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YafO is a toxin encoded by the yafN-yafO antitoxin-toxin
operon in the Escherichia coli genome. Our results show that
YafO inhibits protein synthesis but not DNA or RNA synthesis.
The in vivo [35S]methionine incorporation was inhibited within
5 min after YafO induction. In in vivo primer extension experi-
ments with two different mRNAs, the specific cleavage bands
appeared 11–13 bases downstream of the initiation codon,
AUG, 2.5 min after the induction of YafO. An identical band
was also detected in in vitro toeprinting experimentswhenYafO
was added to the reaction mixture containing 70 S ribosomes
and the same mRNAs even in the absence of tRNAf

Met. Notably,
this band was not detected in the presence of YafO alone, indi-
cating that YafO by itself does not have endoribonuclease activ-
ity under the conditions used. The full-length mRNAs almost
completely disappeared 30 min after YafO induction in in vivo
primer extension experiments, consistent with Northern blot-
ting analysis. Over 84% of [35S]methionine-tRNAf

Met was re-
leased from the translation initiation complex at 5.43 �M YafO
in vitro. We demonstrated that the 70 S ribosome peak signifi-
cantly increased upon YafO induction, and when the 70 S ribo-
somes dissociated into 50 and 30 S subunits, YafO was found to
be associatedwith 50 S subunits. These results demonstrate that
YafO is a ribosome-dependent mRNA interferase inhibiting
protein synthesis.

YafO is one of the toxins (1) encoded by the Escherichia coli
genome. It is co-expressed with YafN, its cognate antitoxin. It
has been shown that dinB, yafN, yafO, and yafP are present in
the same operon (2). Under UV irradiation, the transcription
level of YafO exhibits a 4-fold increase (3), suggesting that YafO
may be involved in an SOS reaction.
MazF and RelE are extensively studied toxin-antitoxin toxins

in E. coli. Interestingly, RelE by itself has no endoribonuclease
activity (4) and has been demonstrated to be a ribosome-asso-
ciated factor that stimulates the endogenous ribonuclease
activity of ribosomes (5). On the other hand, MazF is a ribo-
some-independent endoribonuclease that cleaves mRNAs spe-
cifically at ACA sequences and is thus termed an mRNA inter-
ferase (6). ChpBK encoded by the E. coli genomewas also found
to be anothermRNA interferase specifically cleavingmRNAs at
UAC sequences (7). YoeB was found to be a ribosome-depend-
ent mRNA interferase. It binds to the 50 S ribosomal subunit in

70 S ribosomes interacting with the A site leading to mRNA
cleavage. As a result, translation initiation is effectively inhib-
ited (8).
In the present paper, we demonstrate that YafO is also a 50 S

ribosome-associated mRNA interferase that inhibits protein
synthesis. The in vivo primer extension experiments with two
different mRNAs revealed a major cleavage band 11–13 bases
downstream of the initiation codon 2.5 min after YafO induc-
tion. An identical band was also detected in in vitro toeprinting
experiments when YafO was added to the reaction mixtures
containing 70 S ribosomes and the same mRNAs even in the
absence of initiator tRNAf

Met. Notably these cleavage bands
were not observedwhenYafOwas incubatedwithmRNA in the
absence of ribosomes. It should be noted that a nonsensemuta-
tion in the second codon did not significantly affect YafO-me-
diated ribosome-dependent mRNA interferase activity. Over
84% of [35S]methionine-tRNAf

Met was released from the trans-
lation initiation complex at 5.43�MYafO in vitro. These results
indicate that YafO associates with 50 S subunits in 70 S ribo-
somes to effectively inhibit protein synthesis by cleaving
mRNAs 11–13 bases downstreamof the initiation codon. Thus,
YafO is a ribosome-dependent mRNA interferase inhibiting
protein synthesis.

EXPERIMENTAL PROCEDURES

Strains and Plasmids—E. coli BL21(DE3), BW25113
(�araBAD) (9), and MRE600 (10) were used. The yafN-yafO
operon was amplified by PCR using E. coli genomic DNA as
template and cloned into theNdeI-XhoI sites of pET21c (Nova-
gen). This construction created an in-frame translation fusion
with a His6 tag at the yafO C-terminal end. The plasmid was
designated as pET21c-YafN-YafO-His6. The yafO gene was
cloned into both pBAD30 and pBAD33, creating pBAD30-
YafO and pBAD33-YafO, respectively, to tightly regulate yafO
expression by the addition of arabinose (0.2%). The ompA gene
fragment was cloned into pBAD30, creating pBAD30-ompA.
The yafN gene was cloned into pCold-TF (Trigger factor)
(Takara) creating pCold-TF-YafN.
Assay of Protein, DNA, andRNASynthesis in Toluene-treated

