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AbstractIt is now well established that ribosomal RNAs (rRNAs) play an active role in every aspect of translation. This
review focuses on recent evidence for the involvement of rRNAs from both subunits of the ribosome in translation termination. This evidence comprises data obtained with rRNA mutants both in vivo and in vitro. In particular, mutations
in specific regions of rRNAs caused readthrough of nonsense codons in vivo. Consistent with their in vivo characteristics,
the mutations decreased the productive association of the ribosome with release factor 2 (RF2) and the efficiency of catalysis of peptidyl-tRNA hydrolysis in the presence of RF2 in realistic in vitro termination systems. It is now evident that
genetic selections for termination-defective mutants in vivo and their characterization in realistic in vitro termination
assays will rapidly advance our understanding of the mechanism of termination.
Key words: termination, ribosomal RNA, release factor, helix 34, helix 44, GTPase center, peptidyl transferase,
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BASIC FEATURES
OF TRANSLATION TERMINATION
When the A site of the ribosome encounters a stop
codon, a cytoplasmic protein release factor (RF) binds
to the ribosome and triggers hydrolysis of peptidyltRNA. In Escherichia coli, there are two codon-dependent RFs that are necessary for termination, RF1 and
RF2. RF1 functions at UAA and UAG and RF2 at
UAA and UGA. Until recently the role of ribosomal
RNA in this process has been unclear. For recent
reviews on translation termination and RFs see [1-6].
INVOLVEMENT OF SMALL-SUBUNIT rRNA
IN TRANSLATION TERMINATION
Small-subunit rRNA was implicated in termination
based on evidence obtained in vivo and in vitro. In particular, a mutation in E. coli 16S rRNA, C1054A, was
isolated as a suppressor of UGA nonsense mutations [7,
8]. C1054 is a virtually universally conserved nucleotide
[9, 10] of helix 34 (Fig. 1a). Furthermore, it was shown
that C1054A did not suppress either UAA or UAG
under the same conditions where UGA suppression was
detected, that is on glucose minimal medium [7, 8]. Two
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other substitutions at position 1054 caused suppression
of not only UGA but also UAG (C1054U), and UAA
and UAG (C1054G) [8]. However, none of the mutations at position 1054 caused missense suppression of
UGG or several other sense codons different from stop
codons by just one nucleotide [8]. Besides, the mutations
at position 1054 did not suppress two +1 frameshift
mutants and one 1 frameshift mutant [8]. Therefore in
vivo data pointed to a defect in termination caused by
substitutions at position 1054 because the mutations
caused readthrough of nonsense codons but were not
seen to affect other misreading events under certain conditions [7, 8]. For the eukaryote Saccharomyces cerevisiae, mutations at the position of 18S rRNA that corresponds to position 1054 of E. coli 16S rRNA were shown
to affect suppression of nonsense mutations, implicating
this nucleotide in eukaryotic termination [13].
Consistent with the in vivo characteristics of mutations
at position 1054 of 16S rRNA were the recent observations in a realistic in vitro termination assay [14, 15] that
C1054A decreased the effective association rate constant, kcat/Km, for ribosome and RF2 [16] and the catalytic rate of peptidyl-tRNA hydrolysis after RF2 was
bound to the ribosome [17]. On the other hand, C1054A
caused a very small decrease in kcat/Km for RF1-dependent termination that was significantly smaller than that
in the presence of RF2 [16]. Furthermore the catalytic
rate of peptidyl-tRNA hydrolysis in the presence of RF1
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was very close to normal [17]. These in vitro data provided an explanation for the UGA-specific suppression
caused by C1054A in vivo, namely, mutant ribosomes
read through UGA because they were defective in RF2dependent termination, but readthrough of UAA and
UAG was not seen due to the almost normal function of
RF1 at these codons. Furthermore, other nucleotides of
helix 34 are implicated in termination (Fig. 1a). In particular the mutation C1200U in helix 34 also caused
readthrough of nonsense codons [18, 19], however, similar to C1054A, it did not suppress several missense
mutations, including UGG, AAG, and GAA (F. T.

1355

Pagel and E. J. Murgola, unpublished data). In addition,
changes of C1192 in the helix caused defects in the binding of both RF1 and RF2 to the ribosome in vitro [20].
