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Pseudouridylation of helix 69 of 23S rRNA is
necessary for an effective translation termination
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Escherichia coli strains with inactivated rluD genes were previously
found to lack the conserved pseudouridines in helix 69 of 23S
ribosomal RNA and to grow slowly. A suppressor mutant was
isolated with a near normal growth rate that had changed the
conserved Glu-172 codon to a Lys codon in prfB, encoding trans-
lation termination factor RF2. When nonsense suppression in
strains with all combinations of prfB*/prfBg172c and rluD* /rluD::cat
was analyzed, misreading of all three stop codons as sense codons
was found to be increased by rluD inactivation: Nonsense suppres-
sion was increased 2-fold at UAG codons, 9-fold at UAA, and
14-fold at UGA. The increased read-through at UGA corresponds to
reading UGA as a sense codon in 30% of the cases. In contrast, the
accuracy of reading sense codons appeared unaffected by loss of
rluD. When the inactivated rluD gene was combined with the
altered prfB, wild-type levels of termination were restored at UAA
codons and termination was more efficient than wild type at UGA.
These results strongly suggest that at least one of the helix 69
pseudouridines has a function in translation termination. To our
knowledge, this is the first described function for a ribosomal RNA
pseudouridine modification.

nonsense suppression | release factor 2 | rluD | rRNA modification

seudouridine is found in many species of stable RNA. Its
formation is catalyzed by several pseudouridine synthases
and takes place after transcription (1). No function has so far
been identified for any of the pseudouridines in ribosomal RNA
(2). In Escherichia coli 7 enzymes catalyze the formation of the
11 pseudouridines in rRNA (3). The rluD gene product catalyzes
the formation of the pseudouridine in helix 69 (h69) at positions
1911, 1915, and 1917 in 23S rRNA (4). In the structure of the 70S
ribosome, h69 contacts both A and P site tRNA and also
contributes to the universally conserved bridge B2a between the
two ribosomal subunits (5). Changes in h69 can result in defects
in subunit association (6, 7) and in an altered translational
accuracy (8). Recently, Ali et al. (9) were able to prepare
ribosomes in which h69 was deleted. These retained the ability
to perform all separate ribosome functions, including proper
translational accuracy and ability to translate a natural mRNA.
Only peptide chain termination catalyzed by RF1 and ribosome
recycling catalyzed by RRF were affected. It was therefore
concluded that the main function of h69 was in translation
initiation, translation termination, or ribosome recycling (9).
The presence of pseudouridines in h69 is a highly conserved
feature of cytoplasmic ribosomes (4) even if the modification
mechanism in eukaryotes is very different from the mechanism
used by bacteria (10, 11). The question of whether all h69
pseudouridines are equally important was addressed by Hiraba-
yashiet al. (7), who isolated strains where the ribosomal RNA did
not have U1915 but retained normal cellular growth rate. They
were unable to isolate variants with an altered U1917 and did not
address the essentiality of U1911, but the absence of the U1911
pseudouridine modification in Haloarcula marismortui (12)
would suggest that the pseudouridine U1917 has the most
important function.
Despite the strong conservation of the h69 pseudouridines, the
rluD gene is dispensable for the growth of E. coli. However, the
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inactivated rluD::cat mutant is extremely slow-growing, and
faster-growing derivatives invariably arise during culture. These
faster-growing derivatives still lack all three h69 pseudouridines
and are presumed to contain second site mutations that partially
suppress the defects of iuD inactivation (13). The slow-growing,
suppressor-free rluD::cat strain and its faster-growing derivatives
have been termed dust and tiny, respectively (6). The aim of this
study is to characterize the 7luD dust strain and to identify the
function of the highly conserved, yet dispensable, pseudouri-
dines in helix 69 of 23S ribosomal RNA.

