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The functional significance of ribosomal proteins is still relatively unclear.
Here, we examined the role of small subunit protein S20 in translation using
both in vivo and in vitro techniques. By means of lambda red recombineer-
ing, the rpsT gene, encoding S20, was removed from the chromosome of
Salmonella enterica var. Typhimurium LT2 to produce a ΔS20 strain that
grew markedly slower than the wild type while maintaining a wild-type
rate of peptide elongation. Removal of S20 conferred a significant reduction
in growth rate that was eliminated upon expression of the rpsT gene on a
high-copy-number plasmid. The in vitro phenotype of mutant ribosomes
was investigated using a translation system composed of highly active,
purified components from Escherichia coli. Deletion of S20 conferred two
types of initiation defects to the 30S subunit: (i) a significant reduction in the
rate of mRNA binding and (ii) a drastic decrease in the yield of 70S
complexes caused by an impairment in association with the 50S subunit.
Both of these impairments were partially relieved by an extended incubation
time with mRNA, fMet-tRNAfMet, and initiation factors, indicating that
absence of S20 disturbs the structural integrity of 30S subunits. Considering
the topographical location of S20 in complete 30S subunits, the molecular
mechanism by which it affects mRNA binding and subunit docking is not
entirely obvious. We speculate that its interaction with helix 44 of the 16S
ribosomal RNA is crucial for optimal ribosome function.
© 2010 Elsevier Ltd. All rights reserved.
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Introduction

In the ribosome, ribosomal RNAs (rRNAs)
constitute the major structural and functional
components. In addition, all ribosomes contain
proteins (r-proteins) that have been assigned a
broad architectural role, stabilizing the rRNA in an
optimal configuration. Considerable effort has been
dedicated to defining the role of the rRNAs in
decoding and peptidyl transfer.1–3 In contrast,
comparatively little is known about the specific
functions of individual r-proteins. Despite quite a
ess:
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high degree of conservation, many r-proteins are
nonessential in Escherichia coli, although ribosomal
function is compromised in their absence.4–7 Thus,
although modern ribosomes require proteins for
optimal function, data to ascribe specific roles to
particular proteins are often lacking. To gain further
insight into the roles of individual r-proteins, it is
possible to delete nonessential r-protein genes using
the lambda red recombineering approach and
study the effect of those deletions on ribosome
function in vivo and in vitro.
Ribosomal protein S20, encompassing 87 amino

acids, is encoded by the rpsT gene and is specific for
bacterial ribosomes. Although it is a designated 30S
protein, it has occasionally been copurified with the
50S subunit and misidentified as large subunit
protein L26.8 High-resolution structural studies
have placed S20 at the bottom of the body of the
30S subunit, where it interacts with several helices of
the 16S rRNA, including helix 44 (h44).9–11 h44, also
known as the penultimate stem, constitutes a major
d.
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Fig. 1. Construction and confirmation of ΔS20 knock-
out mutant. (a) The kanamycin resistance cassette (KanR)
was PCR amplified using primers with 50-nt tails
homologous to the flanking sequence of rpsT (black
boxes). This 50-nt homology was utilized to allow the
cassette to recombine into the chromosome and to replace
rspT. (b) Southern blot confirmation of two independent
rpsT∷Kan transformants. The probe specific for rspT
produced a strong signal in the case of wild type (lane
labeled WT) but failed to hybridize to genomic DNA
isolated from rpsT knockout clones (ΔrpsT). A probe
specific for the gene sdaC was used as an internal positive
control.
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RNA structural element as it runs along the entire
length of the 30S body on the intersubunit face.9

This dynamic helix not only forms many of the
bridges connecting the 30S to the 50S subunit in the
70S ribosome but also has been implicated in
decoding at the A-site.2,12 S20 interacts with the 5′
domain and h44 of the 3′ minor domain of 16S
rRNA, promoting their active conformation during
30S biogenesis.13

