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A variety of experimental approaches have indicated sites of
rRNA likely to directly participate in ribosomal functions or to
be involved in interactions with ribosomal ligands. These include cross-linking studies (7, 38, 39), antibiotic binding (15),
chemical footprinting (33), hydroxyl radical probing (47), oligonucleotide probing (27), electron microscopy (1, 41), and
mutational studies (34, 50). However, little information is
available concerning regions of rRNA important for the termination of translation. Mutations affecting the efficiency of
termination are clustered in a few regions of the RNAs of both
the small and large ribosomal subunits (2, 3, 29–32). Nevertheless, little is known about the possible involvement of other
rRNA segments in the termination of translation.
Recently, a novel approach was developed for the identification of functionally important regions of rRNA (44). In this
technique, random fragments of rRNA are expressed in vivo
either in the direct orientation or in the complementary (antisense) orientation, and clones expressing RNA fragments
affecting different aspects of protein synthesis can be selected
by functional screening. Previously, this technique allowed the
identification of a fragment of domain I of 23S rRNA that,
when expressed in either the direct or antisense orientation,
caused a read-through of the UGA termination codon (4).
Here we report the identification of a novel RNA fragment
with suppressor activity. In contrast to the previously identified
fragment, the new suppressor RNA is complementary to a
segment of domain II of 23S rRNA, and it induces a stop
codon read-through only when present in the antisense orientation.

Promega or New England Biolabs. Chemicals and antibiotics were obtained from
Fisher or Sigma.
Construction of reporter plasmids. The reporter plasmids pCAT101,
pCAT102, and pCAT103 (Table 1) were derivatives of pACYC184 (14) with a
UGA, UAA, or UAG stop codon, respectively, replacing the Arg codon at
position 74 of the 220-codon CAT gene. For constructing these plasmids, a
segment of cat in pACYC184 was PCR amplified with the primer CGGAATT
CCGGATGAGCATT, complementary to the 3⬘ end of cat, and three primers
differing only in the sequence of the termination triplet (underlined) were introduced instead of Arg codon 74 in cat, namely, CGGAATTCTGAATGGCA
ATGAAAGACGGT, CGGAATTCTAAATGGCAATGAAAGACGGT, and
CGGAATTCTAGATGGCAATGAAAGACGGT. The resulting PCR products
were cut with EcoRI and introduced into the unique EcoRI site located in the cat
gene on pACYC184, which restored the integrity of cat except for the presence
of the engineered nonsense codons. The presence of each nonsense codon at
codon position 74 and the lack of other mutations in the cat gene in pCAT101,
pCAT102, and pCAT103 were verified by DNA sequence analysis.
Screening of the random rRNA fragment library for suppressor RNA fragments. CAT, the cat gene product, renders cells resistant to chloramphenicol.
The mutant cat gene in pCAT101 has a UGA nonsense mutation at codon
position 74. Consequently, cells transformed with pCAT101 remain sensitive to
chloramphenicol. Cells carrying pCAT101 were transformed with the rRNA
fragment library, and 106 transformed cells were plated on Luria-Bertani (LB)
agar medium containing selective antibiotics for pCAT101 and pPOT1, namely,
tetracycline (15 g/ml) and ampicillin (100 g/ml), as well as 1 mM IPTG
(isopropyl-␤-D-thiogalactopyranoside) and chloramphenicol (20 g/ml). Of the
24 Camr transformants obtained, only one exhibited the properties of the soughtafter RNA fragment-induced nonsense suppression, namely, IPTG-dependent
chloramphenicol resistance cotransferable with the plasmid. The pPOT1-based
library plasmid isolated from this clone contained a segment of 23S rRNA gene,
corresponding to positions 735 to 766 of 23S rRNA, inserted in the complementary (antisense) orientation relative to the Ptac promoter. The plasmid did not
confer chloramphenicol resistance on its own, but in the presence of IPTG, an
inducer of the Ptac promoter, it rendered cells carrying pCAT101 resistant to
chloramphenicol. These results supported the hypothesis that the resistance was
produced by a read-through of the mutant termination codon in cat. To be sure
that no pPOT1 vector mutations constituted or contributed to the suppressor
activity, the rRNA gene fragment from the selected library plasmid was subcloned into the original vector, pPOT1, in both orientations. Plasmids with each
orientation were named pA750 (antisense; corresponding to the original, selected library plasmid) and pS750 (sense) (Table 1) and were tested for the
ability to suppress nonsense mutations (see Results).
In vivo tests of suppression specificity. The specificity of nonsense suppression
was tested with termination codons in two reporter systems. First, plasmids
pCAT101, pCAT102, and pCAT103 (respectively, UGA, UAA, and UAG; Table
1) were examined for the ability to confer resistance to chloramphenicol upon in
vivo expression of the rRNA fragment encoded in the pA750 plasmid. Second, E.
coli strains with all three stop codons at each of five codon positions, 15, 102, 115,
211, and 243, in trpA (4, 28, 35) were tested for a fragment-generated readthrough resulting in an active trpA-encoded protein. Such nonsense suppression
would be indicated by a Trp⫹ phenotype, that is, the ability of the cells to grow
on glucose minimal medium in the absence of tryptophan or indole. All the
indicated nonsense mutations in trpA could be suppressed by rRNA suppressor
mutants or a variety of tRNA suppressors (36). The mutant trpA genes were
contained in the cysB-trp-tonB region of the chromosome carried by the Fredericq episome, a conjugative plasmid (17). Mutations in genes of the trp operon

