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The C-terminal amino acid sequence of nascent
peptide is a major determinant of SsrA
tagging at all three stop codons

TAKAFUMI SUNOHARA, TATSUHIKO ABO, TOSHIFUMI INADA, and HIROJI AIBA
Division of Biological Science, Graduate School of Science, Nagoya University, Chikusa, Nagoya 464-8602, Japan

ABSTRACT

Recent studies on endogenous SsrA-tagged proteins have revealed that the tagging could occur at a position
corresponding to the normal termination codon. During the study of SsrA-mediated LacI tagging (Abo et al., EMBO
J, 2000 19:3762–3769), we found that a variant LacI (LacI DC1) lacking the last C-terminal amino acid residue is
efficiently tagged in a stop codon-dependent manner. SsrA tagging of LacI DC1 occurred efficiently without LacI
binding to the lac operators at any one of three stop codons. The C-terminal (R)LESG peptide of LacI DC1 was shown
to trigger the SsrA tagging of an unrelated protein (CRP) when fused to its C terminus. Mass spectrometry analysis
of the purified fusion proteins revealed that SsrA tagging occurs at a position corresponding to the termination
codon. The alteration of the amino acid sequence but not the nucleotide sequence of the C-terminal portion eliminated
the tagging. We also showed that the tagging-provoking sequences cause an efficient translational readthrough at
UGA but not UAA codons. In addition, we found that C-terminal dipeptides known to induce an efficient translation
readthrough could cause an efficient tagging at stop codons. We conclude that the amino acid sequence of nascent
polypeptide prior to stop codons is a major determinant for the SsrA tagging at all three stop codons.

Keywords: nascent peptide; stop codon; tmRNA; trans -translation; translation readthrough

INTRODUCTION

Bacterial SsrA RNA, also known as tmRNA or 10Sa
RNA, is a central player in the cotranslational tagging
process called trans-translation (Keiler et al+, 1996;
Karzai et al+, 2000)+ When a ribosome stalls on an
mRNA during translation, SsrA RNA charged with ala-
nine is recruited to the ribosome together with an as-
sociated protein, SmpB, and donates an alanine to the
growing polypeptide chain by acting as an alanyl-tRNA+
The SsrA RNA then serves as an mRNA to direct the
addition of a short peptide tag to the C terminus of the
nascent polypeptide+ The tagged polypeptide is de-
graded by several ATP-dependent proteases (Keiler
et al+, 1996; Gottesman et al+, 1998; Herman et al+,
1998)+ The major biological roles of the SsrA system
are believed to rescue stalled ribosomes and to elimi-
nate incomplete polypeptides (Keiler et al+, 1996; Karzai
et al+, 2000)+More specific aspects regarding biological
functions of the SsrA system have been addressed in
recent studies (Abo et al+, 2000, 2002;Muto et al+, 2000;

De La Cruz & Vioque, 2001; Ranquet et al+, 2001; Ueda
et al+, 2002; Withey & Friedman, 2002)+

The SsrA-mediated protein tagging occurs exten-
sively in Escherichia coli cells (Roche & Sauer, 1999,
2001; Abo et al+, 2000)+ However, it remains to be elu-
cidated how a large number of endogenous proteins
are tagged by the SsrA system and what mRNA fea-
tures are responsible for the SsrA-mediated protein tag-
ging in living cells+ There are several situations where
mRNAs become targets for the SsrA system and pro-
tein tagging occurs (Gillet & Felden, 2001)+ An obvious
target for the SsrA system is the 39 end of a truncated
mRNA lacking an in-frame stop codon where the ribo-
some stalling may occur due to the lack of the normal
translation termination signal (Keiler et al+, 1996)+ The
truncated mRNA could be generated either by nucle-
ase cleavages of an mRNA or by incomplete tran-
scription+ The SsrA-mediated tagging of LacI typically
represents this situation because LacI binding to the
lac operators could block the completion of lac tran-
scription resulting in truncated lac mRNAs (Abo et al+,
2000)+ A ribosome would also reach the 39 end of an
intact mRNA when a normal stop codon is erroneously
translated either in the presence of nonsense suppres-
sor tRNAs (Ueda et al+, 2002) or in the presence of
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miscoding drugs (Abo et al+, 2002)+ The SsrA system
appears to also act at a run of rare codons on an mRNA
where ribosome stalling may occur due to the defi-
ciency of cognate aminoacyl-tRNAs, although it re-
mains obscure whether the ribosome stalling itself leads
to tagging at internal sites of the mRNA or if stalling
leads to tagging by generating somehow truncated
mRNAs lacking a stop codon (Roche & Sauer, 1999;
Karzai et al+, 2000)+

Recent studies on endogenous SsrA-tagged pro-
teins in E. coli showed that the SsrA tag can be added
immediately after the normal C-terminal residue of the
protein in at least several cases (Roche & Sauer, 2001;
Collier et al+, 2002; Hayes et al+, 2002a)+ Thus, the
ribosome stalling and SsrA tagging could occur at a
position corresponding to the normal termination co-
don in certain conditions+ It has been proposed that the
combination of a rare arginine codon at the C terminus
and the adjacent inefficient UGA termination codon is
responsible for SsrA tagging at stop codons (Hayes
et al+, 2002a)+ In this article, we report a new finding
regarding an important determinant of SsrA tagging at
all three stop codons+During the study of SsrA-mediated
LacI tagging (Abo et al+, 2000), we found that a variant
LacI (LacIDC1) lacking the last C-terminal amino acid
residue was efficiently tagged at the stop codon by the
SsrA system+ Neither an inefficient UGA codon nor an
adjacent rare codon is required for the LacIDC1 tag-
ging+ Instead, we demonstrate that the amino acid se-
quence of the nascent polypeptide prior to a stop
codon is critical for an efficient SsrA tagging at stop
codons+