The first described S20 mutants were identified in
the early 1970s as suppressors of aminoacyl-tRNA
synthetase mutations.14 Later, the first S20 knockout
mutants were isolated as revertants of erythromycin
and streptomycin dependence in E. coli.15 Follow-
up studies aimed at delineating the ribosomal defect
caused by loss of S20 indicated a poor capacity for
association with the 50S subunit and a defect at the
initiation step.5,16,17 In one case, the authors sug-
gested poor fMet-tRNAfMet binding and instability
of 30S initiation complexes as the sources of
defective initiation.17 In another case, an alteration
in the methylation pattern of the 16S rRNA was
proposed as the primary cause of defective subunit
association.5 More recently, genetically constructed
knockouts of S20 have been created in E. coli;
however, to date, no functional characterization of
these mutants has been reported. Thus, despite the
information provided by these studies, no exact
functional role of S20 has been defined.
Initiation of protein synthesis proceeds viamultiple

substeps and is kinetically tuned by the three
initiation factors IF1, IF2, and IF3.18,19 The majority
ofmRNAsare correctly positioned on the 30S subunit
via interactions between the Shine–Dalgarno (SD)
sequence on the mRNA and the anti-SD sequence
at the 3′ end of 16S rRNA. The initiation codon is
thereby adjusted to the P-site and is bound by
initiator tRNA, fMet-tRNAfMet, in a ternary complex
with IF2 and guanosine 5′-triphosphate (GTP).20 IF3
acts as an anti-association factor and prevents
premature association of the 50S subunit, whereas
IF1 sterically blocks tRNA binding to the A-site and
enhances the activities of both IF2 and IF3.18 The
transition from a 30S preinitiation complex (preIC) to
an elongation competent 70S initiation complex is
complete upon docking of the 50S subunit.19

In this study, we describe the construction of a
Salmonella enterica var. Typhimurium LT2 (S. typhi-
murium) mutant lacking S20 (ΔS20) and define the
defects associatedwith its deletion.S. typhimuriumhas
long-served as a model organism for genetic studies,
and considering its very close genetic relationship
with E. coli at the molecular level, it represents an
alternative model organism for examining the funda-
mentals of ribosome function. Using a highly opti-
mized in vitro translation system composed of
purified components from E. coli, we compared S.
typhimurium wild-type and ΔS20 ribosomes in terms
of mRNA binding, fMet-tRNAfMet binding, and
subunit association. The results presented here
demonstrate that loss of S20 was associated with an
initiation defect, as previously suggested. More
importantly, however, the data revealed the molecu-
lar basis of this defect as a significant reduction in the
rate of mRNA association rather than impairment in
P-site fMet-tRNAfMet binding. We also provide
quantitative kinetic data of subunit association
measured by light scattering, indicating that the
absence of S20 drastically reduced the yield of 70S
particles—a defect that was mitigated when mRNA
binding to ΔS20 30S subunits was maximized.
Results

Strain construction and confirmation of rpsT
deletion

The rpsT gene was deleted and replaced on the
chromosome of S. typhimurium with a kanamycin
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resistance cassette generating strain DA10068
(Fig. 1a). Deletion of rpsT was confirmed by
Southern blot hybridization (Fig. 1b).
Fig. 2. In vivo phenotype of ΔS20 knockout mutant. (a)
Growth curves of the wild type (black circles) and ΔS20
knockout mutant (gray squares) in LB at 37 °C. Generation
times of the wild type and ΔS20 knockout mutant during
exponential growth (inset). (b) Restoration of fitness by
induced expression of S20 from plasmid pUCBAD∷rpsT.
Cellswere grownonLBagar supplementedwith 200μg/ml
ampicillin both in the presence and in the absence of
arabinose (0.08%). (c) Peptide elongation rates for the ΔS20
strain (open circles) and wild-type strain (filled circles), as
measured by the rate of formation of β-galactosidase. The
x-axis intercept represents the time required to synthesize
the first detectable molecule of β-galactosidase.
Loss of S20 reduces cell fitness

The fitness cost conferred by loss of S20 was
evident as reduced growth at all temperatures in
rich medium and the inability to grow in minimal
medium. Under standard growth conditions (LB
broth at 37 °C), the generation time of DA10068 was
78 min, compared to 26 min for the wild-type strain
DA6196 (Fig. 2a). Strain DA10068 also displayed a
lag phase longer than that of the wild type (see
Fig. 2a), a feature that is possibly related to its
temperature sensitivity. The slow-growth pheno-
type was fully complemented by expression of
plasmid-borne wild-type rpsT (Fig. 2b), showing
that the reduction in fitness was specifically due to
absence of S20.

