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Abstract

Interactions between RNA molecules have been postulated to play an important role in the
assembly of ribosomes. Using the sequence analysis and the search of continuous comple-
mentary regions on 16S rRNA and 23S rRNA, the recognition sites involved in the formation
of ribosome of E.coli are postulated. The number of postulated sites was narrowed down by
taking available experimental data. The suggestive evidence for correct postulation is obtained
from sequence comparison studies of 16S and 23S rRNAs from various species. The sites 891-899
and 1195-1203 on 16S rRNA along with the corresponding complementary sites 1904-1912
and 760-768 on 23S rRNA are predicted to be the most probable candidates for the sites of
recognition between 16S and 23S rRNAs. The possibility of the involvement of the additional
site 630-638 on 16S rRNA with its complementary site 2031-2039 on 23S rRNA cannot be
ruled out.

Introduction

In ordertounderstand the structure and the function of ribosomes, several attempts
have been made in recent years using interesting experimental approaches and
theoretical modeling (1-12). From these studies, an interesting possibility arises
namely that primary interactions in the formation of a ribosome are the interactions
between 16S and 23S rRNA molecules; the interactions between protein and rRNA
molecules although important may not be sufficient alone without the intervention
of nucleic acids. Further, the complex formed between 16S and 23S rRNAs being
identical under given conditions suggests the involvement of specific sites on 16S
and 23S rRNAs in the complex formation. It is, therefore, important to find out the
sites of interaction on the 16S and 23S rRNA molecules which are responsible for
the recognition of each other during the formation of the complex. Several chemical
studies on 16S and 23S rRNAs of E.coli have indicated the involvement of nucleotides
in the complex formation which are notin abase-paired state (3,4,13-16). The sites of
recognition, we feel, should satisfy the following criteria: (i) oligonucleotides consisting
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of the recognition site(s) should be free for intermolecular interactions and, therefore,
should not be involved in intramolecular base pairing, (ii) these sites should lie
mostly on the surface to facilitate ready access to the other interacting partner, and
(iii) the length of such oligonucleotides should be sufficiently long to generate a
stable complex.

Thus, sufficiently long contiguous stretches of oligonucleotides which have a com-
plementary sequence available on the other molecule will be the most likely can-
didates as recognition sites. Such long oligonucleotides, if there are any, will get
base-paired with the complementary stretches on another molecule and form a stable
complex through sufficiently large number of hydrogen bonds. Therefore, a method
was developed to find out such long stretches of oligonucleotides and using available
experimental data the recognition sites were predicted. Further, as these sites are
expected to remain conserved during evolution, sequence comparison studies on
16S and 23S rRNAs from six species were carried out. The results discussed in the
subsequent sections indicate that ours is probably the first prediction of the recognition
sites on 16S and 23S rRNAs; and there are at least two such sites with a possibility of
the third one, all having a length of nine nucleotides.

Method

A computer program - COMPLEMENT - was developed to find out continuous
complementary stretches in a sequence as well as between two sequences of given
nucleic acids. The program searches and arranges the complementary stretches in a
decreasing order of length of oligonucleotides and avoids the stretches which have
already appeared in the larger complementary oligonucleotides. The program was
used to find the intra- and intermolecular complementary oligonucleotides of 16S
and 23S rRNAs of E.coli. It was found that the maximum length of intermolecular
complementary regions was of the order of nanonucleotides. A search was carried
out to find which of these nanonucleotides are free from intramolecular complemen-
tation. The direct search as well as the search which made use of other simple
criteria gave negative results. Therefore, these nanonucleotides were subjected to
the following criterion in order to pick up the recognition sites. The oligonucleotide
stretch in question should satisfy the dictates of experimental data obtained from
chemical/biochemical studies such as Psoralen cross-linking, kethoxal modification,
bisulphite reactivity, nuclease digestion, etc. (3,4,13-16); and thus, the oligonucleotide
stretch should be free from intramolecular base-pairing so that it can have a potential
to complement intermolecularly. Further, sequences of 16S and 23S rRNAs, from
distantly related species (Table III) were aligned using the program ALIGN (17,18).
Then the studies were carried out to check the extent of conservation of selected
recognition sites in 16S and 23S rRNAs from the selected species.

