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The Escherichia coli rluD gene encodes a pseudouridine synthase responsible for the pseudouridine (W)
modifications at positions 1911, 1915, and 1917 in helix 69 of 23S rRNA. It has been reported that deletion of
rluD in K-12 strains of E. coli is associated with extremely slow growth, increased readthrough of stop codons,
and defects in 50S ribosomal subunit assembly and 30S-50S subunit association. Suppressor mutations in the
prfB and prfC genes encoding release factor 2 (RF2) and RF3 that restore the wild type-growth rate and also
correct the ribosomal defects have now been isolated. These suppressors link helix 69 W residues with the
termination phase of protein synthesis. However, further genetic analysis reported here also reveals that the
slow growth and other defects associated with inactivation of rluD in E. coli K-12 strains are due to a defective
RF2 protein, with a threonine at position 246, which is present in all K-12 strains. This is in contrast to the
more typical alanine found at this position in most bacterial RF2s, including those of other E. coli strains.
Inactivation of rluD in E. coli strains containing the prfB allele from E. coli B or in Salmonella enterica, both
carrying an RF2 with Ala246, has negligible effects on growth, termination, or ribosome function. The results
indicate that, in contrast to those in wild bacteria, termination functions in E. coli K-12 strains carrying a
partially defective RF2 protein are especially susceptible to perturbation of ribosome-RF interactions, such as

that caused by loss of h69 W modifications.

Pseudouridine (W) is among the most common posttran-
scriptional modifications occurring in TRNA and has been
found at conserved regions of the rRNAS in organisms from all
three kingdoms (28, 29). In Escherichia coli, there are 11 ¥
residues in 16S and 23S rRNAs, and the 7 synthases respon-
sible for these modifications have now been identified (30).
The functions of specific ¥ residues have been investigated by
deletion of the corresponding ¥ synthase genes (rsuA, rluA,
rluB, rluC, rluD, rluE, and rluF) and characterization of the
resulting deletion mutants. With the notable exception of rluD,
deletion of individual ¥ synthase genes has little effect on cell
growth (29). In contrast, inactivation or deletion of #uD has
been reported to have profound effects on cell growth, 50S
subunit assembly, and subunit association (14, 32). RluD is
responsible for W1911, w1915, and ¥1917 modifications in
helix 69 (h69) of 23S rRNA. This functionally important stem-
loop structure forms a bridge between the 30S and 50S ribo-
somal subunits and interacts with translation factors and
tRNAs at multiple stages of protein synthesis (39).

The location of W residues in h69 and the phenotypes of the
ArluD mutants lacking h69 W residues suggest that these post-
transcriptional modifications are important for ribosome func-
tion. Strains lacking RIuD are extremely unstable and rapidly
give rise to faster-growing, suppressor-containing derivatives

* Corresponding author. Mailing address: School of Biological Sci-
ences, University of Missouri-Kansas City, 5007 Rockhill Rd., Kansas
City, MO 64110. Phone: (816) 235-6372. Fax: (816) 235-5595. E-mail:
oconnormi@umkc.edu.

¥ Published ahead of print on 29 October 2010.

154

(12, 14). Some insights into h69 ¥ functions were provided by
the identification of one such ArluD suppressor carrying a
missense mutation in the prfB gene, encoding release factor 2
(RF2) (9). The same study also showed that ArfuD mutants had
elevated levels of stop codon readthrough and that
readthrough was reduced to wild-type levels in the AriuD prfB
double mutant. These data link h69 ¥ modifications with the
activities of release factors at termination, consistent with the
now-known sites of RF-ribosome interactions, revealed by X-
ray crystallography of termination complexes (16, 17, 38).

In this study, we have isolated and characterized 21 further
ArluD suppressors. In addition to 8 different amino acid sub-
stitutions in RF2, we also recovered suppressor mutations in
the prfC gene encoding release factor RF3. In all cases, stop
codon readthrough was restored to near-wild type levels in the
ArluD prfB and ArluD prfC double mutants. We have also
examined the contribution of different E. coli strain back-
grounds to the ArluD phenotype: all reported genetic and bio-
chemical analyses of RluD function have been carried out with
K-12 strains of E. coli. While the K-12 strain has been used as
a wild-type model organism, it carries a variant and defective
RF2 protein, with a Thr residue at position 246, in contrast to
all other bacteria (including other E. coli strains) which have
Ala or Ser at this position. We have examined the effect of
Thr246 RF2 on the phenotypes conferred by the ArluD muta-
tion, by replacing the K-12 (Thr246) prfB allele with the E. coli
B (Ala246) allele. Surprisingly, deletion of the rluD gene in a
strain carrying the E. coli B RF2 (Ala246) allele had no effect
on growth, ribosomal subunit association, or stop codon
readthrough. Moreover, deletion of the rluD gene in Salmo-
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nella enterica, which also carries the typical bacterial Ala246
RF2 had negligible effects on these same parameters. These
data indicate that while h69 ¥ residues contribute to RF-
ribosome interactions, the severe phenotypes of ArluD mutants
reported in the literature are largely the result of a defective
RF2 protein in the E. coli K-12 strains used for these analyses
and are not typical of bacteria carrying fully active RF2 pro-
teins.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains used in this study are
listed in Table 1. The pSG and pLG series of lacZ plasmids used here to monitor
stop codon readthrough have been described previously (25, 27). pSG3/4 UGA
and pSG34-11 carry UGA mutations; pLG12-6, pSG12-6, and pSG163 UAG
carry UAG stop codons; and pSG25 and pSG853 carry a wild-type lacZ and a
UAA stop codon.