RESULTS

A variant LacI (LacI DC1) is strongly tagged
by the SsrA system

The E. coli Lac repressor (LacI) is the first endogenous
protein for which SsrA tagging was demonstrated (Abo
et al+, 2000)+ The observation that LacI tagging was
dependent on the binding of LacI to the lac operators
led us to propose that LacI–operator interaction blocks
the completion of lacI transcription, resulting in trun-
cated lacI mRNAs that are, in turn, recognized by the
SsrA system+Although the precise tagging sites in LacI
have not been determined yet, it was shown by Roche
and Sauer (2001) that the tagging must occur within
the C-terminal nine residues of LacI+ To gain further
insight into the mechanism of LacI tagging, we con-
structed a series of derivatives of pIT613 carrying lac
variants in which the UGA stop codon replaced one of
the last five C-terminal codons, as shown in Figure 1+
Plasmid pIT613 carries the entire lac region under the
control of lacIq promoter (Abo et al+, 2000) and the
pIT613 derivatives carry the lac gene variants encod-
ing truncated LacI proteins lacking 1 to 5 amino acid

residues at its C terminus+ Each of the LacI variants
was coexpressed with SsrADD RNA and tested for its
tagging property either in the presence or absence of
IPTG by western blotting (Fig+ 2)+

As reported previously (Abo et al+, 2000), the IPTG-
sensitive SsrA tagging of LacI was typically observed
when pIT613 was introduced into ssrA cells expressing
SsrADD RNA (Fig+ 2A, B, lanes 1 and 2)+When O3 was
replaced by the ideal operator, the tagging was mark-
edly increased and it was still IPTG sensitive (Fig+ 2A,
B, lanes 3 and 4)+ In the absence of IPTG, all of the
truncated LacI proteins were tagged to various extents
whereas the tagging of the truncated LacI proteins was
markedly reduced in the presence of IPTG except for
LacIDC1 (Fig+ 2A, B, lanes 5–14)+ The fact that these
truncated proteins including a DC5 variant are SsrA-
tagged like wild-type LacI implies that transcription ter-
mination occurs upstream of these codons+ In fact, it
was shown by Roche and Sauer (2001) that the tag-
ging must occur within the last nine residues of LacI,
although the precise tagging sites in LacI remain to be
determined yet+ It is clear that both the DC4 and DC5
variants are subject to IPTG-suppressible SsrA tag-
ging+ A striking observation was that a variant LacI
(LacIDC1) lacking the last C-terminal amino acid resi-
due was strongly tagged and the tagging showed only
a slight reduction in the presence of IPTG (Figs+ 2A, B,

FIGURE 1. Nucleotide and amino acid sequences of the C-terminal
region of the lacI variants+ Plasmid pIT613 carrying the lacIZYA with
the lacIq promoter on pBR322 is the parent plasmid for a series of
plasmids carrying lacI gene variants encoding truncated LacI+ The
mutated codons and/or sequences are shown together with the amino
acid sequences of LacI variant proteins+ pTA100 is the derivative of
pIT613, which has an ideal operator sequence at the position of O3
(Abo et al+, 2000)+
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lanes 5 and 6)+ In fact, the DD-tagged LacIDC1 was
produced at more than 30% of the level of untagged
LacIDC1 as judged by the intensities of bands in west-
ern blots+ These results suggest that the mechanism
responsible for LacIDC1 tagging is different from that of
the wild-type LacI tagging+

The LacI DC1 tagging is independent
on LacI binding to operators

The IPTG-resistant tagging of LacIDC1 could be ex-
plained if LacIDC1 protein somehow retains the ability
to bind to operators even in the presence IPTG+ To test
this possibility, we determined the b-galactosidase ac-
tivities in cells carrying pIT613 or pIT604 in the pres-

ence and absence of IPTG (Fig+ 3)+ The b-galactosidase
activity of cells expressing LacIDC1 was significantly
higher than that of cells expressing LacI in the absence
of IPTG, suggesting that the LacIDC1 is less active
compared to the intact LacI+ An important observation,
however, is that the lac operon was efficiently induced
in the presence of IPTG in cells expressing LacIDC1
protein as in cells expressing the normal LacI+ This
implies that LacIDC1 binding to operators was elimi-
nated by IPTG, suggesting that the SsrA tagging of
LacIDC1 is not due to the LacI binding to operators+ In
fact, the SsrA tagging of LacIDC1 protein occurred ef-
ficiently even when the lac operators were deleted (data
not shown)+

Any one of three stop codons at the –1
position of LacI is sufficient for SsrA
tagging of LacI DC1

How does the SsrA tagging of LacIDC1 occur without
the LacI–operator interaction? The results mentioned
above indicate that the UGA codon introduced at po-
sition 21 of LacI may be responsible for the SsrA tag-
ging of LacIDC1+ It should be noted that the variant
lacIDC1 gene encoding LacIDC1 possesses two con-
secutive UGA codons (Fig+ 1)+ It is possible that the
existence of tandem UGA codons somehow causes
the SsrA tagging of LacIDC1 protein+ To test this pos-
sibility, the original UGA stop codon of LacI was re-
placed with a sense codon to construct pST201 (Fig+ 1)+
The SsrA tagging of LacIDC1 was examined in cells
carrying pST201 in the presence of IPTG by western
blotting+ The substitution of the original UGA stop co-
don with a sense codon did not affect the tagging of
LacIDC1 (Fig+ 4, lane 4), indicating that only one UGA

