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Abstract—5S rRNA is an integral component of the ribosome of all living organisms. It is known that the ribosome without
5S rRNA is functionally inactive. However, the question about the specific role of this RNA in functioning of the transla-
tion apparatus is still open. This review presents a brief history of the discovery of 5S rRNA and studies of its origin and
localization in the ribosome. The previously expressed hypotheses about the role of this RNA in the functioning of the ribo-
some are discussed considering the unique location of 5S rRNA in the ribosome and its intermolecular contacts. Based on
analysis of the current data on ribosome structure and its functional complexes, the role of 5S rRNA as an intermediary

between ribosome functional domains is discussed.
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The discovery of ribosomal 5S RNA (5S rRNA) is
directly associated with studies on another low molecular
weight cellular RNA, transfer RNA (tRNA). By the
beginning of the 1960s there was already rather abundant
information about features of tRNA (see [1] for a review).
In particular, just tRNA was known to deliver into the
ribosome amino acids required for synthesis of a polypep-
tide. Three 3’'-terminal nucleotides of tRNA and a special
enzymatic fraction “pH 5 enzyme” (tRNA synthase)
were required for binding the amino acid residue to this
RNA. During studies on the tRNA and ribosome interac-
tion a low molecular weight RNA fraction was detected
that was very tightly kept by the large ribosomal subparti-
cle [2-4]. The nucleotide composition and size of mole-
cules of this RNA fraction (about 100 nucleotides) and of
tRNA (70-80 nucleotides) proved to be similar [2, 5, 6].
The sedimentation coefficients of these molecules also
were close: 5S and 48, respectively. Based on these char-
acteristics, the newly detected RNA was called “transfer-
like RNA” [2, 6], and it was even supposed to be a pre-
cursor of tRNA [6, 7]. However, not all authors adopted
this explanation of the findings. Thus, R. Rosset and R.
Monier found that the difference between these RNAs
was more pronounced than the resemblance [8]. In fact,
as opposed to tRNA, 5S RNA (or the so-called “transfer-
like RNA”) did not contain modified bases, had no 3'-
terminal CCA triplet, and was unable to form aminoacyl-
RNA, i.e. to bind an amino acid residue [6, 8]. As

opposed to tRNA, 5S rRNA was very tightly kept by the
large ribosomal subparticle and could be detached from it
only under severe conditions (in the presence of SDS or
at high concentrations of salts) [3, 4, 9, 10]. In
Escherichia coli cells 5S RNA was found in the ribosomes
but not in the cytoplasm [5, 8, 11]. Later, 5S RNA was
also found in the ribosomes of other organisms [12-14].
The uniqueness of the 5S RNA molecule was also con-
firmed in experiments with DNA—RNA hybridization
[15] and mapping of its oligonucleotides [16]. The last
doubts on the 5S RNA being an independent type of cel-
lular molecules disappeared after its primary structures
was determined [17, 18]. Primary structures of 5S RNA
from E. coli and from eukaryotic cells displayed a pro-
nounced homology [19]. But no sufficiently extended
homology between nucleotide sequences of 5S RNA and
tRNA was found. Thus, by the end of the 1960s the first
question was answered. The low molecular weight RNA
found in the ribosomes was shown to be a new type of
ribosomal RNA, 5S rRNA.

However, this answer, or more exactly, just the exis-
tence of 5S rRNA, raised a number of other quite reason-
able questions. But any question concerning ribosomal 5S
RNA during the last half-century was always associated
with the apparently most important problem: what is this
RNA required for in the ribosome? The three following
sections of this review consider the triunity of the prob-
lem of this small molecule. For a more complete picture
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of the problem and approaches to its solution, the litera-
ture data are presented chronologically. The future seems
to be promising for young enthusiasts: despite studies for
a half of century, the question what 5S rRNA is required
for the ribosome is still open.

