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Reinitiation of protein synthesis in Escherichia coli can be induced by
mRNA cis-elements unrelated to canonical translation initiation signals
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Abstract In Eubacteria, de novo translation of some internal
cistrons may be inefficient or impossible unless the 5’ neighboring
cistron is also translated (translational coupling). Translation
reinitiation is an extreme case of translational coupling in which
translation of a message depends entirely on the presence of a
nearby terminating ribosome. In this work, the characteristics of
mRNA cis-elements inducing the reinitiation process in Escheri-
chia coli have been investigated using a combinatorial approach.
A number of novel translational reinitiation sequences (TRSs)
were thus identified, which show a wide range of reinitiation
activities fully dependent on a translational coupling event and
unrelated to the presence/absence of secondary structure or
mRNA stability. Moreover, some of the isolated TRSs are
similar to intercistronic sequences present in the E. coli genome.
© 2000 Federation of European Biochemical Societies.
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1. Introduction

In all organisms, the initiation step represents the main
control point in the translational regulation of gene expression
[1-5]. Unlike initiation, termination of protein synthesis is not
generally considered of particular importance in the control of
gene expression; in Eubacteria, however, initiation of protein
synthesis can be affected by termination events occurring near
the initiation codon or, more generally, within the translation
initiation region (TIR) [6]. ‘Translational reinitiation’ can be
regarded as a special case of this type of phenomena com-
monly designated as ‘translational coupling’ [6-9]. More pre-
cisely, translation reinitiation is the event in which transla-
tional coupling between two cistrons is mediated by the
same ribosome which terminates translation at a stop codon
and restarts at an initiation codon which is very close (in
space if not in the primary sequence) or even partially over-
laps (e.g. UAAUG, UGAUG, UAGUG, AUGA) the termina-
tion codon of the 5’ neighboring cistron [10-12]. During
translational reinitiation, the terminating ribosome is believed
to move bidirectionally on mRNA [11] and the restart effi-
ciency is supposedly influenced by the sequences present in the
neighborhood of the reinitiation triplet [6]. Most of the mech-
anistic aspects of translational reinitiation remain ill-defined,
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however, and the effects of mRNA cis-elements as well as the
influence of translational initiation factors on this process are
not clearly understood. The presence of a Shine-Dalgarno
(SD)-like structure in front of the downstream cistron is be-
lieved to favor the translational reinitiation efficiency,
although this process can occur, with lower efficiency, without
SD [10].

To investigate the characteristics of mRNA cis-elements
which in the absence of an SD sequence may induce/favor
the reinitiation process in Escherichia coli, we have con-
structed a molecular repertoire by randomization of the re-
gion between two translationally coupled genes just upstream
of the stop codon (malE-(T,A,C)2TAIgATG-lacZ’). This ap-
proach allowed the isolation of a number of novel transla-
tional reinitiation regions (TRSs), which show a wide range
of reinitiation activities fully dependent on a translational
coupling event and unrelated to the presence/absence of sec-
ondary structure or mRNA stability. Moreover, some of the
isolated TRSs are similar to intercistronic sequences present in
the E. coli genome.

2. Materials and methods

2.1. Construction of the reinitiation molecular repertoire and isolation
of TRSs
The molecular repertoire was built by inverse PCR [13] using plas-
mid pmalE-c2 (Biolabs, USA) cut by BamHI and the following oli-
godeoxynucleotides (20 pmol each):

Forward primer: 5'-TTTTGAATTC(A,T,C);; TS/ ATGTCTAG-
AGTCGACCTGCAG-3'

Reverse primer: 5'-TTTTGAATTCTGAAATCCTTCCCTCG-
AT-3’