Similar to the effect of C1054A on termination, defects
in RF binding caused by the mutations C1192U and
C1192G were larger for RF2 than for RF1.
There is evidence that another region of 16S rRNA,
helix 44, is involved in termination. In particular for E.
coli, it was shown that cloacin DF13 cleavage (between
A1493 and G1494) of the part of the helix that contributes to the A site (Fig. 1a) inhibits formation of a
complex between ribosomes, UAA, and RF1 and RF2
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Fig. 1. rRNA regions implicated in translation termination. a) Top: the secondary structure of 16S rRNA (small subunit) with helix 34
and the base of helix 44, the major part of which is involved in the A site [11], indicated in bold. Bottom left: detail of helix 34, with
nucleotides implicated in termination encircled. Bottom right: detail of the base of helix 44 with the site of cloacin DF13 cleavage indicated (arrow). b) Top: The secondary structure of 23S rRNA (large subunit) with the GTPase center indicated in bold. The general location of the RNA component of peptidyl transferase in domains IV and V [12] is indicated (PT). Location of the two-nucleotide deletion
that apparently compensates for termination defects caused by the mutation G1093A in the GTPase center is shown (∆G2046, C2047).
Bottom: detail of the GTPase center with nucleotides implicated in termination encircled.
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[21]. In addition, the aminoglycoside antibiotics
hygromycin and neomycin, which interact with the Asite portion of the helix 44 [22], substantially inhibited
termination driven by either RF1 or RF2 in vitro [20].
On the other hand, UAA, bound to the A site, was
cross-linked to helix 44 and RF2 [23] demonstrating the
close proximity of RF2 to this helix and suggesting a
direct functional interaction between RF2 and helix 44
in the A site and/or the stop codon during termination.
While the importance of the A-site portion of the helix
44 for termination is well substantiated, some recent
data indicate involvement of other sites in that helix in
the termination process (S. Q. Zhao, F. T. Pagel, and E.
J. Murgola, unpublished data).
C1054 of helix 34, the A-site portion of helix 44,
and the A-site codon are situated very close to each
other in the 30S ribosomal subunit [23-25]. Therefore it
is tempting to speculate that the C1054 region of helix
34, the A-site nucleotides of helix 44, and the three
nucleotides of a stop codon form a structurally-unique
surface that is specifically recognized by a small portion
of RF. The strength of this recognition may be modulated by nucleotides adjacent to the stop codon [15, 2629] and P-site bound tRNA [28, 30].
INVOLVEMENT OF LARGE-SUBUNIT rRNA
IN TRANSLATION TERMINATION
The GTPase center. Genetic selections and screenings for E. coli 23S rRNA mutants that suppress UGA
as well as detailed mutational analysis of specific rRNA
regions and characterization of the rRNA mutants in a
realistic in vitro termination system have implicated the
GTPase center in termination (Fig. 1b). The GTPase
center is a region involved in elongation factor G- and
Tu-dependent hydrolysis of GTP [31, 32]. Specifically,
the substitution of A for virtually universally conserved
G1093 [9, 10] was isolated as a UGA-specific suppressor
[33], namely, it did not suppress UAA and UAG nonsense mutations or several missense mutations, including UGG, under certain conditions. Therefore, as with
C1054A of 16S rRNA, it was suggested that A1093
caused a defect in termination [33]. This suggestion was
supported by analysis of the ribosomes with G1093A in
realistic in vitro termination assays [14, 15]. In vitro this
mutation severely decreased the effective association
rate constant, kcat/Km, for RF2 and the ribosome. At
UAA, the kcat/Km for mutant ribosomes was about 20
times lower than for wild-type ribosomes, and at UGA,
it was 14 times lower [16]. As opposed to the large defect
in RF2-dependent termination, G1093A caused just a
46% decrease in the kcat/Km for RF1 at UAA [16].
Furthermore the mutation decreased the catalytic rate of
peptidyl-tRNA hydrolysis after RF2 was bound to the
ribosome but RF1-mediated hydrolysis on the mutant

ribosomes was very close to that on the wild-type ribosomes [17]. The major defect in RF2-dependent termination caused by G1093A in vitro was consistent with
the specific suppression of UGA (RF2-specific stop
codon) seen in vivo in the presence of the mutation [33].
