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ABSTRACT

Although trans-translation mediated by tmRNA-
SmpB has long been known as the sole system to
relieve bacterial stalled ribosomes, ArfA has recently
been identified as an alternative factor for ribosome
rescue in Escherichia coli. This process requires hy-
drolysis of nascent peptidyl-tRNA by RF2, which usu-
ally acts as a stop codon-specific peptide release
factor. It poses a fascinating question of how ArfA
and RF2 recognize and rescue the stalled ribosome.
Here, we mapped the location of ArfA in the stalled
ribosome by directed hydroxyl radical probing. It re-
vealed an ArfA-binding site around the neck region
of the 30S subunit in which the N- and C-terminal re-
gions of ArfA are close to the decoding center and
the mRNA entry channel, respectively. ArfA and RF2
sequentially enter the ribosome stalled in either the
middle or 3′ end of mRNA, whereas RF2 induces a
productive conformational change of ArfA only when
ribosome is stalled at the 3′ end of mRNA. On the ba-
sis of these results, we propose that ArfA functions
as the sensor to recognize the target ribosome after
RF2 binding.

INTRODUCTION

Protein synthesis is terminated when a stop codon appears
in the decoding center. In bacteria, the class I release fac-
tors, RF1 and RF2, enter the A-site in a stop codon-
dependent fashion to perform polypeptide release from the
peptidyl-tRNA in the P-site, which is catalyzed by a univer-
sally conserved Gly-Gly-Gln (GGQ) motif of release fac-
tor. When a truncated mRNA lacking a stop codon (non-
stop mRNA) is translated, the ribosome stalls at the 3′ end
of mRNA, as neither RF1 nor RF2 functions. Since accu-
mulation of excess stalled ribosomes is deleterious to the
cells, each bacterium should possess any system(s) to rescue
them (1). Trans-translation mediated by tmRNA and SmpB

has been considered as the bacterial standard system, con-
sidering its universal distribution among the bacterial do-
main (2). In this system, tmRNA enters the ribosome stalled
at the 3′ end of non-stop mRNA and receives the nascent
polypeptide from the peptidyl-tRNA. And then, transla-
tion is switched from non-stop mRNA to the open read-
ing frame on tmRNA, which encodes a tag-peptide prefer-
entially recognized by cellular ATP-dependent degradation
systems as represented by the SspB-ClpXP degradation sys-
tem. Thus, it facilitates ribosome recycling for a new round
of translation and avoids the resulting tagged polypeptides
from accumulation in the cell. Although trans-translation
is essential for the viability of some bacteria, such as Neis-
seria gonorrhoeae, Helicobacter pylori and Shigella flexneri
(3–5), it is dispensable for many other bacteria including Es-
cherichia coli. It raises the possibility of the existence of al-
ternative rescue system(s) for the stalled ribosome.

Recently, ArfA (YhdL) has been identified as a factor re-
quired for E. coli lacking ssrA (the gene for tmRNA) (6,7).
Although arfA (the gene for ArfA) is not essential, disrup-
tions of ssrA and arfA result in a synthetically lethal phyno-
type. The arfA mRNA is usually cleaved by RNase III fol-
lowed by trans-translation-dependent degradation (8–10),
and consequently functional ArfA protein is expressed from
this truncated mRNA only when trans-translation does not
sufficiently work, suggesting that the ArfA-dependent res-
cue system acts as a backup system for trans-translation in
the cell. ArfA does not contain the GGQ motif, which is es-
sential for release of polypeptide by class I release factors,
leading to another finding that ArfA requires RF2, but not
RF1, for peptidyl-tRNA hydrolysis (11,12). While RF2 usu-
ally recognizes the UAA or UGA stop codon to terminate
translation, the stop codon is missing in non-stop mRNA.
This deepens the mystery of the molecular mechanism of
the ArfA-dependent rescue system.

In the present work, we studied the sites and modes of
binding of ArfA to the ribosome by directed hydroxyl rad-
ical probing. It revealed an ArfA-binding site on the ri-
bosome; the N-terminal region of ArfA is located around
the decoding center, while the C-terminal region is located
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Figure 1. Activity of in vitro peptidyl-tRNA hydrolysis for ArfA variants. (A) mRNA sequence used in PTH assay. (B) Stalled ribosome with the P-site
occupied by N-formyl-[14C]Met-tRNAfMet and a short mRNA encompassing the SD sequence to the P-site AUG codon (mRNA + 0) was incubated
with ArfA and RF2 for 10 min at 37◦C. After hydrolysis, N-formyl-[14C]Met was extracted by ethyl acetate and radioactivity was measured by a liquid
scintillation counter. Data are means with standard deviations and are representative of at least three independent experiments.