LOCATION OF 5S rRNA IN THE RIBOSOME

As mentioned above, the fist step in locating 5S
rRNA in the cell was simultaneous with its discovery. 5S
RNA was found only in the large ribosomal subparticle
[3, 4, 9, 10]. Concurrently two fundamental discoveries
were made that became a starting point for studies on the
role of 5S rRNA in the formation of the ribosome. First,
the possibility of step-by-step in vitro disassembly of ribo-
somal subparticles was demonstrated [20-23], as well as
the assembly of functionally active ribosomal subparticles
from separate components of E. coli and Bacillus
stearothermophilus [24-27]. Second, the bacterial cell was
shown to contain precursors of ribosomal subparticles
[28-31] possessing features and components that corre-
sponded to those of particles prepared in the in vitro
reconstruction experiments [32]. Experimental appro-
aches were developed for elucidation of the role of 5S
rRNA in the disassembly and assembly of the ribosome. It
was already known that 5S rRNA was released from the
large ribosomal subparticle at the initial stages of unfold-
ing or disassembly of the latter [9, 10, 33-35]. Analysis of
natural precursors of the large ribosomal subunit found in
F. coli cells revealed that 5S rRNA was present not only in
the late precursor (the 43S or p,50S particles) of the 50S
ribosomal subunit [36] but even in its early precursor (32S
or p;50S) [30, 37, 38]. This suggested that 5S rRNA could
be incorporated into the ribosomal subunit at the early
stage of its assembly in the cell. These data were mainly
confirmed by experiments on the in vitro reconstruction
of the 50S ribosomal subparticle [32, 39]. The ability of
the 5S rRNA to incorporate into the ribosomal subparti-
cle at any stage of the reconstruction of the functionally
active subparticle was shown. However, the early precur-
sor of the ribosomal subparticle (p,50S) already contain-
ing 5S rRNA [30, 37] possessed only half of the ribosomal
proteins [38]. Among proteins of these particles the pro-
teins L5 and L18 [40] or even three proteins were capable
of binding 5S rRNA [38]. Similar results were obtained
on the in vitro reconstruction of the 50S ribosomal sub-
particle and its intermediates [32, 39, 41]. Moreover, the
large ribosomal subparticle of E. coli reconstructed in
vitro in the absence of 5S rRNA did not have the three 5S
rRNA-binding proteins (L5, L18, and L25) and the pro-
tein L16 [32, 42]. Based on these findings, it was suggest-
ed that the incorporation of protein L16 into the riboso-
mal particle should depend on the presence of the 5S
rRNA—protein complex. Other researchers also reported
that at least the proteins L5 and L18 were sufficient and
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necessary for the interaction of 5S rRNA with 23S rRNA
[43, 44]. At the same time, Rohl and Nierhaus observed
that on the in vitro assembly of the 50S subparticle other
proteins, in addition to proteins L5 and L18, were
required for the interaction of 5S rRNA with 23S rRNA
[42]. For the in vitro incorporation of 5S rRNA into
ribonucleoprotein particles the protein L15 (Fig. 1) was
also needed, whereas protein L2 and possibly L3 and L4
had an influence on this process [42]. However, in the
precursor (p;50S) of the E. coli ribosomal subparticle pos-
sessing the 5S rRNA-—protein complex these proteins
were not found earlier [38]. Moreover, a viable mutant of
E. coli was found that did not have the ribosomal protein
L15 [45, 46]. Studies on the ribosomes of this mutant
strain [47-49] somewhat corrected the scheme of the
assembly of the 50S ribosomal subparticle. Because there
were no data on the direct interaction of the above-men-
tioned proteins (L15, L2, L3, and L4) with the 5S
rRNA—protein complex, it was concluded that these pro-
teins could only accelerate the necessary conformational
changes in 23S rRNA [41, 49] that could also occur in
their absence. These findings suggested that 5S rRNA, or
more likely the 5S rRNA—protein complex, should be
rather an independent structural element (domain) of a
large ribosomal subunit, and only the proteins L5 and L18
were required for its interaction with 23S rRNA.

For the next step, namely, for locating 5S rRNA in
the ribosomal subparticle, it was necessary to associate it
with the ribosome topography. In the mid-1970s several
research groups nearly concurrently published works
describing in detail the morphology of the E. coli 50S
ribosomal subparticle [50-52]. A typical projection of the
508 ribosomal subparticle, a crown-like projection, had
three characteristic protuberances. Ribosomal subparti-
cles of both prokaryotes and eukaryotes appeared to have
a similar morphology [51, 53, 54]. Advances in analytical
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Fig. 1. Reciprocal influences of some ribosomal proteins on their
in vitro incorporation into the 50S ribosomal subparticle of E. coli.
The arrows indicate influences of some proteins on incorporation
of the others (thick and thin lines show, respectively, strong and
weak effects). The scheme is compiled using data from work [42].
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approaches of molecular biology during that period
allowed researchers to identify all of the individual pro-
teins of the bacterial ribosome [55]. All these achieve-
ments promoted the next step in the study of ribosome
structure, the mapping of the ribosomal components.
Immunological approaches (using specific antibodies to
individual ribosomal components) combined with elec-
tron microscopy resulted in a new approach — immuno-
electron microscopy. This approach provided a burst in
the study on morphology and structure of such a huge
macromolecule as a ribosome. Two lateral protuberances
were called L1 protuberance and L7/L12 stalk, according
to the ribosomal proteins located inside them [52, 56-59].
The 5S rRNA was detected in the third, central protuber-
ance of the 50S ribosomal subparticle. The 3'-5"-end of
the 5S rRNA molecule was located nearly simultaneous-
ly by the groups of A. Bogdanov and V. Vasiliev [60] and
of G. Stoffler [61]. For this locating different haptens
covalently linked to ribose of the 3'-terminal nucleotide
of 5S rRNA were used. In the two works the 3’-terminal
nucleotide was located virtually on the apex of the central
protuberance of the ribosomal subparticle (Fig. 2a). The
Russian authors continued their study for locating 5S
rRNA in the ribosome [62] and located the nucleotides
Aj and Uy, of the 5S rRNA loop C (Fig. 2a). The dis-
tance determined between these two regions of 5S RNA

1’ 18

X5 (5

Fig. 2. Location of 5S rRNA—protein complex in 50S ribosomal
subparticle. a) Positions of 5SS rRNA regions in the central protu-
berance (positions of Ajy and Uy, of the C loop are indicated by
darkening; the 3'-terminal nucleotide position is shown by hatch-
ing). b) Contribution of 23S rRNA to formation of the central
protuberance. The right panel presents an isolated 23S rRNA
under conditions of compactization, the left panel presents the
50S ribosomal particle. Figures 2a and 2b are taken from works
[62, 64] under the kind permission of V. D. Vasiliev. ¢) Location of
proteins in the central protuberance of the 50S ribosomal subpar-
ticle of E. coli (positions of proteins of lateral protuberances are
given for orientation). The figure based of work [68] is modified
according to the problem under consideration.
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(less than 50 A) was in good agreement with the Y-like
model of this molecule proposed earlier by P. Osterberg
[63]. And V. Vasiliev and O. Zalite found that morpholog-
ical features of the 50S subparticle (Fig. 2b) including its
protuberances were determined by the shape of 23S
rRNA [64]. Under conditions of compactization, the iso-
lated 23S rRNA had shape and size comparable to those
of the ribosomal subparticle. The central protuberance of
these particles had similar size. Consequently, the central
protuberance of the 50S subparticles is produced with
involvement not only of 5S rRNA but also 23S rRNA.
This conclusion was confirmed by results of studies on
protein-deficient 50S ribosomal particles of E. coli [65].
Ribonucleoprotein particles consisting only of 23S rRNA
and nine ribosomal proteins were shown to be very like
the 508 ribosomal subparticle in the size and shape. Thus,
already by the mid-1980s two conclusions could be made:
(i) 5S rRNA was located in the central protuberance of
the large ribosomal subparticle; (ii) 5S rRNA was only
one of the structural elements of the central protuberance
of the ribosomal subparticle.