As for C1054A in 16S rRNA discussed above, defects in
RF1-dependent termination detected in vitro for the
G1093A mutant might not be sufficiently large to cause
UAG and UAA suppression under the same conditions
where UGA suppression was seen [16]. The in vitro data
indicated that G1093A affected binding of RF2 to the
ribosome thereby suggesting that the G1093 region is a
binding site for RF2 [16]. In addition to G1093, other
nucleotides of the 1093-1098 loop in the GTPase center
were implicated in RF2-dependent termination based on
the UGA-specific suppression caused in vivo by different
mutations in the loop (Fig. 1b) ([19, 34]; W. Xu and E.
J. Murgola, unpublished data). Furthermore deletion of
A1067 in another loop of the GTPase center as well as
A1067C and A1067U (Fig. 1b) caused UGA-specific
suppression also (W. Xu and E. J. Murgola, unpublished data). The recent determination of the crystal
structure of the GTPase-center fragment bound to ribosomal protein L11 showed that both the 1093-1098 loop
and the 1065-1073 loop are situated very close to each
other [35, 36]. Considering that observation along with
the results of functional studies in vivo ([33, 34]; W. Xu
and E. J. Murgola, unpublished data) and in vitro [16,
17], it seems plausible that both loops interact with a
compact region of RF2. Experiments in our laboratory
are underway to test the hypothesis of direct interaction
between the two loops of the GTPase center and RF2.
The UGA-specific suppression caused by the mutations in the GTPase center indicates that RF1 does not
interact with the two loops of the GTPase center.
Instead RF1 may interact with ribosomal protein L11
which binds to the GTPase center [35, 36]. An L11RF1
interaction was suggested earlier [37, 38]. The small
decrease in kcat/Km in the RF1-dependent reactions seen
in vitro with G1093A-containing ribosomes [16] may be
an indirect effect of this mutation on a hypothetical
L11RF1 complex.
Where is the hydrolytic site? An important question
is where the site that directly catalyzes the hydrolysis of
peptidyl-tRNA is located. Is this site on the RFs or/and
on the ribosome? There is evidence that the ribosome
contains such a site. An important discovery, which led
to this point of view, was made by Caskey et al. [39],
who showed that both bacterial and mammalian ribosomes can carry out the hydrolysis of peptidyl-tRNA
without RFs in the presence of 30% acetone and tRNA.
Mutations in rRNAs that substantially decrease catalysis of peptidyl-tRNA hydrolysis in the presence of just
one RF, like C1054A [16S rRNA] and G1093A [23S
rRNA], are not likely to affect the hydrolytic site.
Mutations affecting such a hydrolytic site would be
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expected to cause decreases in the catalytic rates of peptidyl-tRNA hydrolysis in the presence of both RF1 and
RF2 in vitro and readthrough of all stop codons in vivo.
Therefore characterization of some non-specific rRNA
suppressors of nonsense mutations in an in vitro termination system may lead to identification of the hydrolytic site. Meanwhile there is indirect evidence that the
ribosomal peptidyl transferase is involved in hydrolysis
of peptidyl-tRNA during termination [39-41].
Furthermore 23S rRNA has been shown to be the central element of peptidyl transferase [12, 42]. Therefore
the 23S rRNA component of peptidyl-transferase (Fig.
1b) may be at least a part of the hydrolytic site.
Involvement of the rRNA component of peptidyl transferase in termination has been proposed [43].
Under physiological conditions, association of
either RF1 or RF2 with the ribosome activates the
hydrolytic site. The mechanism of this activation is
unknown. However there is genetic evidence for an
interaction between the GTPase center in domain II and
the entrance to domain V during termination that may
be part of the activation process. More specifically, deletion of two nucleotides in the entrance to domain V,
∆(G2046, C2047), was found to compensate for the temperature-conditional lethality caused by G1093A in the
GTPase center (Fig. 1b) [19, 44]. Furthermore, this deletion dramatically decreased the very effective UGA suppression caused by G1093A in vivo suggesting that
∆(G2046, C2047) was able to compensate for termination defects caused by G1093A. In addition, the deletion
was found to cause weak UGA suppression on its own
(A. L. Arkov and E. J. Murgola, unpublished data)
implicating the entrance in the termination process.