MATERIALS AND METHODS
Strains, plasmids, and materials. All bacterial strains used were derivatives of
Escherichia coli K-12. The JM109 strain was used for most of the cloning experiments (49). GI724 cells (24) were used for analysis of the chloramphenicol
acetyltransferase (CAT) protein produced as the result of suppression of nonsense mutations in its gene, cat. The construction of the RNA fragment expression library in the pGEX-derived pPOT1 vector (44), growth media, and genetic
procedures were described previously (4, 36). Enzymes were obtained from
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We identified a short RNA fragment, complementary to the Escherichia coli 23S rRNA segment comprising
nucleotides 735 to 766 (in domain II), which when expressed in vivo results in the suppression of UGA nonsense
mutations in two reporter genes. Neither UAA nor UAG mutations, examined at the same codon positions, were
suppressed by the expression of this antisense rRNA fragment. Our results suggest that a stable phylogenetically conserved hairpin at nucleotides 736 to 760 in 23S rRNA, which is situated close to the peptidyl
transferase center, may participate in one or more specific interactions during peptide chain termination.
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TABLE 1. Plasmids used in this study

Plasmid

pPOT1

Description

Source or reference

pGEX-derived plasmid used to clone the library of rRNA gene fragments

pA750

were also used to test the UGA-suppressing RNA fragment for the ability to
suppress frameshift mutations, namely, two ⫹1 mutations, trpA8 (45) and
trpE9777 (10), and a ⫺1 mutation, trpE91 (6). The method for the detection of
read-through and frameshifting on plates has been described elsewhere (11, 36,
45).
Expression and analysis of the CAT polypeptide. E. coli cells of strain GI724
carrying pCAT101, pCAT102, or pCAT103 were analyzed for the production of
the complete CAT protein in response to expression of the rRNA fragment
encoded in pA750. For each, liquid LB medium containing ampicillin (100
g/ml) and tetracycline (20 g/ml) was inoculated from overnight cultures.
Bacteria were grown to an optical density (A650) of 1 in the presence and absence
of 1 mM IPTG. Cells from 30 l of each culture were pelleted and resuspended
in 20 l of sample loading buffer, incubated at 96°C for 5 min, and loaded onto
a 16% sodium dodecyl sulfate (SDS) gel (22). Proteins were transferred to
nitrocellulose membranes (Hybond-C Pure; Amersham) and probed with antiCAT antibodies (5 Prime 3 3 Prime, Inc.) according to the manufacturer’s
protocol.