After the 5S rRNA was located in the ribosome, it
was important to determine its intermolecular contacts.
This could be performed using direct or indirect
approaches. Certainly, the most direct approach would be
X-ray crystallography, but crystallographic data on the
ribosome structure appeared much later. Other more or
less direct approaches for determination of intermolecu-
lar contacts of 5S rRNA in the ribosome were very diffi-
cult because of the multicomponent composition of this
ribonucleoprotein consisting of several RNAs and dozens
of proteins. Therefore, during this period researchers
often had to use indirect approaches. These indirect
approaches, which were also used for detecting other
ribosomal components interacting with 5S rRNA,
include immunoelectron microscopy and intermolecular
chemical cross-linking. As mentioned above, from
immunoelectron microscopy the central protuberance of
the 50S subparticle was shown to contain not only 5S
rRNA but also 23S rRNA. Protein L18 was one of the first
proteins found in the protuberance of the large ribosomal
subparticle [50]. However, the data of this work concern-
ing the subparticle protuberances were insufficiently clear
(the preliminary model of the 50S subparticle did not yet
have a pronounced asymmetry of protuberances).
Therefore, the authors suggested that protein L18 should
be located in a lateral protuberance. Further studies,
including those of the same authors, corrected the loca-
tion of protein L18 in the ribosome. In 1983 the group of
G. Stoffler found that protein L18 located in the central
protuberance of the 508 subparticle [66] (Fig. 2¢). A little
later two other 5S rRNA-binding proteins, L5 and L25,
were also located in the central protuberance [67, 68].
These data were a good confirmation of earlier findings
that ribosomal proteins L5, L18, and L25 could specifi-
cally bind with the isolated 5S rRNA [69]. In Fig. 2¢c the
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location of proteins of the central protuberance of the 50S
ribosomal subparticle is indicated in accordance with the
data of the above-mentioned works. Protein L25 is locat-
ed at the base of the central protuberance of the 50S ribo-
somal subparticle at the side of the L7/L12 prominence.
Protein L18 is located nearly at the apex of the central
protuberance from the side of the L1 prominence.
Protein L5 is placed near protein L18 but on the protu-
berance surface contacting the 30S ribosomal subparticle.
As shown in Fig. 2¢, some ribosomal proteins (L15, L16,
and L27) are located at the base of the 50S subparticle
central protuberance. At the same time, using limited
enzymatic hydrolysis of rRNA within the ribosome, P.
Brimacombe’s group found a region of 23S rRNA (the
region 450-1000 nucleotides from the 3'-end of the mol-
ecule) interacting with the 5S rRNA—protein complex
[70]. Similar results were also obtained by the group of P.
Zimmermann [71]. Later, the 50S ribosomal subparticle
of E. coli was topographically mapped in detail using
bifunctional reagents, which permitted RNA cross-link-
ing with protein [72]. In particular, both 5S rRNA-bind-
ing proteins, L5 and L18, were shown to have a similar
cross-linking region on the 23S rRNA molecule (helix
H84, U,30s—Cs310, and Gy39,—U,syg, respectively). In the
same region (helix H81-H87) of domain V of 23S rRNA
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protein L27, which was another component of the central
protuberance of the large ribosomal particle, was also
cross-linked. The development of photo-activated
bifunctional reagents made it possible to visualize special
intermolecular RNA—RNA cross-linking within the
ribosome. Thus, the cross-linking of 5S rRNA with
domains I and V of 23S rRNA in the E. coli ribosome was
found in the collaboration of Russian and American
researchers (the groups of A. Bogdanov and O. Dontsova
and of P. Brimacombe, respectively) [73-76]. Figure 3
schematically presents the results of all these investiga-
tions. Data on intermolecular cross-linking were
obtained using different photo-activated uridine deriva-
tives randomly incorporated into the 5S rRNA molecule.
The most active in the 5S rRNA molecule was Uy, locat-
ed in the apical loop of the second domain (helices IV
and V, loops E and D). This nucleotide was cross-linked
with 23S rRNA nucleotides located at a significant dis-
tance in the nucleotide sequence (domain I1 — Uygsg, Agg,
G2, G135 and domain V — Cyy75(U,y77)). Moreover, the
first domain (helices I, II, and III, the loops B and C) of
the 5S rRNA containing photo-activated Uy, U,s, Uss,
and Ugs was cross-linked with two regions of 23S rRNA
(helices H81-H85 (U,57,—G145) in domain V and the dis-
tal part H38 (Cgss—Uygy) of domain II) (Fig. 3). Thus,
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Fig. 3. Scheme of secondary structure of ribosomal RNAs with indicated regions of cross-links between 5S rRNA and 23S rRNA in the E. coli
ribosome. Large Arabian ciphers indicate the numbers of helices in 23S rRNA, Roman numerals show their numbers in 5S rRNA. For the

scheme data of works [73-76] are used.
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some regions of domains II (helices H38, H39, and loop
H41-H42) and V (helices H81-H85 and H89) of 23S
rRNA were shown to be the closest neighbors of 5S rRNA
(Fig. 3). These findings led to two conclusions: (i) the
above-mentioned structural elements of the 23S rRNA
together with 5S rRNA seemed to form the central protu-
berance of the 50S ribosomal subparticle; (ii) the 5S
rRNA could serve a link between two domains of 23S
rRNA.