Collectively these data are consistent with the possibility of an interaction between the GTPase center and the
entrance to domain V that may be important for proper
termination. Since domain V has been implicated in peptidyl-transferase activity [12], one may speculate that an
interaction between the GTPase center (domain II) and
the entrance to domain V is important for the transformation of peptidyl transferase into peptidyl-tRNA
hydrolase. Consistent with this hypothesis of a direct
interaction between domain II and domain V is the
proximity of these domains to each other [45, 46].
However, an indirect interaction between the GTPase
center and the entrance to domain V, perhaps through
RF2, is also possible.
I fall to pieces... A new approach to the study of
rRNA involvement in termination [47, 48] has led to
identification of fragments of E. coli 23S rRNA that
caused UGA-specific suppression, namely, a domain I
fragment, nucleotides 74-136, the antisense to that
domain I fragment [47], and the antisense to a domain II
segment, nucleotides 735-766 [48]. This approach included screening a library of rRNA fragments [49] to identify those whose expression caused suppression of UGA
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nonsense mutations in reporter genes. Since the identified fragments caused suppression of UGA but not
UAA or UAG, it was suggested that they interfere with
RF2-dependent termination [47, 48]. Precise mechanisms of UGA readthrough by the fragments await their
discoveries, it seems likely however, that the fragment
approach will be a valuable addition to the tool box
for studying ribosome function [47-49].
CONCLUSION: rRNA INVOLVEMENT
IN TRANSMISSION OF A STOP SIGNAL
IN THE PRESENCE OF RF2
Available data make it possible to propose a model
for the involvement of rRNAs in RF2-dependent termination. Figure 2 shows possible interactions between
RF2 and different rRNA regions as well as an
rRNArRNA interaction that may be involved in trans-
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Fig. 2. Possible functional interactions during transmission of
a stop signal in the presence of RF2. Approximate ribosome
locations of rRNA regions implicated in RF2-dependent termination are shown as either hatched rectangles (helix 34 and
helix 44 of 16S rRNA) or hatched circles (23S rRNA regions,
namely, the GTPase center and the hydrolytic center). A complete ribosome assembled from a 30S and a 50S subunit is
viewed from the solvent side of the 30S subunit. Outlines of
the 30S and 50S subunits are according to Frank et al. [50].
Locations of helix 34, helix 44, and the A-site UGA codon
were deduced from their proximity to the anticodon of the Asite tRNA whose ribosome location has been presented ([51]
and references therein). The GTPase center is shown according to [52]. The hydrolytic center is assumed to be situated
near the acceptor end of the P-site tRNA whose location has
been presented ([51] and references therein). Functional interactions between RF2 and RNA elements strongly suggested
by the studies referred to in the text are shown as continuous
arrows originating from RF2. Other interactions, for which
there are few data available, are shown as dashed arrows.
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mission of a stop signal (UGA) from the small subunit
portion at helix 34 and helix 44 to the hydrolytic center
of the large subunit. It is possible that when UGA enters
the A site of the ribosome, RF2 directly binds to the
UGA, as suggested by the results of cross-linking experiments [23, 53], and to helix 34 [6-8, 16, 17, 19, 20] and
to helix 44 [20]. As discussed above, UGA, helix 34, and
helix 44 together may form a unique structure specifically recognized by RF2. RF2 may also interact with the
GTPase center as suggested by results obtained in vivo
([6, 19, 33, 34]; W. Xu and E. J. Murgola, unpublished
data) and in vitro [16, 17]. After RF2 binds to the rRNA
regions, the GTPase center may directly interact with
the domain V of 23S rRNA ([19, 44]; A. L. Arkov and
E. J. Murgola, unpublished data) which is a likely place
for the hydrolytic center as discussed above. This
RNARNA interaction may activate the hydrolytic center resulting in hydrolysis of peptidyl-tRNA.
Alternatively RF2 may interact with and activate the
hydrolytic center (Fig. 2).
PERSPECTIVES
While some progress in studying the involvement of
rRNAs in translation termination has been made, we are
yet very far from understanding the mechanism of the
termination process. It is very unclear what exactly RF
recognizes, what the hydrolytic center is, and how interaction of the RF with the ribosome triggers the hydrolytic center to release a polypeptide. However, satisfactory
answers to these exciting problems should not be long in
coming since genetic approaches to finding terminationdefective mutants have proven to be successful, as indicated by the use of realistic in vitro termination assays.
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