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B I O C H E M I S T R Y

Ribosomal protein bL27 protects translating ribosomes 
from tmRNA-SmpB
Divyasorubini Seerpatham1, George Wanes2,3, Chathuri Pathirage4, Mynthia Cabrera5, Edu Usoro6, 
Kristin S. Koutmou4, Christine M. Dunham6, Paul C. Whitford2,3,7, Kenneth C. Keiler1,8*

Bacterial ribosomal protein bL27 is universally conserved, and its amino terminus is adjacent to the peptidyl trans-
fer center, yet its roles in translation remain unclear. Combining genetics, biochemistry, and molecular dynamics, 
we show that bL27 has an unexpected role in preventing transfer-messenger RNA (tmRNA)-small protein B (SmpB), 
molecules involved in the trans-translation bacterial ribosome rescue mechanism, from interfering with protein 
synthesis. Deletion of the bL27 gene causes a 10,000-fold decrease in viability, and this defect is partially rescued 
by deletion of the gene encoding tmRNA. Addition of tmRNA-SmpB to in vitro translation reactions decreases the 
rate of protein synthesis by ribosomes lacking bL27 but has no effect on wild-type ribosomes. Molecular dynamics 
simulations also indicate that bL27 can slow the movement of tmRNA on the ribosome. These data link trans-
translation and bL27 and support a model in which the amino terminus of bL27 acts as a gatekeeper to prevent 
tmRNA from sterically interfering with tRNA (transfer RNA) on the ribosome.

INTRODUCTION
The genes encoding ribosomal protein bL27 (rpmA), transfer-messenger 
RNA (tmRNA; ssrA), and small protein B (SmpB; smpB) are among the 
set conserved in almost all bacterial species but absent from metazoans. 
tmRNA and SmpB function together in the trans-translation pathway to 
rescue ribosomes that are stalled at the 3′ end of an mRNA (nonstop ri-
bosomes) (1–3). During trans-translation, the C-terminal tail of SmpB 
binds in the empty mRNA channel of a nonstop ribosome, and the 
tmRNA-SmpB complex enters the decoding center of the ribosomal 
aminoacyl (A) site (4–6). A specialized reading frame within tmRNA is 
inserted into the mRNA channel, and translation resumes to add the 
tmRNA-encoded SsrA peptide to the end of the nascent polypeptide, 
ultimately releasing the ribosome at a normal stop codon (7–12). The 
rescue of nonstop ribosomes is essential in bacteria because damaged 
and truncated mRNAs are prevalent (13).

Trans-translation is essential for viability and virulence in nu-
merous bacterial pathogens, making it a promising target for antibi-
otic development (13). A family of acylaminooxadiazole compounds, 
including KKL-2098, selectively inhibits trans-translation without 
disrupting normal translation (14, 15). A single-particle cryo–electron 
microscopy structure of nonstop ribosomes bound with KKL-2098 
showed that the inhibitor binds to a site near the premature termi-
nation codon (PTC) that is not targeted by other antibiotics (14). 
In this structure, the highly conserved N-terminal sequence of bL27 
adopted a previously unobserved position (14). bL27 normally ex-
tends toward the PTC, and it is the closest protein to the catalytic site 
(6, 16, 17). The N-terminal sequence is not resolved in many struc-
tures that have an empty A site, suggesting that it is mobile when there 
is no A-site tRNA (6, 16, 17). In the structure with bound KKL-2098, 

the N-terminal sequence of bL27 is rotated ∼180° away from the 
PTC by bending at residue Gly8 (14). Displacement of bL27 was pro-
posed to be important for inhibition by KKL-2098, and Escherichia 
coli carrying N-terminal truncations of bL27 was hypersensitive to 
the acylaminooxadiazole inhibitors, indicating that bL27 and trans-
translation may be linked (14, 18).

Despite the conservation of bL27 and its position adjacent to the 
PTC, its function is not known. On the basis of the proximity of bL27 
to the PTC, bL27 was proposed to play a role in peptidyl transferase 
activity (19–22). However, more recent experiments show that remov-
ing bL27 from the ribosome does not change the catalytic rate (23). 
Mutation of the bL27 N-terminal sequence also has a minimal effect 
on tRNA selection, the rate of elongation, or the rate of peptide release 
during normal translation (23). Nevertheless, deletion of bL27 in E. coli 
results in slow growth, suggesting that bL27 has a critical function in 
protein production (24, 25). Here, we demonstrate that deletion of tm-
RNA partially suppresses the growth phenotype caused by deletion of 
bL27, and addition of tmRNA-SmpB to in vitro translation reactions 
slows the rate of protein synthesis when bL27 is absent. Molecular dy-
namics simulations indicate that bL27 interferes with the entry of 
tmRNA-SmpB into the PTC but does not affect the dynamics of tRNA. 
On the basis of these data, we propose that a major role for bL27 is to 
prevent tmRNA-SmpB from interfering in normal protein synthesis.

RESULTS
Mutations in bL27 specifically increase trans-translation and 
susceptibility to trans-translation inhibitors
Because the N terminus of bL27 moves away from the PTC when KKL-
2098 is bound, we hypothesized that this portion of bL27 might be re-
quired for trans-translation and inhibitors might function by displacing 
bL27 (14). To test these ideas, we made substitution and deletion muta-
tions in the N terminus of bL27, or deleted bL27 entirely, and measured 
antibiotic susceptibility and trans-translation activity. The mutant with 
no bL27 was hypersensitive to trans-translation inhibitors KKL-35 and 
MBX-4132 (which are acylaminooxadiazoles similar to KKL-2098; 
fig. S2A), with median inhibitory concentration (IC50) values ∼50% of 
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the values measured for strains with wild-type bL27 (fig. S2B). Mutation 
of the broadly conserved HKK residues in bL27 (AHKKAGG to 
AaaaAGG; mutated residues shown in lowercase) increased suscepti-
bility to an extent comparable to removing bL27 entirely (fig. S2B). 
Similarly, truncation of the N-terminal sequence by two, three, five, or 
six residues caused hypersensitivity (fig. S2B). In contrast, none of the 
bL27 mutants showed a statistically significant change in susceptibility 
to linezolid (fig. S2B), which binds near the PTC, or to tetracycline 
(fig. S2B), which binds the small subunit of the ribosome (26–28). The 
specific increase in susceptibility to acylaminooxadiazoles caused by 
bL27 mutations suggests that the N-terminal sequence of bL27 decreases 
the binding affinity or efficacy of these inhibitors.