Cells—A 70-ml culture of E. coli BW25113 containing the
pBAD30-YafO plasmid was grown at 37 °C inM9mediumwith
0.5% glycerol (no glucose) and all the amino acids except for
methionine and cysteine (1 mM each). When the A600 of the
culture reached 0.4, arabinose was added to a final concentra-
tion of 0.2%. After incubation at 37 °C for 10min, the cells were
treated with 1% toluene (11, 12). Using toluene-treated cells,
protein synthesis was carried out with [35S]methionine as
described previously (11, 12). The toluene-treated cells were
washed once with 0.05 M potassium phosphate buffer (pH 7.4)
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at room temperature, then resuspended into the same buffer to
examine DNA synthesis using [�-32P]dCTP as described previ-
ously (13). For assaying RNA synthesis, the toluene-treated
cells were washed once with 0.05 M Tris-HCl buffer (pH 7.5) at
room temperature and then resuspended into the same buffer
to measure [�-32P]UTP incorporation into RNA as described
previously (14, 15).
Assay of in Vivo Protein Synthesis—E. coli BW25113 cells

containing pBAD30-YafO were grown in M9 medium with
0.5% glycerol (no glucose) and all the amino acids except for
methionine and cysteine (1 mM each). When the A600 value of
the culture reached 0.4, arabinose was added to a final concen-
tration of 0.2% to induce YafO expression. Cell cultures (0.6ml)
were taken at the time intervals indicated in Fig. 1F and mixed
with 30 �Ci of [35S]methionine. After 1 min of incubation at
37 °C, the rate of protein synthesis was determined as described
previously (6). For SDS-PAGE analysis of the total cellular pro-
tein synthesis, the samples were removed from the [35S]methi-
onine incorporation reactionmixture (500�l) at the time inter-
vals indicated in Fig. 1F and added into chilled test tubes
containing 100 �g/ml each of nonradioactive methionine and
cysteine. The cell pellets collected by centrifugation were dis-
solved into 50 �l of loading buffer and subjected to SDS-PAGE
followed by autoradiography.
Purification of YafO-His6 and TF-YafN Proteins—YafO-

His6-tagged at the C-terminal end was purified from strain
BL21(DE3) carrying pET-21c-YafN-YafO. The cell pellets were
dissolved in 6 M guanidine-HCl. Denatured YafO-His6 was first
trapped on nickel-nitrilotriacetic acid resin and then refolded
by step-by-step dialysis. TF-YafN tagged at the N-terminal end
was purified from strain BL21(DE3) carrying pCold-TF-YafN
with the use of nickel-nitrilotriacetic acid resin (Qiagen).
Effect of YafO on Protein Synthesis in Prokaryotic Cell-free

Systems—Prokaryotic cell-free protein synthesis was carried
out with an E. coli T7 S30 extract system (Promega). The reac-
tion mixture consisted of 10 �l of S30 premix, 7.5 �l of S30
extract, and 2.5 �l of an amino acid mixture (1 mM each of all
amino acids except methionine), 1 �l of [35S]methionine, and
different amounts of YafO-His6 and TF-YafN in a final volume
of 29 �l. The different amounts of YafO-His6 and TF-YafN
were preincubated for 10 min at 25 °C before the assay was
started by adding 1 �l of pET-11a-MazG plasmid-DNA (0.16
�g/�l) (16). The reaction was performed for 1.5 h at 37 °C, and
the proteins were then precipitated with acetone and analyzed
by SDS-PAGE followed by autoradiography.
Preparation of E. coli 70 S Ribosomes—70 S ribosomes were

prepared from E. coliMRE 600 as described previously (17–19)
withminormodification. Bacterial cells (2 g) were suspended in
buffer A (10mMTris-HCl, pH 7.8, containing 10mMMgCl2, 60
mMNH4Cl, and 6mM2-mercaptoethanol). The cells were lysed
by French Press. Cell debris was removed by centrifugation two
times at 30,000 � g for 30 min at 4 °C with a Beckman 50Ti
rotor. The supernatant (three-fourths volume from the top)
was then layered over an equal volume of 1.1 M sucrose in buffer
B (buffer A containing 0.5 M NH4Cl) and centrifuged at 45,000
rpm for 15 h at 4 °C with a Beckman 50Ti rotor. After washing
with buffer A, the ribosome pellets were resuspended in buffer
A and applied to a linear 5–40% (w/v) sucrose gradient pre-

pared in buffer A and centrifuged at 35,000 rpm for 3 h at 4 °C
with a Beckman SW41Ti rotor. The gradients were fraction-
ated, and the 70 S ribosome fractions were pooled and pelleted
at 45,000 rpm for 20 h at 4 °C with a Beckman 50Ti rotor. The
70 S ribosome pellets were then resuspended in buffer A and
stored at �80 °C.
Ribosome Profile Analysis—For polysome profile analysis,

the cells containing the pBAD30-YafO plasmid were grown
at 37 °C in 150 ml of LB medium, and at an A600 of 0.6,
arabinose was added to a final concentration of 0.2%. After
10 min of induction, chloramphenicol was added to a final
concentration of 200 �g/ml. The extracts were prepared
using liquid nitrogen, freezing, and thawing four times.
Approximately 10 A260 units of the lysate were layered onto
a 5–40% sucrose gradient in buffer A (10 mM Tris-Cl, pH 7.8,
60 mM NH4Cl, 10 mM MgCl2, and 1 mM dithiothreitol) and
centrifuged at 35,000 rpm for 3 h at 4 °C in a Beckman
SW41Ti rotor. The gradients were analyzed with continuous
monitoring at 254 nm. To analyze a 50 and 30 S ribosome
profile, another 10 A260 units of lysates as prepared above
were dialyzed overnight against buffer B (10 mM Tris-HCl,
pH 7.8, 60 mM NH4Cl, 0.5 mM MgCl2, and 1 mM dithiothre-
itol) (dialysis buffer was changed once), layered onto 5–40%
sucrose gradients in buffer B (10 mM Tris-HCl, pH 7.8, 60
mM NH4Cl, 0.5 mM MgCl2, and 1 mM dithiothreitol), and
then centrifuged at 35,000 rpm for 3 h at 4 °C in a Beckman
SW41Ti rotor. The gradients were analyzed with continuous
monitoring at 254 nm.
Primer Extension Analysis in Vivo—For primer extension

analysis of mRNA cleavage sites in vivo, total RNAs were
extracted from the E. coli BW25113 cells containing pBAD30-
YafO at different time points as indicated in the legend to Fig. 4.
Primer extension was carried out using different primers as
described previously (6).
Toeprinting Assays—Toeprinting was carried out as

described previously (20) with a minor modification. The
mixture for primer-template annealing containing mRNA
and 32P end-labeled DNA primer was incubated at 70 °C for
5 min and then cooled slowly to room temperature. The
ribosome-binding mixture contained 2 �l of 10� buffer (100
mM Tris-HCl, pH 7.8, containing 100 mM MgCl2, 600 mM