Media and standard genetic and molecular techniques. Rich and minimal
medium preparation, transductions with P1 and KB1 phages, preparation of
competent cells, transformations, and Hfr crosses were carried out as described
previously (4, 6, 23). Antibiotics were used at the following concentrations (in
pg/ml): ampicillin at 200, kanamycin at 25, chloramphenicol at 25, and tetracy-
cline at 12.5. Growth rates were carried out in LB medium at 37°C. B-Galacto-
sidase activities were determined on cultures grown in minimal medium with
necessary supplements and tetracycline as described previously (26). Electropo-
rations were carried out in 0.1-cm cuvettes and a MicroPulser electroporator
(Bio-Rad). Electrocompetent cells were prepared according to the literature
supplied by the manufacturer. PCR amplifications followed standard protocols
and were carried out with Tag polymerase (New England Biolabs, Ipswich, MA).
Reactions were purified on Wizard columns (Promega, Madison WI), and DNA
sequencing was carried out at the DNA core facility at the University of Missouri,
Columbia, MO.

Detergent lysates of cells were prepared as described previously (11). 30S and
50S subunits were separated from 70S ribosomes and polysomes by centrifuga-
tion through linear 10 to 40% sucrose gradients in a Beckman SW28 rotor for
18 h at 17,000 rpm. The gradients were analyzed on an ISCO gradient fractiona-
tor connected to an ISCO UVS5 detector.

Deletion of the rluD gene. The entire rluD coding region was deleted in both
E. coli and S. enterica using the method of Datsenko and Wanner (5). Plasmids
pKD3 or pKD4 were employed as templates in PCRs using 70-mer primers that
carried 50 bases of homology to the sequences upstream and downstream of the
rluD coding region and 20 bases of complementarity to the FLP recombination
target (FRT)-flanked antibiotic resistance elements in pKD3 and pKD4. PCR
products generated with E. coli-derived primers were electroporated into either
LE392 or MG1655 cells that had previously been transformed with the N Red
plasmid, pKD46, and grown in the presence of 10 mM arabinose to induce A Red
expression. Transformants were selected on chloramphenicol or kanamycin, as
appropriate. The S. enterica strain SL4213 transformed with pKD46 was grown in
the presence of 10 mM arabinose and electroporated with PCR products carry-
ing Salmonella sequences and transformants selected as described above. Fol-
lowing purification, colonies were screened for replacement of rluD sequences
with an antibiotic resistance element by whole-cell PCR, using primers flanking
the riuD sequences used for recombination of antibiotic resistance elements. The
deletion mutations were moved into new strains by transduction, using phages P1
and KB, for E. coli and S. enterica, respectively.

Selection and identification of ArluD suppressors. Faster-growing derivatives
of the E. coli K-12 MG1655 ArluD::cat strain were isolated from platings of
cultures that had been grown to saturation in rich broth. In all, 21 cultures were
grown, and a single, faster-growing colony was recovered from each culture. The
prfB gene was amplified from each faster-growing isolate and sequenced. Hfr
mapping of faster-growing isolates that had wild-type prfB sequences was carried
out as described, using the Hfr::TnZ0 kit (37). Exconjugants were selected on
medium containing both chloramphenicol and tetracycline. Exconjugants that
had lost the suppressor allele were readily identified, based on the slow growth
of these colonies on LB agar plates. Transductions with P1 lysates made on a
thr-43::Tnl0 strain were used to test if any suppressors mapped to the 99-min
region of the chromosome, where prfC is located (3). Again, loss of the suppres-
sor phenotype was scored by slow growth of the tetracycline-resistant transduc-
tants on LB agar plates. The prfC gene was then amplified and sequenced from
all isolates that had wild-type prfB sequences.

All prfB and prfC mutations were transferred into the MC279 strain back-
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ground by P1-mediated transduction. For prfB mutations, MC366, a derivative of
MC279, which carries the ser4764::Kan mutation linked to prfB, was transduced
to serine independence with phage grown on each prfB mutant. For prfC muta-
tions, the thr43::Tnl0 strain MC365 was transduced to threonine independence
with phage grown on each prfC mutant. Individual transductants were screened
for the presence of the prfC or prfB mutations by determining if they yielded tiny
or large colonies (the wild-type or ArluD suppressor phenotypes, respectively) in
a subsequent transduction with phage prepared on a ArluD::cat strain. The prfC
or prfB gene was then amplified and sequenced from putative (rluD™) suppres-
sor-containing transductants to verify the presence of the mutation. Each single
prfB or prfC mutant verified by DNA sequencing was subsequently transduced to
chloramphenicol resistance with phage prepared on a ArluD::cat strain to gen-
erate isogenic ArluD prfB and ArluD prfC double mutants, respectively.

RESULTS

Isolation and identification of ArluD suppressors. The en-
tire coding region of rluD was deleted in strains MG1655 and
LE392 and replaced with a chloramphenicol acetyltransferase
(cat) cassette (5). Both ArluD::cat strains grew slowly on solid
medium, and faster-growing derivatives invariably arose during
growth in liquid medium. The faster growth of such derivatives
appears to be due to suppressor mutations, since the rluD gene
is still deleted in these strains and previous work has shown
that faster-growing ArfluD derivatives still lack h69 ¥ residues
(13, 32). One such ArluD suppressor has been identified by
Ejby et al. (9) as a mutation in prfB. However, since h69
interacts with many translation factors, it seemed possible that
alterations in one or more of these other factors might also
suppress the slow growth of ArluD strains. In an effort to
explore the interaction of h69’s W residues with its ligands, 21
further ArluD suppressors were isolated. Of the strains carrying
these mutations, 20 had wild-type growth rates, while the re-
maining suppressor mutant (MC375) (Table 2) grew faster
than the parental MG1655 ArluD::cat strain but considerably
slower than wild-type MG1655.