Loss of S20 does not decrease the rate of
peptide elongation in vivo

With respect to ribosome function in vivo, the rate
of peptide elongation for the wild-type and ΔS20
strains was determined using a standard assay
where the rate of induction of β-galactosidase is
determined.21 The results demonstrate that S20-
depleted ribosomes had the same peptide elonga-
tion rate as wild-type ribosomes (11.4 and 11.2 aa/s,
respectively). However, a significant reduction in
the rate of accumulation of the β-galactosidase
enzyme was clearly evident (compare the slopes in
Fig. 2c), indicating a perturbation of a step in
translation other than elongation. Most likely, this
limiting step was translation initiation, as this would
directly restrict the number of rounds of protein
synthesis per mRNA and thereby reduce the
amount of protein produced.

Slow mRNA association with ΔS20 30S subunits

The ability of wild-type and ΔS20 30S subunits
(30 pmol) to bind 32P-labeled mRNA (6 pmol) was
determined by nitrocellulose filtration both in the
presence and in the absence of initiation compo-
nents (fMet-tRNAfMet and all three initiation
factors). The data demonstrate that S20-deficient
30S subunits associated with mRNA at a consid-
erably slower rate (0.13 min− 1) than the wild type
(0.45 min− 1) (Fig. 3a). This rate difference was also
apparent in the absence of initiation components
where rate constants of 0.15 and 0.41 min−1 were
calculated for ΔS20 and wild-type 30S subunits,
respectively (Fig. 3b). S20-depleted 30S subunits
showed only 55–65% mRNA binding compared to
the wild type (100%) in 10 min (Fig. 3a) and
reached a plateau (75–90% of wild type) in 40 min,
which could not be improved by further incuba-
tion. This deviation in rate and yield implied that
ΔS20 30S subunits were highly defective in mRNA
binding. Upon reconstitution with purified S20-
His, this defect was essentially removed, suggest-
ing that the reduced rate of mRNA association
with mutant 30S subunits was solely due to
absence of the S20 protein (Fig. 3a, inset).



Fig. 3. Activity of wild-type andΔS20 30S subunits in mRNA and fMet-tRNAfMet binding (see Materials andMethods
for details). (a) Association of mRNA with 30S subunits (wild type, filled circles; ΔS20, open circles). 30S subunits (wild
type, gray bars; ΔS20, white bars) were incubated with S20-His for 30 min prior to the binding of mRNA and fMet-
tRNAfMet (inset). (b) mRNA association with wild-type (filled circles) and ΔS20 (open circles) 30S subunits in the absence
of all initiation components. (c) Binding of 3H-labeled fMet-tRNAfMet to 30S subunits as a function of time (wild type,
filled circles; ΔS20, open circles). (d) mRNA binding as a function of mRNA concentration following 10 min (wild type,
filled circles; ΔS20, open circles) and 40 min (ΔS20, open squares) of incubation.
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The rate of 3H-fMet-tRNAfMet binding to wild-
type (0.41 min− 1) and ΔS20 (0.14 min− 1) 30S
subunits was identical to that obtained for
mRNA binding (Fig. 3c). As stable binding of
initiator tRNA to the 30S P-site requires prior
binding of mRNA, this result implied that loss of
S20 did not cause any additional defect in fMet-
tRNAfMet binding. Since the rates of fMet-tRNAfMet

binding emulated those of mRNA binding, counts
from 3H-labeled fMet-tRNAfMet were used as the
readout signal to detect mRNA binding in further
experiments.

A fraction of ΔS20 30S subunits are inactive in
mRNA binding

It is noteworthy that maximum mRNA binding to
ΔS20 30S subunits reached a plateau at 75–90% of
the wild-type level (Fig. 3a). To establish whether a
fraction of the ΔS20 30S population was inactive in
mRNA binding, we used 3H-labeled fMet-tRNAfMet

counts to detect mRNA association over a range of
concentrations and at different incubation times
(Fig. 3d). Under conditions where the amount of
mRNA (3 and 6 pmol) was considerably less than
the amount of 30S (30 pmol), the extent of mRNA
binding to ΔS20 30S subunits almost matched that
of the wild type. However, the difference between
ΔS20 and wild-type 30S subunits in their capacity to
bind mRNA became evident as the mRNA concen-
tration was increased (25–150 pmol). After 10 min of
incubation, only∼50% of the mutant 30S population
was active in mRNA binding compared to ∼75%
activity when the incubation time was extended to
40 min. This observation confirms that maximum
mRNA binding required 40 min and shows that
approximately 25% of the ΔS20 30S population was
inherently impaired in mRNA binding. Any further
increase in the amount of mRNA or incubation time
did not improve mRNA binding.