FIGURE 2. SsrA tagging of variant LacI proteins+ TA411 (DlacIZYA,
ssrADD) cells harboring pIT613 (lanes 1 and 2), pTA100 (lanes 3 and
4), pIT604 (lanes 5 and 6), pIT605 (lanes 7 and 8), pIT607 (lanes 9
and 10), pIT606 (lanes 11 and 12), and pIT608 (lanes 13 and 14)
were grown in the presence (lanes 2, 4, 6, 8, 10, 12, and 14) or
absence (lanes 1, 3, 5, 7, 9, 11, and 13) of 1 mM of IPTG+ Total
extracts equivalent to OD600 5 0+01 were analyzed by western blot-
ting using anti-LacI (A) or anti-DD-tag (B) antibodies+

FIGURE 3. Effect of LacI variants on the lac operon expression+
MC4100DssrA cells harboring pIT613 and pIT604 were grown in LB
medium+ The cultures were divided into two parts at OD600 5 0+2 and
0+4 mM IPTG (final concentration) were added to one aliquot+ The
cells were grown for another 2 h and b-galactosidase activities were
measured+

FIGURE 4. Effect of the stop codon nature on the SsrA tagging of
LacIDC1+ TA411 (DlacIZYA ssrADD) cells harboring pIT613 (lane 1),
pTA100 (lane 2), pIT604 (lane 3), pST201 (lane 4), pST202 (lane 5),
and pST203 (lane 6) were grown in LB medium containing 1 mM
IPTG+ Total extracts equivalent to OD600 5 0+01 were analyzed by
western blotting using anti-LacI antibodies+
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codon at position 21 of LacI is sufficient to cause the
efficient tagging of LacIDC1+ To examine how the iden-
tity of the stop codon influences the SsrA tagging of
LacIDC1, the UGA stop codon of LacIDC1 on pST201
was changed to either UAA or UAG to construct plas-
mid pST202 or pST203, respectively (Fig+ 1)+ These
plasmids were also introduced in cells expressing
SsrADD RNA, and the SsrA tagging of LacIDC1 in the
presence of IPTG was examined by western blotting+
The alteration of the UGA codon to UAA or UAG caused
little difference in the SsrA tagging of LacIDC1 in the
presence of IPTG (Fig+ 4, lanes 5 and 6)+ Thus, the stop
codon-dependent SsrA tagging of LacIDC1 occurs ef-
ficiently at any one of the three stop codons+

The C-terminal portion of LacI DC1
is sufficient to cause the stop
codon-dependent tagging

To examine how amino acid and/or nucleotide se-
quences before the stop codon affect the stop codon-
dependent SsrA tagging of LacIDC1, we constructed a
series of genes encoding variants of cAMP receptor
protein (CRP) in which the last one to seven codons of
LacIDC1 were fused to the CRP ORF (Fig+ 5A)+ These
fusion proteins were coexpressed with SsrADD RNA,
and the stop codon-dependent SsrA tagging was ex-
amined by western blotting using anti-CRP and anti-
DD-tag antibodies+ No significant SsrA tagging of the

FIGURE 5. SsrA tagging of variant CRP proteins+ A: Schematic drawing and sequences of the crp gene variants+ The open
box is the CRP ORF and the shaded box represents the sequence derived from the C terminus of LacIDC1+ The nucleotide
sequences around the junction are given together with the amino acid sequences+ The lowercase letters correspond to the
nucleotide sequence of the original crp gene and bold uppercase letters correspond to those of the ’lacI gene+ The
C-terminal amino acid sequence of wild-type CRP is GTR+ The amino acid sequences corresponding to the C terminus of
LacIDC1 are shown in bold letters+ All the fusion genes are followed by the crp terminator sequence with the same spacing+
B: Western blot analysis of variant CRP proteins+ TA481 (Dcrp ssrADD) cells harboring pHA7M (lanes 1 and 9), pSTA010
(lanes 2 and 10), pSTA009 (lanes 3 and 11), pSTA008 (lanes 4 and 12), pSTA004 (lanes 5 and 13), pSTA101 (lanes 6 and
14), pSTA102 (lanes 7 and 15), and pSTA103 (lanes 8 and 16) were grown in LB medium+ Total extracts equivalent to
OD600 5 0+01 were analyzed by western blotting using anti-CRP (lanes 1–8) and anti-DD-tag (lanes 9–16) antibodies+
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fusion protein was observed when the last one or two
codons of LacIDC1 were fused to CRP ORF (Fig+ 5B,
lanes 2, 3, 10, and 11)+ However, a weak but significant
SsrA tagging of the fusion protein was observed when
the last three codons of LacIDC1 were fused to CRP
ORF (Fig+ 5B, lanes 4 and 12)+ The tagging of the
fusion protein markedly increased when the last four
codons of LacIDC1 were fused to CRP (Fig+ 5B, lanes 5
and 13)+ The addition of more than five codons did not
cause further increase in the tagging of the fusion pro-
tein (Fig+ 5B, lanes 6–8 and 14–16)+ The efficiency of
SsrA tagging of CRP variants possessing the last four
or more codons of LacIDC1 was comparable to that of
LacIDC1+ We conclude that the C-terminal portion of
LacIDC1 could confer the property to be tagged by the
SsrA system to an unrelated protein when fused to its
C terminus+ The data indicate that the tetra- or penta-
peptide of the C-terminal region of LacIDC1, LESG or
RLESG, is responsible and sufficient for an efficient
stop codon-dependent SsrA tagging of nascent pep-
tide+ The DD-tagged proteins apparently consist of two
bands, suggesting that the tagging may occur at two
sites around the stop codon+