The prfB gene was sequenced in all 21 suppressor strains.
Fifteen of the strains had single base changes in the coding
region, resulting in amino acid changes at 6 different positions
in RF2 (Table 1 and Fig. 1). Single isolates of E157K, A293T,
and A293V mutant RF2, two independent isolates of each of
the D131Y, E167K, E172A, and Q290K variants, and four
independent isolates of the A293V mutant RF2 were recov-
ered. To map the remaining suppressors, two suppressors with
wild-type prfB genes were used as recipients in Hfr crosses.
These experiments indicated that both strains carried suppres-
sor mutations in the 98- to 6-min arc of the chromosome,
between the origins of transfer of HfrC and HrfP4X (19). The
prfC gene, encoding release factor RF3, is located in this re-
gion (99.3 min), close to the thr gene cluster at 0 min (3). To
test if any of the remaining suppressors might be prfC alleles,
4 suppressor strains with wild-type prfB genes were used as
recipients in P1 transductional crosses with a thr-43::Tnl0 do-
nor. Approximately 44% of the tetracycline-resistant transduc-
tants showed loss of the suppressor phenotype. Sequencing of
the prfC gene from the 6 suppressor strains carrying wild-type
prfB genes showed that 5 of these carried single base changes
in the prfC coding region, resulting in amino acid changes at 4
different RF3 positions (T30I, T99I, V119F, V119G, and
D313Y) (Table 1 and Fig. 1). The remaining suppressor strain,
MC375, which grew at an intermediate rate, had wild-type
prfA, prfB and prfC sequences, indicating that none of the
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TABLE 1. Bacterial strains

J. BACTERIOL.

Strain®

Relevant genotype/RF2 or RF3 alteration

Source or reference

E. coli strains
BL21(DE3)

CSH142
MG1655
LE392
ME 97
JW2880-1

MC279
MC359
MC360
MC361

E. coli BF~ ompT gal dem lon hsdSg N(DE3 [lacl lacUV5-T7

gene 1 indl sam7 nin5])
ara A(gpt-lac)5 thi
F~ N\~ ibG 1b-50 rph-1

ginV44 supF58 lac galK2 galT22 metBI trpR55 hsdR514

MG1655 rluD::cat (“dust”)

F~ A(araD-araB)567 AlacZ4787(::rrmB-3) N~ AserA764::kan rph-1

A(rhaD-rhaB)568 hsdR514
A(lac-pro) thi leu-48 (UGA)
MC279 prfB (E. coli B)

MG1655 prfAl Tnl0 (linked) AserA764::kan

CSH142 prfB (E. coli B)

MC362
MC363
MC364
MC365
MC366
MC367
MC368
MC369
MC370
MC371
MC372
MC373
MC374
MC375
MC376
MC377
MC378
MC379
MC380
MC381

CSH142 prfB (E. coli B) ArluD::cat
LE392 ArluD::cat

MG1655 ArluD:

cat

MC279 thr43::Tnl0
MC279 serA764::Kan

MG1655 ArluD:
MG1655 AriuD:
MG1655 AriuD:
MG1655 ArluD:
MG1655 ArluD:
MG1655 ArluD:
MG1655 ArluD:
MG1655 AriuD:
MG1655 AriuD:
MG1655 ArluD:
MG1655 ArluD:
MG1655 ArluD:
MG1655 ArluD:
MG1655 AriuD:
MG1655 AriuD:

:cat prfB12 (RF2 D131Y)
wcat prfB13 (RF2 E157K)
«cat prfB14 (RF2 E167K)
wcat prfB15 (RF2 E172A)
:cat prfB16 (RF2 Q290K)
wcat prfB17 (RF2 A293T)
:cat prfB18 (RF2 A293E)
«cat prfB19 (RF2 A293V)
:cat rds-2; not RF1/2/3
scat prfC20 (RF3 T99I)
:cat prfC21 (RF3 V119F)
wcat prfC22 (RF3 V119G)
wcat rds-2 prfC23 (RF3 L126P)
wcat prfC24 (RF3 T30I)
wcat prfC25 (RF3 D313Y)

MC382
MC383
MC384
MC385
MC386
MC387
MC389
MC390
MC391
MC392
MC393
MC394
MC395
MC396

MC279 prfB12 (RF2 D131Y)
MC279 prfBI3 RF2 E157K

MC279 prfB14 (RF2 E167K)
MC279 prfBI5 (RF2 E172A)
MC279 prfB16 (RF2 Q290K)
MC279 prfB17 (RF2 A293T)
MC279 prfBI8 (RF2 A293E)
MC279 prfB19 (RF2 A293V)
MC279 prfC20 (RF3 T99I)

MC279 prfC21 (RF3 V119F)
MC279 prfC22 (RF3 V119G)
MC279 prfC23 (RF3 L126P)
MC279 prfC24 (RF3 T30I)

MC279 prfC25 (RF3 D313Y)

MC397
MC398
MC399
MC400
MC401
MC402
MC403
MC404
MC405
MC406
MC407
MC408
MC409
MC410
MC411
MC412
MC413

S. enterica strains
SL4213

TrpE91
MS60

MC279 ArluD::
MC279 ArluD::
MC279 ArluD::
MC279 ArluD::
MC279 ArluD::
MC279 ArluD::
MC279 ArluD::
MC279 ArluD::
MC279 ArluD::
MC279 ArluD::
MC279 ArluD::
MC279 ArluD::
MC279 ArluD::
MC279 ArluD::
MC279 ArluD::
MC279 ArluD::

CSH142 prfB (E. coli B) rluD::cat (from ME97)

hsdL6 hsdSA29 (r;+~ myr' s~ mg") metA22 metES551 ilv-452

trpB2 xyl-404
trpE91

cat

cat prfB (E. coli B)

cat prfB12 (RF2 D131Y)
cat prfB 13(RF2 E157K)
cat prfB14 (RF2 E167K)
cat prfB15 (RF2 E172A)
cat prfB16 (RF2 Q290K)
cat prfB17 (RF2 A293T)
cat prfBI18 (RF2 A293E)
cat prfB19 (RF2 A293V)
cat prfC20 (RF3 T99I)
cat prfC21 (RF3 V119F)
cat prfC22 (RF3 V119G)
cat prfC23 (RF3 L126P)
cat prfC24 (RF3 T30I)
cat prfC25 (RF3 D313Y)

rpsL120 galE496 Fels2™ nml

trpE91 ArluD::cat

Laboratory collection

23
Laboratory collection
Laboratory collection

CGSC

Laboratory collection
This work
Laboratory collection
This work
This work
This work
This work
Laboratory collection
Laboratory collection
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