Results

Characterization of the rluD Mutant. In a given growth medium the
cellular regulatory system aims to maintain a constant activity of
ribosomes in the cell. If ribosomal activity is limited for instance
by the concentration of an initiation factor, IF2 (14), or of a
ribosomal protein, protein S1 (15), the cellular regulatory re-
sponse is to increase the synthesis of ribosomal components,
rRNA, and ribosomal proteins. Because rRNA constitutes
~85% of total RNA, an increase in the amount of total RNA is
observed under these conditions. If a ribosomal function is
deficient in the rluD mutant, this is expected to increase the RNA
content. The data presented in Fig. 14 show that inactivation of
rluD resulted in that the dust and tiny mutants had about doubled
the RNA content compared with the value expected from the
growth rate. Fig. 14 also shows that each mutant had almost the
same growth rate in glucose minimal medium and in the rich YT
medium. This is a very unusual finding that indicated that the
rluD inactivation affected growth more severely in the enriched
medium.

The growth experiments with dust were difficult because the
faster-growing tiny variants appeared readily (13). Routinely,
three independent cultures were inoculated from separate dust
single colonies, and only cultures that had the slow dust growth
rate after overnight incubation were used for experiments (see
also Materials and Methods). We emphasize that the tiny strains
may represent a heterogeneous group of suppressors and that the
growth experiments we report for tiny have been done with the
particular tiny suppressor present in the strain ME96.

To determine one of the ribosome functions directly, we
measured the peptide polymerization rate in vivo by our previ-
ously developed method, which determines the time for 3°S-Met
pulse-labeled nascent peptides to appear in full-length protein
after a chase with excess unlabeled Met. Using curve fitting that
takes the localization of the Met residues in the protein into
consideration, the SEM of this method is ~1 sec (16). Table 1
summarizes these results, which indicated that the peptide chain
growth rate is reduced by only15% in the dust strain, which is not
enough to explain its 2-fold-lower growth rate.
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Fig. 1. Effect of rluD inactivation on growth. (A) RNA content of rluD wild
type and mutant strains growing in different media. RNA content, in milli-
grams of RNA per gram of dry weight, was plotted as function of the cellular
growth rate. Filled squares, wild-type MAS70 grown in glucose or YT medium;
triangles, rluD:cat variant ME96 tiny grown in glucose (filled) or YT (open)
medium; diamonds, ME97 rluD::cat dust grown in glucose (filled) or YT (open)
medium respectively; opensquares, rluD::cat, prfBgi72xk grown in glucose or YT
medium. The experiments were performed at least three times. The standard
deviations are indicated. (B) Utilization of the carbon source in wild-type and
dust strains. The cultures were inoculated with the indicated amount of
glucose being limiting for growth. After growth for a sufficiently long time to
exhaust the carbon source, the optical density of the cultures was measured
and converted to cell mass (see Materials and Methods). Squares, wild-type
MAS70; open diamonds, ME97 rluD::cat dust. (C) RNA content during recovery
from stationary phase. Cells were grown to stationary phase overnight in YT
medium and diluted in fresh YT medium to an OD43¢ of ~0.1, after which RNA
contents were followed as a function of time after dilution. Squares, wild-type
MAS70; diamonds, ME97 rluD::cat dust.

The expression level of individual proteins in the dust and
wild-type strains was analyzed by two-dimensional gel electro-
phoresis of 3*S-Met pulse-labeled extracts. Among the few and
minor differences observed were an ~20% increased synthesis of
elongation factor Tu that would be compatible with an increased
synthesis of ribosomal proteins and factors, and a similar in-
crease in the synthesis of the heat-shock protein DnaK that could
be caused by synthesis of aberrant and unstable proteins in the
dust strain. Examination of these gels, of which sections are
shown in Fig. 2, showed that all protein spots migrated at their
normal positions and were without the “stuttering” spots in the
isoelectric pH dimension, variants that are typically observed
under conditions where misreading of sense codons takes place
(17). For comparison, Fig. 2E shows a corresponding gel section
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Table 1. Peptide elongation rates in the wild-type and
dust strains

Strain EFG DnaK GroEL
ME3 wild type 13.2 0.7 13.3+0.3 13.7 £ 1.0
ME33 rluD dust 11.4 + 0.6 11.8 £ 0.6 11.4 +0.8

The rates are given in codons translated per second at 37°C. The rate
depends on the amino acid composition and the codon usage of the protein
(16), but the mRNAs used here have the codon usage typical of ribosomal
proteins. The average results of three experiments and the standard errors are
shown.

