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To study the effect of slow termination on the protein synthesizing machinery, we isolated suppressors to a
temperature-sensitive release factor 1 (RF1). Of 26 independent clones, five complementation groups have been
identified, two of which are presented here. The first mutation disrupts a base pair in the transcription
terminator stem for the rpIM-rpsI operon, which encodes ribosomal proteins L13 and S9. We have found that
this leads to readthrough of the terminator and that lower levels of transcript (compared to the results seen
with the wild type) are found in the cell. This probably leads to decreased expression of the two proteins. The
second mutation is a small deletion of the yrdC open reading frame start site, and it is not likely that the protein
is expressed. Both mutant strains show an increased accumulation of 17S rRNA (immature 16S rRNA).
Maturation of 16S rRNA is dependent on proper assembly of the ribosomal proteins, a process that is
disturbed when proteins are missing. The function of the YrdC protein is not known, but it is able to bind to
double-stranded RNA; therefore, we suggest that it is an assembly factor important for 30S subunit biogenesis.
On the basis of our findings, we propose that lesser amounts of S9 or a lack of YrdC causes the maturation
defect. We have shown that as a consequence of the maturation defect, fewer 70S ribosomes and polysomes are
formed. This and other results suggest that it is the lowered concentration of functional ribosomes that

suppresses the temperature sensitivity caused by the mutant RF1.

Translation is one of the key processes in the cell, and its
different steps are tightly coordinated. When, for instance, the
cell is starved for an amino acid, elongation is stalled, the
so-called stringent response is induced, and transcription of
rRNA is stopped (8).

For protein synthesis, ribosomes are needed, the biogenesis
of which is a complex process. In Escherichia coli the rRNA is
transcribed as one transcript that is processed by RNaselll to
separate the different RNA species (18). The assembly of the
subunit follows with ordered binding of the r-proteins (15, 24),
maturation of rRNA by different endoribonucleases (18), a
series of conformational changes, and addition of modifica-
tions to the rRNA (7). Final maturation of 23S rRNA requires
protein synthesis and therefore occurs during the first rounds
of translation (29). Protein synthesis may also be needed for
final maturation of 16S rRNA (14).

The translation process as such is divided into four steps: (i)
initiation, (ii) elongation, (iii) termination, and (iv) recycling.
The mechanism for translation termination, the process stud-
ied here, has been investigated previously (12), but the impact
of impaired termination on the total process has not been
studied. In short, release factor 1 (RF1) is one of three release
factors involved in translation termination. It recognizes and
terminates at the stop codons UAG and UAA, while release
factor 2 (RF2) terminates at UGA and UAA. The third release
factor, RF3, releases RF1 and RF2 from the ribosome in a
GTP-dependent manner (19). To address the issue of how
impaired translation termination affects the total translation
process, a temperature-sensitive RF1 (26) was used to isolate
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temperature-sensitive-positive (Ts™) suppressors. The result is
a collection of mutations, half of which affect 16S rRNA mat-
uration; two such mutants are described here. We also discuss
possible mechanisms for the suppression.

MATERIALS AND METHODS

Media, strains, and plasmids. Strains and plasmids used in this study are listed
in Table 1 and Table 2, respectively. Media and genetic procedures were as
described by Miller (22); preparation of phage N was done according to the
method of Chuang et al. (10). Where appropriate, the medium contained am-
picillin (100 wg/ml), tetracycline (Tc) (25 pg/ml), kanamycin (50 pg/ml), or
chloramphenicol (Cm) (sublethal amount, 2 pg/ml; otherwise, 20 wg/ml).

Construction of strains MK33, MK35, MK37, MK39, MK47, MK49, and
MKS51. The transposon insertion btuB3191:Tnl0 was removed from strains
TAS563, TA566, and TA567 by transduction with phage P1 grown on MG1655,
selecting for growth without methionine and screening for Tc®. Strains MK33,
MK35, MK37, MK39, MK47, MK49, and MK51 were constructed by transducing
P1 grown on MRA7 (prfAl zcg-174:Tnl0) to TA568, TA430, TA476, TA516,
TA563 (Met™ Tc%), TA566 (Met™ Tc%), and TA567 (Met* Tc*), respectively,
selecting for Tc". The presence of prfAl (coding for a mutated RF1) was verified
by testing for temperature sensitivity at 42°C.

Construction of plasmids. Procedures for plasmid constructions and transfor-
mation were as described by Sambrook et al. (27). For details, see Table 2.

PCR and sequencing. PCR was done using either Ready-To-Go PCR Beads
(Amersham Biosciences) or an Expand long-template PCR system (Roche),
depending on the size of the fragment amplified. Sequencing was done using a
BigDye terminator cycle sequencing ready reaction kit (Perkin Elmer Applied
Biosystems) or a DYEnamic ET terminator cycle sequencing kit (Amersham
Pharmacia Biotech).

Northern blot analysis of RNA. Total RNA was prepared using TotallyRNA
(Ambion Inc.). The RNA was separated on 1% agarose-6% formaldehyde
(wt/vol) denaturing gels and transferred to a Hybond N membrane (Amersham)
by capillary transfer. RNA was UV cross-linked to the membrane and hybridized
(4); after the washing procedure, signals were detected and quantified with an IP
reader/gauge (Fuji Photo Film).