along the mRNA entry channel downstream of the A-site.
We also found that cleavage patterns are considerably af-
fected by the addition of RF2, suggesting that ArfA un-
dergoes a significant conformational change by RF2. Us-
ing fluorescence spectroscopy, we determined the dissocia-
tion constant between ArfA and either 70S ribosome, ribo-
somal subunits or RF2. It revealed that ArfA binds to the
70S ribosome or 50S subunit with similar affinity and much
less efficiently to the 30S subunit or RF2. Intriguingly, ArfA

and RF2 bind to the ribosome regardless of the length of
the 3′ extension of mRNA, although they catalyze peptidyl-
tRNA hydrolysis only in the ribosome stalled near the 3′ end
of mRNA. Based on these results, we propose a molecular
mechanism underlying the ArfA-dependent ribosome res-
cue system.
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Figure 2. Directed hydroxyl radical probing of 16S rRNA. (A–Q) The sites of cleavages were detected by primer extension. Stalled ribosome with the P-site
occupied by tRNAfMet and a short mRNA (mRNA + 0, the sequence of which is shown in Figure 1A was probed with ArfA variants in the absence (−)
and presence (+) of RF2. The letters A, C, G and T indicate sequencing lanes. All other lanes are from the stalled ribosomes probed with wild-type ArfA
and ArfA mutants each having a single cysteine residue at the indicated position. The bands of interest are designated by bars.
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Figure 3. Mapping of cleavage sites in the 70S ribosome. Cleavage sites by hydroxyl radicals mapped onto the crystal structure of Thermus thermophilus
70S-RF2 complex (PDB 3F1G). (A and B) Cleavage sites in 16S rRNA from the (A) N-terminal and (B) C-terminal mutants of ArfA in the absence of RF2
are designated as balls (magenta). Ribosomal proteins and large subunit rRNAs are not shown for clarity. (C and D) Cleavage sites in 16S rRNA from the
(C) N-terminal and (D) C-terminal mutants of ArfA in the presence of RF2 are designated as balls. Cleavages, which were weakened, strengthened and
unchanged by RF2, are colored light blue, orange and magenta, respectively. Ribosomal proteins and large subunit rRNAs are not shown for clarity.

MATERIALS AND METHODS

Preparation of ArfA, RF1, RF2, ribosome and charged tR-
NAs

Mutations were introduced into a plasmid for overpro-
duction of His-tagged ArfA-�C17 from E. coli (9). ArfA
derivatives, RF1 and RF2 were prepared as previously de-
scribed (11). 70S ribosomes were prepared from E. coli
W3110 as described (13). tRNAfMet was purchased from
Sigma-Aldrich Co. N-formyl-[14C]Met-tRNAfMet was pre-
pared as described (14).

Peptidyl-tRNA hydrolysis assay

The stalled ribosome was formed by incubating 20 pmol
ribosomes, 100 pmol mRNA and 40 pmol N-formyl-
[14C]Met-tRNAfMet in 40 �l of buffer A for 10 min at 37◦C.

Buffer A contains 80 mM Tris-HCl (pH 7.8), 7 mM MgCl2,
150 mM NH4Cl, 2.5 mM dithiothreitol and 2 mM spermi-
dine. After incubation, stalled ribosome mixture was incu-
bated with 10 �l of 50 pmol ArfA and 50 pmol RF2-B in
buffer A. At specified times, reaction mixture was quenched
in 150 �l of 0.1 M HCl. Hydrolyzed N-formyl-[14C]Met was
extracted with 300 �l of ethyl acetate and 200 �l of the ethyl
acetate layer was spotted onto glass fiber filter (Advantec).
Radioactivity on the filter was measured by a liquid scintil-
lation counter.

Conjugation of Fe(II)-BABE to ArfA

Three nmol of each ArfA derivative was incubated with 30
nmol Fe(II)-bromoacetamidobenzyl-EDTA (BABE) in 100
�l of solution containing 50 mM MOPS (pH 8.2), 100 mM
NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA) and

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/42/21/13339/2902783 by guest on 20 M

arch 2024



13344 Nucleic Acids Research, 2014, Vol. 42, No. 21

Concentration of RF2, 70S, 50S or 30S (nM)

P
ol

ar
iz

at
io

n 
(m

P
)

0.1 1 10 100 1000 10000
100

200

300

400
RF2
70S
50S
30S

Figure 4. Fluorescence polarization binding analysis of the ArfA to either
RF2, 70S ribosome, 50S or 30S subunit. ArfA was labeled with 5-TAMRA.
Polarization was plotted against concentration of factors. Measurement
was repeated five times and the means are presented.

5% glycerol at 37◦C for 1 h. Free Fe(II)-BABE was removed
by gel filtration. A mock modification was also performed
on wild type ArfA-�C17, which has no cysteine residue, as
the control.

