16S and 23S RNAsin Reconstitution Buffer.
Equimolar amounts of the two RNA species were mixed in 20
mM TrissHCI, pH 7.5/400 mM KCI containing various con-
centrations of Mg?*, and the interaction of the RNAs was mea-
sured by light scattering (Fig. 1A). The association of the 30S
and 50S ribosomes as a function of the Mg®* concentration was
also examined in 20 mM Tris-HC], pH 7.5/30 mM NH,CI (Fig.
1B). Similar association curves were obtained for the two sys-
tems. However, the RNA association required much higher salt
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Fic. 2. Stoichiometry of association of 16S and 23S RNAs as mea-
sured by light scatteringsLight scattering (arbitrary units) is plotted
against.molar ratio of components. (A) Various amounts of 165 RNA
were added to a.fixed amount of 238 RNA (2 Az units) in reconsti-
tution buffer. (B) Various amounts of 23S RNA were added to a fixed
-ameunt of 16S RNA (1 A 69 unit) in reconstitution buffer. (C) Various
amounts of 30S ribosomes were added to a fixed amount of 508 ribo-
somes (2 Aggo units) in association buffer [Tris'HCl, pH 7.5/30 mM

 NH,C1/10 mM Mg(OAc),]. (D) Various amounts of 50S ribosomes were
added to a fixed amount of 30S ribosomes (1 Agg unit) in association
buffer.
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(400 vs. 30 mM) and higher Mg?* (20 vs. =6 mM) concentra-
tions than the ribosomal subunit association. When the con-
centration of Mg®* was fixed at 20 mM and that of KCl was
varied, maximum association took place at 400 mM KCl (data
not shown). Similarly, pH 7.5 was found to be optimum for the
RNA complex formation (data not shown).

Stoichiometry of the Association of 16S and 23S RNAs. Light
scattering. To determine whether the association of naked RNAs
is stoichiometric, as is ribosomal subunit association, two types
of experiments were carried out. In-one case (Fig. 24), the
amount of 23S RNA was kept constant and increasingly large
amounts of 165 RNA were added under reconstitution condi-
tions; in the other case (Fig. 2B) increasingly large amounts of
23S RNA were added to a fixed amount of 16S RNA. In each
case, association was measured by light scattering. For com-
parison, similar experiments were carried out with 30S and 50S
ribosomes (Fig. 2 C and D). We observed decreases in the slopes
of the curves beyond the points (indicated by arrows) at which
the pairs were present in equimolar amounts. This was true for
the naked RNAs as well as for the ribosomal subunits. The small
increase in scattering beyond this point is due to scattering by
the species added in excess.

Sucrose density gradient centrifugation. Complex formation
between 16S and 23S RNAs was shown directly by this method
(Fig. 3), which also allowed direct determination of the stoi-
chiometry of the association reaction. The 16S and 23S RNAs.
were mixed in various proportions, increasing the amount of
one type of RNA with respect to the other. The gradients con-
tained the reconstitution buffer to prevent dissociation during
centrifugation. In each case, complex formation was maximum
when the two species of RNA were present in equimolar
amounts.

Evidence for the Presence of Equimolar Amounts of the 16S

.and 23S RNAs in the Complex. To confirm that the 16S and 23S

RNAs are present in equimolar amounts in the complex, 32P-
labeled RNAs were used. Radioactive RNAs were mixed under
reconstitution conditions, and the mixture was subjected to su-
crose gradient centrifugation.as described in Fig..3. The com-
plex was precipitated with ethanol from the fractions as indi-
cated, and the precipitates were dissolved in 10 mM Tris'HCI,
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‘F16. 3. Stoichiometry of association of 16S and 23S RNAs as mea-
sured by sucrose density gradient centrifugation. Various amounts of
23S RNA were added to a fixed amount of 16S RNA (A) or various

- amounts of 165 RNA were added to a fixed amount of 23S RNA (B) un-

der reconstitution conditions. (A) 23S/16S ratios (mol/mol) were 0 (curve
1), 0.25 (curve 2), 0.50 (curve 3), 0.75 (curve 4), and 1.0 (curve 5). (B)
16S/23S ratios (mol/mol) were 0 (curve 1), 0.25 (curve 2), 0.50 (curve
3), 0.75 (curve 4), and 1.00 (curve 5).
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pH 7.5/100 mM KCl/1 mM EDTA and dialyzed against the
same buffer for 25 hr. Low-salt conditions and EDTA were used
to dissociate the complex. Aliquots of the dialyzed solution were
subjected to composite polyacrylamide/agarose gel electro-
phoresis in the same buffer to separate the 16S and 23S RNAs
(Fig. 4A). A mixture of unassociated 16S and 23S RNAs was
also subjected to electrophoresis as a control (Fig. 4B). At the
end of the run, the gels were sliced and the radioactivity of the
slices was assayed in a liquid scintillation counter. From the
results in Fig. 4, we concluded that the 16S and 23S RNAs were
present in the complex in equimolar amounts.