When rRNA was analyzed, oligonucleotides labeled at the 5" end with [y->?P]
ATP were used as probes. Unincorporated nucleotides were removed from the
probe with Microspin G-25 columns (Amersham Biosciences). Data regarding
the oligonucleotides used for probing rRNA are presented in Table 3.
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TABLE 1. Bacterial strains used in this study

Strain Genotype Reference(s) or source
MG1655 rph 5,16
MKS5 ara A(gpt-lac)5 gyrA(nalA) aroE zhd-3169i::Tnl0kan arg(UAG) rpoB(rif) thi aroE zhd-3169i::Tnl0 M.K. strain collection
MK33 TAS568 but prfAl zcg -174::Tnl0 This work
MK35 TAA430 but prfAl zcg -174::Tnl10 This work
MK37 TAA476 but prfAl zcg -174::Tnl0 This work
MK39 TAS516 but prfAl zcg -174::Tnl0 This work
MK47 TAS563 but prfAl zcg -174::Tnl10 This work
MK49 TAS566 but prfAl zcg -174::Tnl0 This work
MKS51 TAS567 but prfAl zcg -174::Tnl0 This work
MRA7 MRAS but zcg -174::Tnl0 M.R.A. strain

collection
MRAS MG1655 but prfAl 33
MRA30 MG1655 but prfAl recA 33
MRA76 US477 but rpslt2215 This work
MRA100  US477 but AyrdC This work
TA563“ metB1 bruB3191::Tnl0 3
TAS66¢ metBI btuB3191:Tnl0 A(rrsA ileT alaT rrlA)]::cat™ = AAc 3
TA567¢ metB1 btuB3191::Tnl0 A(rrsA ileT alaT rrlA)I::cat A(purDH rmmE metA) = AEAc 3
TAS68¢ polAI zih:Tnl0 A(rrsA ileT alaT-rrlA)1::cat A(purDH rrE metA) A(rrsB gltT rrlB)101 = AEBAc 3
TA430¢ A(rrsA ileT alaT rriA)1::cat A(purDH rrE metA) A(rrsB gltT rrlB)101 A(rrsH ileV alaV rrlH)103 = AEBHAc 3
TA476" A(rrsA ileT alaT rrlA)1::cat A(purDH rmE metA) A(rrsB gltT rrlB)101 A(rrsH ileV alaV ilH)103 A(rrsG glitW il G) 3
30:lacZ* = AEBHGzAc
TA516“ A(rrsA ileT alaT rrlA)34 A(rrsH ileV alaV rrlH)103 A(rrsB gltT rrlB)101 A(rrsG gltW rrlG)30::lacZ™ A(purDH rrmE 3
metA) A(rrsD ileU alaU rrlD)25::cat” /[pTRNA65 = AEBHGzADc/pTRNAG65

US475 ara A(gpt-lac)s zcg-174::Tnl0 gyrA(nalA) arg(UAG) rpoB(rif) thi MRA strain collection
us477 US475 but prfAl zcg-174::Tnl0 MRA strain collection

“ The remaining genotype is F~ ara Alac thi.

To obtain a stronger signal when probing mRNA, two measures were taken.
First, the rRNA from total RNA samples was removed using MICROBEXxpress
(Ambion Inc.). Second, long, hot RNA probes were transcribed using STRIP-EZ
RNA T7 (Ambion Inc.) and [¢-*?P]dUTP (Amersham Biosciences). The primers

used to make the DNA template are listed in Table 4. Unincorporated nucleo-
tides were removed with Microspin G-50 columns (Amersham Biosciences).
Hybridization was carried out with ULTRAhyb buffer (Ambion Inc.). After
hybridization and detection, the membranes were stripped as described in the

TABLE 2. Plasmids used in this study

Plasmid Description Construction and/or reference and/or source
pmk19 rpsl-sspA intergenic region with rpsit2215;  PCR product amplified with oligonucleotides 5" GGATCCCGTTTGTTGGCAGCGACAGCC
used for marker rescue experiments 3" and 5" CTTAAGGCACGTCGTCGTCCGCAGTTCTCC 3’ from strain MRA76; cloned
in pMOSBIlue
pmk20 psl-sspA wt intergenic region; used for PCR product amplified with oligonucleotides 5" GGATCCCGTTTGTTGGCAGCGACAGCC
mapping and marker rescue experiments 3" and 5" CTTAAGGCACGTCGTCGTCCGCAGTTCTCC 3’ from strain MG1655; cloned
in pMOSBIue
pmk40 wt fragment spanning the region of AyrdC;  PCR product amplified with oligonucleotides 5" GACGGGCCATCTGGTCCAGCGCCGC 3’
used for marker rescue experiments and 5" CAGCCCCTTATCAACCGGACGCTG 3’ from strain US477; cloned in pMOSBIue
pmk41 Fragment containing AyrdC; used for PCR product amplified with oligonucleotides 5" GACGGGCCATCTGGTCCAGCGCCGC 3’
marker rescue experiments and 5" CAGCCCCTTATCAACCGGACGCTG 3’ from strain MRA100; cloned in
pMOSBIue
pmk62 wt 0.6-kb fragment containing the rpIM Plasmid pmk71 was cleaved with restriction enzymes Accl and HindIII, and the 0.6-kb frag
gene; used for mapping experiments ment was cloned in pSU19
pmk71 wt 5.0-kb fragment containing operons \ Clone DD725 (10) was cleaved with HindIII, and the 5.0-kb fragment was cloned in pSU19
rpIM-rpsI and sspAB and genes yhcL and
yheK; used for mapping experiments
pmk73 wt yrdC gene; used for complementation PCR product amplified with oligonucleotides 5" GCTCTAGAGTGAATAATAACCTGCAAA
experiments GAGACGCTATC 3’ and 5" GGAATTCTTACCCCTGTCGAAACAGTTCACCCGTCAG
3’ from strain US477; cloned in pSU19
pmk76 wt 1.8-kb fragment containing the rp/M- Plasmid pmk71 was cleaved with restriction enzymes Aval and HindIII, and the 1.8-kb frag
rpsI operon and part of the ssp4 gene; ment was cloned in pSU19
used for mapping experiments
pmk92 wt 3.6-kb fragment with operons rpIM-rpsI ~ Plasmid pmk71 was cleaved with restriction enzymes Sphl and HindIII, and the 3.6-kb frag
and sspAB and part of the yhcL gene; ment was cloned in pSU18
used for mapping experiments
pmk94 wt rpsI gene; used for complementation PCR product amplified with oligonucleotides 5" CCCCTGTCGAAACAGTTCACCCGTC 3’
experiments and 5" GCTCTAGAATGGCTGAAAATCAATACTACGGCAC 3’ from strain US475;
cloned in pSU19
pMOSBIue Amersham
pSU18 6
pSU19 6