To investigate the contribution of bL27 to trans-translation, we puri-
fied ribosomes from mutant strains and measured trans-translation 
in vitro with different concentrations of tmRNA-SmpB. Ribosomes 
from all strains produced SsrA-tagged dihydrofolate reductase (DHFR), 
indicating that bL27 is not essential for trans-translation (Fig. 1A). 
Dose-response experiments showed that the concentration of tmRNA-
SmpB required to achieve half-maximal tagging activity (EC50) on ribo-
somes with no bL27 or with the AaaaAGG mutant was <25% of the 
EC50 on ribosomes with wild-type bL27. These data indicate that 
tmRNA-SmpB interacts with mutant ribosomes more productively 
than those carrying wild-type bL27 (Fig. 1B).

To test whether peptidyl transfer to tmRNA is altered in ∆bL27 ri-
bosomes, we assembled wild-type and ∆bL27 ribosomes on nonstop 
mRNA with 35S-fMet-tRNAfMet in the P site and added an alanine-
charged tmRNA-SmpB-EF-Tu-GTP complex to the A site (Fig. 1C 
and fig. S3). The extent of peptidyl transfer to tmRNA was compared 
to translation on a canonical, stop codon–containing transcript. We 
find that similar levels of peptidyl transfer are achieved for wild-type 
ribosomes undergoing normal translation and trans-translation. In 
contrast, ∆bL27 ribosomes exhibit a nearly threefold increase in pep-
tidyl transfer to tmRNA compared to the transfer to tRNA (Fig. 1C). 
Overall, these results suggest that wild-type bL27 interferes with both 
trans-translation and acylaminooxadiazole activity (14).

bL27 is a gatekeeper for tmRNA-SmpB movement on 
the ribosome
The lower EC50 for tmRNA-SmpB in the absence of bL27 suggests that 
the wild-type N-terminal sequence of bL27 may limit access of tmRNA-
SmpB to the PTC. If that is true, there should be more trans-translation 
in cells lacking bL27. To test this prediction, we expressed a tmRNA 
variant that encodes a peptide tag ending in HHHHHHD (29). This tag 
does not target proteins for degradation, so tagged proteins can be ob-
served using an anti-His tag antibody. Western blots loaded with equal 
amounts of total protein from wild-type and ∆rpmA strains showed 
that the fraction of protein containing the SsrA tag was substantially 
higher in the absence of bL27 (Fig. 1D). These data indicate that there is 
more trans-translation in cells lacking bL27, consistent with bL27 limit-
ing the access of tmRNA-SmpB to the PTC.

Despite increased trans-translation on ∆bL27 ribosomes in vitro 
and in vivo, we find that trans-translation on these ribosomes still 
requires a truncated mRNA. We tested whether trans-translation could 
occur on ribosomes in the middle of an mRNA by repeating the 
in vitro assays using a DHFR template containing a stop codon at the 
3′ end of the gene followed by a 33-nucleotide extension (DHFR-
stop+33), while release factors (RFs) were omitted from the reaction 
to prevent termination. Previous experiments showed that when a 

wild-type ribosome stalls at the stop codon on DHFR-stop+33, the 
33-nucleotide extension occupies the mRNA channel, preventing 
trans-translation (30, 31). Here, no trans-translation was observed 
with wild-type or ∆bL27 ribosomes on DHFR-stop+33 (Fig. 1E). 
These results suggest that substrate specificity is not radically altered 
in the ∆bL27 ribosomes and that the increased trans-translation ob-
served in cells lacking bL27 is likely due to more productive trans-
translation on nonstop ribosomes.

Because tmRNA-SmpB interacts more productively with bL27 
mutant ribosomes, we asked whether normal translation is also in-
creased on mutant ribosomes. We monitored protein production over 
90 min from a DHFR template that contained a stop codon and found 
that ribosomes containing the AaaaAGG mutant bL27 produced ap-
proximately the same amount of DHFR as the wild-type ribosomes 
at all time points tested. This result indicates that mutation of the 
HKK residues of bL27 does not affect translation (Fig. 2, A and B). 
However, for ribosomes that lacked bL27, the amount of protein syn-
thesized was lower at 15 and 30 min, consistent with published data 
(23). A previous study with mutant strains of E. coli also found that 
deleting bL27 interfered with ribosome assembly (24). However, 
composite agarose-polyacrylamide gels and sucrose gradient profiles 
did not detect an increased fraction of partially assembled ribosomes 
in the ∆rpmA sample (Fig. 2, C and D). Furthermore, translation 
initiation assays indicated that the fraction of ribosomes that can 
form an initiation complex (IC) is the same in purifications of wild-
type and ∆rpmA samples (Fig. 2E), suggesting that the decreased 
rate of protein synthesis in these assays is due primarily to slower 
translation in the absence of bL27 and not an increase in misassem-
bled ribosomes.

We next used molecular simulations to gain insights into how bL27 
can affect tmRNA movement through the ribosome. For these simula-
tions, we used an all-atom structure-based (SMOG) model (32) to 
simulate the movement of tmRNA-SmpB between the A and P sites. 
We specifically compare the dynamics when the bL27 N-terminal tail 
is present or absent to determine the extent to which the steric compo-
sition of the tail can affect the kinetics of tmRNA movement.