Fig. 5. Subunit association characteristics of wild-type
and ΔS20 30S subunits. (a) Association of naked 30S
subunits (wild type, black squares; ΔS20, red circles) with
wild-type 50S subunits at a 1:1 ratio. Association of naked
30S subunits (wild type, gray squares; ΔS20, blue circles)
with wild-type 50S subunits at a 1:5 ratio. (b) Association
of 30S preICs with wild-type 50S subunits (1:1 ratio)
following preincubation with mRNA, fMet-tRNAfMet, IF1,
and IF2 for 10 min (wild type, black squares; ΔS20, red
circles) and 40 min (ΔS20, green circles).
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S20-depleted 30S subunits are not defective in
fMet-tRNAfMet binding

To eliminate the possibility that full mRNA
occupancy of ΔS20 30S subunits was disguised by
unstable fMet-tRNAfMet binding, the rate of fMet-
tRNAfMet dissociation was determined (Fig. 4). 3H-
labeled fMet-tRNAfMet was chased with an excess of
unlabeled initiator tRNA, and its rate of replacement
on 30S complexes was measured over time. Disso-
ciation rate constants were estimated from the
resulting curves and were highly similar for the
wild-type and ΔS20 30S subunits (0.017 and
0.015 s−1, respectively). This observation implies
that the ΔS20 30S preIC was as stable as its wild-
type counterpart, in contrast to what has previously
been reported.17 The possible causes of this discrep-
ancy are discussed later. At zero time, the amount of
3H-fMet-tRNAfMet bound to ΔS20 30S subunits was
∼70% compared to the wild type (Fig. 4). This
lower saturation plateau was due to the fraction of
ΔS20 30S subunits that were inactive in mRNA
binding (∼25%) and therefore also impaired in fMet-
tRNAfMet binding.

Absence of S20 severely reduces the yield,
but not the rate, of 70S complex formation

The kinetics of 50S association with wild-type and
ΔS20 30S subunits was monitored using light
scattering.22 In naked subunit association (Fig. 5a),
ΔS20 30S subunits were almost inactive compared
to wild type when the 30S and 50S subunits were
used in a 1:1 ratio, as well as when 50S subunits
were added in excess. These data indicated that
ΔS20 30S subunits, in a factor-free state, were highly
defective in association with 50S subunits. Interest-
ingly, this defect was reduced when association was
performed with mRNA-programmed ΔS20 30S
subunits in the presence of fMet-tRNAfMet and
Fig. 4. Dissociation of fMet-tRNAfMet from wild-type
and ΔS20 30S complexes. The dissociation rate of 3H-
labeled fMet-tRNAfMet from 30S preICs (wild type, filled
circles; ΔS20, open circles) was calculated by its replace-
ment with an excess of unlabeled fMet-tRNAfMet as a
function of time.
initiation factors (Fig. 5b). After the 30S preIC had
been allowed to form over a period of 10 min,
approximately 40% of the subunits formed a stable
complex with 50S subunits, compared to only ∼20%
in the absence of factors. When the incubation time
was extended to 40 min to allow maximum binding
of mRNA and fMet-tRNAfMet prior to subunit
association, the yield of 70S initiation complexes
rose significantly and reached approximately 65% of
the wild-type yield (Fig. 5b). Interestingly, both
wild-type and ΔS20 30S preICs associated with 50S
subunits at similar rates (ΔS20, 19 and 16 s−1; wild
type, 21 s−1).
Discussion

Among the 54 individual proteins of the bacterial
ribosome, small subunit protein S20 has attracted
much attention since the discovery of S20 mutants
more than 30 years ago.14,23 As for many other r-
protein mutants, antibiotic selection systems com-
bined with mutagenesis were primarily used to
isolate S20 knockout mutants.4 Although such



Table 1. Review of the defects associated with S20-depleted 30S subunits

Initiation components Incubation time (min) mRNA binding (%) fMet-tRNAfMet binding (%) Subunit association (%)