Thus, by the second half of the 1990s components of
the central protuberance of the bacterial ribosome large
subparticle had been identified completely. The central
protuberance of the large ribosomal subparticle was con-
sidered to be a 5S rRNA—protein complex with attached
structural elements of domain II (helices H38, H39, and
loop H41-H42) and of domain V (helices H81-H85 and
HB89) of 23S rRNA, with proteins L15, L16, and L27 in
the bottom of the protuberance.

Contemporary crystallographic data on the structure
of ribosomes from different domains of life obtained dur-
ing the last decade [77-82] allowed researchers to dot
many i’s, in particular, in locating 5S rRNA in the ribo-
some. First, the majority of the data obtained earlier by
different methods [60-76] was supported by data of crys-
tallography. Figure 4 shows complete coincidence of the
5S rRNA location in the central protuberance of the large
ribosomal subparticle with its location determined earlier.
The conclusions that the central protuberance of the bac-
terial ribosome should include proteins L16 and 127, as
well as structural elements of domains II and V of 23S
rRNA were confirmed (Fig. 4a). However, the locating in
the central protuberance of some small ribosomal pro-
teins (L30, L33, and L35) must be considered to be an
achievement of the crystallographic studies.

Second, analyses of all structures of ribosomes and
ribosomal subparticles that are now known indicate that
the location of 5S rRNA is conservative in ribosomes of
all three domains of life (Fig. 4). Such location of 5S
rRNA was mainly determined by two groups of conserva-
tive contacts in the ribosomes of various organisms. The
conservativeness of these intermolecular contacts was
earlier revealed on analyzing structures of the ribosomes
of bacteria and archaea [83-85]. At present, the same can
be shown for representatives of all domains of life (Fig. 4,
b-d). One of these contacts is located in the first domain
of 5S rRNA and the region of helices H83-H85 of 23S
rRNA and is mediated through proteins L5 and L18. The
contact of these 5S rRNA-binding proteins with the indi-
cated region of 23S rRNA was predicted earlier based on
results of intermolecular cross-linking [72]. The modern
crystallographic data show that this intermolecular inter-
action is essentially retained in ribosomes of bacteria,
eukaryotes, and archaea (Fig. 4, b-d). Another conserva-
tive contact is realized directly between helix H38 of 23S
rRNA and the inner loop E of 5S rRNA, thus fixing the
location of the second domain of the small ribosomal
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RNA. This RNA—RNA contact, detected for the first
time in the structure of 50S ribosomal subparticle of
Haloarcula marismortui [77, 86], seems to be typical for
ribosomes of the other domains of life (Fig. 4, b-d). Thus,
it seems that these conservative contacts not only deter-
mine the unique location of 5S rRNA in the ribosome but
are also responsible for functioning of this small RNA as
a mediator between domains II and V of the high molec-
ular weight RNA of the large ribosomal subparticle.

Third, it is now possible to compare the contribution
of proteins to determination of the unique and conserva-
tive location of 5S rRNA in the central protuberance of
the large ribosomal subparticle from evolutionally distant
organisms. The involvement of ribosomal proteins of the
L5 and L18 families in the interaction of two rRNAs has
been mentioned above. Although the immediate contact
of helix H38 and 5S rRNA is rather extensive, it seems to
need an additional stabilization in the functioning ribo-
some. In the ribosomes of Saccharomyces cerevisiae at
least three proteins (L10e, L21e, and L7e-L30p) interact
simultaneously with 5S rRNA and helix H38 of 25S
rRNA [82]. The bacterial protein L16 (136 residues in E.
coli), which is a homolog of the archaeal protein (163
residues in H. marismortui) and of the eukaryotic protein
L10e (221 residues in S. cerevisiae) [87, 88], is signifi-
cantly smaller than the latter two proteins [89] and does
not interact with 5S rRNA (Fig. 4b), but it contacts helix
H38 of 23S rRNA [80, 81]. Protein L21e is absent in the
bacterial ribosome [89], but it is present in the ribosome
of archaea, where it also forms contacts with ribosomal
RNAs [77, 88]. Moreover, the eukaryotic ribosome also
contains a large protein of the L7e¢-L30p family (244
residues in S. cerevisiae), which similarly to its homolog
from archaea (154 residues in H. marismortui) can form
contacts with 5S rRNA and helix H38 of a high molecu-
lar weight RNA of the large ribosomal subparticle [77, 82,
88]. In the bacterial ribosome the small protein L30 (58
residues in FE. coli) interacts with helix H38 of 23S rRNA
[80, 81] and seems to form the single contact with 5S
rRNA (Fig. 4b), which is unlikely to be stabilizing.

Thus, in the ribosome from archaea and eukaryotes
there are three proteins that stabilize a direct contact
between helix H38 of 23S (26S) rRNA and 5S rRNA. In
the bacterial ribosome the situation is different: these pro-
teins are either absent or are insufficiently large to realize
this function [85]. Therefore, an alternative scenario of
stabilization of the direct interaction of two rRNAs can
occur in the bacterial ribosome. In bacteria a new 5S
rRNA-binding protein appears (protein L25 in E. coli
from the CTC family [85]) which was absent in archaea
and eukaryotes [85, 89]. In bacterial ribosomes the C-ter-
minal region of protein L16 interacts with a protein of the
CTC family (Fig. 4b). This interaction with the multido-
main protein of the CTC family (e.g. ribosomal protein
TLS from Thermus thermophilus or CTC from
Deinococcus radiodurans) involves two domains that sig-
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Fig. 4. Model of structural organization of the central protuberance of the large ribosomal subparticle according to crystallographic data [77,
80, 82]. a) The central protuberance of the 50S ribosomal subparticle of E. coli. b-d) Fragments of the central protuberance of the large ribo-
somal subparticle of bacteria, eukaryotes, and archaea, respectively. These models show the main intermolecular contacts of 5S rRNA in the
ribosome. The models were designed using the ribosomal structures (PDB codes: 2AW4, 1JJ2, and 3058).