These simulations indicate that the presence of the tail reduces the 
accessibility of tmRNA to the P site, consistent with the in vitro and 
in vivo measurements. We simulated 150 independent events for each 
system and found that the dwell time of the tRNA-like domain (TLD) 
of tmRNA in the A site is increased by roughly twofold when the full-
length bL27 protein is present (Fig. 3, A and B), which is comparable 
to the approximately fourfold difference in EC50 values (Fig. 1B). This 
delay may be understood as arising from steric interactions between 
the flexible N terminus and the TLD acceptor stem (Fig. 3, C and D). 
That is, the N-terminal sequence bL27 can impede the movement of 
the tmRNA, thereby delaying access to the P site (Fig. 3E). In contrast, 
simulations showed that the dynamics of tRNA is not affected by the 
N terminus of bL27 (Fig. 3, F and G). This differential effect on tmRNA 
relative to tRNA can be understood as arising from differences in the 
pathways that are accessed by the two molecules. Early in the transi-
tion between the A and P sites, tmRNA closely interacts with bL27 
(fig. S4A), while tRNA accesses paths that are farther away (fig. S4B). 
Accordingly, accessing bL27-proximal paths (fig. S4C) allows bL27 to 
specifically affect the dynamics of tmRNA.

Together, these analyses suggest that the bL27 N terminus can act 
as a dynamic steric obstacle that transiently restricts tmRNA motion 
between the A and P sites. This provides a physical explanation for 
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the biochemical observation that trans-translation activity is lower 
with wild-type ribosomes.

Deletion of ssrA rescues death phenotype in cells 
lacking bL27
Previous work with mutant E. coli strains has shown that bL27 is not 
essential, although cells grow slower in its absence (24, 25). Using the 

wild-type strain MG1655, we found that deletion of bL27 leads to 
substantially slower growth because of two distinct effects (Fig. 4A). 
Plating assays showed that saturated cultures of ∆rpmA cells have a 
10,000-fold decrease in colony-forming units (CFU) compared to the 
wild type, indicating that most of the ∆rpmA cells are dead (Fig. 4B). 
This decrease in CFU causes an extended lag phase compared to the 
wild type. Once the ∆rpmA cells enter exponential growth, they have 

Fig. 1. Trans-translation activity is higher on bL27 mutant ribosomes. In vitro trans-translation assays were performed using a nonstop DHFR template and wild-type 
(WT), AaaaAGG, or ∆bL27 ribosomes, with varying concentrations of tmRNA-SmpB. (A) Gel image of a representative assay. The mobility of tagged and untagged DHFR 
is indicated with the percent tagging calculated after quantification of the tagged and untagged bands. (B) The average percent tagging from experiments as in (A) was 
plotted with whiskers indicating standard deviations. Averages were calculated from at least three trials at each concentration. The data were fit to a three-parameter 
sigmoid equation, and EC50 is shown. (C) The transfer of methionine from tRNAfMet to tmRNA or tRNAAla in an in vitro system using wild-type or ∆bL27 ribosomes was 
monitored by electrophoretic thin-layer chromatography and quantified. The trans-translation end-point product was normalized to the translation end-point product 
from the same ribosomes (n = 3, ***P = 0.0005, Student’s unpaired t test). (D) The amount of tagged proteins in wild-type and ∆rpmA cells expressing tmRNA-HHHHHHD 
was measured by Western blotting with an anti-his6 antibody. (Left) A representative Western blot is shown. The total signal was quantified and normalized to the wild 
type. Averages from three repeats are indicated with the standard deviation (*P = 0.04, two-tailed one-sample Student’s t test versus 100%). (Right) Coomassie-stained 
gel showing the amounts of total protein loaded for the Western blot analysis. (E) In vitro trans-translation assays were performed using the DHFR-stop+33 template and 
no RFs with wild-type or ∆bL27 ribosomes. A representative gel is shown, with arrows indicating the mobility of the tagged and untagged DHFR. A control reaction con-
taining an α-SsrA oligo to eliminate trans-translation is included to confirm the mobility of untagged DHFR.
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a slower doubling time than the wild type. Both phenotypes were 
largely complemented by the expression of bL27 from a multicopy 
plasmid (Fig. 4).

To determine whether trans-translation plays a role in the ∆rpmA 
growth defect, we deleted ssrA in the wild-type and ∆rpmA strains 
and measured growth parameters. Deletion of ssrA increases the CFU 
in ∆rpmA cells by 100-fold but has no detectable effect on the CFU 
for the wild type (Fig.  4B). In contrast, deletion of ssrA had little 

impact on the growth rate in the exponential phase. These results in-
dicate that tmRNA is problematic in the absence of bL27 when cells 
are in the stationary phase but not during exponential growth.

bL27 limits tmRNA-SmpB interference with 
translation elongation
Why does tmRNA increase cell death in the absence of bL27? Our 
biochemical data can be explained by a model in which bL27 limits 
the interaction of tmRNA-SmpB with elongating ribosomes as well as 
nonstop ribosomes. In this scenario, the absence of bL27 could allow 
tmRNA-SmpB to interfere with the dynamics of translation elonga-
tion. To test this possibility, we performed in vitro translation assays 
in the presence and absence of tmRNA-SmpB. As expected, addition 
of tmRNA-SmpB to reactions with wild-type ribosomes had little ef-
fect (Fig. 5, A and B). However, with ∆bL27 ribosomes, addition of 
tmRNA-SmpB decreased the rate of protein production by up to 23% 
in a concentration-dependent manner (Fig. 5A). This result confirms 
that bL27 limits tmRNA-SmpB interference with translation.

DISCUSSION
Our biochemical and computational analyses provide two possible ex-
planations for how tmRNA-SmpB association with the ribosome leads 
to this reduced rate of protein production. First, during elongation, 
tmRNA-SmpB may transiently interact with the A site of the ribo-
some, accommodating when there is no mRNA and dissociating 
when mRNA is present. In the absence of bL27, these transient events 
may be prolonged, reducing the rate of translation by sterically block-
ing tRNAs and RFs. Alternatively, the absence of bL27 may allow tm-
RNA to more easily access the PTC during elongation, which could 
allow for premature transpeptidation events. Our data show that 
trans-translation does not occur on elongating ribosomes, even in the 
absence of bL27, so transpeptidation to tmRNA would have to occur 
without the subsequent steps of trans-translation. Such inappropriate 
transpeptidation to tmRNA seems unlikely, but the size and flexibility 
of tmRNA suggest that it may be able to reach the PTC without SmpB 
binding in the empty mRNA channel, leading to inactive ribosomes 
instead of trans-translation. Further experiments will be required to 
determine the precise mechanism by which tmRNA-SmpB slows trans-
lation. Nevertheless, the data presented here indicate a central role for 
bL27 in limiting interference by tmRNA-SmpB with translation elon-
gation (Fig. 5C).