+ 10 55–65 ∼55 ∼40
+ 40 75–90 60–80 ∼65
− 10 60 ND ≤20
− 40 75 ND ≤20

ND, not determined.
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studies clearly demonstrated the nonessential na-
ture of S20, the mutagenesis methods employed to
isolate knockout strains constituted a major caveat
for physiological and functional studies. In this
report, lambda red recombineering was used to
precisely remove the rpsT gene from the chromo-
Fig. 6. Initiation defects caused by removal of S20 and
representation of translation initiation reflecting the two steps p
ΔS20 30S subunits is reduced by ∼3.5-fold, causing a delay in
ΔS20 30S subunits is highly impaired, but this defect is partia
initiation factors is maximized. (b) Schematic illustration summ
correct orientation of h44. S20 (green ribbon) interacts with, an
C1399–G1504). mRNA (orange) binds around the neck of the 3
cyan). The bridges (yellow) mediated by h44 are B2a, B3, B5, a
gray. The image was generated from the coordinates of the
(Protein Data Bank ID 2J00).28
some of S. typhimurium to create a ΔS20 strain
(DA10068). In agreement with earlier reports,4,5 this
ΔS20 strain displayed a significant loss of fitness
seen as a 3-fold reduction in exponential growth rate
that could be restored by the expression of S20 from
a high-copy-number plasmid. Furthermore, faster-
its interaction with h44 of 16S rRNA. (a) Schematic
erturbed upon loss of S20. (i) The rate of mRNA binding to
the binding of fMet-tRNAfMet. (ii) 50S docking to naked

lly relieved when binding of mRNA, fMet-tRNAfMet, and
arizing the proposed importance of S20 in maintaining the
d presumably anchors, the orientation of h44 (red, residues
0S subunit in close contact with h44 (A-site, purple; P-site,
nd B6. All other rRNA and protein residues are shown in
X-ray structure of the Thermus thermophilus 70S ribosome
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growing suppressor variants were isolated from the
S20 knockout strain. Although their characterization
could possibly extend the current understanding of
the role of S20, such experiments are beyond the
scope of the present study. Depletion of S20 did not
affect the rate of peptide elongation in vivo, but the
ΔS20 strain synthesized significantly less protein,
indicating impaired translation initiation (Fig. 2c).
Ribosomes lacking S20 were isolated and com-

pared to wild type in various translation assays to
determine the exact role of S20 in protein synthesis.
For this purpose, we used a highly optimized, robust
in vitro reconstituted translation system composed
of purified translation components from E. coli,
where individual steps in translationweremeasured
accurately under in-vivo like conditions.18,20,22,24 It
should be noted that ribosomes from E. coli and S.
typhimurium function very similarly in this system,
as supported by a previous study.25

Earlier in vitro experiments with ribosomes lack-
ing S20 indicated defects in translation initiation,17

agreeing qualitatively with our results. With the use
of poly(U) and poly(AUG) mRNAs without a SD
sequence, it was concluded in this study that,
although the mutant 30S subunit seemed to interact
normally with mRNA, fMet-tRNAfMet association
with the small subunit and the subsequent codon–
anticodon interaction were defective.17 In contrast,
our biochemical assays, conducted with an mRNA
encoding the tripeptide Met-Leu-Ile with a strong
SD, demonstrated that the primary defect of ΔS20
30S subunits occurred at the level of mRNA binding
(Fig. 3a, b, and d), while the apparent deficiency in
initiator tRNA binding was a secondary consequen-
tial effect (Fig. 3c). In fact, ΔS20 30S subunits were
equivalent to wild type with respect to the stability
of initiator tRNA binding. When mRNA binding to
ΔS20 30S subunits was maximized, the dissociation
of fMet-tRNAfMet from wild-type and ΔS20 30S
subunits occurred at the same rate (Fig. 4). Although
a direct comparison with the findings of the earlier
study17 is difficult, their use of nonspecific mRNAs
may have masked the mRNA binding impairment.
Another possibility is that the concentration of
labeled mRNAs was much less than the concentra-
tion of 30S subunits,17 thereby allowing complete
binding of mRNA despite the presence of a fraction
of ΔS20 30S subunits that were inactive in mRNA
binding. This fraction was only elucidated upon
mRNA titration (Fig. 3d), where 20–25% of the ΔS20
30S population failed to bind mRNA at concentra-
tions in excess over 30S subunits. Although 75–80%
of the ΔS20 30S population was active in mRNA
binding (Fig. 3a), a significant decrease in the rate of
binding implicated S20 as a major player in 30S
preIC formation.
Subunit association is an integral component of