NH4Cl, and 60 mM 2-mercaptoethanol), different amounts
of YafO-His6, 0.375 mM dNTP, 0.05 �M 70 S ribosomal sub-
units, 1 �M tRNAf

Met, and 2 �l of the annealing mixture in a
final volume of 20 �l. The final mRNA concentration was
0.035 �M. This ribosome-binding mixture was incubated at
37 °C for 10 min, and then reverse transcriptase (2 units) was
added. The cDNA synthesis was carried out at 37 °C for 15
min. The reaction was stopped by adding 12 �l of the
sequencing loading buffer (95% formamide, 20 mM EDTA,
0.05% bromphenol blue, and 0.05% xylene cyanol EF). The
sample was incubated at 90 °C for 5 min prior to electro-
phoresis on a 6% polyacrylamide sequencing gel. The ompA
and ompFmRNAs were synthesized in vitro from their indi-
vidual DNA fragments, each containing a T7 promoter and a
part of their opening reading frames, using T7 RNA poly-
merase. These approximate 200-bp DNA fragments for
ompA (248 bp) and ompF (224 bp), both of which had the
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initiation codon at the center, were amplified by PCR using
appropriate primers with chromosome DNA as templates.
The 5�-end primers for ompA and ompF contained the T7
promoter sequence.

RNA Isolation and Northern Blot Analysis—E. coli BW25113
containing pBAD30-YafO was grown at 37 °C in LB medium.
When theA600 value reached 0.6, arabinose was added to a final
concentration of 0.2%. The samples were taken at different

FIGURE 1. Effect of YafO on protein, DNA, and RNA synthesis. A, effect of YafO on [35S]methionine incorporation in toluene-treated cells. E. coli BW25113
cells containing pBAD30-YafO were grown at 37 °C in glycerol-M9 medium. When the A600 of the culture reached 0.4, arabinose was added to a final
concentration of 0.2%. After incubation at 37 °C for 10 min, the cells were treated with toluene (11, 12). Using toluene-treated cells, ATP-dependent protein
synthesis was carried out with [35S]methionine as described previously (11). B, effect of YafO on [�-32P]dCTP incorporation in toluene-treated cells (13). C, effect
of YafO on [�-32P]UTP incorporation in toluene-treated cells (14). D, growth curve of BW25113 cells containing pBAD30-YafO plasmid in the LB medium.
Arabinose was added at 150 min as indicated by a solid arrow. E, effect of YafO on [35S]methionine incorporation in vivo. [35S]Methionine incorporation into
E. coli BW25113 cells containing pBAD30-YafO was measured at various time points after YafO induction as indicated. F, SDS-PAGE analysis of in vivo protein
synthesis after the induction of YafO. The same cultures as those in E were used.
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intervals as indicated in Fig. 3. Total RNAs were isolated using
the hot phenol method as described previously (21). Northern
blot analysis was carried out as described previously (22).
Binding of [35S]Methionine-tRNAf

Met to themRNA-70 S Ribo-
some Complex—The reactions were carried out with the ompA
mRNA that was used for the toeprinting experiments. The
reaction buffer used was buffer A (10 mM Tris-HCl, pH 7.8, 10
mMMgCl2, 60 mMNH4Cl, and 6 mM �-mercaptoethanol). 70 S
ribosomes (1 pmol) were first incubated with the ompAmRNA
(0.7 pmol) and [35S]methionine-tRNAf

Met (40 pmol) for 10 min
at 37 °C, and then different amounts of YafO were added in a
final reaction volume of 20 �l. The samples were incubated for
an additional 10 min at 37 °C. The reaction mixtures were
applied to nitrocellulose filters (Millpore; 0.45 �M hemaggluti-
nin), which were washed twice with 2 ml of buffer A before
measuring the radioactivity. [35S]methionine-tRNAf

Met was
synthesized in a buffer containing 30 mM Hepes, pH 7.6, 1 mM

dithiothreitol, 0.1 mM EDTA, 3 mM ATP, 5 mM Mg(OAc)2, 30
mM KOAc, 350 �Ci of [35S]methionine, and 62.3 �M tRNAf

Met

(Sigma) using aminoacyl-tRNA synthetases (Sigma).