from a ram strain (ribosomal ambiguity mutant, mutated in rpsD
encoding ribosomal protein S4) that supports elevated levels of
sense codon misreading (18) and where the characteristic stut-
tering spots are clearly visible. The amino acid substitutions
arising from random misreading of sense codons will give a
charge change of the protein in approximately one-third of the
cases. Each of the proteins shown in Fig. 2 has >300 aa and
therefore has >300 chances for having a codon misread during
synthesis. We estimate to be able to detect whether 10% of the
protein in a spot had a charge change. Fig. 2B therefore shows
that the level of missense errors in the rluD inactivated strain was
at most one such error per thousand codons.

The yield of cell mass that could be generated from a given
amount of glucose was reduced to ~60% in the dust strain. This
is shown in Fig. 1B, and a similar reduction was found in the YT
medium (data not shown). Instead of 100 ug of glucose being
used to generate ~50 ug of cell mass found for wild-type cells,
the dust cell generated only 30 ug of cell mass at the expense of
oxidizing 70 pg for energy production. This indicated that
extensive energy consuming, futile synthesis, and degradation
processes took place as a consequence of inactivating the rluD
gene.

During these studies we found that the rluD dust strain, grown
to stationary phase in the rich YT medium, was able to grow with
a wild-type rate for some time after being diluted into fresh
medium. We measured total RNA per cell mass during such an
experiment. As seen from Fig. 1C, the ratio between RNA and
cell mass in both strains initially was identical and the RNA
content of the dust strain initially rose steeply before reaching
the higher steady-state value. During this time the cellular
growth rate of the dust strain decreased from the wild-type rate
to the 4-fold-lower steady-state value. We conclude from these
experiments that the dust cell during steady-state growth syn-
thesized an unstable RNA-containing growth inhibitor that in all
likelihood is the incomplete ribosomal particles observed pre-
viously (6) and which had time to decay during the stationary
phase.

Isolation of a Suppressor of the dust Phenotype. During cultivation
of the dust strain we observed a colony with a wild-type colony
size, clearly different from that of the parental dust strain or its
tiny derivatives that carry weak suppressors of rluD::cat. This
mutant was still resistant to chloramphenicol, indicating that
rluD was inactivated. This was verified by PCR analysis on
chromosomal DNA with primers internal to #/uD and flanking
the chloramphenicol resistance cassette (4). The results showed
that the strain contained only one copy of rluD interrupted by the
cassette. The growth rate and RNA composition of the suppres-
sor mutant were determined and are included in Fig. 14. As
shown, both growth rate and RNA content in the suppressor
strain had reverted to near wild-type levels.

To characterize the suppressor, a plasmid library was made
from its chromosomal DNA. We used a partial digestion with the
restriction enzyme Sau3Al and inserted fragments with a length
of >3,000 bp into the BamHI restriction site in the tef gene of the
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Fig. 2.

Two-dimensional electrophoresis of total cell extracts from wild-type MAS70 (A), ME97 rluD::cat dust (B), ME123 rluD::cat dust, prfBgi72k (C), ME125

rluD* prfBg172x (D), and the ram strain rpsD14 (E) (31). Sections of the gels showing protein with size from 55,000 to 30,000 (top to bottom) and isoelectric points
from 6 to 4.5 (left to right). The position of a spot with the molecular weight and isoelectric point of RF2 is indicated with an arrow. The double arrow points
to the outer membrane proteins OmpC and OmpF. Especially in this area mistranslation in the ram strain can be seen (E).