translation initiation, and a role for S20 during this
step has been previously reported,5,16 albeit in the
absence of supporting kinetic data. In the present
study, fast kinetic measurements were used to
monitor subunit docking between wild-type 50S
subunits and ΔS20 or wild-type 30S subunits.
Although most ΔS20 30S subunits were active (but
slow) binders of mRNA, approximately 80% of these
subunits, in a factor-free state, were inactive in
association with 50S subunits, even when 50S
subunits were added in large excess (Fig. 5a).
Interestingly, incubation of ΔS20 30S subunits with
mRNA, initiator tRNA, and initiation factors dra-
matically improved subunit association and
resulted in a ∼40% yield in 70S complex formation
(Fig. 5b). Extension of the preincubation time to
40 min improved the yield of 70S complexes even
further to reach ∼65% of the wild-type level
(Fig. 5b). This mirrors the results of mRNA binding
(see Table 1) and indicates that extended incubation
with mRNA, fMet-tRNAfMet, and the initiation
factors probably allowed ΔS20 30S subunits to
undergo the structural rearrangements required for
the stable binding of mRNA and fMet-tRNAfMet, and
thereby also facilitated associationwith 50S subunits.
In summary, the in vitro data reveal that removal

of S20 confers two independent initiation defects to
the 30S subunit: (i) a reduction in the rate and extent
of mRNA binding, and (ii) a severe impairment in
subunit association (Fig. 6a). Which of these two
defects has the more detrimental impact on the
initiation of protein synthesis and cellular growth
rate is uncertain, but it is likely that both defects
contribute to a decrease in the rate of production of
functionally active 70S ribosomes and the resulting
reduction in the rate of translation initiation. Thus,
the slow growth of ΔS20 cells and the reduced rate
of protein accumulation in vivo are consequences of
slow translation initiation. A possible explanation
on how these defects are mediated by removal of
S20 is discussed below.
Protein S20 is located at the base of the body of the

30S subunit far from the site of mRNA interaction, in
apparent contradiction to its role in promoting
mRNA association with the 30S subunit. Recent
structural data show that the mRNA is threaded
through the penultimate stem of 16S rRNA,26 which
has h44 as its main component. This helix stretches
from the mRNA binding site, where it forms the A-
site and P-site of 16S rRNA,9 to the base of the 30S
body, where it interacts with S2013 (Fig. 6b).
Interestingly, h44 forms four of the 12 intersubunit
bridges, namely, B2a, B3, B5, and B6, which are
required to support optimal subunit association27–29

(Fig. 6b). Furthermore, it has been proposed that
protein S20 is responsible for the correct positioning
of h44.9 It is thus conceivable that removal of S20
may perturb the positioning of h44 and thereby
inhibit both mRNA binding and subunit association.
Although our biochemical data can fully account for
the in vivo phenotype of the S20 deletion strain, the
possibility remains that removal of S20 may also
have some impact on ribosome recycling. This
question will be addressed in future work.
Aside from its proposed role in anchoring h44, S20

is one of the primary binders during 30S biogenesis
and, as such, is expected to be important for the
orchestration of 30S assembly.30–32 However, the
impairment in mRNA binding was completely
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repaired upon 30S reconstitution with purified S20
protein, implying that the functional defects associ-
ated with the mutant 30S subunit are due exclusive-
ly to loss of S20. Although the results presented here
are specific for r-protein S20, this study emphasizes
the importance of r-proteins in terms of rRNA
architectural support, without which the complex
RNA-dependent protein synthesis machinery
would become functionally suboptimal.
Materials and Methods

Bacterial strains, plasmids, and primers

The strains used in this study (Table 2) are derivatives of
S. typhimurium. The ancestral wild-type strain (DA6196)
carries the nonrestrictive StrA120 mutation (K42R) in r-
protein S12, also referred to as allele rpsL226.25 Ribosomes
with this particular S12 mutation are indistinguishable
from wild type in terms of translation rate and nonsense
suppression.33 Plasmid pUCBAD∷rpsT in strains DA15457
and DA15819 was transferred by transformation. The S20
open reading frame was cloned in pET30 Ek/LIC
(Novagen) and expressed in E. coli BL21(DE3), generating
strain DA15338. Strains DA11049 and DA12854 harbor F′
factors (carrying the normal inducible lac operon) that were
transferred by conjugation. All primers were purchased
from Eurofins MWG Operon and are listed in Table 2.