RESULTS

YafO Inhibits Protein Synthesis Immediately after Its
Induction—To identify the cellular function(s) inhibited by YafO,
a cell-free system was prepared from E. coli BW25113 cells carry-
ing the arabinose-inducible pBAD30-YafO vector. The cells were
permeabilized by toluene treatment (11, 12). ATP-dependent
[35S]methionine incorporation was completely inhibited when
cells were preincubated for 10 min in the presence of arabinose
before toluene treatment (Fig. 1A), whereas the incorporation of
[�-32P]dCTP (Fig. 1B) and [�-32P]UTP (Fig. 1C) was not signifi-
cantly affected under similar conditions (13, 14). These results
demonstrate that YafO inhibits protein synthesis, but not DNA
replicationorRNAsynthesis.Notably, cell growthwas completely
inhibited almost immediately after the addition of arabinose (Fig.
1D). The in vivo incorporation of [35S]methioninewas also almost
completely inhibited within 5 min after YafO induction (Fig. 1, E
and F).
Inhibitory Effect of Purified YafO on Cell-free Protein

Synthesis—Next, we examined the effect of purified YafO on
E. coli cell-free protein synthesis. YafO-His6 was purified from
cells co-expressing both YafN and YafO-His6 as described
under “Experimental Procedures” (Fig. 2A). The synthesis of
MazG protein (30 kDa) (16) from plasmid pET-11a-MazG was
tested at 37 °C for 1 h in the absence and the presence of YafO-
His6 using an E. coli T7 S30 extract system (Promega) (Fig. 2B).
MazG synthesis was almost completely blocked at a YafO-His6
concentration of 8.0 �M.

We next tested the effect of YafN antitoxin on the YafO-medi-
ated inhibition of MazG synthesis. YafN was purified as a fusion
proteinwith trigger factor (TF)2 as describedunder “Experimental
Procedures.” The addition of TF-YafN rescued MazG synthesis
(Fig. 2B, lane6). Importantly,YafO-His6 (Fig. 2C, lanes2and3)did
not cleave RNAby itself in contrast toMazF-His6 (Fig. 2C, lane 4),
which is a known ribosome-independent endoribonuclease that
cleaves mRNAs specifically at ACA sequences (6).

YafO Induction Causes Cleavage of Cellular mRNAs—The
induction of YafO significantly reduced the stability of cellular
mRNAs because the full-length ompA and ompF mRNAs very
quickly disappeared within 10 min after YafO induction (Fig.
3A). It should be noted that the 23 and 16 S rRNA were stable
even 30 min after YafO induction (Fig. 3B).
As shown above, cellularmRNAswere degradedupon induc-

tion of YafO. Therefore we attempted to identify the cleavage
sites of the chromosomally encoded ompA and ompF mRNAs
by primer extension experiments. For this purpose, total RNAs
were extracted from E. coli BW25113 cells harboring pBAD30-
YafO at different time intervals after the induction of YafO. The
primer extension analyses of ompA (Fig. 4A) and ompFmRNAs
(Fig. 4B) demonstrated that the distinct major bands corre-
sponding to the specific cleavage sites in each mRNA appeared
2.5min after YafO induction (Fig. 4,A andB, lanes 2). The band
intensities for ompA (Fig. 4A) further increased from 2.5 to 20
min after YafO induction. Interestingly, in both cases, themajor
bands resulted from the cleavage of themRNAs downstream of
AUG.Most notably, no other bandswere observed in the 5�-un-
translated region, suggesting that YafO may function only
when it associates with the ribosomal translation machine. It is
interesting to note that the amount of the full-length ompA and2 The abbreviations used are: TF, trigger factor; TP, toeprinting.

FIGURE 2. Effect of purified YafO-His6 on cell-free protein synthesis.
A, purification of YafO-His6 and TF-YafN. Lane 1, purified YafO-His6; lane 2, puri-
fied TF-YafN. B, effect of YafO-His6 on MazG synthesis in a prokaryotic cell-free
protein synthesis using E. coli T7 S30 extract system (Promega) and pET-11a-
MazG as a template. Lane 1, without YafO-His6; lanes 2– 4, 0.5, 2.0, and 8.0 �M

YafO-His6 added, respectively; lanes 5 and 6, 8.0 �M YafO-His6 added with
TF-YafN in the ratio to YafO-His6 of 0.46 and 1.73 respectively. C, effect of
YafO-His6 and MazF-His6 on RNA stability. Total RNAs were mixed with differ-
ent amount of protein and incubated at 37 °C for 15 min. The reaction products
were analyzed by 1% agarose native gel electrophoresis followed by ethidium
bromide staining. Lane 1, no protein was added; lane 2, 6.0 �M YafO-His6 was
added; land 3, 15 �M YafO-His6 was added; lane 4, 0.08 �M MazF-His6 was added.

FIGURE 3. Effect of YafO on cellular mRNAs in vivo. A, total cellular RNAs
were extracted from E. coli BW25113 cells containing pBAD30-YafO at various
time points as indicated after the addition of arabinose and subjected to
Northern blot analysis using radiolabeled ompA and ompF open reading
frame as probes. B, the same total cellular RNA in A was analyzed by 1% native
agarose gel followed by ethidium bromide staining.
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ompFmRNAs gradually decreased (Fig. 4, A and B), consistent
with the Northern blot analysis (Fig. 3A).
YafO Binds to the Translation Initiation Complex in Vitro—

Next, we examined whether similar cleavage sites of ompA
and ompF mRNAs are observed in vitro by the toeprinting
(TP) experiments using YoeB as a control (20). Primer exten-
sion analysis of the mRNAs alone yielded the full-length
bands (Fig. 5,A and B, lanes 1). The addition of YafO or YoeB
alone did not result in the formation of new bands, indicating
that YafO or YoeB by itself has no endoribonuclease activity
under the condition used (Fig. 5, A and B, lanes 2 and 3,
respectively). When 70 S ribosomes and initiator tRNAf

Met

were added to the reaction mixtures, a typical toeprinting
band TP(r) downstream of the initiation codon appeared
(Fig. 5, A and B, lanes 10, as indicated by black dots). On the
other hand, when either YafO-His6 or YoeB was added
together with 70 S ribosomes and initiator tRNAf