Laboratory collection

Laboratory collection
This work

“ Unless stated, all E. coli strains are K-12, and S. enterica serovar Typhimurium strains are derived from LT2.
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TABLE 2. Effects of rluD and altered RF2 and RF3 termination factors on growth and stop codon readthrough”

Readthrough (Miller units of B-galactosidase)”

RF or RluD strain description DT (min) SG34-11 SG163 SG853 SG12-6
P UGA pUAG pUAA PUAG pSGZS WT
E. coli strains

WT (K-12) 333 131 = 16 119 = 20 9+1 58 £2 31,517 = 4,056
RF2 D131Y 26 =1 93 £8 109 = 8 6+1 85 *8 31,885 = 3,052
RF2 E157K 31+2 79 *3 105 =3 6*1 75 =7 28,441 = 2,273
RF2 E167K 303 122 + 21 113 + 13 6+1 70 =7 28,133 = 1,982
RF2 E172A 32+1 63 +4 104 =5 5%1 76 £ 7 33,373 = 2,838
RF2 Q290K 333 84 +£3 108 = 11 6+1 78 = 11 29,232 = 1,912
RF2 A293T 332 1155 104 = 10 7%1 82 + 11 30,610 = 1,454
RF2 A293E 32+1 468 + 69 115 =20 11+2 90 = 10 31,375 = 2,271
RF2 A293V 28 £2 104 = 14 117 =7 6*1 95 £ 15 28,329 + 3,486
RF2 A246 [B] 32=+1 75 £ 14 107 = 8 5+1 57+8 26,839 = 3,471
RF3 T301 332 158 =20 316 £ 15 6*1 189 + 26 37,778 = 4,182
RF3 T991 302 143 + 6 192 =5 8§+1 90 = 11 31,145 = 4,858
RF3 V119F 27+2 200 = 14 238 £ 20 9+1 182 =42 41,583 = 816
RF3 V119G 311 139 =29 201 = 12 8§+1 101 £2 35,238 = 1,997
RF3 L126P 28 =1 164 =7 178 = 8 102 98 = 11 35,904 = 2,951
RF3 D313Y 29 £ 2 163 =29 288 = 16 9+1 226 = 20 33,311 = 4,802
ArluD::cat 138 = 13 1,997 = 126 904 + 80 95 £19 148 = 14 ND

RF2 D131Y ArluD::cat 312 39+5 128 = 10 6+1 29 =2 39,999 + 2,179
RF2 E157K ArluD::cat 39+4 515 176 = 13 8§£1 35+ 10 39,369 + 3,567
RF2 E167K ArluD::cat 381 62 + 14 143 =5 6+1 303 42,370 + 3,344
RF2 E172A ArluD::cat 381 48+ 5 160 = 5 9+1 327 38,288 *+ 3,731
RF2 E290K ArluD::cat 39+3 71 =7 150 = 4 9+1 271 41,604 £ 9,100
RF2 A293T ArluD::cat 37x3 100 = 13 232 £ 35 8§£2 333 33,534 + 6,247
RF2 A293E ArluD::cat 372 426 = 53 171 = 6 6+1 29+ 3 27,631 = 2,515
RF2 A293V ArluD::cat 37x3 159 = 15 263 = 29 15*1 41 +5 41,295 + 8,044
RF2 A246 [B] ArluD::cat 32+2 49 +5 133 + 11 5+1 26 =3 38,385 = 2,687
RF3 T30I ArluD::cat 514 196 = 13 659 = 60 15+1 92 + 11 34,934 + 4213
RF3 T991 ArluD::cat 40 =2 72 £6 274 = 40 12+2 27+9 32,225 = 4,354
RF3 V119F ArluD::cat 41 +4 1419 432 £ 20 12+1 52+ 14 32,526 + 1,306
RF3 V119G ArluD::cat 34+1 68 £5 263 = 40 71 307 27,569 = 2,019
RF3 L126P ArluD::cat 28+ 2 88 =8 307 £ 13 9+1 26 =5 29,208 = 1,951
RF3 D313Y ArluD::cat 46 = 4 179 = 12 507 = 30 18 +2 86 =5 28,229 = 1,076

S. enterica strains

WT 32*3 116 =7 361 £ 13 9+2 836 34,967 = 2,116
ArluD::cat 36 =2 91 4 291 = 20 11+3 363 33,270 = 2,260

“[B]indicates the E. coli B prfB allele (RF2 A246). WT, wild type; DT, doubling time; ND, not determined (the slow-growing ArluD::cat strain was unable to maintain

the wild-type lacZ plasmid pSG25).
> Values are means + standard deviations.

termination factors was altered in this strain. The suppressor
mutation in this strain was designated rds, for rluD suppressor.
The weak suppressor phenotype of the MC375 strain pre-
vented its use as a reliable marker in Hfr crosses, and the
identity of this rds suppressor mutation has not yet been de-
termined. However, a derivative of MC375 arose spontane-
ously on agar plates that had a completely wild-type growth
rate, and sequencing of the prfB and prfC genes from this strain
(MC379) showed that it carried an RF3 protein with an L126P
substitution.