SsrA tagging occurs at a position
corresponding to the termination codon

To estimate the SsrA tagging sites in the LacIDC1, we
constructed a plasmid, pTA402, carrying a variant crp
gene encoding His6-CRP-LESG that contains a His6

tag at the N terminus of CRP-LESG+ The His6-tagged
proteins were expressed in cells carrying the ssrADD

gene and purified by Ni21-NTA affinity chromatogra-
phy+ The purified proteins were subjected to SDS-
polyacrylamide gel electrophoresis followed by
Coomassie Brilliant Blue staining (Fig+ 6A)+ The DD-
tagged proteins consisting of two bands (bands II and
III) were clearly detected along with untagged protein
(band I)+ The purified proteins were analyzed by MALDI-
TOF mass spectrometry+ The signal at 24,635 Da cor-
responds to the “full-length” His6-CRP-LESG (band I)
whereas the broad signal of higher molecular weight
represents the DD-tagged proteins (bands II 1 III;
Fig+ 6B)+ This broad signal has a peak at the position of
25,803 Da that corresponds to His6-CRP-LESG se-
quence plus the 11-residues DD-tag+ To determine more
precisely the SsrA tagging sites, the three bands were
excised from the gel and digested separately in-gel
with lysyl endopeptidase that specifically cleaves the
peptide bond after lysine residues+ The eluted peptides
were analyzed by MALDI-TOF mass spectrometry
(Fig+ 6C)+ The peptidase digestion of untagged band I
gave a signal with a mass of 1,294+68 Da that corre-
sponds to that expected for the C-terminal fragment
size of His6-CRP-LESG along with several other sig-
nals (Fig+ 6C, top)+ When the lysyl endopeptidase di-
gest of band III was analyzed, the 1,294+68-Da signal

was no longer observed and a new signal with a mass
of 2,489+69 Da that corresponds to a junction peptide
containing the C-terminal fragment of His6-CRP-LESG
plus the tag appeared (Fig+ 6C, bottom)+ All other sig-
nals observed in the digest of the untagged band I
were also detected in the digest of band III+ These
results clearly indicate that the stop codon-dependent
SsrA tagging of CRP-LESG occurs just after the last
C-terminal residue+ The additional DD-tagged band II
that is slightly smaller than the DD-tagged band III sug-
gests that the tagging may occur also near the stop
codon+Although the lysyl endopeptidase digest of band
II gave a new signal with a mass of 2,292+14 Da (data
not shown), we failed to identify the precise junction
peptide within a permissible error+

Amino acid sequence of the C-terminal
end is the determinant for the stop
codon-dependent SsrA tagging

It has been shown that both an inefficient UGA stop
codon and an arginine rare codon prior to the UGA are
responsible for the stop codon-dependent SsrA tag-
ging of RbsK (Collier et al+, 2002; Hayes et al+, 2002a)+
Our results clearly indicate that these features cannot
be responsible for SsrA tagging of LacIDC1 because
the tagging occurs even at a strong UAA codon and
there is no rare codon prior to the stop codon+ One
possible determinant of the stop codon-dependent SsrA
tagging of LacIDC1 would be the amino acid sequence
of the C-terminal end+ It is also possible that the nature
of codons and/or the nucleotide sequence correspond-
ing to the C terminus of LacIDC1 influences the stop-
codon dependent SsrA tagging+ To address these
questions, all of the last four codons of a variant CRP
expressed from pSTA004 were replaced by other syn-
onymous codons to construct pST026 (Fig+ 7A)+ This
extensive alteration of the nucleotide sequence had
little effect on the tagging of the full-length CRP-LESG,
although the tagging of the lower band was moderately
decreased (Fig+ 7B, lanes 2 and 3)+ The result suggests
that neither the nature of codons nor the nucleotide
sequence before the stop codon are primarily respon-
sible for the SsrA tagging at the position of the stop
codon+We next examined how the changes in the amino
acid sequence affect the SsrA tagging of variant CRP
proteins+We first replaced the Gly at the 21 position of
LacIDC1 to an acidic Glu (Fig+ 7A)+ This amino acid
substitution dramatically reduced the SsrA tagging of
the variant CRP (Fig+ 7B, lane 5)+ The substitution of
Gly at the 21 position to a basic (Arg) or hydrophobic
(Leu) amino acid also completely eliminated the SsrA
tagging of the variant CRP (data not shown)+ These
results indicate that the Gly at 21 is an important ele-
ment for the efficient SsrA tagging at the stop codon+
We also found that some amino acid substitutions at
22 (e+g+, Ser to Leu) essentially eliminated the SsrA
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tagging (Fig+ 7B, lane 4)+ In addition, certain amino acid
substitutions at 23, 24, and 25 affected more or less
the SsrA tagging depending on the amino acid substi-
tution (data not shown)+ Taken together, we conclude
that the amino acid sequence of the nascent penta-
peptide is responsible for the stop codon-dependent
SsrA tagging+

The (R)LESG sequence prior to the UGA
codon induces translation readthrough

To test how the (R)LESG sequence upstream of he
UGA stop codon affects the efficiency of translation
termination/readthrough, we constructed fusion genes
in which the IIAGlc ORF encoded by crr was fused to