Formation of the complex of ArfA and ribosome

70S ribosomes (20 pmol) were incubated with a synthetic
mRNA (100 pmol) and tRNAfMet (100 pmol) at 37◦C for
10 min. They were subsequently incubated with Fe(II)-
tethered ArfA (300 pmol) and RF2-B (0 or 50 pmol) in 50 �l
of 50 mM MOPS (pH 8.0), 120 mM NaCl, 0.1 mM EDTA,
10 mM MgCl2 and 10% glycerol at 37◦C for 10 min.

Directed hydroxyl radical probing

Ribosome in complex with Fe(II) tethered ArfA was probed
by initiating hydroxyl radical formation with 6 �l of 250
mM ascorbic acid and 6 �l of 1.25% H2O2. The reaction
mixtures were incubated on ice for 10 min and quenched
with 100 mM thiourea. RNA was prepared by phenol ex-
traction and ethanol precipitation. Reverse transcriptase re-
action was carried out in a 12 �l reaction mixture contain-
ing 50 mM Tris-HCl (pH 8.3), 75 mM KCl, 3 mM MgCl2, 10
mM dithiothreitol, 0.5 mM each of dNTP, 1 pmol of rRNA,
1 pmol of 5′Texas Red labeled DNA primer complementary
to a portion of the rRNA sequence, three units of ribonu-
clease inhibitor (Takara) and 18 units of reverse transcrip-
tase (Takara). After the addition of 3 �l of stop solution
containing 95% formamide, 0.5 mM EDTA and 0.1 mg/ml
Fuchsin Red, the positions of cleavages were analyzed using
a fluorescence DNA sequencer (Hitachi SQ-5500).

Fluorescence polarization analysis

ArfA was labeled with 5-carboxytetramethylrhodamine
(TAMRA) using the Protein Labeling Kit MF-543PX
(Olympus) according to the instructions. To form the stalled
ribosome, indicated amounts of 70S ribosomes, mRNA
(mRNA + 0 or mRNA + 21, 100 pmol) and tRNAfMet (100
pmol) were incubated in 25 �l of solution containing 80

mM Tris-HCl (pH 7.5), 7 mM MgCl2, 150 mM NH4Cl, 2.5
mM dithiothreitol, 2 mM spermidine and 0.05% Tween 20
at 37◦C for 10 min. Labeled ArfA (100 fmol) in 25 �l of so-
lution containing 80 mM Tris-HCl (pH 7.5), 7 mM MgCl2,
150 mM NH4Cl, 2.5 mM dithiothreitol, 2 mM spermidine
and 0.05% Tween 20 was mixed with the ribosome mixture
and incubated at 37◦C for 10 min. The reaction mixtures
were applied to a glass-bottomed microplate and they were
set in MF20 fluorescence spectroscopy system (Olympus).
The measurement of polarization was performed with ex-
citation wavelength at 543 nm and laser power of 100 �W.
Data acquisition time was 5 s per measurement.

Ultrafiltration assay

70S ribosomes (20 pmol), mRNA (mRNA + 0 or mRNA
+ 21, 100 pmol) and tRNAfMet (100 pmol) were incubated
in 25 �l of solution containing 80 mM Tris-HCl (pH 7.5),
7 mM MgCl2, 150 mM NH4Cl, 2.5 mM dithiothreitol and
2 mM spermidine at 37◦C for 10 min. ArfA (20 pmol) and
RF2 (0, 1.9, 5.6, 17 and 50 pmol) in 25 �l of solution con-
taining 80 mM Tris-HCl (pH 7.5), 7 mM MgCl2, 150 mM
NH4Cl, 2.5 mM dithiothreitol and 2 mM spermidine were
mixed with the ribosome mixture and incubated at 37◦C for
10 min. Free RF2 and ArfA were removed by centrifugal ul-
trafiltration using Amicon Ultra (100 kDa). Ribosome frac-
tion was subjected to SDS-PAGE and visualized by Oriole
Fluorescent Gel Stain (Bio-Rad).

RESULTS

Single cysteine derivatives of ArfA

We used site-directed mutagenesis to construct single-
cysteine mutants of ArfA for attaching Fe(II)-BABE
probes. In previous in vivo studies, functional ArfA pro-
tein is synthesized from arfA mRNA cleaved by RNase III
as the C-terminally truncated product (8,9). Therefore, we
used ArfA-�C17 construct, which lacks the C-terminal 17
amino acids, as the wild-type ArfA. The active form of wild
type ArfA contains no naturally occurring cysteine residue,
and we introduced a single cysteine-residue at each of 34 dif-
ferent positions of wild-type ArfA. The mutant ArfA pro-
teins were overexpressed, purified by Ni-NTA agarose chro-
matography, and Fe(II)-BABE was attached to the cysteine
residue in each ArfA variant for directed hydroxyl radical
probing. This approach uses locally generated hydroxyl rad-
icals to cleave rRNA in the vicinity of Fe(II) tethered to the
unique cysteine residue introduced into ArfA.