pUCIS8

Pharmacia Biotech
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TABLE 3. Oligonucleotide probes used in Northern blot analysis

Probe Sequence 5’ to 3’ Probe complementary to:

683 CGCATTTCACCGCTACA Mature 16S rRNA

omk69 CTCATTTTCATCAGACAATC 3’ end of immature 16S rRNA,
RNasellI cleavage control

3" end of immature 16S rRNA,
RNaseX cleavage control

5" end of immature 16S rRNA,
RNaseG cleavage control

5" end of immature 16S rRNA,
RNaseE cleavage control

5" end of immature 16S rRNA,
RNasellI cleavage control

omk70 GCACTGCAAAGTACGCTTC

omk71 CGTGTTCACTCTTGAGAC

omk72 GCGACGTTAAGAATCCG

omk73 GAGCAGTTGCGACGCGGC

manual for STRIP-EZ RNA T7 (Ambion Inc.) and probed again against the
ompA mRNA as an internal control.

Ribosome preparation and sucrose gradients. Culture (500 ml) grown in Luria
broth (LB) to mid-log phase was chilled and harvested. The cells were washed
and concentrated in cold R buffer (10 mM Tris-HCI [pH 7.5], 50 mM KCI, 6 mM
B-mercaptoethanol, 10 mM MgCl,). Lysozyme (1 mg/ml) was added, and the
cells were sonicated. The cell debris was pelleted, and the extract was loaded
onto a 5 to 35% sucrose gradient in R buffer and centrifuged at 20,500 rpm for
15 h in an SW4ITI rotor (Beckman). Fractions (200 pl) were collected. rRNA
from sucrose gradients was isolated by phenol and chloroform extractions.

RESULTS

Isolation and initial mapping of two suppressor mutations.
The prfA1 allele codes for an RF1 that makes the cell temper-
ature sensitive at 42°C (26, 33). Another characteristic of the
mutated factor is that the termination process is slowed down
about 25% at 37°C (reference 25 and unpublished data). This
mutant was used to select suppressors.

Independent cultures of strain US477 (prfAl) were started
and grown overnight. Dilutions were spread on LB plates and
incubated at 42°C. From the collection of isolated mutants, two
independent clones were investigated further. The clones were
called 2:3 (MRA76) and 5:4 (MRA100) and were shown by
transduction not to be linked to prfAI. In separate experiments
it was found that clone 2:3 was linked to aroE by about 5% on
the side away from the ribosomal protein cluster (between 72.5
and 73 min on the E. coli map) and that clone 5:4 was linked
to aroE by almost 100% (73.9 min on the map).

The strains MRA76 and MRA100 need at least 1 more day
than the wild-type (wt) strain to give colonies with all tested
temperatures (22, 30, 37, and 42°C) and tested media (LB and
M9 minimal medium). Also, the colony size of the mutant
strains never reaches that of the wt strain under any condition
tested; still, the Ts™ phenotype at 42°C is clear. A strain car-
rying the prfA1 allele grows like the wt at 37°C and not at all at
42°C. The two suppressor phenotypes, slow growth and Ts™,
have been used as markers in the genetic experiments.

We tried to separate both suppressors from the prf4l
mutation. Phage lysates were grown on strains MRA76 and
MRA100 and transduced to strain MKS (aroE zhd-3169::
TnlOkan), selecting for Aro ™. Transductants were purified and
screened for slow growth. Besides transductants growing like
the wt, we found transductants with which the restreaks were a
heterogeneous mix of colony sizes. When small colonies were
repurified from these streaks, heterogeneous growth was again
observed. We tried this experiment several times with the same
result. It seems that the isolated suppressor mutations are
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almost lethal in a wt background and that there is a strong
selection pressure for reversion or suppression. This suggests
some kind of mutual dependence between the prfAl mutation
and the suppressor mutations. In the following text, therefore,
when we refer to strains with either mutation the prf47l muta-
tion is understood also to be present.