nificantly increase the region of the contact as compared
to the single-domain protein L25 from FE. coli (Fig. 4b)
[78-81, 85]. In addition the second domain of protein
TL5 forms hydrogen bonds with helix H38. Thus, in the
bacterial ribosome a protein of the CTC family, in partic-
ular a multidomain protein, functions as several proteins
from archaea and eukaryotes in stabilizing the conserva-
tive contact between 5S rRNA and helix H38 of 23S
rRNA. Moreover, it is now clear that proteins of the cen-
tral protuberance play an important role in creating and
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supporting the unique location and possibly also the
functioning of 5S rRNA in the ribosome.

5S rRNA—-PROTEIN COMPLEX
AND RIBOSOME FUNCTIONING

The question of 5S rRNA functioning arose signifi-
cantly earlier than details of its structural organization
and the determination of the above-described intermole-
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cular interactions were ascertained. Searches for biologi-
cal functions of this molecule started even before it was
discovered. As noted in the beginning of this review, 5S
rRNA was initially termed “transfer-like RNA” [2, 6] and
was even supposed to be a precursor of tRNA [6, 7].
Later, 5S RNA was proved to be an independent riboso-
mal RNA inherent in ribosomes of all known organisms,
and in all features it was quite different from tRNA.
However, for some years some enthusiasts still tried to
find a resemblance between these RNAs in structure, ori-
gin, and functions. Thus, assuming that 5S rRNA could
have a structure similar to that of tRNA, 1. Raacke sup-
posed that the 3'-terminal nucleotide of the 5S rRNA
should act as a mediator in the peptidyl transferase reac-
tion of the ribosome [90, 91]. Certainly, this idea was
rather attractive, although slightly adventurous because it
had no experimental base. It was not surprising that a
simple experiment with inactivation of the 3’-terminal
nucleotide of 5S rRNA in the ribosome revealed the fail-
ure of this idea [92, 93]. The ribosome containing 5S
rRNA with oxidized 3'-terminal nucleotide fully retained
its activity during polypeptide synthesis and, respectively,
during the peptidyl transferase reaction. Moreover, only
based on a slight homology between the primary struc-
tures of 5S rRNA and tRNA, some authors proposed a
hypothesis about the common origin of these molecules
[94, 95], but this hypothesis was rather emotionally
rejected by other authors [96]. Quite naturally, the major-
ity of other hypotheses about the functions of 5S rRNA
were associated with the known functions of the large
ribosomal subparticle. The involvement of 5S rRNA was
speculated in virtually all functions of the 50S ribosomal
subparticle. There was a period of attempts to assign indi-
vidual functions of the ribosome to some specific riboso-
mal components (a protein or RNA). And 5S rRNA did
not escape such a fate. In addition to the idea that 5S
rRNA should be a mediator in the peptidyl transferase
reaction [90, 91], this ribosomal RNA was also supposed
to have the GTPase and ATPase activities, to be necessary
for association of ribosomal particles, and also to be
involved in the binding of tRNA with the 50S subparticle
(see [97] for a review).

It seems that the idea about the GTPase activity of
5S rRNA was first expressed by V. Erdmann with col-
leagues based on their findings [98]. The 50S ribosomal
subparticle of Bacillus stearothermophilus reconstructed in
the absence of 5S rRNA was found to be unable to bind
the EF-G-GTP complex. This naturally resulted in the
idea that 5S rRNA should be responsible for this function.
In subsequent works these authors demonstrated that iso-
lated bacterial and eukaryotic 5S rRNA—protein com-
plexes possessed GTPase and even the ATPase activity
[99-103]. A similar phenomenon was also described by
other authors [104]. It was also shown that in the ribo-
some'EF-G-GTP complex the photo-activated analog of
GTP was cross-linked with a number of proteins (L5,
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L11, L18, and L30) including 5S rRNA-binding proteins
[105]. It was also shown that in the ribosome-EF-
2:GMPPCP complex the eukaryotic elongation factor
EF-2 (an analog of EF-G) was linked with 5S rRNA
[106]. At first glance, these findings could appear quite
definitive and very important if they were not contradict-
ing all other experimental data [107, 108] about the
GTPase activity of the translation apparatus that were
already available. First, the specific GTPase activity of
the 5S rRNA—protein complex was, at least, hundreds of
times lower than the EF-G (EF-Tu)-dependent activity
of ribosomes described in some works [109-113]. Such a
low enzymatic activity could be associated not with the
5S rRNA—protein complex itself but with contamina-
tions of the sample. Second, by that time it was already
known that just the translation protein factor (EF-G or
EF-Tu) but not the ribosome (not ribosomal compo-
nents) could bind [114-117] and cleave GTP [118, 119].
The GTPase or ATPase activities of the 5S rRNA—pro-
tein complex manifested themselves in the absence of
EF-G [99] and were not stimulated on its addition. Third,
ribosomal 508 subparticles or their derivatives lacking the
5S rRNA—protein complex retained the EF-G-depend-
ent GTPase activity [39, 120]. Such ambiguous data
resulted in a very short life of the hypothesis about the
GTPase or ATPase activity of the 5S rRNA—protein
complex. It should also be added that further studies
completely excluded any contribution of the 35S
rRNA—protein complex to the cleavage of the GTP mol-
ecule by the translation apparatus during protein biosyn-
thesis.