To assess the activities of these mutants prior to label-
ing with Fe(II)-BABE, we developed an in vitro peptidyl-
tRNA hydrolysis (PTH) assay system using purified compo-
nents. In this system, 70S ribosome was incubated with an
mRNA encompassing the SD sequence to the P-site AUG
codon (Figure 1A) and N-formyl-[14C]Met-tRNAfMet in-
stead of peptidyl-tRNAfMet to form the stalled ribosome.
Then, this stalled ribosome with the P-site occupied by N-
formyl-[14C]Met-tRNAfMet and the vacant A-site was incu-
bated with ArfA and RF2. It has been reported that over-
expressed RF2 from E. coli K12 strain (RF2-K) has a lower
activity of peptide release than that from B strain (RF2-
B) in terms of termination of translation (15) and ArfA-
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polarization binding analysis of 5-TAMRA-labeled ArfA to the ribosome with the P-site occupied tRNAfMet and either mRNA + 0 or mRNA + 21.
Polarization was plotted against concentration of ribosomes. Measurement was repeated five times. (C and D) Ribosome-binding analysis of (C) RF2 or
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with tRNAfMet at the P-site and mRNA + 21 containing UAG or UGA codon at the A-site.
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was measured. Stalled ribosome that contains 70S ribosome, mRNA and N-formyl-[14C] Met-tRNAfMet was mixed with ArfA and RF2. At specified times,
N-formyl-[14C]Met was extracted by ethyl acetate and radioactivity was measured by a liquid scintillation counter.

dependent peptidyl-tRNA hydrolysis (11). Therefore, we
prepared RF2-B as previously described (11). After hydrol-
ysis of N-formyl-[14C]Met-tRNAfMet, released N-formyl-
[14C]Met was extracted by ethyl acetate and radioactivity
was measured by a liquid scintillation counter. We con-
firmed that most ArfA mutants have PTH activity compa-
rable to wild-type ArfA, although K34C mutant exhibited a
slight decrease (Figure 1B). The PTH activity of A18C mu-
tant was comparable to that of wild type ArfA in our assay
system, although A18T mutant has been reported to have
a defect in release of nascent polypeptide from the stalled
ribosome in a cell-free translation system (11,12).

Directed hydroxyl radical probing of ArfA/70S complex

Fe(II)-ArfA was mixed with stalled ribosome complex con-
taining 70S ribosome, an mRNA encompassing the SD se-
quence to the P-site AUG codon (the sequence is shown in
Figure 1A) and tRNAfMet. Then, cleavages of 23S rRNA
and 16S rRNA by hydroxyl radicals generated from the
tethered Fe(II) were detected by primer extension. It has
been reported that ArfA preferably binds the 50S subunit
rather than the 30S subunit (6). However, cleavage sites de-
tected were all localized in 16S rRNA (Figure 2A–Q). Fe(II)
tethered to positions 2, 3, 4 and 5 in the N-terminal region

of ArfA cleaved nucleotides in 16S rRNA helix 18 (531–
532), which flank on the decoding center (Figure 2A and
B). Positions 30, 32, 38 and 39 in the C-terminal region of
ArfA also cleaved the same site (Figure 2C and D). Posi-
tions 47, 48 and 50 in the C-terminal region of ArfA cleaved
nucleotides in 16S rRNA helix 18 (511–513 and 533–535)
between the decoding center and the mRNA entry chan-
nel (Figure 2E). 16S rRNA helices 30 and 32 (1053–1055,
1195–1197, 1215 and 1230–1231) near the decoding cen-
ter are cleaved by some N-terminal mutants (positions 2
to 32, Figure 2F–N). Positions 38, 39, 47 and 50 in the C-
terminal region of ArfA also cleaved nucleotides in helix 34
(1195–1197, Figure 2M and N). Positions 22 and 27 in the
N-terminal region of ArfA cleaved nucleotides in helix 44
(1398 and 1411–1412, Figure 2O–Q). These cleavages pro-
vide information about a set of proximity relationships be-
tween specific residues of ArfA and rRNA residues of the
ribosome.