plasmid pBR322 (19). A “control library” was made in parallel
by using DNA from the wild-type strain ME3. From the fre-
quency of lac* plasmids we estimate that both libraries contained
sufficient plasmids to allow each gene on average to be present
on six independent clones. Both libraries were transformed into
an rluD::cat dust strain, and colonies with a normal colony size
were isolated. In the transformation with the control library we
found 40 of 33,000 clones with wild-type colony size. These were
isolated, and all carried the wild-type rluD gene as judged by
restriction enzyme analysis and PCR. From the library made
with DNA from the rluD::cat suppressor strain, 10 of 30,000
clones (of which at least four were independent) gave rise to a
normal colony size, none of which carried the rluD region.
Plasmid DNA from these transformants was retransformed into
the rluD::cat dust strain, and plasmid DNA that again supported
normal growth was characterized by sequencing from two prim-
ers in the fet gene flanking the BamHI site. A BLAST search
showed that all four plasmids carried fragments from the 65-min
region of the genetic map of E. coli and that translation
termination factor RF2 was the only common protein that could
be expressed. The prfB gene was sequenced from one of the short
clones that could encode only RF2. Only one sequence change
was observed: the G in codon 172, GAA, was changed to an A,
changing the wild-type Glu residue to Lys. The prfB gene from
the suppressor’s chromosomal DNA was then amplified by PCR
and sequenced. This verified that the prfBg;7x mutation was
present in the original mutant. As explained in Materials and
Methods we transferred the prfBg;7:x mutation to a new strain.
In this new genetic background the suppressor still suppressed
the rluD inactivation, showing that the dust phenotype can be
corrected by the prfBg;72x mutation alone. On the two-
dimensional gels shown in Fig. 2 it can be observed that a spot
with the size and isoelectric point corresponding to RF2 had
changed its isoelectric point to become more basic in the rluD
prfBei72k strain. We found the abundance of this protein to be
approximately doubled in the rluD strain compared with the wild

type.

Table 2. Analysis of nonsense suppression

Nonsense Codon Suppression. Because the suppressor mutation
affected RF2, we analyzed how nonsense codon suppression was
affected by rluD and by the prfBg;7,x mutation. This was done in
a strain containing the lacIZ fusion A14 with a stop codon in the
lacl part. Here the synthesis of B-galactosidase enzyme activity
is determined by the erroneous reading of the stop codon as a
sense codon. We used strains with the three stop codons in two
different codon contexts because nonsense suppression is influ-
enced by the codon context. Four strains in which the lacZ gene
was totally deleted and having all combinations of prfB*/
prfBei72x and rluD™ [rluD::cat dust were constructed. Each of
seven F'lacl-lacZ translational fusions, one without a premature
stop codon and six with one of the three stop codons in two
different codon contexts (positions 189 and 220 in the lacl gene),
was conjugated into the four strains. The B-galactosidase enzyme
activities in these 28 strains were then measured, corrected for
instability of the lacl-lacZ enzyme, normalized to the activity in
the four strains without a stop codon, and listed in Table 2. The
results were further normalized to the read-through value for the
rluD*, prfB* strain (as shown in Table 3). As seen from Tables
2 and 3, misreading of all three stop codons as sense codons was
increased significantly in the #luD strain. This effect was most
dramatic on codon UGA, where read-through was increased
14-fold, somewhat depending on the codon context. Misreading
of UAA and UAG was also increased by 9- and 2-fold, respec-
tively. Codon UGA is in general observed to be the least efficient
of the three stop codons, and the 14-fold increase in read-
through corresponds to as much as 30% nontermination on
UGA (see Table 3). As seen from the absence of satellite
stuttering protein spots in Fig. 2B, the accuracy of sense codon
reading is not visibly affected in the rluD dust strain and any
misreading of individual sense codons caused by rluD inactiva-
tion is therefore much smaller than the effect on translation
termination.

We speculated that tiny might have mutated either the RF2 or
the RF1 gene, and we sequenced these genes from the #iny strain
ME24 after amplification of the chromosomal gene by PCR. We

19412

Strain No stop UAG189 UAA189 UGA189 UAG220 UAA220 UGA220
prfB*, rluD* 100 (60.69) 0.10 0.23 2.40 0.09 0.11 2.52
prfB*, rluD(dust) 100 (70.00) 0.20 1.39 23.4 0.20 1.19 35.5
priBeizox, rluD* 100 (72.99) 0.09 0.19 0.19 0.19 0.10 0.10
prfBei72x, rluD(dust) 100 (60.56) 0.11 0.23 0.23 0.11 0.11 0.34