All prfB and prfC mutations were transferred to a clean
genetic background by P1-mediated transduction, and the prfB
or prfC genes were sequenced to verify the presence of the
mutant alleles in these strains. Subsequently, the ArluD::cat
mutation was introduced into each prfB and prfC mutant to
reconstruct the ArluD prfB and ArluD prfC double mutants.
Growth rate determinations showed that while the ArluD::cat
strain had a doubling time of at least 138 min, most of the
ArluD prfB double mutants had doubling times close to the
wild-type doubling time of 33 = 3 min (Table 2). Four of

the six RF3 mutants had doubling times slightly longer (40 to
51 min) than that of the wild type. Curiously, while the altered
RF3 with the L126P substitution arose as a secondary suppres-
sor, in the reconstructed strain, it suppressed the ArluD growth
defect as well as any of the strongest prfB or prfC suppressor
alleles (Table 2). All of the prfB and prfC single mutants grew
at rates close to that of the wild type.

Inactivation of rluD has been show to affect 50S-subunit
assembly and 30S-50S subunit association (14). Analysis of the
subunit association properties of the ribosomes from wild-type
and ArluD::cat strains and from the ArluD prfB and ArluD prfC
double mutants on sucrose gradients showed that while ribo-
somes from the ArluD::cat strain had substantially increased
levels of free subunits (Fig. 2), ribosomes from all of the ArluD
prfB and ArluD prfC double mutants had wild-type levels of
free subunits and 70S ribosomes (Fig. 2 and data not shown).

Effects of mutant RFs on termination. The effects of rluD,
prfB, and prfC mutations on termination were examined by
measuring the levels of stop codon readthrough, using a series
of lacZ nonsense mutants. Readthrough of all three stop
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FIG. 1. Crystal structures of RF2 bound to the 7. thermophilus 70S ribosome (A) and RF3 (B). Residues altered in mutant factors are shown
as blue spheres. The 23S rRNA helix 69 (orange) is indicated in relationship to RF2. The GGQ and SPF motifs in RF2 are shown as red and green
spheres, respectively. GDP bound to RF3 is shown as red spheres. Figures were rendered with PyMol using pdb entries 2wh1 (A) and 2hSe (B).

codons was increased substantially in the ArluD::cat mutant,
relative to the wild-type strain (Table 2 and Fig. 3). The extent
of the increases depended on the individual stop codon and the
surrounding codon context. In the ArluD prfB and ArluD prfC
double mutants, readthrough of all stop codons was less than
that observed with the ArluD::cat strain and in many instances
was close to or even less than that seen with wild-type cells.
X-ray crystallographic and cryo-electron microscopy (EM)
analyses of termination complexes have shown that release
factors RF1, RF2, and RF3 interact with h69. Alterations to
h69 structure thus have the potential to affect RF-ribosome
interactions, and it is not hugely surprising that readthrough of
all three stop codons is affected by the ArluD::cat mutation.
REF3 recycles both RF1 and RF2 from the posttermination
ribosome and effectively increases their availability to bind to
termination complexes. Thus, the effects of prfC mutations on
termination at all three stop codons in the ArluD prfC double

70S \

e e
W
(=3
92]

{
1

1!
\
L ¥ VA
A
\
wild type ArluD ArluD ArluD ArluD
(K-12) RF2 (A293V) RF3 (T99I) RF2 [B] (A246)

FIG. 2. Ribosome profiles of wild-type strain, ArluD::cat strain, and
ArluD::cat strains carrying representative prfB (RF2) and prfC (RF3)
suppressor mutations or the prfB allele [B] from E. coli B. The direc-
tion of sedimentation is from left to right. The positions of 30S and 50S
subunits and 70S ribosomes are indicated on the ArluD::cat strain
profile.

mutants reported in Table 2 are consistent with the known
interactions of RF3 with both RF1 and RF2. However, the
effects of mutant RF2 on readthrough of UAG codons in
ArluD prfB double mutants is unexpected. RF2 recognizes both
UAA and UGA, but not UAG codons. Nonetheless, the
readthrough of UAG, as well as UGA and UAA, codons seen
with the ArluD::cat mutant is decreased substantially by altered
RF2 in the ArluD prfB double mutants.

The effects of altered RF2 on UAG readthrough in ArluD
prfB double mutants raises the possibility that these substitu-
tions may alter recognition of the cognate stop codon by the
mutant RF2. Consistent with this proposal, several of the RF2
mutations isolated by us and by Ejby et al. (9) as ArluD sup-
pressors have previously been shown to affect recognition of
cognate termination codons, when the mutant factors are over-
expressed from high-copy-number plasmids (35). We have ad-
dressed the possible effects of altered RF2 factors on termina-
tion at UAG codons by asking if the mutant RF2s can assume
UAG-decoding functions and render RF1 dispensable. The
prfAl (R137P) mutation renders RF1 temperature sensitive,
and the mutant fails to grow at 42°C (15, 33). A series of prfA1l
prfB double mutants was constructed by introducing prfB mu-
tations into the prfA1 strain MC360. However, both the paren-
tal prfAl strain and the prfAl prfB derivatives were equally
unable to grow at 42°C. We conclude that none of the mutant
RF2s studied here has sufficient UAG-decoding activity to
render RF1 dispensable.

We next asked if UAG decoding by a suppressor tRNA was
affected by the altered RF2 proteins. Since decoding of a stop
codon by a suppressor tRNA involves competition between the
tRNA and a release factor, we reasoned that any UAG decod-
ing by the mutant RF2 should decrease UAG reading by the
tRNAS"-derived suppressor, SupD. However, measurements
of B-galactosidase activities in a series of isogenic strains car-
rying supD67, the UAG lacZ reporter plasmid pLG12-6, and
selected prfB alleles showed that the UAG suppressor activity
of supD67 was unaffected by any of the prfB mutations exam-
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FIG. 3. Effects of h69 ¥ modification and mutant release factors on UGA readthrough. Wild-type and mutant strains were transformed with
plasmid pSG3/4 UGA, carrying a UGA mutation in the 5’ end of the coding region of lacZ. Synthesis of B-galactosidase requires readthrough of
this UGA stop codon. Bars represent (Miller) units of B-galactosidase activity.

ined (data not shown). While these results cannot completely
exclude near-cognate decoding by altered RF2, they suggest
that at least when expressed from single-copy, chromosomal
genes, any near-cognate decoding by the mutant RF2s occurs
at a low level. Other explanations for the effects of altered RF2
on UAG readthrough are considered in Discussion.