PCR was performed in a Perkin Elmer 2400 thermal cycler (Perkin
Elmer, USA), using the Expand long template PCR thermostable
system (Boehringer, Germany) and the conditions suggested by the
manufacturer. The PCR was performed using the following protocol:
one cycle: 120 s 94°C; 10 cycles: 10 s 94°C, 30 s 60°C, 30 s 68°C; 20
cycles: 10 s 94°C, 30 s 60°C, 30 s 68°C (increasing 20 s at each
elongation cycle). PCR products were cut by EcoRI (Biolabs, USA)
and the ~6.5 kbp PCR product was purified as described [14]. The
purified PCR product (200 ng) was ligated as described by Lund and
coworkers [15], the ligation mix was desalted as described by Atrazhev
and Elliot [16] and electroporated in electrocompetent TG1 E. coli
cells using the Bio-Rad (USA) electroporation apparatus and condi-
tions suggested by the manufacturer. Transformants were grown in
liquid medium (9 ml of LB/ampicillin 100 pg/ml) at 37°C for 18 h,
plasmid DNA was prepared by standard techniques [14] and cut by
EcoRI. The ~6.5 kbp fragment was purified [14], self-ligated and
electroporated in TGl E. coli cells. The electroporated cells were
then plated on IPTG/X-Gal LB plates containing ampicillin (100
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pug/ml). The A, U and C contents of the randomized sequences were
respectively 38%, 37% and 35% and they were defined randomly se-
lecting 200 colonies from the ~10° colonies counted on plates.
Among the ~10° plated colonies, 3% showed a lacZ*™ phenotype
(blue color). 200 lacZ*t colonies were randomly selected. 75% of the
200 lacZ™ clones showed by Western blotting the presence of a 42.7
kDa wild-type Mbp protein (data not shown), which indicates a re-
initiation event in the translationally coupled malE-lacZ’ system. Re-
initiation positive clones were sequenced allowing the identification of
17 signals inducing the reinitiation phenomenon (Table 1).

2.2. Computer analysis of reinitiation sequences isolated from the
molecular repertoire and potential E. coli reinitiation sequences

Potential reinitiation sequences based on the U*/gGAUG termina-
tion/initiation signal were extracted from the TransTerm database [17]
using the X-tract program (Iazzetti and Calogero, unpublished pro-
gram); the program identifies in the E. coli TransTerm database all
the potentially translationally coupled genes where the termination
codon (UAA or UGA) of a cistron partially overlaps the initiation
codon (AUG) of an other cistron. 117 Potential reinitiation sequences
based on UAAUG signal and 60 based on UGAUG signal were iso-
lated from the 5406 gene sequences present in the TransTerm data-
base. Both the potential natural reinitiation sequences (Fig. 2, right
top and bottom panels) and de novo reinitiation signals isolated from
the molecular repertoire (Fig. 2, left top and bottom panels) were
aligned using the Slogos program [18]. The E. coli genome in the
GenBank database was also searched for the TRSs described in Table
1 using BLASTN program [19]. This search yielded:

1. a TRS 21-like sequence (AUUUCUAAAUG) located in the gene
cluster ECAE000288 between AAC75037.1 (putative reductase)
and AAC75038.1 (orf, unknown function),

2. a TRS 34-like (ACAUCUCAUGA) sequence located in the gene
cluster ECAE000229 between AAC74391.1 (putative polysaccha-
ride hydrolase) and AAC74392.1 (putative transport periplasmic
protein),

3. a TRS 41-like (A- - -- - - A- - -ACACUAAUGQG) in the nik operon
[20] between genes nikC and nikD.

Potential secondary structures at 37°C were computed for the gst-
TRS-lacZ” mRNAs using the RNA mfold server [21].

Comparison between the TRSs and the 16S RNA was made using
the Blast2 server [22].

2.3. Construction of the translational gst-tet coupled system
The Tet gene was amplified from pBR322 plasmid (Biolabs, USA)
using the following oligodeoxynucleotides:

Forward primer: 5-TTTATAGATCTCAGGCACCGTGTATG-
AAA-3'
Reverse primer: 5'-TATATGAATTCTCAGGTCGAGGTGGC-
CCG-3’

PCR was performed in a thermal cycler 2400 (Perkin Elmer) using
Taq polymerase (Promega, USA) and conditions suggested by the
manufacturer. PCR was performed using the following protocol: 40
cycles: 40 s 94°C, 40 s 59°C, 40 s 72°C. The ~ 1.2 kbp PCR product
was cut by Bg/ll and EcoRI and cloned in pGEX-3X (Pharmacia) cut
by BamHI and EcoRl (pGEX-TET, Fig. 3A). pGEX-41-TET
(Fig. 3B), pGEX-neg-TET (Fig. 3C) were constructed starting from
pGEX-TET via inverse PCR using the following oligodeoxynucleo-
tides (20 pmol):

Forward primer pGEX-41-TET: 5'-TTCCCAAGCTTAAAATA-
AATATACACTAATGAAATCTAACAATGCGCTC-3’
Forward primer pGEX-neg-TET: 5'-TTCCCAAGCTTAAAAT-
AAATATACACTAAAGAAATCTAACAATGCGCTC-3’
Reverse primer: 5'-TATAAAGCTTCCCACGACCTTCGAT-3’