Map position of the suppressor mutation in strain MRA76
(clone 2:3). As mentioned above, the suppressor mutation in
MRA76 was mapped by transduction between positions 72.5
and 73 min on the linkage map. To get the precise position of
the mutation, DD725, a A-clone that covers this region, was
used (10). DD725 was digested with either EcoRI or HindIII,
the fragments were cloned into pUCIS, and a complementa-
tion test was done. It was found that a 5.0-kb HindIII fragment
could complement the suppressor mutation, i.e., the cells be-
haved like those of strain US477 (prfA1), with normal growth
at 37°C and temperature sensitivity at 42°C.

The 5.0-kb fragment was digested with different combina-
tions of restriction enzymes into smaller fragments; together
with the 5.0-kb fragment, these were cloned into pSU18 or
pSU19. The two plasmids are derived from pACYC184, which
has a lower copy number than pUC18 (6). In addition, a PCR
amplified fragment was cloned into pMOSBIue. The clones
were transformed into strain MRA76; the relevant ones are
shown in Fig. 1A. When the transformation plates were in-
spected it was found that clones pmk71, pmk76, and pmk92
could complement the slow growth phenotype at 37°C. It
should be pointed out that the slow growth was not fully com-
plemented; it was not as fast as that seen with strain US477
(prfAl). A total of 12 colonies from each transformation were
streaked and tested for growth at 42°C. Again, clones pmk71,
pmk76, and pmk92 complemented the suppressor phenotype
and the cells became temperature sensitive. As can be seen in
Fig. 1A, these three plasmids carry fragments that cover the
rpIM-rpsI operon. It was also seen on the transformation plates
that in the presence of clones pmk20, pmk71, pmk76, and
pmk92, approximately 5% of the cells grew like strain US477
(prfAl) cells (Fig. 1A). A total of 12 such fast-growing colonies
from each transformation were tested at 42°C, and they had all
become temperature sensitive. Thus, these colonies behave as
true revertants of the suppressor mutation and could have
arisen through homologous recombination between the chro-
mosome and the plasmid. The common sequence for the
clones that can recombine is the intergenic region of approx-
imately 400 bp between genes rpsI and sspA. The sequence

TABLE 4. Oligonucleotides used for amplification of the template
for transcription of RNA probes used in Northern blot analysis

Oligo- ) ’ RNA probe
nudleotide Sequence (5" to 3") complemen-
tary to:
omk110 TTATACGACTCACTATAGGGAGGTT sspA
AACTCCGGCCCAGACGCATTTCAC
omk97 CATCAGGTCCGCATTGTGCTGGCTG sspA
omk111 TTATACGACTCACTATAGGGAGGTT psI
AACGTTTGGAGAACTGCGGACGAC
omk49 GCTGTAACCGGCAACAAGCGTACTG psl
omk113 TTATACGACTCACTATAGGGAGGTT ompA
AAGCCTGCGGCTGAGTTACAACG
omk114 GCGTTTCTCCGGTCTTCGCTGGCGGT ompA
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FIG. 1. The 5.0-kb fragment produced by cleavage of N phage clone DD725 with HindIII. P, promoter sites; T, transcription terminator
sequence. Arrows show the direction of gene expression. (A) Plasmids used for mapping and marker rescue experiments. Arrowheads show the
direction of gene expression from the promoter of the vector. Whether the fragment can complement the temperature sensitivity phenotype and/or
whether it can give Ts™ colonies through homologous recombination is indicated to the right. (B) Location of the rpslt2215 mutation. Large arrows
mark the transcription terminator stem; the small arrow shows the position of the mutation. Bold characters in sequences show the whole
terminator sequence; bold and italic characters show the last four codons of the rpsI gene.

starts with the last 29 nucleotides (nt) of the rpsI gene and
extends 23 nt into the sspA gene. These results taken together
suggest that the suppressor mutation in strain MRA76 affects
the expression of the rpIM-rpsI operon but that the mutation is
outside the coding region.

The 400-bp noncoding region between rpsI and sspA from
strain MRA76 was sequenced, and a single-base alteration in
the putative transcriptional terminator sequence of the rpIM-
rpsl operon was found (Fig. 1B). We have found that pmk76 (a
plasmid covering the whole operon) could complement both
suppressor phenotypes, while pmk62 (encoding L13 only)
could not. To test whether expression of both L13 and S9 is
needed for complementation or whether that of S9 alone is
sufficient, we cloned the rpsI gene into pSU19 (pmk94) and
transformed it into MRA76. When tested, complementation of
both suppressor phenotypes by pmk94 was observed. These
results suggest that decreased expression of ribosomal protein
S9 is the cause of the suppression of the RF1 temperature-
sensitive phenotype.

A marker rescue experiment was done to verify that the
mutated base causes the suppressor phenotype. Two constructs
containing the intergenic region with the suppressor mutation
(pmk19) or the wt sequence (pmk20) were transformed into
two strains: MRAS (prfA1) and MRA30 (prfAl recA). The
transformants were plated and incubated at 37 and 42°C, re-
spectively. At 42°C, neither of the strains should grow because
of the prfAl mutation and yet colonies do arise. In strain
MRAS, Ts™ can occur by reversion of prfA1 or by recombina-
tion with the plasmid carrying the suppressor mutation; in
strain MRA30, recombination is not possible because of the
recA mutation. The result was clear; in both strains with the wt
fragment and in strain MRA30 with the mutant fragment, the
reversion frequency was about 107, In strain MRAS with the
mutant fragment, the reversion frequency was 2 X 1077, This
suggests that the base alteration in the terminator stem is the

suppressor mutation. To confirm that recombination had taken
place, the intergenic region on the chromosome in some
MRABS clones that had become Ts™ was sequenced. The sup-
pressor mutation was present in all clones tested. This shows
that a single-base alteration in the transcriptional terminator
for the rpIM-rpsI operon leads to suppression of the tempera-
ture sensitivity phenotype caused by the prfAl mutation. The
suppressor mutation was named rpslt2215.