Effects of strain background on the ArluD phenotype. The
experiments described above implicate termination as the
main ribosomal activity affected by loss of h69 V¥ residues.
However, the E. coli K-12 strains in which all the analyses of
rluD function have been carried out already carry a variant
RF2 with a threonine residue at position 246. This is in con-
trast to class I RFs in other bacteria, including other E. coli
strains, that carry serine or alanine at this position (8). More-
over, the K-12 Thr246 variant of RF2 is distinctly less effective
in termination, both in vivo and in vitro, than the Ala246 RF2
(8, 24). To address any potential contribution of the K-12
Thr246 RF2 to the ArluD phenotype, we have constructed
K-12 derivatives carrying the E. coli B prfB allele (Ala246 RF2)
and then inactivated the rluD gene in this genetic background.
Strains MC279 and MC359 are isogenic, differing only in the
identities of their prfB alleles. Growth of MC359, which carries
the E. coli B prfB allele, is indistinguishable from that of
MC279, which carries the K-12 prfB allele. Termination at
UGA codons is detectably more efficient in MC359 than in
MC279, as has previously been reported (24). However, in
distinct contrast to MC279, introduction of the ArluD::cat mu-
tation into the MC359 strain background had no effect on
growth and did not promote increased readthrough of stop
codons (Table 2). In addition, cell lysates from the Ala246 RF2
ArluD::cat strain showed normal levels of free subunits and 70S
ribosomes (Fig. 2). In effect, the wild-type E. coli B prfB allele
is as good a suppressor of the ArluD phenotype as any of the
selected prfB or prfC suppressor mutations. To confirm this
result, the K-12 prfB allele was replaced with the E. coli B prfB

allele in two other K-12 strains, CSH142 and BW25113 (the
parental strain of the Keio knockout collection [2]) to give
strains MC361 and MC415, respectively. Inactivation of the
rluD gene in MC361 or MC415 by introduction of the
ArluD::cat allele constructed here (to give strains MC362 and
MC416, respectively) similarly did not affect growth or ribo-
somal subunit association (not shown). A subsequent genetic
cross showed that the slow-growth phenotype, characteristic of
ArluD mutants could be regenerated in the ArluD::cat strain
MC362 by reintroduction of the K-12 prfB allele. When MC362
was transduced to kanamycin resistance with phage prepared
on a K-12 AserA764::kan strain (serA and prfB are tightly
linked), approximately equal numbers of large and small trans-
ductants were recovered. The prfB gene from four small and
four large transductants was amplified and sequenced. All four
of the small transductants had inherited the K-12 prfB allele
along with the linked serA764::kan marker, while the four large
transductants had retained the E. coli B prfB allele. This ex-
periment confirms that a fully functional (Ala246) RF2 protein
alone can rescue the slow growth of rluD-inactivated strains
and that no additional suppressor mutations are present in
strain MC262.

While the pseudouridlylation of h69 in the ArluD::cat strains
constructed here has not been examined directly, it has been
examined previously with strains carrying an rluD gene inter-
rupted by a cat cassette (32). The rluD::cat disruption allele
studied by Raychaudhuri et al. (32) is also present in strain
ME97 (9) and was introduced by P1 transduction into strains
MC41 and MC361, carrying the E. coli K-12 and B prfB alleles,
respectively. All MC41 chloramphenicol-resistant transduc-
tants were small and slow-growing and gave rise to faster-
growing derivatives, while the MC361 transductants grew at a
wild-type rate. Moreover, the effects of the rluD::cat insertion
allele on ribosomal subunit association and readthrough of
stop codons were identical to that promoted by the ArluD::cat
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deletion allele constructed in this study (data not shown). We
conclude from these experiments that the ArluD::cat deletion
allele constructed here, as well as the previously characterized
rluD::cat disruption allele, interact identically with the K-12
and B prfB alleles. Together, these results suggest that the slow
growth and ribosomal defects associated with the ArluD mu-
tants reported here and by other laboratories are largely a
consequence of a defective RF2 protein, present in K-12
strains of E. coli.

Deletion of rluD in Salmonella enterica. To examine the ef-
fects of rluD loss in other bacteria, the rluD gene was inacti-
vated in Salmonella enterica serovar Typhimurium. Like most
bacteria, S. enterica has an RF2 with Ala at position 246.
Isogenic rluD™ and ArluD::cat S. enterica strains both grew at
similar rates in liquid medium (Table 2) and displayed similar
levels of ribosomal subunits and 70S ribosomes on sucrose
gradients (not shown). Readthrough of stop codons in both
strains occurred at similar levels, with the exception of UAG
readthrough, which appeared to be slightly more efficient in
the ArluD::cat strain, at least in one UAG sequence context
(pSG12-6) (Table 2). The lack of any strong phenotype asso-
ciated with rluD inactivation in Salmonella strains resembles
what is observed with E. coli strains carrying the Ala246 RF2
protein. Together, these results suggest that loss of h69 ¥
residues has little consequence in bacteria with fully active
termination factors and that the previously reported pheno-
types of AriuD mutants are a peculiarity of E. coli K-12 strains
carrying a partially defective RF2 protein.