PCR was performed as previously described. The amplified plas-
mids were self-ligated. pGEX-noBstBI-41-TET (Fig. 3D) was ob-
tained by filling-in [14] the 5’ protruding ends generated by cutting
pGEX-41-TET with BstBI (Biolabs, USA) and self-ligating the result-
ing plasmid. pGEX-noHindIII-41-TET (Fig. 3E), was obtained by
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filling-in the 5" protruding ends generated by cutting pGEX-41-TET
with HindIII (Biolabs, USA) and self-ligating the resulting plasmid.

2.4. Construction of the translational coupled system gst-lacZ’
pGEX-3X (Pharmacia) cut by BamHI was filled-in and plasmid was
self-ligated (pGEX-3X-noBamHI). pGEX-3X-noBamHI was cut by
EcoRl/MIul (Biolabs, USA); the 2.2 kbp fragment was ligated with
the 4.3 kbp fragment obtained by cutting pmalE-41-lacZ’ (Table 1)
with EcoR1/Mlul (Biolabs, USA), to produce the pGEX-41-lacZ’. All
the other plasmids used to evaluate the functionality (Fig. 4) of re-
initiation sequences were produced as described for clone 41.

2.5. Reinitiation activity in the gst-lacZ’ coupled system

Reinitiation levels in bacteria harboring gst-TRS-lacZ’ constructs
were determined measuring the Gst and B-galactosidase activity in the
crude lysate of each clone. Cells harboring the pGEX-TRS-lacZ’
coupled system were grown (37°C) to 0.5 ODgoonm, | mM IPTG
was added and incubation continued for 3 h. Eight ODgynm cell
culture pellets were lysed by sonication in PBS (1 ml) and the lysate
was cleared by centrifugation. The GST activity was measured with
the following protocol: 10 pl of lysate was added to 990 ul Z buffer
(60 mM NaHPO4, 10 mM KCIl, 1 mM MgSOy4, 40 mM NaH,POy)
containing reduced glutathione (1 mM) and 1-chloro-2,4-dinitro-
benzene (1 mM). The absorbance at 340 nm was measured every
minute for 10 min and AOD349 nm X 1 ODgoo nm cell culture was deter-
mined with the following equation: AODignm min~' ml™!=
[OD340 nm(#2)—OD340 nm (£1)/(£2—11)] X 100/8. B-Galactosidase activity
was measured as described by Sambrook [14]: 150 ul crude lysate
was added to 850 ul Z buffer containing 1.2 mg o-nitrophenyl-p-ga-
lactopyranoside. The absorbance at 420 nm was measured every
3 min for 30 min and AODyp ym X 1 ODgoo nm cell culture was deter-
mined with the following equation: AODyyp, min~™! ml™!'=
[OD 420 nm(£2)—OD420 nm (21)/(£2—11)] X 6.6/8. The ratio between the
lacZ’ expression (reinitiation reporter gene) and the Gst expression
(reinitiation driving force), expressed as their enzymatic activities
(AOD 420 nn/AOD340 nm) in 1 ODgoonm of cell culture lysate, defines
the arbitrary reinitiation units (rUs) used to compare the reinitiation
level of the reinitiation cis-acting elements. The B-galactosidase and
glutathione-S-transferase activity ratio was also calculated for a
gst::lacZ’ fusion product (~ 18 rUs) as a reference for the condition
when each ribosome finishing the Gst polypeptide synthesis will re-
initiate the synthesis of LacZ’ peptide. Data shown in Fig. 4 were
obtained by induction experiments repeated at least three times for
each clone.

2.6. Determination of chemical stability of gst-lacZ” mRNAs

The mRNA stability was measured for mRNAs encompassing the
reinitiation signals inserted in the gst-lacZ’ translationally coupled
system as previously described by Brandi [23].