Construction of ΔS20 strain

The entire rpsT gene, encoding S20, was replaced on the
chromosome of S. typhimurium with a kanamycin
resistance cassette by means of lambda red recombineer-
ing to produce strain DA1006834 (Fig. 1a). The cassette
was PCR amplified using primers S20 del.F and S20 del.R
Table 2. Bacterial strains and primers used in this study
Strain Genotyp

DA6196 S. typhimurium metA22, metE551, trpD2, ilv-452,
hsdB, StrA120

DA10068 S. typhimurium metA22, metE551, trpD2, ilv-452,
hsdB, StrA120, rpsT∷Kan

DA15819 S. typhimurium metA22, metE551, trpD2, ilv-452,
hsdB, StrA120/pUCBAD∷rpsT(+kan)

DA15457 S. typhimurium metA22, metE551, trpD2, ilv-452,
hsdB, StrA120, rpsT∷Kan/pUCBAD∷rpsT (+ka

DA11049 S. typhimurium metA22, metE551, trpD2, ilv-452,
hsdB, StrA120/F′128 pro lac, zzf1831∷Tn10delta

DA12854 S. typhimurium metA22, metE551, trpD2, ilv-452,
StrA120, rpsT∷Kan/F′128 pro lac, zzf1831∷Tn1

DA15338 E. coli BL21 DE3/pET30∷rpsT

Primer

S20 del.Fa,b 5′ aaaacccgctttacgcgggtttttctacaaagct
S20 del.Ra,b 5′ attcttcggcctttgaattgtccatatagaacaca
S20F screena 5′ caggaagagcgtgaacgagt 3′
S20R screena 5′ caacgagtgctgcaatttaa 3′
rpsT southFa 5′ caggaagagcgtgaacgagt 3′
rpsT southRa 5′ ccattttgctcagaccgttc 3′
pET30_S20_Fa,c 5′ gacgacgacaagATGGCTAATATCA
pET30_S20_Ra,c 5′ gaggagaagcccggtTTAAGCCAGTT

a F and R indicates forward and reverse primers, respectively.
b Upper-case letters are priming sequences complementary to the K
c Underlined letters are complementary to the pET30 Ek/LIC mult
containing 5′ ends with 50-nt homology to the flanking
sequences of rpsT. Recombinants were selected on LB agar
supplemented with 50 μg/ml kanamycin. Transformants
were screened by PCR, followed by sequencing of the
insertion sites of the kanamycin resistance cassette (with
primers S20F screen and S20R screen). Finally, the absence
of rpsT was confirmed by Southern blot hybridization
(Fig. 1b).
Fitness determination

The fitness cost conferred upon loss of S20 was
determined by measuring exponential growth on a
Bioscreen C analyzer. Since the ΔS20 mutant produced
fast-growing suppressors, the use of overnight cultures
was avoided. Instead, the smallest colonies of homoge-
neous appearance were inoculated directly into LB to give
a culture of ∼109 colony-forming units/ml. This approach
minimized contamination of the culture with suppressor
variants and gave a more accurate estimate of growth
performance. Both wild-type (DA6196) and ΔS20
(DA10068) cultures were diluted 1000 times in LB and
measured in quadruplet during each experiment. The
increase in absorbance at 600 nm as a function of time was
used to calculate generation times.
Growth complementation

To confirm that reduced cell fitness was specifically
due to the absence of S20, wild-type and ΔS20 cells
we transformed with a pUC plasmid in which the Para
promoter was utilized for S20 overexpression (pUC-
BAD∷rpsT). Wild-type (DA15819) and ΔS20 (DA15457)
cells were streaked on LB plates containing 200 μg/ml
ampicillin and 0.08% arabinose. Following growth at
37 °C, individual colonies were restreaked on LB plates
containing ampicillin with and without 0.08% arabinose.
The plates were incubated for 20 h at 37 °C.
e Source

leu-, pro- (leaky), hsdLT6, hsd, Sa29, Laboratory
collection

leu-, pro- (leaky), hsdLT6, hsd, Sa29, This study

leu-, pro- (leaky), hsdLT6, hsd, Sa29, This study

leu-, pro- (leaky), hsdLT6, hsd, Sa29,
n)

This study

leu-, pro- (leaky), hsdLT6, hsd, Sa29,
16delta17(dtet), rpsM AmpR GFP

Laboratory
collection

leu-, pro- (leaky), hsdLT6, hsd, Sa29, hsdB,
0delta16delta17(dtet), rpsM AmpR GFP

This study

This study

Sequence

gataacaagcaggcgaTGTAGGCTGGAGCTGCTTC 3′
tttgggagttggaccCATATGAATATCCTCCTTA 3′

AATCAGCT 3′
TGTTGATCT 3′

an cassette template.
iple cloning site.
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Determination of peptide elongation rate in vivo