DISCUSSION

Pseudouridines have been detected, or inferred, at con-
served positions in h69 in bacterial, archaeal, and eukaryal
ribosomes. The number and locations of these modifications
vary between organisms; E. coli, Bacillus subtilis, and Deino-
coccus radiodurans have WV at positions 1911, 1915, and 1917,
and V1915 is methylated in at least E. coli and D. radiodurans.
Thermus thermophilus has WV at positions 1911 and 1917, Halo-
arcula marismortui has ¥ at 1915 and 1917, while Sulfolobus
acidocaldarius has a single W at position 1917 (7, 20, 22, 28). In
Saccharomyces cerevisiae cytoplasmic ribosomes, Ws are found
at positions 1915 and 1917, as well as in the stem region of h69
at positions 1921 and 1923 (E. coli numbering) (18). Spectro-
scopic analyses of h69 oligonucleotides suggest that ¥ residues
facilitate conformational changes in the RNA and influence its
stability (1). Investigations by Gutgsell and colleagues sug-
gested that h69 W modifications are important for ribosome
biogenesis and function (14). The identification of a suppressor
mutation in the prfB gene by Ejby et al. (9) that suppressed all
of the defects associated with rluD inactivation provided a link
between termination of translation and h69 ¥ modifications.
In the work reported here, the isolation of additional suppres-
sor mutations in prfB and the identification of a distinct class of
suppressors in the prfC gene encoding RF3, supports and ex-
tends the link between termination and h69 ¥ residues. How-
ever, the demonstration that the slow growth, impaired subunit
association, and increased readthrough phenotypes associated
with rluD inactivation are limited to E. coli K-12 strains carry-
ing a partially defective RF2 protein suggests that wild-type
ribosomes can tolerate loss of h69 ¥ modifications without
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compromising function. Thus, as is observed for the other ¥
modifications in 23S and 16S rRNAs, h69 ¥ modifications also
appear to be largely dispensable in wild-type bacteria.

Effects of altered RF2 and RF3 on termination functions.
The altered RF2 (E172K) isolated by Ejby et al. (9) that sup-
pressed the growth defects caused by RluD loss displayed more
efficient termination of UGA codons than the corresponding
wild-type factor, in rluD™ as well as ArluD::cat backgrounds.
This result was interpreted in terms of a gain-of-activity mu-
tation in RF2 that made the factor inherently more effective in
termination on wild-type as well as on hypomodified ribo-
somes. All of the altered RF2 and RF3 release factors isolated
here restore the stop codon to near-wild-type levels in the
ArluD::cat strain, consistent with the proposal that defective
termination underlies most, if not all, of the defects associated
with loss of h69 W residues. While most of the altered RF2
factors isolated here also terminate at UGA more effectively
than wild-type RF2 in rluD™ strains, the three mutant RF2s
with changes at Ala293 are distinct and display higher levels of
UGA readthrough. In addition, in rluD™ strains, all of the
mutant RF3 factors show modest increases in UAG and UGA
readthrough levels. Thus, while these mutant RF2 and RF3
factors can improve the defective termination associated with
undermodified ribosomes, not all the factors are inherently
more efficient in termination functions on wild-type ribosomes.
This suggests that these mutant factors may have a differential
interaction with modified versus hypomodified ribosomes or
may ameliorate a step in the termination reaction that is
uniquely rate limiting in undermodified ribosomes.

Defective termination has also been proposed to underlie
the defects in rRNA processing and ribosome assembly that
result in the small amounts of unstable 70S ribosomes and the
accumulation of precursor particles observed with ArluD
strains (9). According to this model, increased readthrough
affects synthesis of RNase III and the translational coupling
mechanism regulating ribosomal protein synthesis. Our obser-
vation that ribosomal subunit assembly and association are
restored to wild-type levels in the suppressor-containing strains
is consistent with such a model.

The class II release factor RF3 removes the class I release
factors RF1 and RF2 from the ribosome, following peptide
release. In so doing, RF3 increases the amounts of class I
factors available for binding to pretermination ribosomes and
enhances the overall efficiency of termination. The crystal
structure of RF3 - GDP reveals that the protein is folded into
three distinct domains (10). Domain I (residues 3 to 278)
consists of a GTPase domain and “an EF-G-like G’ subdo-
main.” Five of the six mutants isolated here (the T30I, T991,
V119F, V119G, and L126P mutants) affect residues located in
domain I, while the remaining mutant carries an alteration
(D313Y) in a residue that is located in the interface between
domains II and III. RF3 mutants with alterations in the G
domain and domain III that suppressed the temperature sen-
sitivity of both RF1 and RF2 mutants have been isolated by
Matsumura et al. (21). Suppression of RF1 and RF2 temper-
ature sensitivity likely occurs through enhanced recycling of
class I release factors off the ribosome by the altered RF3, and
this mechanism may also underlie suppression of the termina-
tion defects in the ArluD::cat strain. The most recent model for
RF3-dependent recycling of class I release factors posits that
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GDP is exchanged for GTP upon binding of RF3 - GDP to the
ribosome. GTP binding affects the conformation of both RF3
and the ribosome and ultimately results in the release of the
class I release factors (10). The location of many of the
ArluD::cat suppressor mutations in domain I of RF3 suggests
that these alterations may affect transitions between nucleo-
tide-free, GDP- and GTP-bound forms of RF3 on the ribo-
some. The D313Y substitution analyzed here lies in the do-
main II-I1I interface, and Gao et al. (10) also showed that the
adjacent H311A substitution affected GDP release from ribo-
some-bound RF3. Thus, the D313Y mutation is also posi-
tioned to affect nucleotide-RF3 interactions. Alteration of the
GDP-to-GTP exchange rates on RF3 has the potential to affect
its recycling of class I factors and thus the efficiency of termi-
nation.