RESULTS
Selection for suppressor rRNA fragments. An expression
rRNA fragment library was constructed previously by the cloning of random fragments of the E. coli rrnB operon into the
pPOT1 vector behind the IPTG-inducible Ptac promoter (44).
The induction of the promoter results in production in the cell
of specific rRNA fragments in a direct (sense) or complementary (antisense) orientation. The RNA fragments that are produced are flanked by hairpins formed by plasmid-derived sequences corresponding to the lac operator and the trpL
terminator. To screen the library for RNA fragments that
when expressed in vivo can suppress nonsense mutations, the
plasmid pCAT101 was constructed, which is compatible with
pPOT1 and has a mutant cat gene containing a UGA nonsense
mutation at codon position 74. Cells carrying the pCAT101
plasmid were transformed with the random rRNA fragment
library, and a library plasmid was selected that conferred chloramphenicol resistance to the cells carrying the cat gene with a
UGA nonsense mutation (see Materials and Methods for details).
Sequence analysis of the ribosomal DNA (rDNA) fragment
present in the isolated library plasmid identified a short 32nucleotide sequence corresponding to nucleotides 735 to 766
of the 23S rRNA gene (Fig. 1). The rRNA gene segment in the
selected plasmid was in the antisense orientation relative to the
Ptac promoter, so that the transcribed RNA was complementary to the corresponding region of 23S rRNA. Northern hybridization analysis demonstrated that the plasmid-encoded
RNA of the expected size is indeed produced in the cell upon
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IPTG induction (data not shown). The rRNA gene fragment
from the selected library plasmid was subcloned into the original vector, pPOT1, in both orientations to produce two plasmids, pA750 (antisense; corresponding to the original, selected
library plasmid) and pS750 (sense) (Table 1). Only pA750
could confer chloramphenicol resistance on cells carrying
pCAT101. The chloramphenicol resistance of the clones containing pCAT101 and pA750 depended on the expression of
the RNA fragment from pA750 because (i) the chloramphenicol resistance phenotype was cotransferable with pA750 and
(ii) it was evident only in the presence of IPTG, an inducer of
the Ptac promoter, which in pA750 controlled transcription of
the cloned rRNA gene segment (Fig. 2). pA750 did not confer
chloramphenicol resistance in the absence of pCAT101, indicating that production in vivo of the RNA fragment complementary to the 23S rRNA segment from nucleotides 735 to 766
in some way suppresses the nonsense mutation in pCAT101,
resulting in the production of a functional CAT protein.
Specificity of nonsense suppression induced by the selected
fragment. The RNA fragment encoded in pA750 caused the
suppression of a UGA mutation. To test whether it can also
suppress the other nonsense codons besides UGA, pA750 was
introduced into cells carrying pCAT102 (UAA) or pCAT103
(UAG) (Table 1). The resultant transformants remained chloramphenicol sensitive in the presence of IPTG, indicating the
lack of suppression of the UAA or UAG nonsense mutations.
pS750, in which a corresponding fragment of rRNA was expressed in the sense orientation, did not cause the suppression
of any of the nonsense codons in the three cat reporter constructs (pCAT101, pCAT102, and pCAT103). To verify the
UGA specificity of the fragment-mediated suppression in a
second reporter gene and to examine the possible influence of
the mRNA nucleotide sequence context of the stop codon on
the suppression (11, 37), cells harboring any one of the three
nonsense codon mutations at each of several trpA codon positions (15, 102, 115, 211, and 243) were transformed with
pA750. The transformants were tested for the ability to grow
on glucose minimal medium lacking Trp, in the presence and
absence of IPTG. The result of this experiment (Table 2) was
that the rRNA fragment encoded by pA750 suppressed UGA
(but not UAA or UAG) mutations at positions 15 and 115 but
did not suppress any of the nonsense codons at position 102,
211, or 243. This confirmed the observation made with the cat
reporter that the pA750-encoded RNA fragment causes UGA-
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pPOT1, from the library, containing the 32-nucleotide rDNA fragment whose
transcript is complementary to nucleotides 735 to 766 of 23S rRNA
pS750
pPOT1 with the A750 insert in the opposite transcriptional orientation, yielding
a transcript corresponding to the direct sequence of nucleotides 735 to 766 of
23S rRNA
pACYC184 Contains the wild-type cat gene
pCAT101
pACYC184 derivative containing the cat gene with a UGA nonsense mutation
at codon 74
pCAT102
pACYC184 derivative containing the cat gene with a UAA nonsense mutation
at codon 74
pCAT103
pACYC184 derivative containing the cat gene with a UAG nonsense mutation
at codon 74
pNC160
Randomly chosen plasmid from the rRNA fragment library which contains a
160-nucleotide rRNA gene fragment whose transcript is complementary to
nucleotides 377 to 537 of 23S rRNA