Map position of the suppressor mutation in strain MRA100
(clone 5:4). We had found that the mutation in strain MRA100
is closely (more than 99%) linked to aroE, but we could not
determine on which side of the marker the mutation was lo-
cated. Therefore, both the upstream region (approximately 2
kb) and the downstream region (approximately 1 kb) of the
aroE gene were sequenced. A small deletion of 12 nt affecting
the open reading frame (ORF) yrdC was found (Fig. 2A). This
gene is located in an operon that is located between 73.8 and
73.9 min on the map and is suggested to consist of four genes:
yrdD, yrdC, aroE, and yrdB (www.cifn.unam.mx/Computational
_Genomics/regulondb). The YrdD protein has high-level ho-
mology to topoisomerase I, YrdC is homologous to the yeast
Sua$5 protein that has been suggested to have a role in trans-
lation (23), and yrdB is a short putative ORF. The aroE gene
encodes dehydroshikimate reductase, which is involved in bio-
synthesis of aromatic amino acids.

The deletion has occurred in a short perfect duplication of
10 nt, which can be extended to 13 when one mismatch is
allowed. The initiation codon of the yrdC gene is deleted, and
this may lead either to translation initiation at an AUG 43
codons further down in the gene or to no production of YrdC
at all (Fig. 2A).

To verify that the deletion causes the suppression of prfA1,
both a complementation test and a marker rescue experiment
were performed. For the complementation test, the yrdC gene
was cloned into the pSU19 vector (pmk73) and transformed
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yrdaC " arokE

pmk73
pmk40, 41

FIG. 2. The yrdD operon. P marks the promoter. The termination codon of the aroE gene overlaps the initiation codon of the yrdB gene.
(A) Location of the AyrdC mutation. Bold and italic characters in sequences show the last seven codons of the yrdD gene and first eight codons
of the yrdC gene, respectively. The yrdC gene initiates at GTG. The box marks the deletion. The perfect duplications are underlined. (B) Plasmids

used for marker rescue and complementation experiments.

into MRA100 (Fig. 2B). The phenotype of the double mutant
changed into a phenotype like that of strain US477 (prfAl);
i.e., temperature sensitivity and growth like the wt at 37°C.

For the marker rescue experiment, a small fragment cover-
ing the deletion and parts of the genes yrdD and yrdC from the
mutant strain MRA100 and the (in this region) wt strain
US477 was cloned into pMOSBIue and transformed into strain
US477. US477 with the plasmid pmk40 (wt fragment) or
pmk41 (mutant fragment) was grown and plated at 37 or 42°C,
respectively. The reversion frequency in the presence of plas-
mid pmk40 (wt) was 1 X 10~7, while in the presence of plasmid
pmk41 (mutant fragment) it was 4 X 10~ This suggests that
the small deletion is the suppressor mutation and that de-
creased amounts of functional YrdC protein suppress the
prfAl mutant phenotype. We named the suppressor mutation
AyrdC.

The rpsIt2215 mutation affects the stability of the rplM-rpsl
transcript. The suppressor mutation rpslt2215 is located at the
bottom of a transcriptional terminator stem, and it is likely
that the base alteration makes the stem less stable. If this is
s0, transcription readthrough should occur. To examine this,
an RT-PCR over the terminator was done on mRNA from
the double-mutant strain (MRA76) and the control strain
(US475). A forward primer was placed at the end of the rps/
gene, and a reverse primer was placed just downstream of the
terminator; only the MRA76 sample gave a 200-nt band,
indicating transcription readthrough. As a control, the same
forward primer was used and a reverse primer was placed
between the rpsl gene stop codon and the terminator; as ex-
pected, each sample produced a fragment of about 120 nt (data
not shown).

Readthrough of rpslt may affect the abundance of the rp/M-
rpsl transcript and probably increases expression of the down-
stream sspAB operon. The sspA gene codes for a transcription
factor (13, 32), and SspB is involved in degradation of tnRNA-
tagged peptides (20). To examine the expression pattern for
the two operons, a Northern blot analysis was done. RNA
probes were transcribed using labeled dUTP to probe either
the sspAB or the rpIM-rpsI mRNA. Due to problems encoun-
tered when the rpIM-rpsl transcript was probed, rRNA was

removed from the samples of total RNA. The strains tested
were the double-mutant strain MRA76, strain US477 (prfAl),
and strain US475 (wt). As an internal control, ompA mRNA
was probed. The results are shown in Fig. 3. First, it can be
seen that expression of the sspAB transcript increased in the
strains with the prf4] mutation; when the sspAB/ompA ratio is
set to 1 for the wt, the ratio is 1.5 for MRA76 and 1.7 for
US477 (Fig. 3A). The reason for this remains unknown. When
probing the sspAB transcript, the suppressor mutant showed
(besides the expected wt mRNA) a longer product slightly
smaller than 23S rRNA (2,900 nt). A transcript reaching from
the rpIM-rpsI promoter to the terminator of the sspAB operon
would be about 2,500 to 2,600 nt in size. No such transcript was
observed for the other two strains, indicating that the termi-
nator is read through more readily in the suppressor strain
MRAT76 (Fig. 3A). To test whether overexpression of SspA
and/or SspB suppresses the release factor temperature-sensi-
tive phenotype, a plasmid with the sspAB operon under the
arabinose promoter was transformed to strain US477. No sup-
pression could be observed when the promoter was induced
(data not shown).