Effect of RF2 binding on probing

Since ArfA requires RF2 for peptidyl-tRNA hydrolysis, we
tested the effect of RF2 binding to the ribosome on the pat-
tern of directed hydroxyl radical probing. Interestingly, the
cleavage pattern was significantly changed when RF2 was
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Peptidyl-tRNA

mRNA path

RF2

unstructured ArfA

truncated mRNA

deacyl-tRNA

ArfA binding

Peptidyl-tRNA hydrolysis

RF2 binding

Conformational change

intact mRNA

Figure 8. Schematic representation of ArfA/RF2 ribosome rescue. ArfA enters the stalled ribosome regardless of the length of 3′ extension of mRNA.
After ArfA binding, RF2 binds to the ribosome, inducing conformational changes of ArfA and RF2 to introduce the C-terminal region of ArfA and the
GGQ motif of RF2 into the mRNA entry channel and the peptidyltransferase center, respectively. If the mRNA entry channel is occupied by mRNA, the
conformational changes required for peptidyl-tRNA hydrolysis do not occur.
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added (Figure 2A–Q and Table 1). Cleavages in helix 18
(520–521) by Fe(II) tethered to positions 2 and 3 in the N-
terminal region of ArfA became detectable only after the
addition of RF2 (Figure 2A). Positions 33, 34, 38 and 39 in
the first half of the C-terminal region of ArfA more strongly
cleaved nucleotides in helix 18 (533–535) in the presence of
RF2 (Figure 2C and D). These nucleotides were also cleaved
from Fe(II) tethered to position 47, 48 or 50 in the latter half
of the C-terminal region of ArfA regardless of the presence
or absence of RF2 (Figure 2E). On the other hand, cleav-
ages in helix 18 (531–532) from positions 38 and 39 became
less intensified by the addition of RF2 (Figure 2D), and
cleavages in helices 30, 32 and 34 (1053–1055, 1195–1197,
1215 and 1230–1231) by N-terminal mutants disappeared
by the addition of RF2 (Figure 2H and L). Taken together,
RF2 binding significantly changes the mode of interaction
of ArfA to the stalled ribosome, especially in the N-terminal
region (2–27) and the first half of the C-terminal region (28–
39) of ArfA rather than the latter half (47–50).

Modeling the ArfA-70S ribosome interaction

We used the probing data to model the position of ArfA
in a crystal structure of the 70S ribosome with RF2 (16),
although with no structural data of ArfA available. Cleav-
ages were observed predominantly in the neck region of the
30S subunit from 30 Fe(II) tethering sites on ArfA in the
absence (Figure 3A and B) and presence (Figure 3C and
D) of RF2. There are two prominent regions: (i) the re-
gion around the decoding center was mainly cleaved from
Fe(II) tethered to the N-terminal residues (Figure 3A and
C) and (ii) the region around the mRNA entry channel was
cleaved from Fe(II) tethered to some C-terminal residues
(Figure 3B and D). As shown in Figure 3C and D, some
cleavages were modulated by the addition of RF2. Although
most cleavages from N-terminal residues were weakened or
disappeared in the presence of RF2, the region 520–521 in
16S rRNA helix 18, which flanks on the decoding center,
became cleaved from Fe(II) tethered to position 2 or 3 of
ArfA only after the addition of RF2. On the other hand,
nucleotides (533–535) that are located inside the mRNA en-
try channel became cleaved from Fe(II) tethered to position
33, 34, 38 or 39 in the C-terminal region of ArfA after the
addition of RF2.

ArfA binds to 70S ribosome but not RF2 in vitro

It has been reported that ArfA preferentially co-sediments
with the 50S subunit (6 ). In order to determine the dis-
sociation constant between ArfA and either 70S ribo-
some, 50S or 30S subunit, we performed fluorescence po-
larization binding assay. ArfA labeled with 5-TAMRA (5-
Carboxytetramethylrhodamine) was incubated with vari-
ous concentrations of 70S ribosome, 50S or 30S subunit. As
shown in Figure 4, the level of polarization, which reflects
the degree of complex formation, increased with increasing
concentration of the 70S ribosome or the 50S subunit. The
dissociation constants between ArfA and the 70S ribosome
and between ArfA and the 50S subunit were 36 and 34 nM,
respectively. In contrast, we were only able to detect much
lower affinity between ArfA and the 30S subunit.

In previous pull-down experiments, there is no evidence
that ArfA interacts with RF2 (6,11). To measure the affinity
of ArfA to RF2, labeled ArfA was incubated with various
concentrations of RF2 (Figure 4). Polarization was not af-
fected even by high concentration of RF2, indicating that
ArfA does not substantially form a complex with RF2 prior
to ribosome binding. This confirms that ArfA and RF2
bind to the ribosome independently rather than in complex
with each other.