FIGURE 6. Identification of SsrADD tagging sites in His6-CRP-LESG+ A: SDS-polyacrylamide gel electrophoresis analysis
of purified His6-CRP chimeric proteins+ Proteins produced from TA481 cells harboring pTA402 were purified through
Ni21-NTA agarose chromatography and analyzed by a 12% SDS-polyacrylamide gel electrophoresis followed by Coomas-
sie Brilliant Blue staining (lane 3)+ Two DD-tagged proteins (bands II and III) and an untagged protein (band I) were detected+
Lanes 1 and 2 represent protein markers and purified normal CRP protein, respectively+ B: Mass spectrometry analysis of
purified His6-CRP chimeric proteins+ About 1 mg of the purified proteins were subjected to mass spectrometry analysis+ The
schematic drawings of the His6-CRP-LESG and His6-CRP-LESG-DD-tag proteins deduced from mass spectrum peaks are
shown in the right side along with the molecular weights estimated from amino acid sequences+ C: Mass spectrometry
analysis of His6-CRP chimeric proteins after treatment with lysyl endopeptidase+ Three bands (I, II, III) shown in A were cut
out from the gel+ The gel was treated with lysyl endopeptidase and subjected to mass spectrometry analysis+ The data for
bands I and III are shown+ The signals that are expected to correspond to the C-terminal fragments are shown by arrows
along with the observed mass+ The peptide sequences of the C-terminal fragments of His6-CRP chimeric proteins generated
by lysyl endopeptidase digestion are shown in the right side along with the estimated molecular weights+
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just after the UGA stop codon of the variant crp genes
encoding either CRP-LESG or CRP-SG (Fig+ 8A)+ This
system can be used to monitor readthrough of the stop
codon because each fusion construct gives a CRP-
IIAGlc fusion protein as the result of translation read-
through+Only a little readthrough product was produced
from the SG fusion construct in the absence of SsrA
RNA (Fig+ 8B, lane 2)+ The readthrough product mark-
edly increased when the LESG fusion construct was
expressed in the absence of SsrA RNA+As expected, a
strong SsrA tagging of CRP was observed when the
LESG fusion construct but not the SG fusion construct
was expressed in the presence of SsrADD RNA (Fig+ 8B,
lanes 7 and 8)+ The presence of SsrA RNADD had only
a small effect on the readthrough at the UGA stop co-
don+ Thus, the SsrA tagging provoking C-terminal se-
quence apparently causes translation readthrough at
the UGA codon+ Similar experiments were performed
with the fusion genes in which the UGA stop codon was
replaced by UAA and UAG stop codons+ The amount of
readthrough product was maximum with UGA and min-
imum with UAA (Fig+ 8B, lanes 1–12)+ These results are
as expected because it is known that UAA gives the
most efficient and UGA the least efficient translation
termination (Tate & Mannering, 1996;Mottagui-Tabar &

Isaksson, 1997)+ An important observation was that
the replacement of the UGA stop codon with UAA or
UAG again did not affect the efficiency of SsrA tagging
of CRP-LESG (Fig+ 8B, lanes 7–12)+ Thus, the (R)LESG
sequence could lead to an efficient SsrA tagging even
at strong termination codons where only a weak trans-
lational readthrough occurs+

It is known that translation readthrough at UGA
varies depending on the last two amino acids of the
C-terminal end of the nascent peptide (Mottagui-Tabar
et al+, 1994; Bjornsson et al+, 1996; Mottagui-Tabar &
Isaksson, 1997)+ For example, a strong translational
readthrough occurs when the terminal dipeptide is Asp-
Pro whereas the Arg-Pro dipeptide causes only a little
readthrough (Mottagui-Tabar et al+, 1994)+ It is inter-
esting to test how the terminal Asp-Pro and Arg-Pro
dipeptides influence the SsrA tagging+ For this, we con-
structed fusion genes in which the IIAGlc ORF was
fused to just after the UGA stop codon of the crp gene
variants encoding either CRP-DP or CRP-RP (Fig+ 8A)+
Extracts of cells carrying these fusion genes were an-
alyzed by western blotting+As expected, the fusion gene
encoding CRP-DP produced a high level of readthrough
product (CRP-IIAGlc) in the absence of SsrA RNA
whereas little CRP-IIAGlc was produced from the fu-

FIGURE 7. Effects of nucleotide and peptide sequences
prior to stop codon on SsrA tagging+ A: Schematic draw-
ing and sequences of several variants of the crp gene
used+ Nucleotides and amino acid residues substitutions
are indicated by bold letters+ B: Western blot analysis of
variant CRP chimeric proteins+ TA481 (Dcrp ssrADD) cells
harboring pHA7M (lane 1), pSTA004 (lane 2), pSTA026
(lane 3), pSTA021 (lane 4), and pSTA020 (lane 5) were
grown in LB medium+ Total extracts equivalent to OD600 5
0+01 were analyzed by western blotting using anti-CRP
antibodies+
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sion gene encoding CRP-RP (Fig+ 8B, lanes 13 and
14)+ Interestingly, CRP-DP was efficiently tagged in the
presence of SsrADD RNA whereas no SsrA tagging of
CRP-RP was observed (Fig+ 8B, lanes 16 and 17)+ The
presence of SsrA RNADD slightly reduced the read-
through at the UGA stop codon (Fig+ 8B, lane 16)+
When the UGA stop codon of CRP-DP was replaced
with UAA, the readthrough was dramatically reduced
whereas SsrA-tagged CRP-DP was still efficiently pro-
duced+ Taken together, we conclude that amino acid
sequences prior to the stop codon that induce an effi-
cient translation readthrough at the UGA codon could

cause an efficient tagging of full-length protein not only
at weak but also strong stop codons+