The idea of a possible involvement of 5S rRNA in
association of ribosomal subparticles was first expressed
by R. Rosset et al. in 1964 [5]. This involvement could be
direct and indirect. A highly effective in vitro hybridiza-
tion between eukaryotic 5S rRNA and 18S rRNA was
detected by a group of researchers [121-123]. Based on
these findings and on detecting complementary regions in
many prokaryotic and eukaryotic ribosomal RNAs (Fig.
5), A. Azad supposed that 5S rRNA could be directly
involved in association of ribosomal subparticles [124].
However, further studies did not confirm the existence of
such RNA—RNA interactions in the ribosome. In exper-
iments with different approaches (formation of complex-
es from isolated components, chemical probing of rRNA,
and intermolecular RNA—RNA cross-linking in the ribo-
some) no results were obtained in favor of existence of

5’ 3’
~-~-GAAAGCGUGGGGAGCAAACAGGAUUAGAUAC- -
CGUACCCCUC UCCCAAUU

3'=——58 rRNA——5' 3'—238 rRNA—5'

A region of helix H24 from 165 rRNA

Fig. 5. Supposed regions of interaction of three ribosomal RNAs.
The figure taken from work [124] is modified.
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contacts between 5S rRNA and 16S rRNA [125-130].
Moreover, results of the most recent crystallographic
studies on ribosomes [77-82] finally rejected a possibility
of such an RNA—RNA interactions in the ribosome. The
denoted regions of ribosomal RNAs, helix IV in 5S rRNA
and helix H24 in the central domain of 16S rRNA, are
located in the ribosome at a distance exceeding 100 A and
in no case could produce a supposed double helix. Thus,
the presence of complementary regions in 5S rRNA and
16S rRNA seems to be accidental and having no biologi-
cal reason. However, the question about a possibility of an
indirect involvement of 5S rRNA in association of riboso-
mal subparticles mediated through other ribosomal com-
ponents is still open. The matter is that as early as in the
1970s two fundamental results were obtained. First, the
central protuberance of the 50S ribosomal subparticle
containing 5S rRNA is obviously in contact with the 30S
subparticle [51]. Second, the ability of large ribosomal
subparticles arranged in vifro in the absence of 5S rRNA
to associate with 30S subparticles was shown to be very
strongly reduced [39]. Based on these data, it was con-
cluded that 5S rRNA should play a very important if not
a crucial role in association of ribosomal subparticles.
However, results of further studies on the large ribosomal
subparticle lacking the 5S rRNA—protein complex slight-
ly corrected this conclusion [131]. It was shown that,
although these ribosomal subparticles are associated with
308 subparticles less tightly than with intact 50S particles,
they form a 70S ribosome with subparticles accurately
oriented relatively to one another. Moreover, the absence
of the 5S rRNA—protein complex in the ribosomal sub-
particle resulted in a strong deformation of the central
protuberance but not in its disappearance. Therefore, it
was concluded that the intersubunit contact formed by
the central protuberance of the 50S subunit with the 30S
subunit should be an important but not a decisive factor.
As noted above, no direct interaction of 5S rRNA with
30S subparticle was detected. Therefore, considering the
known intermolecular contacts of 5S rRNA inside the
50S ribosomal subunit (see the section “5S rRNA
Location in the Ribosome” of this review) it was reason-
able to suppose that the central protuberance could inter-
act with the 30S subparticle via 5S rRNA-binding pro-
teins and/or via 23S rRNA. Such a “mediated involve-
ment of 5S rRNA in association of ribosomal subparti-
cles” was confirmed by recent data of crystallographic
studies [77-82]. It was found that two intersubunit
bridges, Bla and B1b, were formed, respectively, by helix
H38 of 23S rRNA interacting with 5S rRNA and by the
5S rRNA-binding protein L5. Thus, 5S rRNA was shown
to be involved in association of ribosomal subparticles not
as a direct participant but as a kind of mediator.