ArfA and RF2 bind to the stalled ribosome regardless of the
length of 3′ extension of mRNA

It has been reported that the efficiency of the ArfA-
dependent ribosome rescue decreases with an increase in
mRNA length (12). ArfA binds around the decoding cen-
ter and the mRNA entry channel, raising the possibility that
ArfA competes with the 3′ extension of mRNA for the same
binding site. To test the effect of the 3′ extension of mRNA
on the ribosome binding of ArfA, we performed the fluores-
cence polarization binding assay. We used two kinds of mR-
NAs having 0 and 21 nucleotides extending from the P-site
in consideration of the span of the downstream mRNA path
from the P-site (Figure 5A). Ribosome was incubated with
tRNAfMet and an mRNA having a Shine-Dalgarno (SD) se-
quence, an AUG start codon and 0 or 21 nucleotides of 3′
extension (mRNA + 0 or mRNA + 21) to produce a stalled
ribosome as previously reported (17). This stalled ribosome
was incubated with 5-TAMRA-labeled ArfA. Contrary to
expectation, we found that ArfA binds to the ribosome re-
gardless of the length of the 3′ extension of mRNA (Figure
5B).

Next, we examined the effect of the 3′ extension of
mRNA on ribosome binding of RF2. Ribosome stalled
on either mRNA + 0 or mRNA + 21 was incubated with
ArfA and various concentrations of RF2. After incuba-
tion, unbound RF2 (and ArfA) was washed out by centrifu-
gal ultrafiltration with a 100-kDa molecular weight cut-off.
Then the ribosome fraction was subjected to SDS-PAGE.
We found that RF2 binds to the ribosome regardless of the
length of the 3′ extension of mRNA in an ArfA-dependent
manner (Figure 5C). In contrast, RF1 did not bind to the
ribosome in either the presence or absence of ArfA (Figure
5D), in agreement with a previous study (12). We confirmed
that RF1 and RF2 bind to the ribosome depending on the
corresponding stop codons, UAG and UGA, respectively
(Figure 5E and F).

To test the effect of the length of the 3′ extension of
mRNA on cleavage patterns, we selected 11 mutants and
performed directed hydroxyl radical probing using mRNA
+ 21, and the data are compared with those obtained us-
ing mRNA + 0 (Figure 6 and Table 1). Some cleavages de-
pended on the length of mRNA in the absence of RF2, i.e.
cleavages of 511–513 and 533–535 of 16S rRNA from Fe(II)
tethered to positions 47 and 50 of ArfA were detected only
when ribosome was stalled on mRNA + 0 (Figure 6A and
B). Cleavages in helix 34 (1053–1055) by positions 6 and 28
(Figure 6C and D) and in helix 44 (1398 and 1411–1412)
by positions 28 and 15 were detectable only when mRNA +
0 was used (Figure 6E and F). Cleavages of 531–532 from
Fe(II) tethered to position 39 were weakened when we used
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Table 1. Sites of cleavage by directed hydroxyl radical probing.

Site of cleavage Position of cysteine residue introduced

mRNA + 0 mRNA + 21

−RF2 +RF2 −RF2 +RF2

511–513 30, 47–50 30,47–50 30 30
520–521 2, 3, 22
531–532 2–6, 18, 22, 30–42 30 30 30
533–535 30, 47–50 30–34, 38, 39, 42, 47–50 30 30
1053–1055 2–32, 42 28 18, 42 18, 42
1195–1197 2–32, 36–39, 47, 50
1215 2–32
1230–1231 2–32
1398 2–6, 15, 18, 22, 26–30 26–30
1411–1412 6, 15, 18, 22, 27 15, 18, 22, 26 18 18

mRNA + 21 instead of mRNA + 0 (Figure 6B). In contrast,
residues of 513 and 531–532 from Fe(II) tethered to position
30 were cleaved regardless of the length of mRNA (Figure
6A). Similarly, cleavages in 1053–1055 by Fe(II) tethered to
positions 18 and 42 of ArfA did not vary with the length of
3′ extension (Figure 6C and D). Then, we tested the effect
of RF2 on cleavage patterns. As shown in Figure 6 and Ta-
ble 1, some cleavages were affected by RF2 when we used
mRNA + 0. In contrast, much fewer changes by RF2 were
detected when mRNA + 21 was used.

We also examined the effect of 3′ extension of mRNA on
PTH activity using our in vitro assay system, and confirmed
that the 3′ extension of mRNA significantly inhibits the hy-
drolysis of fMet-tRNAfMet (Figure 7A and B). Taken to-
gether, these results suggest that RF2 binds to the ribosome
stalled on mRNA + 21, although it does not induce confor-
mational change of ArfA required for peptidyl-tRNA hy-
drolysis.