3. Results

3.1. Identification of TRSs

The identification of mRNA cis-elements favoring the re-
initiation of protein synthesis in E. coli was approached de-
signing a translationally coupled system (Fig. 1) consisting of

-4 -3 -2 -1
5’ malE-HHH HHH HHH HHH TA/G ATG-lacz’
T
termination/initiation
signal

H= A, T or C

Fig. 1. Molecular repertoire used for the isolation of mRNA cis-ele-
ments inducing the process of reinitiation of protein synthesis in
E. coli.
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a 5’ cistron (malE) ending with a stop codon (UAA or UGA)
partially overlapping the AUG start codon of the downstream
cistron (lacZ’). Furthermore, the 12 nucleotides upstream the
stop codon of malE were randomized avoiding the use of
guanine (G) in order to minimize the formation of a SD se-
quence which could lead to de novo initiation of lacZ’ trans-
lation. When cells harboring this reinitiation library (103
clones) were plated on medium containing IPTG/X-Gal, syn-
thesis of LacZ’ was observed in about 3000 clones corre-
sponding to approximately 3% of the colonies.

To determine if the LacZ’ synthesis was due to a real re-
initiation event or to a genetic rearrangement leading to a
malE: :lacZ’ fusion, the presence of either the malE polypep-
tide Mbp (42.7 kDa) or an Mbp-LacZ’' fusion (48.4 kDa)
polypeptide was evaluated in 200 potential reinitiation clones
by sodium dodecyl sulfate—polyacrylamide gel electrophoresis
analysis followed by Western blotting and immunodetection.
At least 150 clones were found to produce the wild-type 42.7
kDa Mbp (not shown), indicating that approximately 75% of
the clones were able to induce a translational reinitiation
event.

One hundred randomly chosen clones showing reinitiation
activity were then selected for sequencing. A total of 17 TRSs
were identified, seven of them contained the UAAUG- and 10
contained the UGAUG-based termination/initiation motifs.
As seen in Table 1, these TRSs were not equally represented
within the reinitiation repertoire as shown by their isolation
frequencies; although sequences of clones randomly selected
from the full library did not show any sequence bias (not
shown).

3.2. Sequence requirements for reinitiation

Overall, the alignments, generated using the Slogos pro-
gram [18] for both the UAAUG- and UGAUG-based reinitia-
tion sequences identified using the combinatorial approach,
suggest that reinitiation does not require specific sequence
elements other than a U or an A at position —8 (Fig. 2, left
panels, black arrow). Moreover, the UAAUG-based reinitia-
tion signals show a strong bias in favor of U in position —12
(Fig. 2, left top panel) while those based on UGAUG show a
preference for a C or a U in position —5 (Fig. 2, left bottom
panel). In addition, the UAAUG-based reinitiation sequences
contain only 15 of the 27 triplets available in the repertoire.

Table 1
TRSs using UA/GAUG termination/initiation signals
TRSs Sequences Frequency
6 CUU CCA AAA AAA UAAUG 8
19 ACU CUU AAC UUC UAAUG 8
21 UAU UUA UCU UUU UAAUG 4
23 UAU UUA UCU UUU UAAUG 8
29 UUC UUU UCU CCA UAAUG 4
37 UUA AAU UUC CAU UAAUG 4
41 AAA AUA AAU AUA CAC UAAUG 4
1 AAU CUU AUA CCC UGAUG 8
2 AAU AUC AAA CCC UGAUG 4
3 CCU UCA UUA UUA UGAUG 4
4 UCA AUA UCC CUA UGAUG 12
5 AAU CAC UAA UCA UGAUG 4
8 CUC CAA ACU UAU UGAUG 4
12 AAC UUU UUC CUU UGAUG 8
26 UAU CAA AAC UCA UGAUG 4
34 AUU UAC AUC UCA UGAUG 8
36 ACA UAA UUC CUU UGAUG 4

75
2 2
214 ! £1
o ﬁovﬁ' MU GAU 0 =AY e
2 2
2 2
21 F 214
0- GA:\QAQ : o_s-..ﬂv.ﬁ:’;—_—._._;;
14 12 10 8 £ 4 -2 123 14 12 10 8 6 4 2 12 3

Fig. 2. Top and bottom left panels show the Slogos alignment of
the reinitiation sequences isolated with the combinatorial approach.
Top and bottom right panels show the Slogos alignment for E. coli
translationally coupled genes based on the US/;AUG termination/
initiation signal.

The UGAUG-based reinitiation signals, on the other hand,
contain almost all (23/27) the available triplets.

To extract from the E. coli TransTerm database [17] all
translationally coupled genes based on the UAAUG and
UGAUG termination/initiation signals, a computer program
(X-tract) was written by lazzetti and Calogero (unpublished
program); a total of 117 translationally coupled genes with
the termination/initiation UAAUG signal and 60 with the
UGAUG signal were extracted by this program from 5406
gene sequences.