Release factor RF2 is a four-domain protein. Domain 1
contributes to interactions with RF3, while domain 2 carries
the SPF “tripeptide anticodon” that contributes to stop codon
recognition. Domains 2 and 4 pack against one another to form
a central core of the protein. Extending from this central core
is domain 3 which contains the invariant GGQ motif that
interacts with the peptidyltransferase center of the 50S subunit
and is required for triggering hydrolysis (31). Residues D131,
E157, E167, and E172 described here are in domain 2, while
Q290 and A293 are in domain 3. None of the RF2 residues
mutated here is seen to make direct contact with h69 in the
crystal structure of 7. thermophilus RF2 bound to the ribosome
(38). The closest approaches are by E167 and D131, which are
6.63 and 6.36 A away from ¥1911 and C1914, respectively.
However, P160 (equivalent to E172 of E. coli RF2) contacts
R125 of protein S13. The same S13 residue, in turn, makes a
backbone contact with A1913 in h69, and A1913 is believed to
play a pivotal role in connecting stop codon recognition in the
decoding center with activation of hydrolysis by the peptidyl-
transferase center during termination (16, 17). Thus, while
none of the domain 2 residues studied here appears to make
direct contacts with h69, they have the potential to perturb
S13-RF2 contacts and, consequently, the interaction between
S13 and h69.

In solution, the class I RFs can assume both closed and
extended conformations (36). However, only in the extended
conformation is it possible for the “tripeptide anticodon” and
GGAQ motifs of RF1 or RF2 to interact simultaneously with the
ribosomal decoding and peptidyltransferase centers, respec-
tively. X-ray crystal structures of RF1 or RF2 bound to the
ribosome show that h69 interacts with a small “switch” loop
(residues 308 to 322 in E. coli RF2), connecting domains 3 and
4. Two of the RF2 residues described here, Q290 and A293, lic
in an adjacent helix (a7), and mutations in these residues
conceivably may affect the orientation of the switch loop or the
GGQ motif at either end of the a7 helix, upon ribosome
binding.

UAG decoding in ArluD and ArluD prfB strains. The in-
creased readthrough of stop codons observed in ArluD::cat
strains (Table 2) (9) indicates that posttranscriptional modifi-
cations of h69 affect the efficiency of termination, most likely
by altering RF-ribosome interactions. However, among the 20
suppressors of the growth defect caused by rluD inactivation,
no mutations affecting RF1 were recovered. Surprisingly, sup-
pressor mutations in the release factor RF2 restored wild-type

23S rRNA PSEUDOURIDINES AND TRANSLATION TERMINATION 161

readthrough at the near-cognate UAG codon as well as the
cognate UAA and UGA codons in ArluD::cat strains. While
our genetic data cannot completely exclude the possibility that
the mutant RF2s decode UAG codons, the data suggest that
any such near-cognate reading occurs at low levels.

Mora et al. (24) have argued that one of the consequences of
the Thr246 variant RF2 in K-12 strains is that UAA codons in
these strains are read predominantly by RF1. If the interaction
of the Thr246 RF2 with the ribosome is compromised by loss
of h69 ¥ modifications, the burden of UAA decoding may shift
even further onto RF1. Since UAA codons are the most com-
monly used termination codons, particularly in highly ex-
pressed genes, titration of the available RF1 at UAA codons
will decrease the amount of RF1 available at the relatively rare
UAG codons, promoting their readthrough by near-cognate
tRNAs. Restoration of efficient RF2-dependent termination in
our suppressor-containing strains would also have the effect of
redistributing the RF1 available for UAG decoding. In sum-
mary, the Thr246 RF2 present in K-12 strains, because of its
inherently weaker termination activity, may be uniquely sensi-
tive to perturbation of ribosome-RF interactions, such as might
be caused by loss of h69 W residues. In addition, #uD inacti-
vation in K-12 strains may also indirectly affect UAG
readthrough, through titration of limiting RF1 by abundant
UAA codons. The RF2 with Ala at position 246, as well as the
wild-type RF1 and RF3 factors, are fully active and are thus
more resilient to disruption of RF-ribosome interactions.

The prfB alleles in different strains of E. coli affect the
phenotypes of rluD inactivation. The K-12 strain of E. coli has
been used extensively for genetic and biochemical studies since
the 1940s. The prfB allele present in K-12 strains, encoding Thr
at position 246, appears limited to K-12 strains and absent
from other strains of E. coli, including the B strains and the C6
strain MREG600, which has been used extensively for biochem-
ical analyses (8). Mora et al. (24) have argued that the truly
wild-type E. coli prfB allele, such as that found in B strains, has
an Ala at position 246 and that the K-12 prfB allele should be
considered mutant. In in vitro termination assays, the Thr246
RF2 is less effective than the Ala246 RF2 (8). Here, we show
that the previously reported growth and functional defects
associated with 7luD inactivation are eliminated when the
Thr246 RF2 in K-12 strains is replaced with the Ala246 RF2
from E. coli B. In addition, inactivation of rluD in Salmonella,
which also carries the more typical bacterial Ala246 RF2, does
not affect growth, stop codon readthrough, or ribosomal sub-
unit association. These results lead us to conclude that inacti-
vation of rluD in bacteria carrying fully active release factors
has little effect on cell physiology. It is of interest to note that
Sato and Iino (34) have reported recently that inactivation of
rluD in Bifidobacterium bifidum does not affect growth of this
Gram-positive bacterium, consistent with our conclusion that
rluD loss is tolerated in wild-type bacteria.

The systematic analyses of rRNA W synthases in E. coli by
Ofengand and Campo indicated that, with the notable excep-
tion of rluD, each of the rRNA W synthase genes could be
individually inactivated with little obvious effect on phenotype
(29). In addition, a strain lacking multiple synthases (the ArluB
ArluC ArluE ArluF strain) is only modestly affected in growth
rate (29). The work presented here shows that when truly
wild-type bacterial strains are used, #uD can also be inacti-
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vated with little apparent consequence, and this suggests that it
may be now possible to construct strains lacking all rRNA ¥
residues. Experiments to test this possibility are in progress.
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