Both bL27 and tmRNA-SmpB are conserved in the vast majority 
of bacterial species, and the N-terminal residues of bL27 are almost 
invariant (fig. S5). The functional interaction we observe here may 
account for this co-conservation. The absence of bL27 and tmRNA-
SmpB from eukaryotes provides the opportunity to target this inter-
action with new broad-spectrum antibiotics.

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions
All strains (table S1) were grown at 37°C with shaking (250 rpm) in 
lysogeny broth (LB) supplemented with ampicillin (50 μg/ml), kana-
mycin (30 μg/ml), chloramphenicol (20 μg/ml), or 1 mM isopropyl-
thio-β-d-galactoside as appropriate, unless otherwise described. To 
make the strain X90 ssrA6HisD AmpR, rpmA::kan, rpmA::kan was 
moved from IW312 rpmA::kan (table S1) into X90 ssrA6HisD AmpR 

Fig. 2. Effects of bL27 mutations on translation. (A) In vitro translation reactions 
were performed with wild-type and mutant ribosomes. A representative gel image 
is shown with an arrow indicating the mobility of the DHFR product. (B) Gels as in 
(A) were quantified, and the amount of DHFR protein was normalized to the level 
produced by the wild type at 90 min and plotted with the means and standard 
deviation indicated (n = 3: *P ≤ 0.0135, two-tailed Student’s t test versus wild 
type). (C) Cell lysates from the indicated strains were separated on agarose-
polyacrylamide composite gels to visualize ribosomal subunits. A representative 
gel is shown, with the mobility of 70S ribosomes and 50S and 30S subunits indi-
cated. (D) Sucrose density gradient profiles on cell lysates from the indicated strains. 
Peaks were quantified, and the percentage relative to total ribosomes is indicated. 
(E) The ability of purified ribosomes to form an IC was measured by incubating ri-
bosomes with DHFR mRNA, initiation factors, tRNAfMet, and [35S]Met and quantify-
ing radioactivity retained on nitrocellulose filters. The percentage of [35S]Met-tRNA 
bound to ΔbL27 ribosomes was calculated relative to the wild type and is not sig-
nificantly different (n = 3).
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by P1 phage–mediated transduction. To delete rpmA in MG1655 
tolC::cat, rpmA::kan was moved from IW312 rpmA::kan (table S1) 
into MG1655 tolC::cat (table S1) by P1 phage–mediated transduction. 
To delete ssrA in the ∆rpmA background, first, the CAT cassette was 
flipped out of MG1655 tolC::cat rpmA::kan with pCP20 (table S1), se-
lected on plain LB plates, and grown at 40°C, resulting in MG1655 
∆tolC rpmA::kan. The ssrA::cat deletion from MG1655 ssrA::cat was 
moved into MG1655 ∆tolC rpmA::kan by phage-mediated transduc-
tion, resulting in MG1655 ∆tolC rpmA::kan ssrA::cat. rpmA mutations 
were introduced into the linearized pL27 plasmid via HiFi Assembly 

(NEB, Ipswich, MA) using a 60–base pair oligonucleotide (IDT, 
Coralville, IA) containing the mutations of interest (table S2) to make 
the 11 plasmids containing rpmA mutations (table S1). The 12 plasmids 
containing rpmA mutations including the one with wild-type rpmA 
(table S1) were then transformed separately into MG1655 tolC::cat 
rpmA::kan, resulting in strains expressing mutant bL27 in the rpmA 
deletion background (table S1). The plasmid pL27, pL27 AaaaAGG, or 
vector only was transformed into the ssrA deletion background strain 
(MG1655 ∆tolC rpmA::kan ssrA::cat) to express bL27 mutations in the 
ssrA deletion background (table S1).

Fig. 3. bL27 slows the movement of tmRNA-SmpB during translocation. (A) Representative simulations of tmRNA-SmpB translocation with full-length (red) and trun-
cated bL27 (blue) show that the N-terminal tail prolongs sampling of the ribosomal A site. The distance to the P site is defined as the distance of the P atom of U9 from its 
posttranslocation position on the LSU. (B) Occupancy of tmRNA position for the full-length and truncated systems, each calculated from 150 independent simulations. 
(C) Initially (distance ∼3 nm), deacylated tRNA (blue) leaves the P site and the disordered tail of bL27 (purple) makes close contact with tmRNA (green). (D) During tmRNA 
movement toward the P site (distance ∼2.2 nm), bL27 is sterically confined, which impedes the transition. (E) After tmRNA reaches the P site (distance ∼0.1 nm), the bL27 
tail can again adopt an extended disordered form. (F) Representative trajectories of tRNA for the wild type and truncated-bL27 model show similar kinetics. The distance 
to the P site was calculated on the basis of the P atoms of tRNA residue A9. (G) Distribution of tRNA conformations, calculated from 150 simulations. Distributions are 
similar, which shows that the effect of bL27 is specific to tmRNA translocation.
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Growth rate measurements
The doubling times of all the strains were measured by optical den-
sity at 600 nm (OD600) readings of each strain grown in 2 ml of LB 
with required supplements. Starting OD600 was set to 0.05 by inocu-
lating from overnight cultures. Doubling times were calculated from 
the exponential phase (OD600 = 0.1 to 0.6), fitting the curves to the 
exponential growth curve function in GraphPad Prism (version 10.6, 
GraphPad Software LLC, San Diego, CA).

Spot plate assays
Overnight cultures were back-diluted to OD600 = 0.05 and grown 
for 48 hours. Cultures were serially diluted 10-fold in sterile LB medi-
um. Aliquots (5 μl) of each dilution were spotted onto LB agar plates 
with the supplements, as needed. Plates were incubated at 37°C for  
24 hours.