When we probed the rplM-rpsl transcript it was found that
strain MRA76 had significantly less transcript ending at the
putative terminator than strains US475 and US477 and yet that
the readthrough product was observable (Fig. 3B). The rpsl/
ompA ratio values were essentially the same for strains US475
and US477, while strain MRA76 had a significantly smaller
rpslfompA ratio value. This strongly suggests that expression of
the ribosomal proteins L13 and S9 was affected. On the basis of
this result and our finding that a cloned rpsI gene (but not a
cloned rpIM gene) can complement the suppressor phenotypes,
we suggest that decreased levels of protein S9 lead to suppres-
sion of the temperature-sensitive RF1.

During experiments in which total RNA samples for North-
ern blot analysis were separated on gels and stained with
ethidium bromide, an extra band just above 16S rRNA was
observed in the sample from strain MRA76. This might be an
immature 16S rRNA species (called 17S rRNA). We decided
to investigate this further.
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FIG. 3. Analysis of the expression of the rpIM-rpsl and sspAB oper-
ons in strains US475 (wt), MRAT76 (ipslt2215 prfAl), and US477
(prfAl). (A) Northern blot analysis of total RNA samples, probing
mRNA coding for sspA. The membrane was stripped after detection,
and mRNA coding for ompA was probed as an internal control.
(B) Northern blot analysis on mRNA samples, probing mRNA coding
for rpsl. The membrane was stripped after detection, and mRNA
coding for ompA was probed as an internal control.

Does the extra band represent immature 16S rRNA? To test
whether the larger band represents immature 16S rRNA, we
probed total RNA with a probe complementary to the middle
of 16S rRNA. As can be seen in Fig. 4, the probe does bind to
the presumptive 17S band. The amount of 17S was quantified
to 38% of total 16S rRNA in strain MRA76 and 9% in the wt
US475 strain. The wt result is in good agreement with pub-
lished results (18).

The analysis was extended to strain MRA100 (AyrdC), since
the YrdC homologue Sua5 from Saccharomyces cerevisiae has
been implicated in protein synthesis (23). We also analyzed the
wt strain treated with sublethal amounts of Cm. Cm is an
antibiotic that binds to the 50S subunit and inhibits translation.
It is known that addition of Cm leads to accumulation of
precursor 16S rRNA (28). We have observed that sublethal
amounts of Cm allow growth of minute colonies of strain
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US477 at 42°C (data not shown). Total RNA from strain
MRAI100, strain US475 (wt) treated with Cm, and the RF1
mutant strain US477 was prepared and analyzed by Northern
blotting. The result can be seen in Fig. 4. Strains MRA100 and
US475 treated with Cm both showed increased amounts of 17S
(about 16% of the total 16S rRNA), while strain US477 be-
haved like the wt strain, with only 7% of 17S rRNA detected.
Thus, the elevated amount of 17S is not caused by the prfAd1l
mutation.

Which step in 16S rRNA maturation is affected? rRNA is
transcribed as one transcript that is cut by RNasellI to produce
precursors for 16S, 23S, 5S, and a variety of tRNAs (18). 178,
the precursor for 16S rRNA, is trimmed at the 5’ end by
RNaseE, leaving 66 nt. RNaseG then cleaves this transcript to
the mature 5’ end. The extra 33 nucleotides at the 3" end are
processed by a still-unknown enzyme (21).

To determine which processing step is affected in our mu-
tants and by the presence of Cm, a Northern blot analysis of
total RNA was done. Oligonucleotides that probe the ends of
the different intermediates leading to 16S rRNA were used
(Fig. 5A and Table 3). When a particular RNase has cleaved
the transcript, the probe will not hybridize to the RNA because
its binding site on the transcript is lost. The experiment showed
that only RNaselll functions normally (probes omk69 and
omk73 gave no band for any sample tested) and that the
activities of all the other RNases are affected (Fig. 5B).

30S subunit assembly is affected by the immature 17S in
both suppressor mutants. To investigate the effect of the mat-
uration defect on ribosome assembly, ribosomes from strains
MRA76, MRA100, US475, and US475 treated with Cm were
prepared and separated on sucrose gradients. The preparation
was done at 10 mM Mg>", a concentration at which the 30S
and 50S subunits are kept together in the 70S complex. In a
typical gradient on wt ribosomes, almost all subunits were in
70S ribosomes and polysomes (Fig. 6A). A gradient on ribo-
somes from strain US477 (prfA1) looks like a wt profile (data
not shown). In our experiments the polysomes can be seen as
a shoulder on the 70S peak. If the 16S rRNA maturation
deficiency were to affect 30S assembly or the formation of 70S
particles, this would show as a relative increase of subunits
compared to the results seen with 70S. The results can be seen
in Fig. 6B to D. Both the suppressor mutants and the wt strain
treated with Cm show an altered gradient pattern; the 30S and

rpslt,
prfA1  wt

AyrdC,
wt(cm) prfA1 prfA1

17s N

165+ 175 38% 9% 16% 16% 7%

FIG. 4. Northern blot analysis of 16S rRNA in strains MRA76
(rpslt2215 prfAl), US475 (wt), US475 treated with Cm [wt(cm)],
MRA100 (AyrdC prfAl), and US477 (prfAl). Total RNA samples were
probed with oligonucleotide 683 against the middle part of 16S rRNA.
The ratios of 17S/(16S + 17S) are shown under the figure.