DISCUSSION

In the present study, we demonstrated the sites and modes
of binding of ArfA to the stalled ribosome. It revealed that
the N-terminal region of ArfA is located around the decod-
ing center, while the C-terminal region is located along the
mRNA entry channel (Figure 3). After ArfA binding, RF2
enters the stalled ribosome in the absence of stop codon
(Figure 5C). Upon RF2 binding, ArfA, including both its
N- and C-terminal regions, undergoes a significant confor-
mational change (Figure 3). We also found that RF2 as well
as ArfA binds to the ribosome stalled not only in the 3′ end
but also in the middle of mRNA (Figure 5B and C), al-
though they can hydrolyze peptidyl-tRNA only in the ribo-
some stalled at the 3′ end of mRNA. Consistently, produc-
tive conformational change of ArfA by RF2 binding occurs
only when the ribosome is stalled at the 3′ end of mRNA
(Figure 6).

The interaction of the mRNA path with ArfA is remi-
niscent of that with SmpB during trans-translation. The re-
gion occupied by the C-terminal half of ArfA essentially
overlaps with the region occupied by the C-terminal tail
of SmpB (13,18,19). The ArfA-dependent PTH activity de-
creases with increase of the 3′ extension of mRNA (12) (Fig-
ure 7B), and such an inverse correlation has also been found
in tmRNA-SmpB-directed trans-translation (20,21). These

findings raise the possibility that these ribosome rescue fac-
tors may recognize the target ribosome through a similar
mechanism. Note that ArfA binds to the ribosome regard-
less of the length of 3′ extension of mRNA (Figure 5A). Re-
cently, we found that tmRNA-SmpB enters the ribosome
stalled even in the middle of mRNA to trigger GTP hydrol-
ysis by EF-Tu, whereas subsequent peptidyl-transfer occurs
only in the ribosome stalled near the 3′ end of a truncated
mRNA (17). Taken together, either ArfA or SmpB initially
binds to the region around the decoding center for which
the C-terminal region would not compete with the 3′ exten-
sion of mRNA. Neither ArfA nor SmpB selects the stalled
ribosome free of the 3′ extension of mRNA in the initial
step of ribosome rescue. Recently, ArfB (YaeJ), a homolog
of class I peptide release factor, has been identified as the
third factor that has the capacity for release of the nascent
polypeptide from the stalled ribosome (22,23). Interestingly,
ArfB (YaeJ) has also the C-terminal tail that occupies the
mRNA path in the stalled ribosome (24).

Our finding that ArfA and RF2 bind to the ribosome
stalled even in the middle of mRNA is unexpected be-
cause the ArfA-dependent peptidyl-tRNA hydrolytic ac-
tivity by RF2 decreases with an increase of the 3′ exten-
sion of mRNA (Figure 7B) and indeed the C-terminal re-
gion of ArfA appears to compete with mRNA for the
same binding site. Our probing result indicates that ArfA
binds to the ribosome stalled on intact mRNA in a differ-
ent way from that upon binding to the ribosome stalled
on a truncated mRNA (Figure 6). Since ArfA and RF2
fail to induce peptidyl-tRNA hydrolysis on the ribosome
stalled in a middle of mRNA, the GGQ motif of RF2
would not be accommodated into the peptidyltransferase
center. This intermediate complex might possibly reflect ‘the
pre-accommodation state,’ which has been believed to oc-
cur in the canonical termination process. The crystal struc-
ture of ribosome-bound RF2 is considerably different from
that of ribosome-unbound RF2 (16,25,26), suggesting that
RF2 undergoes significant conformational rearrangement
upon recognition of the stop codon in the A-site. Similar
conformational rearrangement might occur in the ArfA-
dependent ribosome rescue process, i.e. RF2 recognizes the
presence of ArfA in the stalled ribosome and undergoes its
conformational rearrangement only in the absence of the
downstream mRNA to introduce the GGQ motif into the
peptidyltransferase center.
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On the basis of the present results, we propose a model
of ArfA-dependent ribosome rescue system to explain how
ArfA and RF2 recognize the stalled ribosome (Figure 8).
Initially, ArfA binds to the stalled ribosome around the de-
coding center and the mRNA entry channel regardless of
the length of the 3′ extension of mRNA, although the bind-
ing mode is somewhat different depending on the presence
or absence of the 3′ extension. Then, RF2 enters the ArfA-
ribosome complex with either no or long 3′ extension, but
inducing productive conformational changes of both ArfA
and RF2 only in the absence of 3′ extension. Then the C-
terminal region of ArfA is fully accommodated into the
mRNA entry channel only when the channel is free. Con-
sequently, the C-terminal region may function as the sen-
sor to discriminate between the stalled and translating ribo-
somes by binding competition between the C-terminal half
of ArfA and the 3′ extension of mRNA for the mRNA entry
channel.