The specific activity of B-galactosidase in the indicated strains is shown, normalized to the activity in the corresponding strain without
an internal stop codon in the /acl-lacZ gene. For these four strains the specific enzyme activities are given in parentheses in Miller units

(29). All activities are corrected for instability of the /ac/-lacZ fusion enzyme.
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Table 3. Analysis of nonsense suppression

Strain Nostop UAG189 UAA189 UGA189 UAG220 UAA220 UGA220
prfB*, rluD* 1 1 1 1 1 1 1
prfB*, rluD (dust) 1.15 2.2 7.0 11.2 2.5 12 16.3
pf'fBE172K, rluD* 1.20 1 1 0.1 2.5 1 0.05
prfBeiz2x, rluD (dust) 1.00 1.1 1 0.10 1.25 1 0.14

Factor of changing the read-through. Data are the values from Table 2 normalized to the enzyme activity of

the same F’ episome in the prfB™, rluD* strain.

failed to locate tiny to either prfA or prfB. Thus, rluD inactivation
can be suppressed by two different mechanisms of which chang-
ing prfB suppresses the strongest.

The prfBgi7:x enzyme restored termination to the wild-type
level on codon UAA and, independent of rluD inactivation,
terminated more efficiently on codon UGA (Tables 2 and 3). We
note that the prfBg;72x mutation alone has no significant effect
on UAG termination, confirming that RF2 does not terminate
on codon UAG. This is in contrast to a previous search for
omnipotent release factors (20), where a strain having the
prfBei72xk mutation on a high-copy-number plasmid was con-
structed. This strain was viable even if the prfA gene was
inactivated, showing that the prfBg;72x enzyme was able to read
all three stop codons. We find no evidence for a reading of UAG
by the prfBg;72x enzyme (Tables 2 and 3), probably because in
our strain the effect of prfBg;7> was overruled by the presence of
wild-type prfA and because prfBg;72k is present in only the
natural single copy.

Discussion

The presence of pseudouridine at positions 1911, 1915, and 1917
in helix 69 of 23S rRNA is a highly conserved feature of
cytoplasmic ribosomes (4), yet absence of the modification can
be tolerated, as shown by the existence of a slowly growing but
viable rluD mutant of E. coli. The isolation of a suppressor
mutation in prfB that almost completely reverted the slow growth
of the rluD mutant showed that at least one of the pseudouridines
in h69 of 23S rRNA is involved in translation termination by
RF2. To our knowledge, this is the first time that a function for
a ribosomal RNA pseudouridine has been identified. The inter-
action between h69 in 23S RNA and RF2 was further supported
by direct measurements of the effect of r/uD inactivation on
translation termination at all three stop codons in two different
codon contexts. The absence of the h69 pseudouridines most
dramatically affected termination on stop codon UGA (being
read as a sense codon in 30% of the cases in the rluD::cat strain),
but also UAA (read as sense in 1.3% of the cases), and to a lesser
degree UAG was affected. Importantly, missense errors were not
increased to this degree by rluD inactivation (Fig. 2B).

In the three-dimensional structure of the ribosome, 23S RNA
h69 is located very close to the entry site for the two translation
termination factors and for all ternary complexes (5). The
structure of RF2 is also known (21), and its complex with the
ribosome has been solved in E. coli by cryoelectron microscopy
(22) and in Thermus thermophilus by x-ray crystallography (23,
24). From these studies it can be seen that the loop residue E172
that became Lys in the rluD suppressor is located near to helix
69. We have in Fig. 3 (modified from figure 3 of ref. 22) shown
the approximate position of RF residue E172, and its neighbor-
hood to h69 is clearly seen. Our genetic data therefore are in
good agreement with these structural studies. Furthermore, the
work of Aliet al. (9) clearly showed that only subunit association,
translation initiation, termination, or ribosome recycling were
affected by the absence of h69. Our results are in excellent
agreement with this conclusion and suggest that an important
interaction between residue 172 in RF2 (and probably also the
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analogous position in RF1; see below) and one of the pseudouri-
dines in h69 takes place during the translation termination
process.