DISCUSSION

Several natural proteins including l repressor, RbsK,
and YbeL can be tagged at positions corresponding to
the normal stop codons in E. coli cells (Roche & Sauer,
2001; Collier et al+, 2002; Hayes et al+, 2002a)+ It has
been proposed that both an inefficient UGA termination
codon and an arginine rare codon prior to the stop
codon are responsible for the SsrA tagging at the stop

FIGURE 8. Translational readthrough and SsrA tagging at stop codons+ A: Schematic drawing of crp-’lacI-crr fusion gene+
Nucleotide and amino acid sequences of the junction region are shown+ Translational readthrough at the crp stop codon
results in the production of CRP-IIAGlc fusion protein+ B: TA481 (Dcrp, ssrADD) cells harboring pST531 (lanes 1 and 7),
pST533 (lanes 2 and 8), pST521 (lanes 3 and 9), pST523 (lanes 4 and 10), pST511 (lanes 5 and 11), pST513 (lanes 6 and
12), pST604 (lanes 13 and 16), pST603 (lanes 14 and 17), and pST605 (lanes 15 and 18) were grown in LB medium+ Total
extracts equivalent to OD600 5 0+01 were analyzed by western blotting using anti-CRP antibodies+ CRP proteins with two
or four amino-acid addition, their DD-tagged products, readthrough products are indicated by arrowheads+
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codons (Collier et al+, 2002; Hayes et al+, 2002a)+ We
have found here that a variant LacI (LacIDC1) lacking
the last C-terminal amino acid residue is efficiently
tagged at the stop codon by the SsrA system without
the LacIDC1–operators interaction+ The major finding
in the present study is that the C-terminal amino acid
sequence of the nascent peptide is an important de-
terminant for an efficient SsrA tagging at all stop
codons+ This conclusion is based on the following ob-
servations: (1) any one of the three stop codons could
lead to the LacIDC1 tagging even without any rare co-
don prior to the stop codon, (2) the C-terminal tetra- or
pentapeptide of LacIDC1 confers the ability to be tagged
to an unrelated protein when fused to its C-terminus,
and (3) alteration of the C-terminal amino acid but not
nucleotide sequences eliminates the SsrA tagging+

Translation termination is mediated at the UAG stop
codon by polypeptide release factor 1 (RF1), at UGA
by release factor 2 (RF2), and at UAA by both RF1 and
RF2 (Nakamura et al+, 1996)+ When the ribosome
reaches a termination codon in the mRNA, polypeptide
release factors (RFs) recognize the stop codons in the
ribosomal A-site to cause the release of the polypep-
tide by hydrolyzing the ester bond between the tRNA in
the P-site and the polypeptide chain (Nakamura et al+,
1996)+ The stop codons in the A-site can be also rec-
ognized by near-cognate or suppressor tRNAs result-
ing in translational readthrough+ Thus, both RFs and
near-cognate or suppressor tRNAs compete each other
for the recognition of the stop codons at the A-site,
which, in turn, determine the efficiency of translation
termination+ Among the three stop codons, UAA gives
the most efficient and UGA the least efficient transla-
tion termination (Tate & Mannering, 1996; Mottagui-
Tabar & Isaksson, 1997)+ It is also known that the
efficiency of UGA readthrough is dependent on the base
just after the stop codon (Poole et al+, 1995)+ In addi-
tion, it has been demonstrated that the last two amino
acids in the nascent peptide markedly influence trans-
lation readthrough (Mottagui-Tabar et al+, 1994; Bjorns-
son et al+, 1996; Mottagui-Tabar & Isaksson, 1997)+
Thus, the efficiency of translation termination or read-
through is affected by the nature of the stop codon and
by mRNA and/or nascent peptide sequence context+
The present study clearly indicates that SsrA RNA may
compete with RFs for the occupation of the A-site, re-
sulting in the SsrA tagging of full-length proteins de-
pending on the amino acid sequence of the C-terminal
end of the nascent peptide+ In fact, the SsrA tagging at
stop codons is increased in the prf mutants that ex-
press a partially defective RF1 or RF2, whereas it is
reduced by the overexpression of wild-type RF1 or RF2
(our unpubl+ results)+ Thus, three factors, RFs, tRNAs,
and SsrA RNA, apparently compete for the occupation
of the A-site+ It should be noted, however, that the na-
ture of the stop codon has little effect on the SsrA
tagging mediated by the C-terminal RLESG sequence

whereas it markedly influences the efficiency of trans-
lation readthrough+ This is presumably because both
RFs and tRNAs recognize the stop codons whereas
SsrA RNA may recognize only the empty A-site+