Considering that the TransTerm database is largely based
on canonical initiation regions which were deliberately
avoided in our repertoire, it is not surprising that the Slogos
alignment of the translationally coupled genes extracted from
the E. coli TransTerm database revealed a consensus SD se-
quence upstream the U*/GAUG termination/initiation signal
(Fig. 2, top and bottom right panels) and that the natural
sequences did not show extensive similarity with the TRSs
identified by the combinatorial approach. Nevertheless, it is
remarkable that we identified three TRS-like sequences lo-
cated between translationally coupled genes in the E. coli ge-
nome; as seen in Table 2, these TRS-like sequences resemble
the TRS 21, 34 and 41 identified by the combinatorial ap-
proach.

3.3. The TRSs can promote translational coupling by
reinitiation events also in a different gene context
To evaluate, at least from a qualitative point of view, the
effect of the sequence context on the reinitiation process, some
of the reinitiation signals (TRSs) identified were placed in a
different translationally coupled system (gsz-tet). For this pur-
pose, the tet gene was excised from pBR322 and inserted with

Table 2

TRS-like sequences in the E. coli genome

TRSs E.coli gene clusters Sequences
21 - CAU AUU UCU AAA UAAUG
- ECAE000288 --- RUU UCU --- UAAUG
34 - AUU UAC AUC UCA UGAUG
- ECAE000229 --- -AC AUC UCA UGA
41 - ARA AUA AAU AUA CAC UAAUG
- nik operon --A --- -A- --A CAC UAAUG
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its own TIR downstream from the gst gene in pGEX-3X
(Promega) (Fig. 3A). When the fer TIR was exchanged with
reinitiation signal 41 (Fig. 3B), or with reinitiation signals 3,
21, 23, 34 (not shown), a tet™ phenotype, monitored as in-
crease in cell density (ODggonm) after 5 h growth in liquid
medium supplemented with tetracycline, was observed. No
differences, at least from the qualitative point of view, could
be appreciated comparing the cells harboring the fet gene
containing its natural TIR and those in which tet devoid of

gst-tet bicistronic Cell growth
costructs in tet medium
BstBI Hind3
A) ++
AGAAAAGTGAAATG
BstBI Hind3
B) +++
AAAATAAATATACACTAATG
BstBI Hind3
C) -
AAAATAAATATACACTAAAG
Hind3
D) _
AAAATAAATATACACTAATG
BstBI
E) ++
TAAAATAAATATACACTAATG

Fig. 3. gst-tet bicistronic vector was used to evaluate the mRNA
cis-acting elements ability to induce reinitiation in a genetic environ-
ment different from the malE-lacZ” used for their isolation. A: gst-
tet bicistronic construct (pGEX-TET), the tet expression is con-
trolled by its natural TIR. B: gst-tet translationally coupled by rein-
itiation signal 41 (pGEX-41-TET). C: gst-tet translationally coupled
by reinitiation signal 41, the AUG at the reinitiation site has been
mutated to AAG (pGEX-neg-TET), a codon permitting levels of
translation initiation too low to be quantified [24]. D: gst-tet trans-
lationally coupled by reinitiation signal 41, a stop codon has been
inserted in frame with the Gst coding sequence 305 nucleotides up-
stream of the reinitiation sequence (pGEX-noBstBI-41-TET). E: gst-
tet translationally coupled by reinitiation signal 41, a stop codon
has been inserted in frame with the Gst coding sequence 18 nucleo-
tides upstream of the reinitiation sequence (pGEX-noHindIII-41-
TET). Cell growth was measured as adsorbance at 600 nm after 5 h
in tet™ medium (12 pg/ml). Growth levels are shown as: —=0.0-0.1
ODgoo nm», +=0.2-0.4 ODgopnm, ++=0.4-0.6 ODgpoym, +++=0.6—
0.8 OD600 nm-
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Fig. 4. gst-lacZ’ translationally coupled system was used to compare
the level of reinitiation for mRNA cis-acting element isolated with
the combinatorial approach. Reinitiation activity is expressed as
rUs, see Section 2. Open bars indicate the reinitiation activity of
cis-acting elements based on the UAAUG termination/initiation sig-
nal and closed bars indicate the reinitiation activity of cis-acting ele-
ments based on the UGAUG signal. The inset box on UGAUG-
based reinitiation signals shows the amino acids encoded by codon
—2 upstream the termination/initiation signal. Dashed line indicates
a 1:1 LacZ’|Gst expression ratio (~18 rUs), the condition when
each ribosome finishing the Gst polypeptide synthesis will reinitiate
the synthesis of LacZ’ peptide.