A negatively charged amino acid at position 172 is found in
nearly all sequences of RF2 (see Materials and Methods) and is
also present at the corresponding position in RF1 (prfB, SEG-
EVAGIK, residue 172 underlined; prf4: SEGEHGGYK). Also,
both RF1 and RF2 bind the ribosome in the same manner (24).
The homology between the RF1 and RF2 proteins places a
negative amino acid residue close to the h69 pseudouridines also
in RF1 and provides an explanation for why translation termi-
nation on codon UAG, specifically read by RF1, was also
affected in the rluD mutant.

The strong conservation of the h69 pseudouridines in cyto-
plasmic, eukaryotic ribosomes would suggest that their function
in eukaryotic translation termination is similar to the function we
have identified in a bacterial ribosome. However, the sole
eukaryotic translation termination factor, eRF1, has no detect-
able homology to the prokaryotic SEGEVAGIK sequence even
if the structure of both prokaryotic and eukaryotic release factor
proteins mimics that of a tRNA (25). This does not exclude a
similar function for the h69 pseudouridines in eukaryotic ribo-
somes because the functional region in eRF1 might be too small
to be noticed by a sequence homology search, as was observed
in at least one other study (26).

Because the UAA stop codon is used most frequently by the
highly expressed genes, the burden of making incorrectly termi-
nated proteins in the rluD mutant strain is likely to be dominated
by the effect on this codon. Tables 2 and 3 suggest that ~1.3%
of these proteins are elongated beyond their normal C terminus
and are potentially unstable. This effect is probably not large

Fig. 3. Localization of the prfB mutation in RF2 in complex with the
ribosome. On the model of RF2 bound to the ribosome, obtained by cryoelec-
tron microscopy (modified from figure 3c of ref. 22, reproduced with permis-
sion), we indicated the approximate position of the loop where the suppressor
had changed the Glu-172 to Lys. The basis for this localization is the linearity
of the anticodon binding SPF loop, the E172 loop, and the GGQ loop that binds
the peptidyl transferase center (21). Blue, the 50S ribosomal subunit; yellow,
the 30S ribosomal subunit; magenta, RF2. Specific structural elements, e.g.,
helix 69 and the decoding center (DC), are indicated on the ribosome, and the
SPF loop and GGQ loop are indicated on RF2. See ref. 22 for further details.
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Table 4. Strains of E. coli

Strain Relevant genotype Construction Source
MG1655 rluD::cat 4
ME3 MG1655, rph and uracil semiauxotroph 28
ME24 ME3: rluD::cat tiny P1 transduction, P1 grown on MG1655 rluD::cat This study
ME33 ME3: rluD::cat dust P1 transduction, P1 grown on MG1655 rluD::cat This study
ME41 ME33 prfBer72x Suppressor of ME33 This study
HO847 A(iciA-rpiA-Pser)101::kanaR 29
MAS70 A(lac-pro) CSH41 (30) cured of F'lac, made gal™ by P1 This study
transduction, P1 grown on CSH 55 (29)
ME96 rluD::cat tiny MAS70 cam” by P1 transduction, P1 grown on This study
MG1655 rluD::cat
ME 97 rluD::cat dust MAS70 cam” by P1 transduction, This study
P1 grown on MG1655 rluD::cat
MC46 F' 797 A(argB-C):Tn5, F'lacl-Z fusion M. O’Connor (University of
A14,proAB* Missouri, Kansas City, MO)
MC46 F' 798 A(argB-C)::Tn5 F'lacl-Z, fusion A14 M. O’'Connor
UAG189, proAB*
MC46 F' 799 A(argB-C)::Tn5Tn5 F'lacl-Z, fusion A14 M. O’Connor
UAA189, proAB™*
MC46 F' 800 A(argB-C)::Tn5 F'lacl-Z, fusion A14 M. O’Connor
UGA189, proAB
MC46 F' 801 A(argB-C)::Tn5 F'lacl-Z, fusion A14 M. O’'Connor
UAG220, proAB
MC46 F' 802 A(argB-C)::Tn5 F'lacl-Z, fusion A14 M. O’'Connor
UAA220, proAB
MC46 F' 803 A(argB-C):Tn5 F'lacl-Z, fusion A14 M. O’Connor
UGA220, proAB
Ram D14 rpsD14 See ref. 31 M. O’Connor

enough to explain the large reduction in cellular growth rate, but
the increase in the synthesis of the heat-shock proteins is
compatible with an increased synthesis of aberrant proteins.