44; transcription of the RNA fragment (from
Ptac) is IPTG inducible
This work
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specific suppression and indicated in addition that the suppression was context dependent.
We also tested the ability of the pA750-encoded RNA fragment to stimulate frameshifting. For that, E. coli strains were
used that contain trpA genes with either ⫹1 or ⫺1 frameshift
mutations (see Materials and Methods). None of the frameshift mutations tested was suppressed by the pA750-encoded
RNA fragment (data not shown).
The RNA fragment encoded by pA750 causes specific readthrough of the UGA stop codon and production of full-length
CAT protein from the mutant gene. Western blot analysis was
used to test whether expression in the cell of the pA750encoded RNA fragment caused a read-through of the UGA
nonsense codon in the mutant cat gene and production of the
full-length CAT protein. Cells transformed with pA750 and
either pCAT101, pCAT102, or pCAT103 were grown in the
presence or absence of IPTG and, after separation of the total
cellular protein in an SDS gel, the CAT protein was detected
with antibodies. Figure 3 shows that an apparently full-size
CAT protein was produced only in the cells carrying pCAT101

(the UGA mutation) when the expression of the pA750-encoded RNA fragment was induced by IPTG. This result
strongly supports the conclusion that expression of the RNA
fragment complementary to 23S rRNA nucleotides 735 to 766
allowed ribosomes to specifically read through the UGA nonsense codon.
DISCUSSION
We described here the selection, from a random rRNA
fragment library, of an RNA fragment, complementary to 23S
rRNA nucleotides 735 to 766, that allows a read-through of the
UGA termination codon in certain mRNA sequence contexts.
An agent such as an RNA fragment could cause a termination codon read-through in one of two general ways. First, it
could decrease translation accuracy, allowing certain tRNAs to
misread codons that differ from their own. Second, it could
interfere with the function of the termination apparatus,
thereby shifting the balance between termination and natural
low-frequency stop codon read-through. However, it has been
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FIG. 1. Location in E. coli 23S rRNA of the sequence complementary to the suppressor fragment isolated from the rRNA gene fragment library. (A) The secondary
structure of 23S rRNA, with the segment from nucleotides 735 to 766 shown in boldface. Also indicated is a cross-link (two arrows connected by a line) between the
hairpin 750 loop and the peptidyl transferase region (8). (B) Detail of the region of 23S rRNA which includes hairpin 750 (nucleotides 736 to 760). Known modified
nucleotides are indicated. The sequence to which the suppressor fragment is complementary (nucleotides 735 to 766) is shown in uppercase and boldface.
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FIG. 3. Influence of the expression of a short RNA fragment, complementary to the E. coli 23S rRNA sequence from nucleotides 735 to 766, on a
translational read-through at UGA, UAA, and UAG nonsense codons in the cat
gene. Cells carrying the cat gene with one of the three nonsense mutations were
transformed with either pPOT1 vector or pA750. Cultures were grown with (⫹)
or without (⫺) IPTG, total cellular proteins were separated in SDS gels and
blotted, and CAT protein was detected with CAT-specific antibodies (see text for
details). The pACYC184 lane shows CAT protein expressed in cells transformed
with pACYC184 plasmid (wild-type cat); the CAT lane shows purified CAT
protein.

reasoned that rRNA mutations that lead to codon-specific
nonsense suppression (that is, the read-through of only specific
termination codons) are more likely to be primarily defective
in chain termination than to represent increased misreading
per se by tRNAs (30–32). That reasoning was supported reTABLE 2. IPTG-dependent suppression of trpA nonsense
mutations in the presence of pA750a
Suppressionc with growth at:
UGA codon
position in trpAb