Results and Discussion
It was found that the maximum length of intramolecular stretch in 23S rRNA was of

the order of decanucleotide while in case of 16S rRNA, it was of the order of
nanonucleotide. However, the search for intermolecular complementary region
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Table I
Intra- and intermolecular complementation in rRNA molecules of E.coli at deca- and nanonucleotide level

Complementary stretches between
Length

165-16S 235-23S 1658-23S

10 (16-25) / (515-524)

(392-400) / (1053-1061)
(413-421) / (414-422)
(430-438) / (431-439)
(863-871) / (864-872)

(71-80) / (1167-1176)
(260-269) / (2643-2652)

(88-96) / (2472-2480)
(95-103) / (1915-1923)
(246-254) / (1291-1299)
(519-527) / (520-528)
(561-569) / (2432-2440)
(728-736) / (2603-2611)
(792-800) / (1460-1468)
(1052-1060) / (2516-2524)
(1074-1082) / (1977-1985)
(1505-1513) / (2101-2109)
(1590-1598) / (2187-2195)

(307-315) / (767-775)
(630-638) / (2031-2039)
(653-661) / (2001-2009)
(783-791) / (2295-2303)
(891-899) / (1904-1912)

(1156-1164) / (33-42)

(1195-1203) / (760-768)

(1204-1212) / (2411-2419)

(1404-1412) / (1823-1831)

(1444-1452) / (1846-1854)

(1464-1472) / (2564-2572)

showed that the maximum length of such oligonucleotides was of the order of
nanonucleotide. Intra- and intermolecular complementary stretches found in 165
and 23S rRNA molecules at the level of deca- and nanonucleotides are given in
Table I. The last column of the Table I indicates that there are 11 nanonucleotides of
16S rRNA which are having complementary stretches available on 23S rRNA. It
can be seen from the table that none of the nanonucleotides which are potentially
available forintermolecular complementation, has intramolecular complementary
region of the same length. Therefore, these stretches can act as recognition sites, provided
these oligonucleotides are in single stranded conformation and hence available for
intermolecular complementation. When checked, all the 11 stretches of the 168
TRNA/23S rRNA were found to have intramolecular complementary oligonucleotides
of length 4 and thus do not appear to be available completely for intermolecular
complementation.

Therefore, we further scrutinized these sites by making use of experimental data
already available in the literature which gives the information about the regions on
16S and 23S rRNAs which necessarily exist in a single stranded form. The results of
this scrutiny are given in Table II. These results show that there are 3 sites on 165
rRNA which do exist entirely in a single stranded form (shown by single asterisk in
Table II in which case all the 9 nucleotides of these stretches were found tobein a
single stranded form experimentally). It was interesting to see that there also exist 3
sites (shown by double asterisk in the Table IT) on 23S rRNA which are experimentally
proved to existin a single stranded form and, in addition are complementary to such
sites in 16S rRNA. Thus out of 11 nanonucleotides on 16S rRNA for which complemen-
tary stretches are available on 23S rRINA, at least three pairs of nanonucleotides
have a potential to act as sites of recognition between 16S and 23S rRNA for the forma-
tion of their complex. This cannot be said with certainty for other nanonucleotides.
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Table II
Selection of potential recognition sites based on the experimental evidence

Stretch Nanonucleotide No. of bases existing  Nanonucleotide stretch ~ No. of bases existing
No. stretch on in a single stranded on 23S rRNA comple-  in single stranded
16S rRNA form (exptl. evidence) mentary to the stretch form (exptl evidence)
on 16S tRNA
l (307-315) 2 (767-715) 2
2 (630-638)* 9 (2031-2039)** 9
3 (653-661) 0 (2001-2009) 0
4 (783-791) 1 (2295-2303) 0
5 (891-899)* 9 (1904-1912)** 9
6 (1156-1164) 0 (3341 0
7 (1195-1203)* 9 (760-768)** 9
8 (1204-1212) 0 (2411-2419) 0
9 (1404-1412) 2 (1823-1831) 0
10 (1444-1452) 1 (1846-1854) 0
11 (1464-1472) 1 (2564-2572) 0

*, **, are the postulated sites of recognition on 16S and 23S rRNAs, respectively.