Met, a new
band, TP(O) (Fig. 5, A and B, lanes 12, shown by an asterisk)
or TP(Y) (Fig. 5, A and B, lanes 11), appeared in both cases.
Notably, the TP(Y) band is identical to that with YoeB (8).
TP(O) was formed one base downstream of TP(r). It should
be noted that both the TP(O) and TP(r) bands were observed
only in the presence of 70 S ribosomes and initiator tRNAf

Met

(Fig. 5, A and B, lanes 12 and 10). Note that the TP(O) band

originated as a result of mRNA
cleavage and not toeprinting as
described below.
Next, we tested whether the

TP(O) and TP(r) bands resulted
from the cleavage of mRNAs using
ompA and ompF mRNAs. These
mRNAs were first preincubated
without (Fig. 6,A and B, lanes 5) or
with YafO (Fig. 6, A and B, lanes 7)
in the presence of 70 S ribosomes
and initiator tRNAf

Met. RNAs were
then phenol-extracted and used
for primer extension as shown in
Fig. 6 (A and B, lanes 6 and 8). The
TP(O) band was still observed
after phenol extraction together
with the full-length mRNAs (com-
pare lanes 7 and 8 in Fig. 6, A and
B, shown by asterisks), indicating
that the TP(O) band resulted from
at least partial cleavage of the
ompA and ompF mRNAs. In con-
trast, the TP(r) band disappeared
after phenol extraction (compare
lanes 5 and 6 in Fig. 6, A and B,
shown by black dots), indicating
that this band was not due to
mRNA cleavage but was caused by
ribosome binding. It is important
to note that the mRNAs were
cleaved downstream of the trans-
lation initiation codon only in the
presence of ribosomes, initiator

tRNAf
Met, and YafO, but not in the presence of YafO alone.

tRNAf
Met Is Not Required for YafO-mediatedmRNACleavage—

Next we examined whether the initiator tRNAf
Met is required for

binding of mRNA to 70 S ribosomes in the presence of YafO.
Intriguingly, the ompA and ompFmRNAswere able to bind to 70
S ribosomes even in the absence of tRNAf

Met if YafOwas included
in the reaction, yielding identical toeprinting bands (compare
lanes 9with 10 in Fig. 5,A andB). Importantly, theseTP(O) bands
produced in the absence of tRNAf

Met were also due to mRNA
cleavage (compare lanes 3with lanes 4 in Fig. 6,A andB). It should
be noted that in the absence of YafO, the addition of tRNAf

Met was
required for the stable binding of the ompA and ompFmRNAs to
70 S ribosomes (compare lanes 10 with lanes 7 in Fig. 5, A and B;
the toeprinting in lane 10 was carried out in the presence
of tRNAf

Met, whereas that in lane 7was performed in the absence
of tRNAf

Met). The addition of YafO alone (Fig. 5,A andB, lanes 3),
tRNAf

Met alone (Fig. 5, A and B, lanes 4), or YafO plus tRNAf
Met

(Fig. 5,A andB, lanes 6) did not yield any toeprinting bands either
at the TP(O) or at the TP(r) position. These results suggest that
YafO-mediatedmRNA cleavage does not require RNAf

Met, which
is similar to YoeB (compare lanes 7with lanes 8 in Fig. 5).
[35S]Methionine-labeled tRNAf

Met ([35S]Methionine-tRNAf
Met)

Is Released from Ribosomes When YafO Is Added—To examine
whether the translation initiation complex is stable after YafO is

FIGURE 4. In vivo identification of YafO cleavage sites in the chromosomally encoded ompA and ompF
mRNAs. The ompA and ompF mRNAs were prepared from E. coli BW25113 cells containing pBAD30-YafO at
various time points as indicated before and after the induction of YafO. The sequence ladders for ompA and
ompF were obtained using pCR�2.1-TOPO�-ompA and pCR�2.1-TOPO�-ompF as template, respectively. The
sequences around the major cleavage sites are shown to the right, and the major primer extension stop sites
are indicated by the arrowheads. A, primer extension analysis of the ompA mRNA. B, primer extension analysis
of the ompF mRNA.
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added,wecarriedout anexperiment to examinewhether [35S]me-
thionine-tRNAf

Met is released from ribosomes when YafO is
added. [35S]Methionine-tRNAf

Metwas synthesized andused for its
complex formation with 70 S ribosomes and mRNA in the pres-
ence and the absence of YafO under the same condition used for
the toeprinting experiment in Fig. 5A. As shown in Fig. 7A,
because the amount of YafO added in the reaction mixture
was reduced (from lane 3 to lane 11), the intensity of TP(O)
bands are progressively reduced, whereas the intensity of the
full-length bands increased gradually. It should be noted
even though the TP(O) band (Fig. 7A, lane 3 indicated by an
asterisk) is in the identical position to the TP(r) band (Fig.
7A, lane 2, indicated by a black dot), the TP(O) band is pro-
duced by mRNA cleavage (Fig. 7B, lane 6), whereas the TP(r)
band is due to ribosome binding to mRNA (Fig. 7B, lane 4).