Growth inhibition measurements
Overnight cultures were diluted to OD600 = 0.004, added to twofold 
serial dilution concentrations of compounds or drugs in a 96-well 
plate, and grown at 37°C for 24 hours, and OD600 was measured using 
a SpectraMax plate reader (Molecular Devices, Sunnyvale, CA). The 
compound concentrations were plotted against normalized OD600 in 
Sigmaplot version 10, San Jose, CA, and fit with three-parameter sig-
moidal function to obtain IC50 values. Averages of IC50 values with 
standard deviations and number of trials are indicated in fig. S1. Sta-
tistical significance was tested using a GraphPad Bonferroni multiple-
comparisons analysis of variance (ANOVA) on selected pairs.

Purification of ribosomes for in vitro assays and sucrose 
density gradient profiles on lysates
Crude ribosomes were prepared as described previously (33). 70S 
ribosomes were isolated by sucrose density fractionation. Crude 
ribosome [200 μl of 50 absorbance at 260 nm (A260) units] was 
loaded on a 10 to 40% linear gradient of sucrose in ribosome resus-
pension buffer [20 mM Hepes-KOH (pH 7.6), 60 mM NH4Cl, 12 mM 
MgCl2, 0.5 mM EDTA, and 6 mM β-mercaptoethanol (β-ME)] and 
centrifuged at 151,000g for 2.5 hours in a Beckman SW-41 rotor 
(Beckman Coulter, Brea, CA). Fractions containing 70S ribosomes 
were harvested by fractionation with the Piston Gradient Fraction-
ator (Biocomp, Tatamagouche, NS, Canada), and fractions were 
pooled and centrifuged at 220,000g for 24 hours at 4°C. The 70S 
ribosomal pellet was resuspended and stored at −80°C in ribosome 
resuspension buffer. For sucrose density gradient profiles on ly-
sates, cleared cell lysate (200 μl of 50 A260 units) was loaded on a 10 
to 40% sucrose linear gradient, and fractionation was done as de-
scribed above.

Isolation of tmRNA and purification of SmpB
E. coli tmRNA was transcribed in vitro as described previously (15). 
For purification of SmpB, E. coli BL21 (DE3) with pET28 smpB 
(table S1) were grown in terrific broth supplemented with kanamycin 
(50 μg/ml) at 37°C to OD600 = 0.6 and induced with 1 mM isopropyl-
thio-β-d-galactoside for 3 hours. The cells were harvested by cen-
trifugation at 6953g for 20 min, resuspended in lysis buffer/wash 
buffer [100 mM Na2H2PO4 (pH 7.6), 150 mM KCl, 6 M GuHCl, and 
10 mM imidazole], and lysed by sonication, and cell debris was re-
moved by centrifugation at 28,000g for 20 min. Cleared lysate was in-
cubated with HisPur Ni-NTA agarose resin (Thermo Fisher Scientific, 
Waltham, MA) for 1 hour at 4°C and washed four times with 40 ml 
of wash buffer, and bound protein was eluted with 10 ml of elution buf-
fer [100 mM Na2H2PO4 (pH 7.6), 300 mM KCl, 6 M GuHCl, and 1 M 
imidazole]. The eluate was dialyzed against buffer [50 mM Hepes-
KOH (pH 7.6), 300 mM KCl, 10 mM MgCl2, 20% (v/v) glycerol, and 
7 mM β-ME] at 4°C.

In vitro trans-translation and translation
The E. coli in vitro transcription-translation system was designed on 
the basis of the OnePot PURE system (34). The energy solution was 
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Fig. 4. Deletion of ssrA partially complements the growth defect of ∆rpmA strain 
in the stationary phase. (A) Growth curves of mutant strains monitored during ex-
ponential growth. The average doubling times (±standard deviation) from three ex-
periments are shown. (B) The bar graph shows that log CFU determined by the spot 
plate method and deletion of ssrA in ΔrpmA strain had 100-fold higher CFU than 
ΔrpmA (n = 3 independent biological replicates; unpaired two-tailed Student’s t test, 
*P = 0.25 and **P = 0.26 compared to ∆ssrA).
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prepared as described previously (34). tRNAs for energy solution was 
purified from E. coli MRE 600, as described previously (35). A pro-
tein solution was made with proteins purified the same way as de-
scribed previously but from strains listed in table S1 and was made 
without adding RFs (RF1, RF2, and RF3) and EF-Tu (34). An RF mix 
containing RF1, RF2, and RF3 was purified using strains listed in 
table S1, as described previously (34). EF-Tu was purified as described 
previously (36). A DNA template encoding DHFR gene without a 
stop codon (DHFR-ns), the DNA template DHFR with a stop codon 
(DHFR-stop), and a DNA template with DHFR with a stop codon 
and 33 nucleotides past the stop codon (DHFR-stop+33) were pre-
pared via polymerase chain reaction, as described previously (15, 37). 
In vitro trans-translation reactions were set up with the DHFR-ns 
template. The trans-translation reactions contained an energy solution 
(2 μl), protein solution (1 μl), EF-Tu (10 μM), 70S ribosomes (2.2 μM) 
(wild-type ribosomes, AaaaAGG mutant bL27 containing ribosomes, 
or ∆bL27 ribosomes), DHFR-ns DNA template (9 ng/μl), an RF mix 
(2.2 μM), [35S]-methionine (0.42 μCi/μl), and varying equimolar 
concentrations of tmRNA and SmpB. The control reaction was set 
up the same way but with no tmRNA and smpB, and to inhibit any 
background trans-translation activity, 0.5 μM α-ssrA oligonucleotide 
was added (table S2). The reactions were incubated at 37°C for 90 min, 
acetone precipitated, boiled at 95°C for 10 min with 2× sample load-
ing buffer (2% SDS; 20% glycerol; 0.004% bromophenol blue; 0.125 M 
tris-Cl, pH 6.8; and 6 mM β-ME), analyzed by SDS–polyacrylamide 
gel electrophoresis, and visualized by phosphor imaging (GE Healthcare, 
Chicago, IL). The band intensities of tagged DHFR-ns (higher mo-
lecular weight due to addition of the SsrA tag) and untagged DHFR-ns 
were quantified using ImageJ. % Trans-translation was calculated 
using the equation [tagged DHFR-ns/(DHFR-ns tagged + DFHR-ns 
untagged)]. [tmRNA-SmpB] added to the trans-translation reactions 
was plotted against % tagging, and EC50 was calculated in Sigmaplot 
version 10.