Association of the 16S and 23S RNAs in the Presence of
Ethanol. Vasiliev and co-workers (12, 13) have reported that,
under certain ionic conditions and in the presence of 1.0 M
ethanol, 16S and 23S RNAs assume shapes similar to those of
30S and 50S subunits, suggesting that, in the presence of ethanol,
the RNAs assume conformations similar to those obtaining un-
der reconstitution conditions. It was of interest to determine
whether the two RNA molecules would form a complex in the
presence of ethanol. Light-scattering measurements of a mix-
ture of 16S and 23S RNAs in the presence of various amounts
of ethanol, magnesium acetate, and ammonium acetate showed
that maximum association occurred when these components were
present at 1 M, 20 mM, and 60 mM, respectively (Fig. 5). The
optimum pH for association was 7.5. Thus, it appears that com-
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FiG. 4. Evidence for the presence of 16S and 23S RNAs in equi-
molar amounts in the complex. Five Ao units of 32P-labeled 16S RNA
(65,000 cpm) and 9.5 A6, units of 32P-labeled 23S RNA (128,000 cpm)
were mixed in reconstitution buffer and subjected to sucrose gradient
centrifugation as described in Fig. 3. The fractions containing the com-
plex were pooled, treated with 2 vol of ethanol, and processed. Aliquots
(12,000 cpm) were subjected to composite polyacrylamide/agarose gel
electrophoresis. The gel was sliced and the radioactivity of the slices
was determined. (A) Complex. (B) Mixture of RNAs.
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plex formation can take place under low-salt conditions pro-
vided ethanol is present at a concentration of 1.0 M. These con-
ditions are similar to those causing the folding of naked 16S and
23S RNAs into the shapes of 30S and 50S ribosomes, respec-
tively (12, 13). Light-scattering and sucrose gradient centrif-
ugation experiments (data not shown) indicated that the 165-23S
RNA complex is formed in a 1:1 ratio also under these con-
ditions. It was not possible to demonstrate formation of the
165-23S complex by polyacrylamide gel electrophoresis under
reconstitution conditions because of the high salt concentra-
tion, but this could be done in the presence of ethanol at low
salt concentrations. 32P-Labeled 16S and 23S RNAs, either in-
dividually or in equimolar mixtures, were subjected to com-
posite polyacrylamide/agarose gel electrophoresis in 20 mM
Mg(OAc),/60 mM NH,OAc/1.0 M ethanol, pH 7.5. At the end
of the run, the gels were sliced and the radioactivity of the slices
was determined. The data for all three gels are presented in
Fig. 6. When the two species of RNA were mixed in equimolar
amounts, none was present in the free state; a new slower mov-
ing species was formed, indicating complex formation.

DISCUSSION

The present study may help to elucidate the mechanism of ri-
bosomal subunit association. We have observed that naked 16S
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Fi. 5. Optimum conditions for the association of 16S and 23S RNAs
in the presence of ethanol. One A 56 unit of 16S RNA and 1.9 A 56, units
of 23S RNA were mixed in 1 ml of 1 M ethanol/60 mM NH,OAc con-
taining various amounts of Mg(OAc); (4), 60 mM NH,OAc/20 mM
Mg(OAc), containing various amounts of ethanol (B), 20 mM Mg (OAc),/
1 M ethanol containing various amounts of NH;OAc (C), or 1 M ethanol/
60 mM NH,OAc/20 mM Mg(OAc), at varying pH values adjusted with
NH,OH. The mixtures were kept at 40°C for 10 min and then at 4°C for
1 hr as described (13).
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Fic. 6. Evidence for formation of the 165-23S RNA complex in the
presence of ethanol by composite polyacrylamide/agarose gel electro-
phoresis. An amount (0.3 Agg, unit) of 32P-labeled 16S RNA (3,000 cpm),
0.57 unit of 32P-labeled 23S RNA (5,700 cpm), and a mixture of the two
in 0.05 ml were treated separately with 20 mM Mg(OAc),/60 mM am-
monjum acetate/1 M ethanol, pH 7.5. Each sample was subjected to
composite polyacrylamide/agarose gel electrophoresis. ®, 16S RNA; o,
23S RNA; m, 16S/23S RNA mixture.

and 23S RNAs associate with each other much as do the ri-
bosomal subunits. However, the conditions are not the same;
considerably higher salt (400 mM) and Mg?* (20 mM) concen-
trations are necessary in the former case. Low salt (60 mM) leads
to similar association when ethanol is present at a concentration
of 1.0 M. The studies on subunit association and dissociation
were originally carried out by sucrose density gradient cen-
trifugation although it is well known that hydrostatic pressure
developed during ultracentrifugation induces dissociation of the
subunits. To avoid this, crosslinking of the two subunits before
centrifugation was used (for example, ref. 16). However, the
light-scattering method is free of this disadvantage (17). Its main
drawback is that it does not permit visualization of the molec-
ular events but presents a gross picture. Our work shows that
the two methods are complementary and lead to the same con-
clusion.