The standard β-galactosidase assay35 was used to
determine peptide elongation rates in vivo. The normal
inducible lac operon was supplied in each strain on an F′
factor. As the ΔS20 knockout failed to grow in minimal
medium, cells were grown in LB for this assay.
Chemicals, buffers, and components of the in vitro
translation system

ATP, GTP, and [3H]methionine were purchased from
GE Healthcare. All other chemicals were obtained from
Sigma or Merck. A modified polymix buffer containing
5 mM Hepes instead of 5 mM potassium phosphate was
used in all experiments.24 Synthetic mRNA encoding the
tripeptide Met-Leu-Ile (referred to as mRNA), with the
sequence gggAATTCGGGCCCTTGTTAACAATTAAG-
GAGGTATACTatgctgatctaaTTGCAG(A)21, was prepared
in accordance with Pavlov et al.36 70S ribosomes, 30S
subunits, and 50S subunits were prepared from wild-type
and ΔS20 S. typhimurium strains in accordance with
Johansson et al.37 Purification of 3H-fMet-tRNAfMet and
the initiation factors was performed as described by
Antoun et al.22 Purified S20 protein carrying a hexa-
histidine affinity tag was overexpressed in DA15338 and
purified using Ni-affinity chromatography.

Time course of mRNA and 3H-fMet-tRNAfMet binding

30S subunits (1 μM) alone or with 3H-labeled fMet-
tRNAfMet (2 μM), IF1 (1 μM), IF2 (2 μM), and IF3 (1 μM)
were preincubated in polymix buffer at 37 °C for 10 min
before mixing with∼0.2 μM 32P-labeledmRNA. Reactions
were quenched in ice-cold buffer at the timepoints
indicated and filtered through NC filters. Both 32P and
3H counts were measured in a scintillation counter and
plotted against time. Association rate constants were
determined using a single-exponential curve fit with
KaleidaGraph (Version 4.0; Synergy Software).

Titration of mRNA

Under the reaction conditions described above, mRNA
(at different concentrations) was added to a premix of 30S
and initiation factors, and incubated for either 10 min
(wild type and ΔS20) or 40 min (ΔS20), followed by the
addition of 3H-labeled fMet-tRNAfMet for 5 min before
quenching. The reactions were immediately filtered and
the 3H counts were measured, reflecting the extent of
mRNA bound to 30S subunits.

mRNA binding to S20-reconstituted 30S

Purified S20-His was preincubated with 30S subunits
(1 μM) at a 5:1 ratio in polymix buffer with initiation
factors at 37 °C for 30 min. The extent of mRNA (3 μM)
bound after 10 min was estimated by the addition of 3H-
labeled fMet-tRNAfMet as described above.

Dissociation of 3H-fMet-tRNAfMet from 30S preICs

30S subunits (0.38 μM) were preincubated with mRNA
(0.94 μM), IF1 (0.56 μM), IF2 (0.74 μM), IF3 (0.56 μM), and
3H-labeled fMet-tRNAfMet (0.76 μM) for 40 min, after
which unlabeled fMet-tRNAfMet (7.5 μM) was added for
the timepoints indicated. The reactions were subsequently
quenched and filtered. Rate constants were determined by
a single-exponential curve fit with KaleidaGraph (Version
4.0; Synergy Software).

Subunit association measured by light scattering

50S docking to wild-type and ΔS20 30S subunits
(±prebound mRNA, fMet-tRNAfMet, and initiation fac-
tors) was monitored with Rayleigh light scattering after
rapid mixing in a stopped-flow instrument (Bio-sequential
SX-18MV; Applied Photophysics, UK), as described by
Antoun et al.22 Association of naked subunits was
followed by mixing 0.5 μM 30S subunits (wild type and
ΔS20) with 0.5 or 4.0 μM 50S subunits (wild type) in
polymix buffer containing 2 mM ATP, resulting in a free
Mg2+ concentration of 3 mM. For subunit association with
factors, 0.5 μM 30S was initially mixed with 1 μM each of
IF1, IF2, mRNA, and fMet-tRNAfMet, and 50 μM GTP in
polymix buffer containing 2 mM ATP, and preincubated
at 37 °C for 10 or 40 min, as indicated. The 30S preIC was
then allowed to react with wild-type 50S subunits (0.5 μM)
under identical buffer conditions. Association rates were
calculated using a double-exponential fit with Origin8
(OriginLab Corporation).
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