The observed slow growth rate and the doubling of the RNA
content of the rluD mutant were both corrected by a mutation
in RF2 (see Fig. 1A4). This indicated that the primary cause of
the rluD malady is the translation termination defect and that the
other observed defects, e.g., in ribosome assembly (6), arise from
a defective translation termination. A mechanism for this could
be that a deficient translation termination process disturbed the
coordinated expression of the ribosomal proteins because the
synthesis of many ribosomal protein genes is translationally
coupled. Such noncoordinate expression of the ribosomal pro-
teins might affect the ribosomal assembly process. Processing of
rRNA by the enzyme RNaselll was also shown to be affected by
rluD inactivation (6). This might be another secondary effect of
a defect translation termination because the RNaselll gene itself
is terminated by UGA. As suggested by the data in Tables 2 and
3, one-third of the RNaselll molecules might be elongated and
unstable or inactive. Consequently, the defective ribosomal
assembly process in the rluD strain has several potential sources.

Fig. 2 showed that a protein spot with the expected size and
isoelectric point of RF2 was changed to become more basic in the
prfBei72k strain and overproduced ~2-fold in the rluD strain. The
autoregulated expression of RF2 requires a frame-shift on an
internal in-frame UGA codon (27), and the prfB gene itself is
also terminated by an UGA codon. Despite this, the regulation
of RF2 expression seems to be able, to some extent, to com-
pensate for the termination defect in the rluD strain.

Tables 2 and 3 show that the prfBr;72x enzyme was more
efficient than the wild-type RF2 on codon UGA while retaining
the wild-type efficiency on codon UAA. It is not often that a
mutant enzyme functions better than the wild-type enzyme, but
this increased efficiency of the prfBr;7>x enzyme also resulted in
a 5% lower cellular doubling time (data not shown), probably

19414 | www.pnas.org/cgi/doi/10.1073/pnas.0706558104

because the termination process becomes slower in the mutant
or because the increased termination activity of the prfBei7x
enzyme led to termination at near cognate sense codons.

To conclude, we have found that the Glu residue at amino acid
172, at a critical point in the translation termination process,
interacts with one or more of the pseudouridines in helix 69 of
23S ribosomal RNA. In the absence of pseudouridine in h69, a
large fraction of the ribosomes continues translation past the
stop codons, in particular codon UGA, and this gives abnormal
and unstable proteins that induce synthesis of the heat-shock
proteins. The deficient translational termination may affect the
synthesis of RNaselll and disturb the translational coupling
mechanism and thereby affect the coordinated expression of the
ribosomal proteins. This might influence the assembly of ribo-
somes, which in turn has severe consequences for the cellular
growth rate, especially in the enriched medium.

Materials and Methods

Construction of Strains. The strains used are listed in Table 4.
Details in constructing the strains used here are as follows. We
first made a pair of strains that were isogenic except for the rluD
gene by transducing our MG1655 strain to rluD::miniTn10cat
with bacteriophage P1 grown on the rluD strain supplied by J.
Ofengand (University of Miami School of Medicine, Miami, FL),
selecting for resistance to chloramphenicol. ME33 is thus iso-
genic to MG1655 except for the rluD inactivation. As observed
previously (13), two variants, dust ME33 and tiny ME24, ap-
peared after such transduction.