The idea of the relation of 5S rRNA to the interac-
tion of tRNA with the large ribosomal subparticle seemed
to be the most popular among all hypotheses. Possibly,
just this was the reason for the “survival” of this idea up to
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now, although it has undergone significant changes. For
the first time a possibility of the involvement of 5S rRNA
in the binding of tRNA to the ribosome was supposed by
the above-mentioned R. Rosset et al. [5], and in the work
of B. Forget and S. Weissman this idea acquired a suffi-
ciently concrete form [18]. The discovery in 5S rRNA of
a region (,;CAAG,,) complementary to GTWYC (T-loop)
of tRNA induced the idea that 5S rRNA could directly
interact with tRNA in the ribosome. This idea of the
direct interaction of two RNAs was adopted with enthu-
siasm. During the following years many works appeared
concerning this problem (see for review [12, 108, 132,
133]). First, results of some studies on features of ribo-
somes lacking 5S rRNA [27, 34, 39, 98, 134] supported
the idea that 5S rRNA was necessary for providing the
interaction of tRNA with the ribosome in the P-site.
Moreover, it was shown that just the nucleotides in the
mentioned regions of 5S rRNA or tRNA in the ribo-
some—tRNA complex changed their own availability to
various modifying agents [135-138]. Second, the exis-
tence of this contact was confirmed by an inhibitory effect
of the oligonucleotide T¥CG, on the binding of tRNA
with the ribosome [139-146]. Moreover, cross-linking of
the modified tRNA was shown to occur in the ribosome
mainly with 5S rRNA and not with 16S rRNA or with 23S
rRNA [147]. The idea about the possibility of contact
between 5S rRNA and tRNA in the ribosome (Fig. 6) was
supported also by authors of other works [94, 148-150].
However, it should be noted that all these data only indi-
rectly indicated to the possibility of 5S rRNA contact
with tRNA in the ribosome. Only in work [151] was a
direct binding of the tRNA fragment (T¥CG,) with the
isolated 5S rRNA reported. But the association constant
of these molecules was so low (K, 8:10° M) that it was
difficult to estimate the reality of existence of such a com-
plex. Some results were also obtained that contradicted
the hypothesis about the direct interaction of 5S rRNA
and tRNA in the ribosome. Thus, deletions or mutations
in the corresponding region (loop C) of 5S rRNA were
shown to have no effect on the binding of tRNA with the
ribosome [152, 153]. Tritium exchange revealed that the
incorporation of tRNA in the ribosome did not cause
changes in this region of 5S rRNA [154]. Moreover, the
substitution of C by A in the T loop of tRNA was shown
to have no influence on its biological activity [155]. These
findings forced the authors to doubt the correctness of
this hypothesis. Thus, all experimental data obtained dur-
ing 15 years did not give an unambiguous answer to the
question of the possibility of a direct interaction of 5S
rRNA with tRNA in the ribosome. It would seem that the
idea was untenable. However, this story received an unex-
pected although rather logical continuation. During the
same period, i.e. the 1970-1980s, tRNA was shown to
selectively interact with isolated ribosomal proteins. One
of these works was the above-mentioned work by V.
Erdmann et al. [151], which demonstrated this interac-
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tion. They found that the complex of the tRNA fragment
(TYCG,) with 5S rRNA became 10-fold more stable if
the 5S-rRNA—protein complex was used. But then the
influence of the protein on RNA association was not yet
given its due attention. Later, use of immobilized tRNA
and 5S rRNA resulted in interesting and important data
on the selectivity of binding of ribosomal proteins with
different RNAs. Thus, on a decrease in the magnesium
ion concentration in the medium not only three already
known ribosomal proteins L5, L18, and L25 could be
detected in the complex with 5S rRNA, but also the pro-
teins L2, L15, L16, L17, L22, L33, and L34 [156]. This
set of proteins had a resemblance with the protein com-
position of the complex with tRNA [157-161]. Note that
all above-mentioned complexes contained proteins L18
and L16 (sometimes the complex also included proteins
L5 and L15). The resulting RNA—protein complexes had
features similar to those of the ribosome (binding of
tRNA or of ribosomal 30S subparticle) [156, 161, 162].
Using photo-activated derivatives of tRNA, puromycin,
or other appropriate antibiotics, other researchers identi-
fied ribosomal proteins cross-linked with them in the
ribosome. Among the proteins cross-linked with tRNA
and with the listed antibiotics there were proteins of the
central protuberance of the 50S subparticle, in particular,
5S rRNA-binding proteins. Thus, proteins L18, L27,
L15, L16, and L25 cross-linked with the acceptor part of
tRNA or with puromycin [163-167]. Proteins L5, L16,
and L27 cross-linked with nucleotides of the T and D
hairpins, i.e. in the region of the angle of the L-shaped
tRNA molecule [168-171].

Thus, by the mid-1990s from the totality of experi-
mental data it followed that 5S rRNA-binding proteins
and other proteins of the central protuberance of the large
ribosomal subparticle could be involved in the binding of
tRNA with the ribosome. Some of these data were recent-
ly confirmed by crystallographic studies on ribosomes and
their functional complexes [77-82].

p Sites A

(=
58 rRNA
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To continue the theme about the possibility of the
involvement of 5S rRNA in formation of the functional
centers of the ribosome, consider one more relatively new
hypothesis that was proposed by A. Bogdanov et al. 15
years ago [172, 173]. As already described in detail in the
section “Location of 5S rRNA in the Ribosome”, the envi-
ronment of 5S rRNA in the ribosome was carefully studied
by these researchers [73-75, 173]. Structural elements of
23S rRNA were found to be the closest neighbors of 5S
rRNA (Fig. 7) and to form two functional centers of the
ribosome, peptidyl transferase and GTPase-associating
ones; therefore, it was supposed that 5S rRNA could be a
mediator between these functional centers. The authors
suggested that 5S rRNA can be responsible for coordina-
tion of operating of these functional centers of the ribo-
some. At present, based on the accumulated experimental
data, this hypothesis about the functional role of 5S rRNA
in the ribosome seems the most realistic. The modern data
based on crystallographic studies on ribosomes and their
functional complexes [77-82, 86-88] in general confirm
the earlier findings concerning the topography and inter-
molecular contacts of the 5S rRNA—protein complex in
the ribosome (see the section “Location of 5S rRNA in the
Ribosome”). Moreover, it follows from the abundant liter-
ature data that the 5S rRNA—protein complex and other
components of the central protuberance of the large ribo-
somal subparticle can be also involved in formation of
intersubunit bridges and of tRNA-binding sites [78, 80-
82, 156-159, 163-171]. Therefore, we think that the
involvement of 5S rRNA (5S rRNA—protein complex) in
synchronization of activities of the ribosome functional
centers is a very interesting and promising idea.

THE PROBLEM OF THE ORIGIN OF 5S rRNA

The problem of the origin of 5S rRNA arose concur-
rently with its discovery (see beginning of the review) and