In vitro translation experiments were set up with the following 
modifications to the trans-translation assay. Translation was tested 
on the DHFR-stop DNA template. 4X reaction was set up and incu-
bated at 37°C, and samples were taken out at 15, 30, 60, and 90 min, 

acetone precipitated, and analyzed by SDS–polyacrylamide gel elec-
trophoresis, as described above. The band intensity of DHFR-stop 
was quantified. Relative % DHFR formed at each time point was cal-
culated using the equation (DHFR-stop intensity/DHFR-stop inten-
sity with wild-type ribosomes at 90 min).

To assess the competition of tmRNA and tRNA with or without 
bL27, in vitro translation reactions were set up with the DHFR-
stop+33 DNA template as described above with following modifica-
tions. The translation reactions were set up with varying tmRNA-SmpB 
concentrations (0, 0.05, 0.120, 0.245, 1.5, and 2.2 μM) and incubated at 
30°C, and samples were withdrawn at 10, 12, and 15 min for analysis. 
The intensity of the DHFR band was quantified and plotted against 
time, and the rate of translation was calculated from the slope of the 
plots. The percentage change in the rate of translation was calculated as 
a percentage relative to the rate of translation without tmRNA-SmpB.

Reconstituted in vitro translation assay for peptidyl transfer
A reconstituted in vitro translation assay was used to measure the 
amount of fMet-Ala dipeptide formed with tRNA or tmRNA in ribo-
some complexes with and without bL27. The ribosomes were purified 
as mentioned above. E. coli initiation factors, elongation factors, total 
tRNA, and tRNAfMet were purified as previously described (38).

Aminoacylated E. coli initiator tRNAfMet (fMet-tRNAfMet) was made 
with [35S]-methionine described previously (39), with minor modifica-
tions. Reactions were assembled in aminoacylation buffer (10 mM 
Hepes-KOH, pH 7.5; 2 mM KCl; and 4 mM MgCl2) supplemented with 
2 mM dithiothreitol, 3 mM adenosine 5′-triphosphate (pH 7), 300 μM 
neutralized N10-formyl-tetrahydrofolate (Sigma-Aldrich), 5 μM 
tRNAfMet, 38 μM l-methionine, [35S]-methionine, 1 μM methionyl-
tRNA formyltransferase, and 1 μM methionyl-tRNA synthetase. Reac-
tions were incubated at 37°C for 30 min. Aminoacylated tRNA was 
extracted with an equal volume of acidic phenol:chloroform:isoamyl 
alcohol (25:24:1, pH 4.5), vortexed for 30 s, and centrifuged at 16,000g 
for 5 min at 4°C. The aqueous layer was reextracted once and then de-
salted using an Econo-Pac 10DG Desalting Column (Bio-Rad) pre-
equilibrated with 300 mM NaOAc, pH 5.2. Eluted fractions were 
pooled, ethanol precipitated, and resuspended in 20 mM KOAc 

Fig. 5. tmRNA-SmpB slows protein synthesis in the absence of bL27. (A) In vitro translation reactions were performed using the DHFR-Stop+33 template in the pres-
ence or absence of tmRNA-SmpB with wild-type or ∆bL27 ribosomes. Representative gels are shown. (B) Assays as in (A) were repeated with varying concentrations of 
tmRNA-SmpB, and the average percentage decrease in rate compared to reactions with no tmRNA-SmpB is plotted with error bars indicating the standard deviation. (C) Model 
for the role of bL27 during elongation. bL27 limits the access of tmRNA-SmpB to the ribosome, allowing the rapid entry of tRNAs to the A site. In the absence of bL27, 
tmRNA-SmpB has a longer dwell time in the A site and limits the entry of tRNAs.
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(pH 4.8). The concentration of 35S-fMet-tRNAfMet was determined by 
scintillation counting. Aliquots were stored at −80°C.

Aminoacylation of tmRNA and total tRNA was performed simi-
larly to the fMet-tRNAfMet procedure with some modifications. Brief-
ly, reactions were assembled in aminoacylation buffer supplemented 
with 1 mM dithiothreitol, 10 mM adenosine 5′-triphosphate, 100 μM 
l-alanine, 4.5 μM tmRNA or total tRNA, and 75 μM alanyl-tRNA 
synthetase. Reactions were incubated at 37°C for 30 min. Aminoacyl-
ated tmRNA and tRNA were purified and stored as described for 
fMet-tRNAfMet, except that the final concentration was determined 
by A260.

ICs were assembled by combining translation buffer (50 mM 
Hepes-KOH, pH 7.6; 70 mM NH4Cl; 30 mM KCl; 7 mM MgCl2; and 
5 mM β-ME); 1 mM guanosine 5′-triphosphate (GTP); initiation fac-
tors IF1, IF2, and IF3 (2 μM each); 2 μM mRNA; 1 μM 70S ribosomes; 
and 2 μM 35S-fMet-tRNAfMet. Two mRNA constructs were used: a 
canonical message (5′-GGC AAG GAG GUA AAA AUG GCC-3′) 
and a nonstop (5′-GGC AAG GAG GUA AAA AUG-3′), synthesized 
by IDT. For trans-translation reactions, a nonstop mRNA was used. 
Reactions were incubated at 37°C for 30 min. ICs were then layered 
onto a cold sucrose cushion (20 mM tris-Cl, pH 7.5; 500 mM 
NH4Cl; 0.5 mM EDTA; 10 mM MgCl2; and 1.1 M sucrose) and spun 
at 69,000 rpm for 2 hours at 4°C using a TLA-120.1. After centrifu-
gation, the supernatant was carefully removed, and the pellet con-
taining the 70S ICs was resuspended in translation buffer and stored 
at −80°C.