To move the prfBg;7:x mutation from the suppressor mutant,
MEA41, a marker was introduced by P1 transduction. The marker
was the kanamycin resistance from HO847. The rpid gene is
located at 65.8 min on the linkage map of E. coli, and prfB is
located at 65.3 min. The prfB gene of ME41
A(iciA-rpiA-Py,4) 101 ::kana® was sequenced to ensure the pres-
ence of the prfBg;72x mutation. The kanamycin resistance from
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ME41 A(iciA-rpiA-Pye,4) 101 ::kana® was then moved to MAS70
and ME97 by P1 transduction, producing the strains ME99 and
MEI108, respectively. Again the prfB genes were sequenced to
ensure the presence of prfBg;72k. Finally, ME99 and ME108 were
cured for their ribose requirement caused by the deletion of the
rpiA gene (ribose phosphate isomerase A), by transduction with
a P1 lysate derived from ME41, followed by selection on glucose
minimal plates. This produced ME123, isogenic to MAS70
except for being prfBri72x, and ME125, isogenic to ME97 except
for being prfBri7k. The different F'lac’s were moved to the
recipients by mating and selection for proline auxotrophy on
glucose minimal media.

Growth Conditions. Physiological experiments were performed on
cultures growing exponentially at 37°C in either the rich YT
medium (30) or Mops (32), supplemented with 0.2% glucose as
carbon source and 10 pg/ml uracil in experiments with MG1655
derivatives. Where needed to maintain a plasmid, the appropri-
ate antibiotic was used as suggested (30). If not otherwise stated,
all cultures had grown exponentially for more than eight gen-
erations before the start of an experiment and were never
allowed to exceed a cell density of 4 X 10% cells per milliliter.
After each experiment with the rluD dust strain, cells were plated
out to ensure that the number of #iny suppressors had not been
excessive during the experiment.

Determination of the RNA and Dry Weight Content of the Cells.
Samples of 1 ml were harvested from exponentially growing
cultures at 20-min intervals into 1% TCA at 0°C. The cells were
collected by centrifugation, washed in 0.1% TCA, resuspended
in 0.4 ml of 0.3 M NaOH, and hydrolyzed for 1 h at 42°C, after
which 0.8 ml of 0.3 M HCI was added. Finally, cell debris was
removed by centrifugation. The A,q values of the hydrolysates
were determined and normalized to the cell density, ODyse at the
time of harvest. Conversion factors were as follows: A5 = 1
equals 40 ug of hydrolyzed RNA per milliliter; ODy436 = 1 equals
0.18 mg of cellular dry weight per milliliter.

Measurements of p-Galactosidase Activity. Because of the low
enzyme activity, the incubations were carried out for up to 45 h
at 28°C under the conditions described previously (33) by using
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cell extracts prepared by sonic treatment. The enzyme activity
was determined on at least six independent cell extracts that were
harvested at different cellular densities from at least two inde-
pendently growing cultures. The lacl-lacZ fusion enzyme was
found to be unstable, with a half-life of 12.8 h, during the assay.
The values in Tables 2 and 3 are corrected for this instability.

Assay for the Peptide Elongation Rate. We examined this activity by
measuring the kinetics by which the radioactivity of a 10-sec
pulse of 200 nCi of carrier-free 3*S-Met was chased into full-
length protein. The culture was first prelabeled with 3H Lys at
120 uCi to 10 ml of culture. After the pulse, unlabeled Met was
added to 1 mg/ml. Samples were then removed from the culture
at 10-sec intervals into 0.5 mg/ml chloramphenicol at 0°C. Cells
were collected by centrifugation, and the proteins were sepa-
rated by two-dimensional gel electrophoresis (34). Finally, the
incorporated radioactivity in the individual protein spots was
determined. For further details and curve fitting see ref. 16. To
be suitable for these measurements the protein has to be
abundant and of over-average size. Here we used elongation
factor EF-G and the heat-shock proteins DnaK and GroEL.

BLAST Search for Sequence Conservation Around prfB Residue 172.
We searched the database for homologies to the E. coli prfB
sequence from amino acid 160 to amino acid 190. The sequence
spanned the site of the suppressor mutation that changed
Glu-172 to a Lys. Homology to the very conserved sequence
SEGEVAGIK was found by this procedure and in all cases,
except three psychrobacter species (accession nos. gi 93005664, gi
91770222, and gi 71065379) residue 172 was either Glu or Asp.
The corresponding sequence in the E. coli prfA gene is SEGE-
HGGYK with six residues identical and two residues homolo-
gous to the prfB SEGEVAGIK sequence.
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