Fig. 6. Scheme illustrating possible contact of 5S rRNA with tRNA in the P-site of the ribosome. The scheme is modified from work [148].
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includes at least two questions. First, do other molecules
exist with known functions and possessing a resemblance
(relation) with 5S rRNA? Second, at what step of the evo-
lution of living organisms and their translation apparatus
did 5S rRNA appear in the ribosome? An answer to each
of these questions could give important information
about the function of this ribosomal RNA. However,
answering these questions is not simple. Thus, the ques-
tion of relation between 5S rRNA and other RNAs that
first time appeared even before the official discovery of 5S
rRNA (see the beginning) was under consideration for
more than ten years and failed to result in a definite con-
clusion. The idea of the common origin of 5S rRNA and
tRNA was the most popular [2, 6, 7]. Resemblance was
looked for either in their primary structures [94, 95] or in
the possible spatial structure of the molecules [90, 174].
Also, other small RNAs such as 5.8S rRNA were not for-
gotten [103]. The most accepted conclusion for today is
that ribosomal 5S RNA has no parental or related mole-
cules in contemporary organisms. This confirms the idea
about the uniqueness of this small ribosomal RNA and its
function.
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The other question was still more difficult. To get a
clear answer to the question of when 5S rRNA appeared
in the ribosome is difficult because of the billions of years
of the evolution of living beings and the absence of any
information concerning the events in the very beginning
of this process. Nevertheless, there have been some
attempts to determine the “age of 5S rRNA”, such
attempts continue at present, and they may be continued
in the future. Molecular evolutionary biology is relatively
young [175], and much time has been required for devel-
opment of approaches for studies and for accumulation of
the initial experimental findings and experience. Earlier,
to answer the question about the origin of 5S rRNA its
primary structures were compared [176-179], conserva-
tive structural elements in RNAs from different organisms
were analyzed [177, 179], the organization of ribosomal
RNA genes in the genomes were compared [180, 181],
and regions homologous to 5S rRNA in high molecular
weight rRNAs were searched for [182]. These studies have
provided much information about 5S rRNA structure and
its specific features, but there are very few data that would
lead to the answer to the question about the origin of this
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molecule. The only reliable knowledge is that 5S rRNA
was already existent by the moment of divergence of the
three branches of life (1.8-2.4 billion years ago) [176,
178]. At present, the most modern analytical approaches
and the huge experimental material accumulated during
decades are used in attempts to elucidate the problem of
the origin of biological molecules. During recent years,
this problem has been analyzed using a combined
approach: comparative analysis of the primary and spatial
structure of ribosomal RNAs and their structural ele-
ments and ribosomal proteins and the intermolecular
contacts between them in the ribosome [183-191]. We
believe that progress is already achieved in attempts to
solve the question about the origin of 5S rRNA.
Summarizing the results of these studies, some interesting
conclusions can be made.

First, the evolutionary analysis of structural elements
of 5SS rRNA [189, 190] shows that the 3'-5'-terminal helix
is the most ancient element, the first domain hairpin is
slightly “younger” (helices II and III, loops B and C),
and the second domain (helices IV and V, loops E and D)
is “the youngest” element. The evaluated age of the 5S
rRNA-binding proteins appears to correspond to the age
of the RNA structural elements that they are bound with
[189].

Second, the evolutionary analysis of structural ele-
ments of high molecular weight RNA of the large riboso-
mal subparticle has revealed that domain V is the most
ancient, domains IV and II are somewhat younger, and
domains I and III are the youngest [183, 187]. As follows
from the structural analysis of present-day ribosomes (see
section “Location of 5S rRNA in the Ribosome”, Fig. 4),
one of conservative contacts is between the first domain
of 5S rRNA and domain V of 23S (26S) rRNA via pro-
teins L5 and L18. Therefore, it can be supposed that a
small RNA on its first entrance into the ribosome was
only a hairpin (the first domain) of the contemporary 5S
rRNA. The time of appearance of this small RNA in the
“protoribosome” determined based on relative evalua-
tions of the age of the participants [185-189, 191] could
be approximately 2.5-3.0 billions of years ago. This was
followed by finishing the building of the large ribosomal
subparticle of the “protoribosome” by adding domain II
of 23S rRNA and the second domain of 5S rRNA, which
formed another conservative contact. Thus, it seems that
the complication of the “protoribosome” structure and
its function even then required a coordinator to provide
for operating of its structural—functional domains. This
was the reason for appearance of 5S rRNA in the ribo-
some.

In this review an attempt has been made to consider
from different standpoints the same question: “What is
5S rRNA required for in the ribosome?” The data pre-
sented above allowed us to conclude that 5S rRNA
appeared in the ribosome for connection, at least, of two
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functional domains of the ribosome, the peptidyl trans-
ferase and GTPase-associated ones. No other direct
functional contacts of 5S rRNA have been detected in the
ribosome up to now. Nevertheless, just 5S rRNA-binding
proteins and structural elements of high molecular weight
ribosomal RNA contacting with 5S rRNA are involved in
association of ribosomal subparticles and in the interac-
tion of tRNA with the ribosome. Thus, 5S rRNA is indi-
rectly connected with all functional centers of the large
ribosomal subparticle. Therefore, the idea expressed 15
years ago that 5S rRNA could coordinate the work of
functional domains of the large ribosomal subparticle is
by now to a great extent confirmed experimentally. Such
a viewpoint on this problem allows us to explain a specif-
ic feature of 5S rRNA, namely, its independence and
conservativeness of the structure in representatives of all
domains of life. It seems that such a complicated func-
tion destined for 5S rRNA could not be solved by a sim-
ple elongation of a hairpin of high molecular weight
RNA. Certainly, billions of years of evolution of living
beings have significantly corrected the structure and
functioning of their ribosomes. Thus, in bacteria,
archaea, and eukaryotes their specific 5S rRNA-binding
proteins appeared. However, 5S rRNA and some conser-
vative and functionally important intermolecular con-
tacts formed by it in the ribosome remained virtually
unchanged. Many details of the functional activity of this
small RNA in the ribosome are still unclear, but the main
steps have already been made. It can be expected that the
mechanism of functioning of 5S rRNA will soon be dis-
covered, and considering its location in the ribosome,
also of a significant part of the protein-synthesizing
apparatus. Moreover, having in mind the importance of
58S rRNA for the functioning of the ribosome and specif-
ic features of the nearest environment of this small RNA
in representatives of various domains of the life, we sup-
pose that the central protuberance of the large ribosomal
subparticle could be a very promising target for inhibitors
of protein biosynthesis.
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