Next, we tested whether tRNAf
Met bound to the ribosomes is

displacedwithYafOunder the same conditionused in Fig. 7A. For
this purpose, [35S]methionine-tRNAf

Met was first incubated with
70 S ribosomes andmRNA at 37 °C for 10min, and then different

amountsofYafOwereaddedas inFig.
7A. The reactionmixtures were incu-
bated at 37 °C for another 10min and
then applied to nitrocellulose filters
(Millpore; 0.45 �M hemagglutinin).
The filters were washed twice with 2
ml of buffer A before measuring the
radioactivity that was retained on the
filters. As shown in Fig. 7C, [35S]me-
thionine-tRNAf

Met was displaced in a
YafOconcentration-dependentman-
ner. Over 84% of [35S]methionine-
tRNAf

Met was released at 5.43 �M

YafO (the ratio of YafO to used ribo-
some was 100:1). This result suggests
that the translation initiation com-
plex is not stable after YafO is added.
It should be noted that the stability of
bindingof initiator tRNAto70S ribo-
somes is known to be coupled to that
of mRNA. Therefore if mRNA is
cleaved, the binding ofmRNA to 70 S
ribosomes should be reduced, which
in turn likely destabilizes initiator
tRNA binding (8).
Inability to Form the First Peptide

Bond Does Not Affect YafO-mediated
Ribosome-dependent mRNA Inter-
ferase Activity—To examine whether
the first peptide bond formation is
required for YafO-mediated mRNA
cleavage activity, we created a non-
sense mutation on the second codon
on the ompA gene. The wild-type or
mutated pBAD30-ompA plasmids
(Fig. 8) were then co-transformed
with pBAD33-YafO into �ompA
BW25113 cells. Total RNAs were
extracted at different time points as

shown inFig. 8 (BandC) afterompAand yafOwere inducedby the
addition of 0.2% arabinose. An in vivo primer extension experi-
ment was carried out using the same primer used in Fig. 4A. As
shown in Fig. 8 (B andC), the cleavage pattern of the wild-type
ompA mRNA was identical to that of the mutant ompA
mRNA containing the nonsense mutation, indicating that
the inability to form the first peptide bond does not affect
YafO-mediated ribosome-dependent mRNA interferase
activity. It should be noted that the cleavage band did not
appear when YafO was not induced (Fig. 8B, lane 1). It
appears that the mRNA interferase activity is weaker in the
mRNA carrying the nonsense mutation than that in wild-
type ompA mRNA (Fig. 8, compare B with C). This may be
due to the weaker affinity of ribosomes to mRNA with non-
sense mutations. Further studies are needed to elucidate the
exact mechanism.
YafO Associates with 50 S Ribosomal Subunits—Because

YafO binds to the translation initiation complex (Fig. 5), we
examined whether YafO affects the polysome profiles and also

FIGURE 5. Toeprinting of the ompA and ompF mRNAs. A, toeprinting of the ompA mRNA in the presence of
YafO-His6. The mRNA was synthesized in vitro from a 248-bp DNA fragment containing a T7 promoter using T7
RNA polymerase as described under “Experimental Procedures.” The sequence ladder shown to the right was
obtained using the same primer used for toeprinting with pCR�2.1-TOPO�-ompA as template. B, toeprinting of
the ompF mRNA in the presence of YafO-His6. The mRNA was synthesized in vitro from a 224-bp DNA fragment
containing a T7 promoter using T7 RNA polymerase as described under “Experimental Procedures.” The
sequence ladder shown to the right was obtained using the same primer used for toeprinting with pCR�2.1-
TOPO�-ompF as template. Lane 1, control; lane 2, with 0.34 �M YoeB-His6; lane 3, with 12.3 �M YafO-His6; lane 4,
1 �M tRNAf

Met; lane 5, 0.34 �M YoeB-His6 and 1 �M tRNAf
Met; lane 6, 12.3 �M YafO-His6 and 1 �M tRNAf

Met; lane 7,
0.05 �M 70 S ribosomes; lane 8, 0.05 �M 70 S ribosomes and 0.34 �M YoeB-His6; lane 9, 0.05 �M 70 S ribosomes
and 12.3 �M YafO-His6; lane 10, 0.05 �M 70 S ribosomes and 1 �M tRNAf

Met; lane 11, 0.05 �M 70 S ribosomes and
1 �M tRNAf

Met with 0.34 �M YoeB-His6; lane 12, 0.05 �M 70 S ribosomes and 1 �M tRNAf
Met with 12.3 �M YafO-His6.

Both mRNA sequences shown are complementary to the sequencing ladders. The initiation codon, AUG, is
indicated with an arrow. SD, Shine-Dalgarno sequence. TP(O) is the band where toeprinting was stopped in the
presence of YafO-His6 (shown by an asterisks). TP(Y) is the band where toeprinting was stopped in the presence
of YoeB-His6. FL, the full-length of the mRNA; TP(r), the toeprinting site caused by normal ribosome binding to
mRNA in the absence of YafO (indicated by black dots).
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whether it specifically associates with one of the ribosomal
subunits. When the polysome pattern of E. coli BW25113
cells carrying the pBAD-YafO plasmid was analyzed by
sucrose density gradient at 10 min after induction of YafO by
arabinose, a significant increase in the 70 S ribosomal frac-
tion was observed without a change in the 30 and 50 S ribo-
somal profiles (Fig. 9, compare B with A). Western blotting
analysis showed that the majority of YafO was associated
with both 70 S ribosome and 50 S ribosome fractions, but not
with the 30 S ribosome fraction (Fig. 9B). Cell lysates were
prepared in 0.5 mM Mg2� to dissociate 70 S ribosomes to 50
and 30 S ribosomes and analyzed by sucrose density gradient
centrifugation (Fig. 9C). The majority of YafO was detected
in the 50 S ribosome fraction, suggesting that YafO is a 50 S
ribosome-associating protein. It should be noted there is
essentially no free YafO in Fig. 9B, suggesting that YafO may
bind more tightly to 50 and 70 S ribosomes.