This model provides several insights into the ArfA/RF2
ribosome rescue system. (i) ArfA binds to the A-site around
the decoding center and the mRNA entry channel, (ii) ArfA
substitutes for the stop codon to recruit RF2 for ribosome
rescue and (iii) the C-terminal region of ArfA functions as
the sensor to recognize the mRNA entry channel after RF2
binding.

Unlike in the canonical translational process, RF2 acts
on a stalled ribosome as the stop codon-independent pep-
tide release factor in the presence of ArfA. Consistently,
RF2 no longer requires the stop codon-recognition motif in
the presence of ArfA (6). In case any non-cognate peptidyl-
tRNA is in the P-site after misincorporation of non-cognate
amino acid into the nascent polypeptide, RF2 can also act
as a stop codon-independent peptide release factor, but
without ArfA, to interrupt abortive translation (27,28). It
poses the fascinating question about whether there is any
common underlying mechanism between the two kinds of
RF2 actions of the stop codon-independent peptide release
with and without ArfA.
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15. Dinçbas-Renqvist,V., Engström,A., Mora,L., Heurgué-Hamard,V.,
Buckingham,R. and Ehrenberg,M. (2000) A post-translational
modification in the GGQ motif of RF2 from Escherichia coli
stimulates termination of translation. EMBO J., 19, 6900–6907.

16. Korostelev,A., Asahara,H., Lancaster,L., Laurberg,M., Hirschi,A.,
Zhu,J., Trakhanov,S., Scott,W.G. and Noller,H.F. (2008) Crystal
structure of a translation termination complex formed with release
factor RF2. Proc. Natl. Acad. Sci. U.S.A., 105, 19684–19689.

17. Kurita,D., Miller,M.R., Muto,A., Buskirk,A.R. and
Himeno,H. (2014) Rejection of tmRNA• SmpB after GTP hydrolysis
by EF-Tu on ribosomes stalled on intact mRNA. RNA, 20,
1706–1714

18. Kurita,D., Sasaki,R., Muto,A. and Himeno,H. (2007) Interaction of
SmpB with ribosome from directed hydroxyl radical probing. Nucleic
Acids Res., 35, 7248–7255.

19. Neubauer,C., Gillet,R., Kelley,A.C. and Ramakrishnan,V. (2012)
Decoding in the absence of a codon by tmRNA and SmpB in the
ribosome. Science, 335, 1366–1369.

20. Ivanova,N., Pavlov,M.Y., Felden,B. and Ehrenberg,M. (2004)
Ribosome rescue by tmRNA requires truncated mRNAs. J. Mol.
Biol., 338, 33–41.

21. Asano,K., Kurita,D., Takada,K., Konno,T., Muto,A. and
Himeno,H. (2005) Competition between trans-translation and
termination or elongation of translation. Nucleic Acids Res., 33,
5544–5552.

22. Handa,Y., Inaho,N. and Nameki,N. (2011) YaeJ is a novel
ribosome-associated protein in Escherichia coli that can hydrolyze
peptidyl-tRNA on stalled ribosomes. Nucleic Acids Res., 39,
1739–1748.

23. Chadani,Y., Ono,K. and Abo,T. (2011b) Escherichia coli YaeJ protein
mediates a novel ribosome-rescue pathway distinct from SsrA- and
ArfA-mediated pathways. Mol. Microbiol., 80, 772–785.

24. Gagnon,M.G., Seetharaman,S.V., Bulkley,D. and Steitz,T.A. (2012)
Structural basis for the rescue of stalled ribosomes: structure of YaeJ
bound to the ribosome. Science, 335, 1370–1372.

25. Vestergaard,B., Van,L.B., Andersen,G.R., Nyborg,J.,
Buckingham,R.H. and Kjeldgaard,M. (2001) Bacterial polypeptide

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/42/21/13339/2902783 by guest on 20 M

arch 2024



13352 Nucleic Acids Research, 2014, Vol. 42, No. 21

release factor RF2 is structurally distinct from eukaryotic eRF1. Mol.
Cell, 8, 1375–1382.

26. Weixlbaumer,A., Jin,H., Neubauer,C., Voorhees,R.M., Petry,S.,
Kelley,A.C. and Ramakrishnan,V. (2008) Insights into translational
termination from the structure of RF2 bound to the ribosome.
Science, 322, 953–956.

27. Zaher,H.S. and Green,R. (2009) Quality control by the ribosome
following peptide bond formation. Nature, 457, 161–166.

28. Petropoulos,A.D., McDonald,M.E., Green,R. and Zaher,H.S. (2014)
Distinct roles for release factor 1 and release factor 2 in translational
quality control. J. Biol. Chem., 289, 17589–17596.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/42/21/13339/2902783 by guest on 20 M

arch 2024