17S—
16S—
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FIG. 5. (A) A schematic drawing of maturation of 16S rRNA. The
positions of oligonucleotides are shown above the line. The cleavage
points for the different RNAses are shown below the line as follows:
III, RNaselll; E, RNaseE; G, RNaseG; X, unknown RNase. (B) North-
ern blot analysis of 16S rRNA maturation in strains US475 (wt),
MRAT76 (1pslt2215 prfAl), US477 (prfAl), MRA100 (AyrdC prfAl),
and US475 treated with Cm [wt(cm)]. Total RNA samples were probed
with oligonucleotides omk69, omk70, omk71, omk72, and omk73. Oli-
gonucleotide 683 was used as a positive control for 16S rRNA (data
not shown). As omk69 and omk73 (RNasellI) did not hybridize, those
results are not shown.

omk72, RNaseE

50S peaks have increased relative to the 70S peak. This sug-
gests that the ability of the 30S subunits to form 70S ribosomes
is affected.

To investigate whether 17S rRNA can be incorporated into
70S ribosomes or polysomes, a Northern blot analysis was done
on samples from the rRNA peaks that contain 16S rRNA: the
polysomes, 70S, and 30S. 17S rRNA was observed in the 30S
peak only with strain MRA76 (55% 17S), strain MRA100
(33% 17S), and the wt strain treated with Cm (31% 17S). The
amount of 17S from the wt strain was below the detection limit.
Immature 16S rRNA could not be detected in the polysomes
or 70S ribosomes (Fig. 6).

A lowered amount of functional ribosomes suppresses the
prfAl mutation. Our experiments so far suggest that slower
maturation (and, thus, a decreased pool of functional ribo-
somes) is correlated to suppression of the temperature sensi-
tivity phenotype caused by prf4l. To test whether this is a
general phenomenon, we obtained a collection of strains with
successive deletions of the rrn operons. The amount of rRNA
in these strains decreases with fewer operons (3). The prfAl
mutation was transduced into the six strains, and the transduc-
tants were tested for the ability to grow at 42°C. A strain
carrying the prf4l mutation shows some growth in the begin-
ning of the streak at 42°C; this also allows a few revertants to
appear. We looked for continuous and homogenous growth
and found that there is a gradient of increasing temperature
resistance; the strains with up to three deletions are tempera-
ture sensitive and the strain with four deletions shows some
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resistance, whereas in the strains with five or six deleted
rrm operons a Ts™ phenotype is seen (Fig. 7). These results
strongly suggest that there is a link between a lowered con-
centration of active ribosomes and suppression of the tem-
perature-sensitive RF1.

More suppressor mutations. A collection of 26 mutants, all
of which suppress the temperature-sensitive RF1 (prf417), have
been selected in separate experiments. In this work we have
presented data regarding two such suppressors, both of which
show elevated amounts of 17S rRNA. To investigate how many
of the other 24 suppressors are deficient in maturation of 16S
rRNA, Northern blot analysis was used. Total RNA was pre-
pared from all 24 mutants and probed as previously described.
About half of the mutants show elevated amounts of 17S
rRNA to various degrees. We are in the process of mapping
these mutations and have so far found three additional
complementation groups besides the described mutations. The
high percentage of mutants showing elevated levels of 17S
rRNA suggests that the suppressor mechanism described here
is not an isolated event but is a common way to suppress the
less-efficient RF1.

DISCUSSION

In this work we have presented data for two mutants, both of
which suppress the temperature sensitivity caused by a mu-
tated RF1. The suppressors were independently isolated and
map at different locations on the linkage map, and yet both
show increased amounts of immature 16S rRNA (17S).

The first mutation, 7pslt2215, is a point mutation in the stem
of the transcription terminator for the rpsl-rpIM operon which
encodes the ribosomal proteins L13 and S9. The position of the
mutation suggests that the stability of the stem might be de-
creased. We have shown that rpslt2215 leads to both read-
through of the terminator and a decrease in the amount of the
rpIM-rpsI transcript. That a decrease in terminator stability can
lead to decreased stability of the mRNA (and thus to a lower
amount of protein product) has been shown previously (2).
The fact that clones with either rpIM-rpsI or rpsI only can
complement the suppressor phenotypes indicates that (at
least) protein S9 is expressed in amounts lower than those seen
with the wt strain. Even though the rpslt2215 mutation leads to
a longer transcript (including the downstream sspAB operon),
we have found no evidence that the SspA and/or SspB proteins
are involved in the suppression of the RF1 mutation (data not
shown).

Maturation of 16S rRNA and 23S rRNA is dependent on
correct assembly of the subunits. Lesser amounts of S9 (and
L13) may disturb this process and therefore slow down the
maturation process. In our experiments we have only observed
an accumulation of immature 16S rRNA; it is not possible to
distinguish immature 23S rRNA from mature 23S rRNA on
our gels, since immature 23S rRNA is only elongated with a
few nucleotides at each end (30).