DISCUSSION

In the present study, we demon-
strated that YafO is a potent inhibitor
of protein synthesis. Upon YafO
induction, [35S]methionine incorpo-
ration into cellular proteins abruptly
stopped after 5 min (Fig. 1, E and F),
and the full-length cellular mRNAs
rapidly disappeared (Fig. 3A).
It is important to note that to

avoid artifacts we carried out in vivo
primer extension experiments using
chromosomally encoded mRNAs as
targets rather thanmRNAs encoded
by genes cloned in a multi-copy
plasmid. Interestingly, both the
mRNAs tested (ompA and ompF)
were detected either as their corre-
sponding full-length mRNAs or as a
product cleaved downstream of the
initiation codon (Fig. 4). Notably, in
the two mRNAs, no other cleavage
bands were detected upstream of
the initiation codon, suggesting that
the observed cleavage for both
mRNAs occurred in a ribosome-de-
pendent manner. This ribosome-
dependent mRNA cleavage is very
potent because the full-length
mRNAs almost completely disap-
peared after 5 min of YafO induc-
tion as observed in Northern blot-
ting analysis (Fig. 3) and the in vivo
primer extension experiment (Fig.
4). Importantly, this in vivo observa-
tion was consistent with the in vitro
toeprinting experiments using 70 S
ribosomes, tRNAf

Met, purified YafO,
and the same mRNAs (Fig. 5). It
should be noted that although the

toeprinting bands in the presence of YafO (TP(O) in lanes 9 and
12 in Fig. 5) were almost identical to those in the absence of
YafO (TP(r) in Fig. 5, lane 10), TP(O) bands were formed
because of the cleavage of respective mRNAs because identical
bandswere detected even after phenol extraction (Fig. 6, lanes 4
and 8). TP(r) bands are known to be the toeprinting bands
resulting from binding of ribosome to mRNA that forms the
translation initiation complex (6). Therefore, this band could
not be detected after phenol extraction (Fig. 6, lane 6). Because
TP(O) bands are almost at the same positions as TP(r) bands,
except for the downstream band in TP(O), which is one base
downstream of that in TP(r), it appears that YafO binding to 50
S ribosomal subunits in the translational complex induces
mRNA cleavage at the 3�-end of themRNA region protected by
the binding of 70 S ribosomes.
It is important to note that YafO alone was not able to cleave

mRNAs in the toeprinting experiments (Fig. 5), and only when

FIGURE 6. Toeprinting of the ompA and ompF mRNAs after phenol extraction. A, primer extension analysis
of the ompA mRNA after phenol extraction. The experiment was carried out in the same way as described for
Fig. 5A except that reaction products in lanes 4, 6, and 8 were phenol-extracted to remove proteins before primer
extension. B, toeprinting of the ompF mRNA after phenol extraction. The experiment was carried out in the same
way as described for Fig. 5B except that reaction products in lanes 4, 6, and 8 were phenol-extracted to remove
proteins before primer extension. Lane 1, without YafO-His6; lane 2, 12.3 �M YafO-His6; lane 3, 0.05 �M 70 S ribosomes
with 12.3 �MYafO-His6; lane 4, 0.05 �M 70 S ribosomes with 12.3 �M YafO-His6; lane 5, 0.05 �M 70 S ribosomes with 1
�M tRNAf

Met; lane 6, 0.05�M 70 S ribosomes with 1�M tRNAf
Met; lane 7, 0.05�M 70 S ribosomes, 1�M tRNAf

Met with 12.3
�M YafO-His6; lane 8, 0.05 �M 70 S ribosomes, 1 �M tRNAf

Met with 12.3 �M YafO-His6.
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it was added together with 70 S ribosomes, the mRNAs were
cleaved downstreamofAUG. Because 70 S ribosome binding to
mRNA in the formation of the translation initiation complex
does not lead to mRNA cleavage (Fig. 6, lane 6), the observed
mRNA cleavage is likely to be caused by the latent endoribo-
nuclease activity of YafO, which may be induced by its binding
to 50 S subunits. The induction of the latent endoribonuclease
activity may be a common mechanism for some of the toxins
associated with either 30 or 50 S ribosomal subunits to inhibit
protein synthesis. In this respect, it is interesting to note that
when RelE, another toxin for translation inhibition that has no
endoribonuclease activity by itself, was induced in E. coli,
ribosome-dependent mRNA cleavage was observed (4).
Another E. coli toxin called YoeB, which has 19% identity to
YafO, also cleaves mRNA in a ribosome-dependent manner
(23) and has been shown to have a weak endoribonuclease
activity (24). Recently, we have found that YoeB cleavesmRNAs
immediately downstream of the initiation codon only when it is
added together with the 70 S ribosomes (8). However, the

mRNA cleavage pattern by YoeB is different from that of YafO.
First, the full-length mRNA almost completely disappeared
within 5min after YafO induction (Figs. 3A and 4), whereas the
full-length mRNAs were stable even at 30 min after YoeB
induction (8). Second, YoeB mediated mRNA cleavage occurs
at the A site (8), whereas YafO-mediated mRNA cleavage
occurs outside of the region covered by 70 S ribosomes (Figs. 5
and 6). Third, in the region downstream of the initiation codon,
which is greater than 100 bases in length, only one strong cleav-
age band was formed with YoeB (8), whereas a few cleavage
bands were observed in the identical region with YafO (Fig. 4).
It should be noted that the inability to form the first peptide
does not affect YafO-mediated ribosome-dependent mRNA
cleavage activity (Fig. 8). These facts indicated that even if
both YoeB and YafO inhibit protein synthesis within a short
period of time (Fig. 1), the mechanism of inhibition is differ-
ent for each of them. It is possible that YafO may also be able
to inhibit translation elongation. Further studies are needed
to elucidate how this toxin inhibits protein synthesis.