Ifthe three pairs of nanonucleotides mentioned above are really the sites of recognition
between 16S rRNA and 23S rRNA then these sites would play a crucial role in the
assembly of ribosomes - an essential component of the protein-translation machinery;
and, therefore, one would expect such sites to remain conserved in the rRINAs from
various species even if they are evolutionarily distant from each other (3,28). In
order to test the validity of this argument we have scrutinized these sites in case of
165 rRNA, by comparision through alignment of rRNA-sequences derived from 2
species each from 3 selected classes of organisms - chloroplast, eubacteria and
archaebacteria. The choice of rRNAs was governed by the length of rRNA of these
species which was kept approximately within +/— 5% of the length of rRNAs from
E.coli. The analysis of 23S rRNA was restricted to only few species of IRNA because
of such limitations. As can be seen from Table IIL, the analysis of conserved bases
with respect to these sites points out that in all the species examined, the site 891-899
of 16S rRNA is almostinvariant (7 out of 9 nucleotides) and the site 1195-1203 has at
least 5 nucleotides conserved. In case of the site 630-638 although a few nucleotides
were conserved, none of the nucleotides was common to all the species studied. The
conservation of all nucleotides in the species of Proteus vulgaris (eubacteria) is
understandable as it is well known that E.coli is evolutionarily closely related to
eubacteria. Studies on the sites on 23S rRNA from E.coli with sequences from
chloroplast and eubacteria also show that all the sites postulated to be recognition
sites are almost conserved (at least 7 out of 9 nucleotides). Both sequence alignment
studies and available experimental data clearly point out that there are at least two
sites (891-899 and 1195-1203) on 16S rRNA which have a potential to specifically
interact with the corresponding complementary sites on 23S rRNA to form a complex
0f16S-23S rRNA in E.coli. However, there is a likelihood of the third site (630-638 on
165 rRNA) being involved in such interactions. All these postulated recognition
sites are shown in Table IV. It is known (4,7,29) that there are several nucleotides
which are involved in the interaction between 16S and 23S rRNAs. However, these
nucleotides are quite distant from each other with respect to their positions in the
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Table III
Data on the conservation of postulated recognition sites on 16S and 23S rRNAs

No. of bases from the sites of No. of bases from the sites of
E.coli 16S rRNA conserved in E.coli 23S rRNA conserved in
Recognition Recognition
site on site on
16S tTRNA 23S IRNA
from E.coli Chlor- Eubacteria  Archaebacteria All from E.coli Chlor- Eubacteria All
oplast species oplast species
Ma Tb Pv An Hv Hm Ma Tbh Bs
630-638 2 2 9 3 2 2 0 2031-2039 7 7 8 7
891-899 7 7 9 7 8 8 7 1904-1912 9 9 9 9

1195-1203 9 9 8 9 3 5 5 760-768 8 8 7 7

Reference 19 20 21 22 23 24 25 26 27

Ma: Maize Tb: Tobacco; Pv: Proteus vulgaris; An: Anacystis nidulans; Hv: Halobacterium volcanii;
Hm: Halococcus morrhua; Bs: Bacillus stearothermophillus.

Table IV
Postulated recognition sites (nanonucleotides) between 168 and 23S rRNAs

Site No. Location Sequence
16S 238 16S 238
1 630-638 2031-2039 5'-ACUGCAUCU-3' 5-AGAUGCAGU-3'
2 891-899 1904-1912 5-UACGGCCGC-3 5-GCGGCCGUA-3'
3 1195-1203 760-768 5-CAAGUCAUC-3' 5-GAUGACUUG-¥

Site No. 1 is tentative (se¢ text).

sequence. Therefore, it should be kept in mind that although such nucleotides may
play an important role in stabilizing the complex of 16S and 23S rRNAs, they may
not be the primary sites of recognition.

In conclusion, it is possible by using theoretical approach supported by experimental
evidence to predict the sites of recognition on 16S and 23S rRNA molecules of E.coli
which are involved in the formation of their complex. Ourstudies indicate that there
are atleast two sites (with a possibility of the third one) each on 16S rRNA as well as
on 23S rRNA which can act as the sites of recognition between 16S and 23S rRNAs
for the formation of their complex. This, therefore, suggests further the following
theoretical framework for the various steps involved in the assembly of ribosomes:
(i) freshly synthesized 16S and 23S rRNAs start folding into meta-stable structures
which consist of long oligonucleotide stretches on their surfaces without getting
involved into intramolecular hydrogen bonding; and, therefore, are available for
intermolecular hydrogen bonding, (ii) when 16S and 23S rRNA molecules come
closer, these specific sites on the surface recognise each other and form a stable complex
through alarge number of hydrogen bonds and stacking of base pairs in the form of
short helical conformations, (iii) simultaneously, during the complex formation,
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internal meta-stable structures of 16S and 23S rRNA molecules get altered and the
complex of two nucleic acids assumes modified thermodynamically stable confor-
mations, and (iv) out of such conformations, the complex then finally may get locked
into one conformation through its interaction with various proteins and small
nucleic acids involved in the ribosomal assembly. Involvement of specific recognition
siteson 16S and 23S rRNAs in the formation of their complex can only be confirmed
through experimental approach. In our forthcoming paper, which will be published
elsewhere, we have proposed the secondary structure for the complex of 16S and 23S
TRNAs, based on the graph theoretical approach.

The strategy used in building up the structures for such a complex takes into
account the recognition sites postulated in the present paper.
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