its TIR was preceded by the reinitiation signals. On the other
hand, substitution of the AUG triplet of the reinitiation signal
with a class IIB initiation codon (AAG), which does not per-
mit a detectable level of translation [24], did not allow cell
growth in tetracycline-supplemented medium (Fig. 3C). This
result indicates that the AUG at the reinitiation site is neces-
sary for Tet expression. A tet~ phenotype was also observed
when a UAA termination codon was inserted, in frame with
the Gst coding sequence, 305 nucleotides upstream of the
reinitiation signal 41 (Fig. 3D), or 3, 21, 23, 34 (not shown),
indicating that Tet synthesis strictly depends on a translation-
al termination event occurring in the proximity of the tet
AUG. On the other hand, in agreement with the reinitiation
scanning model proposed by Adhin [11], a termination event
occurring in closer proximity to the Tet AUG start codon can
promote reinitiation as indicated by the presence of the tet™
phenotype observed when a UAA termination codon was in-
serted 18 nucleotides upstream the reinitiation AUG (Fig.
3E). This finding indicates that overlapping of the termination
and initiation triplets of the upstream and downstream cis-
trons is not a prerequisite for reinitiation. Similar results
were also obtained using the reinitiation signals 41, 3, 21,
23, 34 in a gst-malE translationally coupled system (not
shown).

3.4. Reinitiation efficiency of the cis-acting elements isolated
with the combinatorial approach

To evaluate quantitatively the activity of the various TRSs
identified, the individual cis-acting reinitiation elements were
inserted in a gst-lacZ’ translationally coupled system to obtain
a series of gst-TRS-lacZ’ plasmids. Both glutathione-S-trans-
ferase and the B-galactosidase activities were then measured in
crude extracts of cells harboring these constructs. To evaluate
the functional efficiency of the various reinitiation sequences,
we compared the rUs expressed by each cell extract arbitrarily
defined as the ratio between B-galactosidase and glutathione-
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Table 3
Chemical stability of gst-TRS-lacZ” mRNAs
TRSs Half life Reinitiation Termination/
activity initiation signal
2 + M) UGAUG
26 + ™M) UGAUG
4 + (M) UGAUG
1 + L) UGAUG
41 ++ (VL) UAAUG
6 ++ (VL) UAAUG
3 ++ (L) UGAUG
8 ++ ™) UGAUG
23 ++ (H) UAAUG
19 ++ (VL) UAAUG
21 ++ (VL) UAAUG

Reinitiation activities are expressed as VL=<=1 rUs, L==3, >1
rUs, M==8, >3 rUs and H= >8 rUs. mRNA half lives are
shown as +=1-2 min, ++=2-4 min, +++=4-6 min.

S-transferase activities. Similar results were obtained when the
enzymatic activities were determined spectrophotometrically
as in Fig. 4 or when, in a gst-malE translationally coupled
system, the expression levels of Gst or Mbp were evaluated by
enzyme immuno assay (not shown). Although the reinitiation
efficiency of the various TRSs was found to vary considerably
from case to case, all TRS sequences tested were found to
promote reinitiation (Fig. 4). This finding reinforces the pre-
vious conclusion that the reinitiation activity promoted by the
TRSs identified by our approach does not depend on a spe-
cific genetic context. For the sake of simplicity, we classified
the reinitiation efficiency as: high (H) (> 8 rUs); medium (M)
(=8, >3 1Us); low (L) (=3, >1 rUs) and very low (VL) (=1
rU).

We then decided to evaluate whether the different levels of
reinitiation efficiency expressed by the individual TRSs could
stem from differences in either secondary structure or stability
of the mRNAs. When the Zucker algorithm [21] was applied
to the gst-TRS-lacZ’ mRNAs, the TRSs were predicted to
assume stems or looped conformations without any relation
to their activity (not shown), thus leading us to conclude that
no correlation exists between the efficiency of reinitiation and
the presence (or absence) of any particular secondary struc-
ture of the mRNA.

Finally, when the half lives of the different gsz-TRS-lacZ’
transcripts were experimentally determined, no correlation
could be found between the chemical stability of the various
transcripts and their reinitiation efficiency (Table 3).