The second mutation, AyrdC, is a small deletion of the ini-
tiation codon for the yrdC gene. This probably means that the
protein is not translated. The yrdC gene product is conserved,
but its function is unknown. YrdC, YciO (another E. coli pro-
tein with unknown function), and a domain of the yeast protein
Sua$ define a conserved motif: yrdC-yciO-SUAS. YrdC and
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FIG. 6. Sucrose gradients on ribosomes from strains US475 (wt) (A), US475 treated with Cm [wt(cm)] (B), MRA76 (rpslt2215 prfAl) (C), and
MRA100 (AyrdC prfAl) (D). P marks the polysome shoulder. The results of Northern analysis probing 16S rRNA from samples prepared from

polysome, 70S, and 30S peaks are indicated beneath the gradient.

YciO have been crystallized, their three-dimensional struc-
tures are similar (17), and both seem to have the capacity to
bind nucleic acids (31). SUAS was isolated as a suppressor of
an aberrant AUG initiation codon upstream of the cycl gene,
which encodes the iso-1-cytochrome ¢ enzyme (23). The initi-
ation codon was created by a point mutation at position —18,
creating a short ORF with a stop codon prior to the normal
start codon of the cycI gene. This cycI-1019 mutant produces
2% of the wt enzyme level, a level that is increased to 60% by
the mutated Sua5 protein. The suppression mechanism has
been suggested to involve either alteration of the transcription
rate of cycl, mRNA stability, initiation codon recognition, or
ribosome reinitiation. Judging on the basis of our results, we
think that YrdC might be an assembly factor for the 30S sub-
unit. It is possible that Sua5 has a similar function in yeast and
that a deficient 40S subunit has changed properties with regard

to initiation. This is something we are in the process of inves-
tigating.

Sublethal Cm concentrations cause increased amounts of
precursor 16S (28) (Fig. 4) and suppress the temperature sen-
sitivity phenotype caused by the prf4l mutation (data not
shown). Cm binds to the peptidyltransferase center of the 50S
subunit. How this affects maturation of 16S rRNA is not un-
derstood. In a recent paper on the 50S subunit assembly factor
SrmB, however, it was found that in a strain with the srmB gene
deleted, 17S rRNA was accumulated (9), indicating a link
between the two subunits with respect to maturation.

Processing of rRNA starts by RNaselll cleavage, probably
during transcription. We do not see any deficiency in this step.
Thereafter, the proteins are loaded onto the transcript and
final processing of the ends occurs late during assembly (18).
The activities of RNaseE and RNaseG at the 5" end of 16S
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FIG. 7. Temperature sensitivity test at 42°C of the prf41 mutation
combined with successive deletions of 771 operons.

rRNA and of an unknown RNase at the 3’ end are indepen-
dent of each other, and we see that they are all affected.
Therefore, we hypothesize that a step before the initiation of
the activities of the RNaseE and RNaseG and the unknown
RNase (possibly involving a structure needed for proper cleav-
age) is influenced in the suppressor mutants. We see only one
band and no smear, indicating that maturation occur at both
ends simultaneously. The fact that we have isolated at least five
different mutations that give the same phenotype in subunit
assembly indicates that it is a major rate-limiting step that is
disturbed.

Our results with the sequential deletions of rn operons
indicate that a lowered concentration of functional ribosomes,
and not the processing deficiency per se, suppresses the prfA1
mutation. It is known that the mutant release factor terminates
more slowly at 37°C (reference 25 and unpublished data), and
it is therefore likely that termination at 42°C becomes so slow
that ribosomes get stuck on the mRNA. This may induce
transcription termination, i.e., polarity, leading to less produc-
tion of one or many proteins. Temperature sensitivity could be
caused by starvation for ribosomes due to stacking on mRNA
or by lowered expression of some proteins due to transcrip-
tional polarity or both.

First, we looked at the possibility that a slow growth rate per
se suppresses the temperature sensitivity phenotype. When the
mutant strain US477 was grown on M9 minimal medium plates
with glycerol as a carbon source, the strain was still tempera-
ture sensitive (data not shown), a result that indicates that slow
growth is not the suppressor of the temperature sensitivity
phenotype.

Fewer functional ribosomes will lead to less-frequent initia-
tion. If the problem is ribosome queuing of (and, as a conse-
quence, starvation for) ribosomes, it is possible that a slow
initiation rate will balance the slow termination rate and hence
lead to a Ts™ phenotype.

If the problem is premature transcription termination due to
stalling, this can be overcome by faster translation termination.
One way to do this is to increase the concentration of RF1. It
is known that overexpression of mutated RF1 will give a Ts™
phenotype (26). Thus, if the suppressor mutations were to lead
to an increased expression of the prfA1 allele, the cells should
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become Ts*. It has been shown that r7m operon transcription is
induced when the amount of actively translating ribosomes
decreases. This phenomenon has been called feedback regu-
lation (11). In accordance with this, expression of the r7n oper-
ons should be induced in the two suppressor strains (since they
have fewer functional ribosomes). The P1 promoter for the
hemA-prfA operon shares several characteristics with the P1
promoter for rrn operons. Hence, it is possible that not only
rRNA transcription but also expression of the hemA-prfA
operon is induced in the suppressor mutants. This mechanism
may also explain why the suppressor mutations seem to be
dependent on the prfAl mutation and cannot be isolated in a
wt background; either of the two mutations would lead to
overexpression of RF1—which is lethal to the cell (1). We have
just initiated experiments to investigate these different possi-
bilities.
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