Several types of interactions—e.g., RNA-RNA, RNA-pro-
tein, protein—protein—may be involved in the association of
the ribosomal subunits. Of these, RNA-RNA interactions have
been implicated by several workers (18-23) although direct evi-
dence has so far not been presented. The formation of a com-
plex between 16S and 23S RNAs reported here also suggests
that RNA-RNA interaction may play a major role in ribosomal
subunit association. Although the details of the 235-16S rRNA
complex formation remain to be worked out, the nature of the
association does not seem to be very different from that ob-
served with the ribosomal subunits, particularly when the amount
of magnesium required for the association reactions is consid-
ered. This can be calculated from the results presented in Fig.
1 by plotting log [70S]/[50S][30S] or log [165-23S]/[165][23S]
against log [Mg?*]. Five molecules of Mg** appear to be in-
volved with naked RNAs while six molecules are required for
association of the subunits. Several other questions raised by
this study remain to be answered. For example, is there any
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involvement of 58 RNA in the association? Preliminary results
(not presented) indicate that 55 RNA alone, in the absence of
5S RNA-binding proteins, is not incorporated into the complex.
Another question is whether IF-3 can interfere with the as-
sociation of 16S and 23S RNAs as in the case of ribosomal sub-
units (see ref. 24). Some preliminary experiments suggest that
this may be so. It also has to be established whether the rec-
ognition between 23S and 16S RNA is based on Watson—Crick
base pairing or on some other mechanism. It has been possible
to crosslink the two RNA molecules present in the complex (14)
and this may provide an answer. The observations recorded here
could also have some evolutionary significance.
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1964 Corrections

Correction. In the article ‘‘Polymorphism and evolution of
Alu sequences in the human low density lipoprotein receptor
gene’’ by Helen H. Hobbs, Mark A. Lehrman, Tokuo
Yamamoto, and David W. Russell, which appeared in num-
ber 22, November 1985, of Proc. Natl. Acad. Sci. USA (82,
7651-7655), the following correction should be noted. On p.
7654, in the nucleotide sequences in the right-hand column,
the vertical lines to indicate nucleotide identities were absent
from the published version. The correct sequences and the
related text are reproduced here.

The occurrence of homology in the non-Alu sequences of
the human and bovine 3’ untranslated mRNAs allowed us to
examine further the genetic events giving rise to the Alu
cluster in exon 18 (Fig. 6). The first Alu sequence in this
cluster is flanked by imperfect direct repeats of 15 nucleo-
tides (7). At position 1143 of the bovine sequence a stretch of
15 nucleotides begins; 11 of these 15 nucleotides are identical
with the direct repeats flanking Alu 1 (Fig. 6). The sequences
of the left direct repeat and its cognate in the bovine sequence
are as follows, with identities indicated by vertical lines:

Human (3686-3700) A?????}‘(E??CCI%(I;TG
Bovine (1143-1157) GAAACATGCATGGCA.

The human Alu 1 and Alu 2 sequences are separated by a
23-nucleotide spacer (7). Between positions 1169 and 1190 of
the bovine sequence, 13 of the 23 nucleotides match with this
spacer region (Fig. 6). The sequences and their identities are
as follows:

Human (4026-4048) CIIATCI?GCA(??C?A'{‘CI;(I;C(IJ’{‘(I:T?CI:

Bovine (1169-1190) TAAGATGTGCTC-TGGGCTCGGG .
Finally, immediately distal to the Alu 3 sequence in the
human exon 18 cluster are 15 nucleotides, of which 12 match
with those occurring between positions 1193 and 1206 of the
bovine sequence (Fig. 6). The two sequences are as follows:

Human (4513-4527) TTTGACGGGACTTCA

Bovine (1193-1206) TTTCATGGGA-TTCA.
These homologies, in a contiguous stretch of 64 nucleotides
in the cow, suggest that the events which led to the Alu

sequences in the 3’ untranslated region of the human mRNA
may have occurred in two discrete steps (see Discussion).
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Correction. In the article ‘‘Association of 16S and 23S
ribosomal RNAs to form a bimolecular complex’’ by D. P.
Burma, B. Nag, and D. S. Tewari, which appeared in number
16, August 1983, of Proc. Natl. Acad. Sci. USA (80,
4875-4878), the authors request that the following correction
be noted. In the Introduction, the following paragraph should
be inserted after paragraph 1.

Moller and Boedtker (25) have obtained evidence for
complex formation between 16S and 23S RNAs and similar
observations have been made by others (26-28).

The following references should be added.

25. Moller, W. & Boedtker, H. (1962) Acides ribonucleiques et
polyphosphates (Centre National de la Recherche Scientifique,
Paris), pp. 99-121.

26. Marcot-Queiroz, J. & Monier, R. (1965) J. Mol. Biol. 14,
490-505.

27. Hayes, D. H., Hayes, F. & Guerin, M. F. (1966) J. Mol. Biol.
18, 499-515.

28. Moore, P. B. & Asano, K. (1966) J. Mol. Biol. 89, 21-37.