Ternary complexes (EF-Tu•GTP•aminoacyl-tRNA) or quater-
nary complexes (EF-Tu•GTP•Ala-tmRNA•SmpB) were formed as 
follows. EF-Tu (80 μM) was preincubated with 5 mM GTP in trans-
lation buffer at 37°C for 15 min. In parallel, aminoacylated total tRNA 
or tmRNA-SmpB was incubated in translation buffer containing 5 mM 
GTP and kept on ice. EF-Tu•GTP was then added to aminoacylated 
tRNA or tmRNA-SmpB mixtures and incubated at 37°C for 10 min 
to allow complex formation.

An IC and ternary complex were mixed in equal volumes and 
incubated at 37°C. Samples were taken at respective time points and 
treated with an equal volume of 1 M KOH to hydrolyze peptidyl-
tRNA. Dipeptide formation was resolved by electrophoretic thin-
layer chromatography at 1200 V for 30 min (38). Plates were exposed to 
a phosphor screen and imaged using a Typhoon scanner (Cytiva, 
Marlborough, MA). Band intensities were quantified using ImageQuant 
TL analysis software (Cytiva, Marlborough, MA).

In vivo trans-translation tagging with or without bL27
To assess total in vivo tagging in strains with or without bL27, X90 
ssrA6HisD and X90 ssrA6HisD rpmA::kan (table S1) were grown to 
an OD600 of 0.6, harvested by centrifugation, and weighed. Pellets 
were resuspended in 2× sample loading buffer in proportion to wet 
cell mass and heated at 95°C for 5 min. Western blotting was performed 
with a Penta-His antibody (Qiagen, Hilden, Germany, 1:10,000 dilu-
tion) followed by a goat anti-mouse IgG-alkaline phosphatase con-
jugate (Sigma-Aldrich, St. Louis, MO, 1:20,000 dilution). Signals were 
detected using the ECF substrate (Cytiva, Amersham, Marlborough, 
MA) and visualized with the ChemiDoc imaging system (Bio-Rad, 
Hercules, CA).

Translation initiation assay
An energy solution for translation initiation reaction was prepared as 
described previously with modifications (34). The energy solution 

included only methionine instead of all 20 amino acids, and tRNAs were 
not added. A modified protein solution was prepared by purifying pro-
teins as described previously, but the modified protein solution con-
tained proteins that are only required for translation initiation (creatine 
kinase, myokinase, nucleoside-diphosphate kinase, methionyl-tRNA 
transformylase, IF1, IF2, and IF3). DHFR-stop mRNA was in vitro 
transcribed as described previously (34). Met tRNA was in vitro tran-
scribed as described previously with the metZ DNA template with a T7 
promoter (15). The metZ DNA template for in vitro transcription was 
amplified from E. coli genomic DNA using primer pairs listed in 
table S2. In vitro translation initiation reactions were set up with 1 μl of 
modified energy solution, 0.8 μl of modified protein solution, 70S ribo-
somes (2 μM), DHFR-stop mRNA (2.5 μM), [35S]-methionine 
(0.42 μCi/μl), and tRNAmet (2.5 μM). The reactions were incubat-
ed for 15 min at 37°C. The reaction mix was passed under vacuum 
through 0.45-μm nitrocellulose membrane filter (MilliporeSigma, 
Burlington, MA) presoaked with wash buffer [20 mM Hepes-KOH 
(pH 7.6), 60 mM NH4Cl, 12 mM MgCl2, and bovine albumin se-
rum (50 μg/ml)]. The membranes were washed and dried, and 
radioactivity retained on the membrane was determined by scin-
tillation counting.

Agarose-polyacrylamide composite gel electrophoresis
Cells were grown to OD600 = 0.6 and lysed by sonication with buffers 
described previously (33). The lysate was cleared by centrifugation at 
28,000g for 30 min at 4°C. Ribosome complexes were analyzed using 
agarose-polyacrylamide composite gels prepared in tris/borate/MgOAc 
(TBM) buffer. Gels containing 1% agarose and 6% acrylamide (19:1) 
were prerun for 60 min at 100 V in 1× TBM at 4°C. Cleared lysates 
(10 A260 units) were mixed with loading buffer (20% sucrose, 1× TBM, 
and bromophenol blue) and resolved at 100 V for 180 min at 4°C. Gels 
were stained with ethidium bromide (25 μg/ml) and visualized with ul-
traviolet illumination.

Molecular dynamics simulations
To investigate the potential impact of steric interactions between 
bL27 and the TLD of tmRNA, we used a structure-based force field 
(“SMOG”) of the tmRNA-SmpB-ribosome complex (40). In this 
approach, all tmRNA-SmpB interactions with the ribosome that are 
present in the posttranslocation configuration [Protein Data Bank 
(PDB) ID: 7ACJ (6)] were explicitly defined as stabilizing, while in-
traribosomal contacts were defined to stabilize the pretranslocation 
conformation [PDB ID: 7AC7 (6)]. Non-native interactions were 
assigned repulsive potentials, which ensures that only sterically ac-
cessible conformations are sampled in the simulations. Given that 
the stabilizing interactions are defined on the basis of the end points 
(i.e., tmRNA in the A and P sites), this force field is suited to capture 
steric and entropic contributions to the dynamics (32, 41, 42). For 
example, these models have shown how tRNA dynamics is regu-
lated by steric factors during P/E hybrid formation and transloca-
tion of tRNA (43–45). Here, to isolate the contributions of the bL27 
N-terminal sequence, two sets of simulations were performed. In 
the first set, the bL27 N-terminal residues (Ala2-Ala6) were includ-
ed and treated as disordered, consistent with the frequent lack of 
density for this region (PDB ID: 7ACJ). In the second set of simula-
tions, we used an identical model, except that the N-terminal resi-
dues were removed (bL27:7-85). To investigate the effects of bL27 
on tRNA during translocation, we used the same strategy, in which 
the tRNA posttranslocated state on the ribosomal large subunit 
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(LSU) [PDB ID: 7K51 (46)] was defined as the stable end point, and 
simulations were initiated from the pretranslocated conformation 
[PDB ID: 7K50 (46)].