4. Discussion

Translational reinitiation can be regarded as a specialized
type of translational coupling in which translation of a down-
stream cistron is ensured by the ribosome which is terminating
on an adjacent termination codon belonging to the upstream
cistron. Although the number of documented reinitiation
events is relatively limited, the importance of these phenom-
ena stems from their regulatory functions and/or from the
possibility that the cell may use them to escape the lethal
effects potentially elicited by nonsense mutation within essen-
tial genes.

The mechanistic aspects of reinitiation are so far poorly
understood but it is generally assumed that translation termi-
nation in Eubacteria may be followed by bidirectional move-
ment of the ribosome [11] and that the presence of an SD-like
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sequence upstream of a potential start codon may favor a
reinitiation event. Since the presence of an SD element is
not strictly necessary for a de novo initiation process [25],
there is no a priori reason to assume that a SD element might
be necessary to ensure reinitiation. Thus, in this work, we
sought to identify the characteristics of mRNA cis-elements
which might induce, in the absence of a canonical ribosomal
binding site, an in vivo translational reinitiation process in E.
coli. For this purpose, we have used a combinatorial approach
which allowed us to screen for in vivo reinitiation 103 clones
representative of a library of 10° sequence elements. Upon
isolation of nearly 2300 clones in which a reinitiation event
had taken place, a pool of 17 different reinitiation signals was
identified (Table 1). An important characteristic of these se-
quences is that their functioning does not depend on a specific
genetic system since they were found to be active with three
types of translational coupling. The isolated TRSs are also
able to induce reinitiation of protein synthesis although trans-
lational initiation signals like an SD region and any other
sequence element displaying potential complementarity with
16S RNA (e.g. the downstream box; [26]) are not present.
Furthermore, the reinitiation event was found to depend on
the presence of an AUG located in the vicinity of the trans-
lational termination signal of the upstream cistron (Fig. 3B)
and to be independent from the mRNA sequences surround-
ing the reinitiation signal (as mentioned above, all the TRSs
isolated with the malE-lacZ’ coupled system were able to in-
duce a reinitiation event when inserted in the gst-tet, gst-mbp
and gst-lacZ’ translationally coupled systems).

Unlike the majority of the sequences involved in the trans-
lational coupling between genes in E. coli, which are often
endowed with secondary structures masking the TIR of the
downstream cistron [2,27], the TRSs identified here do not
seem to have any common secondary structure or sequence.
However, we observed that in the TRSs based on the UGA
termination signal, the increasing hydrophobicity of the ami-
no acid in position —2 (F>L=1>K,S,T,N) seems to corre-
late with a reduced reinitiation activity (Fig. 4). We also ob-
served that the location of the AUG upstream or downstream
the termination codon as well as the termination codon itself
(UAA or UGA) seems not to be directly involved in TRS
functionality, at least for the reinitiation signal 41 where the
UAAUG can be modified to UGAUG (clone 41a: AAA AUA
AAU AUA CAC UGAUG) or AUGA (clone 41b: AAA
AUA AAU AUA CAA UGA) without any effect on the
TRS activity (Fig. 4, reinitiation signals 41a, 41b). Further-
more, the various degrees of reinitiation efficiencies observed
with different TRSs did not seem to correlate with the stability
of the corresponding mRNAs (Table 3).

The identification of sequences inducing reinitiation inde-
pendently from the presence of an SD signal (this work) as
well published data on sequences able to induce de novo ini-
tiation without SD (e.g. pyrimidine rich sequences [28]; non-
SD sequences [29]) suggest that TIRs can be characterized by
signals other than the SD sequence. Although it is unlikely
that TRSs can play an important role in vivo during normal
conditions of growth, it is possible that these reinitiation
events can be used by E. coli as an extreme escape from
mutations inactivating conventional TIRs or they might be
involved in control of gene expression under particular envi-
ronmental and/or stress conditions (e.g. experiments not
shown demonstrated that reinitiation caused by TRS 19 in-
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creases 4-fold in heat-shocked cells). Finally, from the practi-
cal point of view, the TRSs identified in the present work
could be used for the construction of an expression vector
in which an efficient reinitiation signal (e.g. TRS 23) could
ensure the expression of a protein of interest by coupling its
translation to that of the upstream cistron, thus bypassing the
use of gene fusion or the need for TIR optimization for the
expression of heterologous proteins [29].
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