31°C
Control

15
102
115
211
243

⫺
⫺
⫺
⫺
⫺

37°C
IPTG

⫹
⫺
⫹⫹⫹
⫺
⫺

41°C

Control

IPTG

Control

IPTG

⫺
⫺
⫺
⫺
⫺

⫹
⫺
⫹⫹⫹
⫺
⫺

⫺
⫺
⫺
⫺
⫺

⫺
⫺
⫺
⫺
⫺

a
The growth of replica-plated patches of cells on agar plates with glucose
minimal medium, relative to suppression-independent general growth on glucose
minimal medium supplemented with indole or tryptophan (3, 23), was evaluated.
No suppression was observed with strains transformed with either the pPOT1
vector or pS750 (Table 1).
b
The UAA and UAG mutations at each codon position were also examined,
but no suppression was observed.
c
Agar medium contained or did not contain (control) 1 mM IPTG. ⫺, no
growth up to 6 days; ⫹ to ⫹⫹⫹, increasing amounts of growth over control.
“Failure” implies only the failure to grow on glucose minimal medium (that is,
lack of suppression); the pA750 strains grow well (with or without IPTG) at all
three temperatures on glucose minimal medium supplemented with either tryptophan or indole.

Downloaded from http://jb.asm.org/ on April 17, 2021 by guest

FIG. 2. Suppression of a UGA nonsense mutation caused by the in vivo
expression of an RNA fragment complementary to the E. coli 23S rRNA sequence comprising nucleotides 735 to 766. E. coli cells, carrying pCAT101 plasmid containing the cat gene with a nonsense UGA mutation, were transformed
with either the pPOT1 vector, pA750, which encodes the suppressor RNA
fragment, or a control plasmid, pNC160, which contained a 160-bp DNA fragment corresponding to nucleotides 377 to 537 of 23S rRNA inserted into pPOT1.
After single-colony isolations, the cells were streaked on LB agar medium containing ampicillin (Amp) and tetracycline (Tet), with or without IPTG and
chloramphenicol (Cam), as shown.

cently by in vitro experiments in which the ribosomes from two
UGA-specific rRNA suppressor mutants were shown to be
defective in termination, exhibiting major defects preferentially in termination depending on release factor 2 (RF2),
which works specifically at UGA (2, 3). It is reasonable, therefore, to suggest that the antisense fragment characterized here
as a UGA-specific nonsense suppressor affects RF2-dependent
peptide chain termination.
Since nonsense suppression was observed only with the antisense rRNA fragment (one that can base-pair with 23S
rRNA) but not with the same fragment in the sense orientation, it is possible that suppression required the complementary interaction of the selected RNA fragment with 23S rRNA
in the ribosome. Several observations support this suggestion.
The rRNA region corresponding to the selected fragment
forms a hairpin structure (hairpin 750; Fig. 1), which is highly
conserved and is present even in the minimalist rRNA of
animal mitochondria (20). Nucleotides in the loop of hairpin
750 can be modified in the ribosome by various chemical reagents, indicating that this rRNA sequence may be accessible
for the binding of an antisense rRNA fragment (21, 26, 48).
The nucleotide sequence of the hairpin loop exhibits a high
degree of conservation among the three domains of organisms,
eucarya, archaea, and bacteria (16). In the tertiary structure of
rRNA in the ribosome, hairpin 750 is located in the immediate
vicinity of the peptidyl transferase center (near the central loop
of domain V of 23S rRNA). Evidence for this includes crosslinking of the two regions (42, 43), simultaneous protection by
antibiotics of nucleotides in hairpin 750 and in the central loop
of domain V (21, 26, 48), and the possible existence of a base
triple involving ⌿ 746, G2057, and C2611 proposed on the
basis of covariation analysis (19) (Fig. 1). The proximity of
hairpin 750 to the central loop of domain V suggests that the
hairpin may be involved in functions of the peptidyl transferase
center. Since there is evidence that the ribosomal peptidyl
transferase center is directly involved in the hydrolysis of ribosome-bound peptidyl tRNA at termination (5, 12, 13, 46) the
distortion of peptidyl transferase structure induced by binding
of the antisense fragment to hairpin 750 may result in the
inhibition of peptidyl tRNA hydrolysis during RF2-dependent
termination.
A less direct mechanism for the action of the antisense
fragment can also be suggested. Modified nucleotides, which
are clustered in the vicinity of functional centers in the 23S
rRNA, may be important for ribosome functioning (9, 23, 25,
40). There are three modified nucleotides in the hairpin 750
region of E. coli 23S rRNA, nucleotides 745 (m1G), 746 (⌿),
and 747 (m5U) (9, 25) (Fig. 1B), and at least one of these
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