Potential energy function
An all-atom structure-based (SMOG) force field of the tmRNA-
SmpB-ribosome complex was used. The potential energy may be 
expressed as

where

{r
0
} and {θ

0
} parameters are assigned according to the Amber99sb-

ildn force field (47), whereas the dihedral parameters ( {χ
0
} and {ϕ

0
} ) are 

given the corresponding values found in the experimental model. 
The energetic weights are ϵr = 100 ϵ

Å
2 , ϵθ = 80 ϵ

rad2
 , ϵχimp

= 10 ϵ

rad2
 , and 

ϵχplanar = 40 ϵ

rad2
 , where ϵ denotes the reduced energy unit. Nonbonded 

contacts found in the experimental model are identified using the 
Shadow Contact Map algorithm (48), with a shadowing radius of 1 Å 
and a cutoff distance of 6 Å. Intramolecular contacts within the ribo-
some and the tmRNA-SmpB complex were modeled using an attractive 
6-12 potential to stabilize a preassigned structure. The intraribosomal 
contacts and dihedrals were assigned to stabilize the pretransloca-
tion structure (PDB ID: 7AC7), while the intra–tmRNA-SmpB 
complex contacts and dihedrals were defined on the basis of the 
translocated structure (PDB ID: 7ACJ). To define the contacts between 
the ribosome and tmRNA-SmpB, long-range interactions were mod-
eled with a 3-12 potential with the minimum assigned from the trans-
located configuration.

Given that contact terms in the structure-based model describe 
effective interactions (49), subsets of the contact weights were res-
caled. Contacts between the head and body of the 30S ribosomal sub-
unit and between the head of the 30S and the large subunit were 
rescaled by a factor of 0.5 to allow for the head rotation and tilting 
(50), while interactions between the A-site finger and 30S were res-
caled by 0.2 to allow for the A-site finger to move toward its posttrans-
location position. Intercomplex contacts between tmRNA-SmpB and 
the ribosome were rescaled by a factor of 0.6 to account for the tran-
sient nature of tmRNA-SmpB binding to the ribosome.

Atom pairs not in native contact in the experimental structure were 
assigned a purely repulsive interaction to represent excluded-volume ef-
fects using the 12-18 potential. The weights of dihedral and contact ener-
gies were normalized following the procedure described previously (51).

In these simulations, we additionally introduced a harmonic po-
tential (weight of 2 ϵ

Å
2 ) between the 3′-CCA tail of the tmRNA and 

the P site of the LSU. Specifically, the restraint was introduced be-
tween the phosphate atoms of A363 in the tmRNA and C2064 in the 
LSU. This was introduced to mimic a post–peptidyl transfer state, 
where the CCA end is chemically bonded to the nascent protein 

chain. Accordingly, our model is suited to address the impacts of 
bL27 on translocation of tmRNA-SmpB, rather than probe the di-
rect impact on transpeptidation.

In addition, for the tRNA translocation simulations, all intramolec-
ular contacts and dihedrals for the ribosome and tRNA were assigned 
values, stabilizing the translocated conformation (PDB ID: 7K51), us-
ing a 6-12 potential for native contacts. Intermolecular ribosome-tRNA 
interactions were modeled using a 3-12 potential, with contact strengths 
rescaled by a factor of 0.6 to reflect the transient nature of tRNA-
ribosome interactions during translocation. To ensure the robustness of 
the results, simulations were repeated for tRNA, where the 3-12 con-
tacts were scaled by 0.3. For both sets of parameters, the dynamics 
of tRNA were insensitive to the tail of bL27. Moreover, to mimic a 
post–peptidyl transfer state, a harmonic restraint with a weight of 2 ϵ

Å
2 

was introduced between A76 of the tRNA 3′-CCA tail and C2064 of 
the LSU.

Simulation details
All force field files were generated using the SMOG 2 (40) software 
package. The AA_12–18_Wang22.v1 templates (52) were used with 
SMOG 2 to generate the initial force field files, and manual modifi-
cations were introduced to include the 3-12 potential. Molecular 
dynamics simulations were performed using the OpenMM (53) and 
OpenSMOG (54) libraries. The system was simulated at a reduced 
temperature of 0.5 ϵ

KB

 , which was maintained using Langevin dynam-
ics protocols with a time step of 0.002. This temperature was cho-
sen because it yields predictions of molecular flexibility that are 
consistent with explicit-solvent simulations and crystallographic B-
factors for molecular assemblies (55). To estimate the effective simu-
lated time, we defined one reduced time unit to correspond to ∼1 ns, 
as estimated for tRNA motion within the ribosome (56). This esti-
mate was based on diffusion coefficients calculated from simulations 
using both SMOG and explicit-solvent models.

In preliminary simulations with our model, it was observed that 
the TLD always reached the P site before the mRNA-like domain. In 
addition, as sterically required, the deacylated tRNA was always dis-
placed from the P site before TLD movement to the P site. To probe 
the effects of bL27, we focused the current analysis on the move-
ment of the TLD.

Two sets of simulations with tmRNA were performed, each con-
sisting of 150 independent runs: one with the complete bL27 
N-terminal tail and the other with a truncated variant lacking resi-
dues Ala2-Ala6 (bL27:7-85). Each simulation was continued for up 
to 3.2 × 108 time steps. Simulations were continued until the TLD as-
sociated with the P site. For the full-length system, the TLD reached 
the P site in 112 simulations within the simulated time, while there 
were 130 successful events for the bL27:7-85 system. All 150 trajec-
tories were used to calculate each occupancy distribution. Accord-
ingly, the total occupancy values for the A-site occupancy represent 
lower-bound estimates. However, given that there were a larger num-
ber of simulations of the full-length system in which the tmRNA did 
not reach the P site, the A-site occupancy will likely increase more 
for the system with full-length bL27, which would further amplify 
the differences described in the main text.

Moreover, for the tRNA simulations, two sets of 150 independent 
replicas were performed, following the same protocol as in the tm-
RNA system. Simulations were terminated once the tRNA reached 
the P site of the LSU.
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