FIGURE 7. Effect of YafO on the stability of translation initiation complex. A, effect of YafO on the formation of the ompA mRNA-70 S Ribosome-tRNAf
Met

complex. Lane 1, without YafO-His6; lane 2, 1 �M tRNAf
Met and 0.05 �M 70 S ribosomes; lanes 3–11, 1 �M tRNAf

Met and 0.05 �M 70 S ribosomes and 5.43, 2.72, 1.36,
0.68, 0.34, 0.17, 0.085, 0.0425, and 0.021 �M YafO-His6, respectively. B, primer extension analysis of the ompA mRNA after phenol extraction. The experiment was
carried out in the same way as described for Fig. 7A except that reaction products in lanes 4 and 6 were phenol-extracted to remove proteins before primer
extension. Lane 1, without YafO-His6; lane 2, 1.36 �M YafO-His6; lane 3, 1 �M tRNAf

Met and 0.05 �M 70 S ribosomes; lane 4, 1 �M tRNAf
Met and 0.05 �M 70 S

ribosomes; lane 5, 0.05 �M 70 S ribosomes, 1 �M tRNAf
Met with 1.36 �M YafO-His6; lane 6, 0.05 �M 70 S ribosomes, 1 �M tRNAf

Met with 1.36 �M YafO-His6. C, binding
of [35S]methionine-tRNAf

Met to 70 S ribosomes at 37 °C in the absence and the presence of different amounts of YafO-His6. 70 S ribosomes (0.05 �M) were first
incubated with [35S]methionine-tRNAf

Met (1 �M) and the ompA mRNA (0.035 �M) for 10 min at 37 °C then 0, 0.021, 0.0425, 0.085, 0.34, 0.68, 1.36, 2.72, or 5.43 �M

YafO was added. The reaction mixtures were incubated for additional 10 min at 37 °C and then applied to nitrocellulose filters (Millpore; 0.45 �M hemagglu-
tinin), which were washed twice with 2 ml of buffer A before measuring the radioactivity.
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It is interesting to note that bac-
terial toxins such as YoeB (8) and
YafO, which inhibit translation by
functioning as ribosome-dependent
endoribonucleases, may block pro-
tein synthesis in two steps. Initially,
the binding of the toxin to 70 S ribo-
somes inhibits translation reversibly
via binding with its cognate anti-
toxin. However, in the second step,
as the toxin binding to ribosomes is
prolonged, the latent ribonuclease
activity of the toxin is induced to
cleave mRNAs, which results in
irreversible inhibition of protein
synthesis. Such a two-step inhibi-
tory mechanism of protein synthe-
sis may play an intricate regulatory
role in cell growth under a stress
condition.
It is quite intriguing that E. coli

is equipped with a number of tox-
ins to inhibit protein synthesis by

FIGURE 8. Inability to form the first peptide does not completely inhibit YafO-mediated mRNA cleavage activity. The wild-type ompA and ompA with
nonsense mutation in the second codon mRNAs were prepared from �ompA E. coli BW25113 cells containing pBAD33-YafO and pBAD30-ompA at various time
points as indicated before and after the induction of YafO and OmpA. The sequence ladders for ompA were obtained using pCR�2.1-TOPO�-ompA as template,
respectively. The sequences around the major cleavage sites are shown to the right, and the major primer extension stop sites are indicated by the arrowheads.
A, ompA gene fragment sequence. The Shine-Dalgarno (SD) sequence, the initiation codon, and nonsense mutation are indicated. B, primer extension analysis
of the wild-type ompA mRNA. C, primer extension analysis of the ompA mRNA with nonsense mutation in the second codon.

FIGURE 9. YafO associates with the 50 S ribosomal subunits. Ribosome profiles were analyzed by sucrose
density gradient centrifugation as described under “Experimental Procedures.” A, polysome profiles of E. coli
BW25113 containing pBAD30-YafO without YafO induction. B, polysome profiles of E. coli BW25113 containing
pBAD30-YafO at 10 min after YafO induction. C, 70 S ribosomes of the same lysate used in B were disassociated
into 50 and 30 S ribosomal subunits in 0.5 mM Mg2�. In B and C, Western blot analysis was carried out to detect
YafO in each gradient fraction.
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different mechanisms; for example MazF (6) and ChpBK (7)
function asmRNA interferases to cleavemRNAs in a ribosome-
independent manner, whereas the others such as RelE, YafO,
and YoeB (8) appear to be ribosome-dependent mRNA inter-
ferases inhibiting translation. Recently, we demonstrated that
Doc from the phd-doc toxin-antitoxin system in P1 phage
inhibits translation elongation by binding to 30 S ribosome sub-
units (25). The diversity of mechanisms targeting translation in
E. coli toxin-antitoxin systems may be important to form an
intricate toxin-antitoxin network in the cell to adapt ever-
changing environmental stresses in nature. It remains to be
elucidated how these toxin-antitoxin systems play physiologi-
cal roles under different stress conditions.
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