It has been suggested that the nature of the last two
amino acid residues of the nascent peptide influences
translation readthrough at a stop codon, presumably
by causing ribosome stalling (Bjornsson et al+, 1996)+
Our studies suggest that certain C-terminal sequences
could substantially influences both translation read-
through and SsrA tagging by causing ribosome stalling
at stop codons+ It is proposed that the C terminus of the
nascent peptide is located around the peptidyltransfer-
ase center and the peptide passes through the tunnel
of the 50S ribosomal subunit (Ban et al+, 2000; Nissen
et al+, 2000)+ Therefore, certain nascent peptides may
interact with ribosome itself or another component(s)
of the translational machinery to prevent partially the
action of RFs resulting in a transiently empty A-site+ If
this is the case, there would be more chance for both
near-cognate tRNAs and SsrA RNA to enter the empty
A-site+ In fact, we observed that the C-terminal RLESG
sequence that gives efficient SsrA tagging at stop co-
dons could also markedly induce translation read-
through at the UGA codon+ Inversely, the C-terminal
dipeptides that induce an efficient readthrough could
also allows a strong SsrA tagging+ An alternative pos-
sibility regarding the mechanism of SsrA tagging at the
stop codon would be that the ribosome stalling may
induce endonucleolytic cleavages of an mRNA around
the stop codon resulting in truncated mRNAs lacking a
stop codon+ In this regard, it is interesting to note that
ribosome stalling appears to cause mRNA cleavages
in several cases presumably by the action of either
ribosome itself or a ribosome-associated factor (Loo-
mis et al+, 2001; Drider et al+, 2002)+We also observed
mRNA fragments by northern blot analysis that pre-
sumably correspond to the cleavage products when
SsrA tagging at the stop codons occurred in our system
(our unpubl+ results)+ Further studies are necessary to
establish whether the ribosome stalling really induces
endonucleolytic cleavages of an mRNA that lead to the
SsrA tagging at a stop codon+

Several cases have been reported in which the na-
scent peptide can influence the translation termination
or elongation, thereby affecting gene expression (Lovett
& Rogers, 1996; Tenson & Ehrenberg, 2002)+ For ex-
ample, it is known that the 24-residue product of the
tnaC gene prevents the release of the peptide at the
stop codon (Konan & Yanofsky, 1997, 1999)+ Another
example is translation arrest in the chloramphenicol
transacetylase gene (cat ) in gram-positive bacteria by
the nascent pentapeptide (MVKTD) that interacts with
the ribosome in the presence of chloramphenicol (Lovett
& Rogers, 1996)+More recently, it has been shown that
a specific nascent peptide in the secM gene induces
the translation arrest, presumably by interacting with
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the ribosomal exit tunnel (Nakatogawa & Ito, 2001,
2002)+ The present study provides an additional exam-
ple of the control of ribosome function by the nascent
peptide+

It is reported that highly expressed E. coli genes
avoid an inefficient UGA stop codon and have a bias
against C-terminal dipeptides, which give inefficient ter-
mination (Bjornsson et al+, 1996)+ A search of the data-
base revealed that no E. coli proteins possess either
LESG or ESG sequences at their C terminus+ In addi-
tion, only one E. coli protein, YabN, was found to retain
the terminal DP dipeptide+ Thus, C-terminal sequences
that could induce an efficient SsrA tagging appear to
have been avoided in E. coli genes during evolution,
resulting in a bias in amino acid usage in the region
immediately prior to the stop codon, at all three stop
codons+ One of the natural proteins, YbeL, has been
shown to be tagged at a position corresponding to the
strong UAA stop codon (Roche & Sauer, 2001)+ Inter-
estingly, the C-terminal sequence of YbeL is EP that is
known to also induce efficient translational readthrough
at the UGA stop codon (Mottagui-Tabar et al+, 1994)+
We also observed that the EP dipeptide confers the
ability to be tagged to an unrelated protein when fused
to its C terminus, although less efficiently compared to
RLESG or DP sequences+ At this moment, it is difficult
to see any common feature between RLESG and DP+
Although the SsrA tagging-evoking terminal sequences
are expected to be avoided in general, they are appar-
ently used in some cases such as YbeL+ Studies on
proteins and/or genes that retain the SsrA tagging-
evoking terminal sequences would certainly be impor-
tant to understand further the biological roles of SsrA
RNA and trans-translation+

Just after the completion of this work, a paper was
published by Hayes et al+ (2002b) asserting that pro-
line residues at the C terminus of nascent chains in-
duce SsrA-tagging during translation termination+ Our
results are not only consistent with their finding but
also reveal that the terminal sequences other than the
C-terminal proline residue could induce the SsrA tag-
ging at a stop codon+ It is certainly interesting to study
whether any other sequences could affect SsrA tag-
ging as well as translational readthrough+ Such study
would be helpful to understand how particular C-terminal
peptide sequences trigger SsrA tagging at stop codons+

MATERIALS AND METHODS

Media and growth conditions

Cells were grown aerobically at 37 8C in Luria-Bertani (LB)
medium+ Antibiotics were used at the following concentra-
tions: ampicillin (50 mg/mL) and tetracycline (10 mg/mL)+ Bac-
terial growth was monitored by determining the optical density
at 600 nm (OD600)+

Strains and plasmids

The E. coli K-12 strains used are MC4100DssrA (Abo et al+,
2000), TA411 (MC4100 ssrADD-FRT), TA481 (W3110Dcrp
ssrADD-FRT), TA501 (W3110Dcrp DssrA-FRT)+ The gene
knock-out system of Datsenko and Wanner (2000) was used
to construct the strains except MC4100DssrA+ The detailed
procedures are described elsewhere (Abo et al+, 2002)+

Plasmid pIT613 contains lacIZYA in which the lacI is tran-
scribed from the lacIq promoter on pBR322 (Abo et al+, 2000)+
Plasmid pTA100 is a derivative of pIT613 in which O3 is
changed to the ideal operator(O3id ; Abo et al+, 2000)+ Plas-
mids pIT604, pIT605, pIT606, pIT607, pIT608, pST201,
pST202, and pST203, derivatives of pIT613,were constructed
by site-directed polymerase chain reaction (PCR) mutagen-
esis+ Plasmids pHA7M (Abo et al+, 2002), pHA7M0 (Abe &
Aiba, 1996), and pHA7HA9 are derivatives of pHA7 carrying
the crp gene under the control of the bla promoter (Aiba et al+,
1982)+ To construct pHA7HA9, a MluI site was introduced
near the last codon of crp of pHA7M0 by PCR mutagenesis+
To construct pST010, derivatives of pHA7M, primers pBR
H3-U (59-GCAATTTAACTGTGATAAACTA-39) and STA010-L
(59-AACGTACGGCACATCACCCACGCGTGCCGTAAAC-
39) were used to amplify the crp gene on pHA7M+ The PCR-
amplified fragment was digested with HindIII and Bsi WI(Spl I)
and cloned into the HindIII-Bsi WI region of pHA7MHA9+ Sim-
ilarly, plasmids pSTA009, pSTA008, pSTA004, pSTA101,
pSTA102, pSTA103, pSTA026, pSTA021, and pSTA020 were
constructed by site-directed PCR mutagenesis by using
appropriate primers+ The plasmid pTA402 producing 6xHis-
CRP-LESG was constructed as follows+ Primers TA1 (59-
CAGGTTACGCGTCTGGAAAGCGGG-39) and TA3 (59-TCC
AGCGTACGTTACGGCACCGCTTCT-39) were used to am-
plify the ’lacIDC1-lacPO-lacZ’ region of pIT604, by introduc-
ing MluI site within lacI ORF, and the TAA stop codon and
Bsi WI site in lacZ ORF+ The MluI- and Bsi WI-digested PCR
fragment was cloned into the MluI-Bsi WI region of plasmid
pHA7HA9 to obtain pTA202 producing a variant CRP (CRP-
LESG) having the last four amino acid residues of LacIDC1
fused at its C terminus+ The region containing crp-’lacIDC1-
lacPO-lacZ’ was amplified with primers cro-crp-1 (Ueda et al+,
2002) and pBR-RI (59-GTATCACGAGGCCCTT-39) to intro-
duce a ATG-6x (CAT) sequence preceded by the SD se-
quence of lambda cro gene into crp-’lacIDC1+ The PCR
fragment was digested with HindIII and EcoRI, and cloned
into the HindIII-EcoRI region of the vector plasmid pBR322 to
obtain pTA402+ Plasmid pST511, pST521, pST523, pST531,
pST533, pST603, pST604, and pST605 were constructed
from pST513 (Abo et al+, 2002) by PCR mutagenesis using
appropriate primers+

Western blotting

Anti-CRP, anti-LacI, and anti-DD-tag polyclonal antibodies
were described previously (Ishizuka et al+, 1993; Abo et al+,
2000)+ Bacterial cells grown in LB medium containing appro-
priate antibiotic were harvested at OD600 5 0+8 and sus-
pended in 100 mL of SDS-PAGE loading buffer (62+5 mM
Tris-HCl, pH 6+8, 2% SDS, 10% glycerol, 5% b-mercapto-
ethanol, 0+1% bromophenol blue)+ The sample was heated at
100 8C for 5 min+ Total cellular extracts of the indicated amount
were subjected to 12% acrylamide–0+1% SDS gel electro-
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phoresis and transferred to Immobilon membrane (Millipore)+
The polypeptides detected by the antibodies were visualized
by an ECL system (Pharmacia)+

b-galactosidase assay

b-galactosidase activity was determined with permeabilized
cells by the method of Miller (1992)+

Purification of His-tagged protein

TA481 cells harboring pTA402 were grown in 20 mL of LB
medium overnight, harvested, washed with 10 mM Tris-HCl,
pH 8+0, 100 mM NaCl, 1 mM EDTA, and then suspended in
buffer B (100 mM NaH2PO4, 10 mM Tris-HCl, 8 M urea,
pH 8+0) containing 20 mM imidazole+ The cells were lysed by
sonication and centrifuged+ The crude lysates were subjected
to Ni21-NTA agarose (Qiagen) chromatography+ The resin
was washed three times with buffer C (100 mM NaH2PO4,
10 mM Tris-HCl, 8 M urea, pH 6+3) containing 20 mM imid-
azole+ The His6-fusion proteins were eluted from the resin
with either 100 mL of 0+3% trifluoroacetic acid (TFA) or SDS-
PAGE loading buffer+

Mass spectrometry

For mass spectrometry (MS) analysis of the untagged and
DD-tagged His6-fusion proteins, 1 mL of 0+3% TFA containing
about 1 mg of purified proteins was mixed with 1 mL of 1%
sinapinic acid in 30% acetnitrile and subjected to MALDI/
TOF-MS+ For fine mapping of the tagging site, His6-fusion
proteins were separated by 12% SDS-PAGE+ The bands were
cut out from the gel and a small piece of each band contain-
ing about 0+5 mg protein was treated with 0+1 mg of lysyl
endopeptidase (Wako) in 20 mL of 100 mM Tris-HCl, pH 9+0,
for 12 h at 37 8C+ The digested peptides were eluted with
300 mL of 50% acetnitrile, 5% formic acid, and concentrated
to 20 mL+ Then, the sample was desalted with a zip-tip reverse-
phase column, mixed with 1% a-cyano-4-hydroxycinnamic
acid in 70% acetnitrile, and subjected to MALDI/TOF-MS+
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