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ABSTRACT

Insertion sequences (ISs) are mobile genetic el-
ements that only carry the information required
for their own transposition. Pseudomonas putida
KT2440, a model bacterium, has seven copies of an
IS called ISPpu9 inserted into repetitive extragenic
palindromic sequences. This work shows that the
gene for ISPpu9 transposase, tnp, is regulated by two
small RNAs (sRNAs) named Asr9 and Ssr9, which
are encoded upstream and downstream of inp, re-
spectively. The tnp mRNA has a long 5'-untranslated
region (5’-UTR) that can fold into a secondary struc-
ture that likely includes the ribosome-binding site
(RBS). Mutations weakening this structure increased
tnp mRNA translation. Asr9, an antisense sRNA com-
plementary to the 5-UTR, was shown to be very
stable. Eliminating Asr9 considerably reduced tnp
mRNA translation, suggesting that it helps to un-
fold this secondary structure, exposing the RBS. Ec-
topic overproduction of Asr9 increased the transpo-
sition frequency of a new ISPpu9 entering the cell by
conjugation, suggesting improved inp expression.
Ssr9 has significant complementarity to Asr9 and
annealed to it in vitro forming an RNA duplex; this
would sequester it and possibly facilitate its degra-
dation. Thus, the antisense Asr9 sRNA likely facili-
tates tnp expression, improving transposition, while
Ssr9 might counteract Asr9, keeping tnp expression
low.

INTRODUCTION

Insertion sequences (ISs) are small, mobile genetic elements
that only carry the information required for their own trans-

position, i.e. a gene coding for a transposase and, com-
monly, a regulatory element to control the latter’s expres-
sion (1). They are grouped into families, largely on the ba-
sis of their transposase type, their similarity to other IS se-
quences and the presence of regulatory elements (2). While
most ISs show low or no sequence specificity in their target
selection, some insert only at specific sites with a particu-
lar DNA secondary structure or sequence. Upon insertion,
ISs often generate a short direct repeat at both ends of the
target sequence.

ISs are found both in plasmids and chromosomes, and
can contribute significantly to the evolution of bacterial
genomes, generating gene rearrangements (deletions or in-
versions of large DNA regions), mutations or changes in the
expression of neighboring genes (1,3). In addition, ISs can
generate composite transposons that facilitate the move-
ment of genes conferring phenotypic traits to the host,
such as virulence or resistance to antibiotics or toxic com-
pounds. ISs are therefore important for the rapid evolution
and adaptation of bacterial cells to new environments and
stress conditions. However, transposition and DNA rear-
rangements can exert a considerable mutagenic burden on
the host genome, so the expression of transposases is usually
tightly regulated to ensure low transposition frequencies.
Such regulation may involve the control of transcription
and translation, the stability of the transposase mRNA, or
the activity of the transposase (reviewed in 4-6).

Pseudomonas putida K'T2440 is a soil bacterium that, due
to its lack of virulence traits, its resistance to harsh con-
ditions, and its robust and versatile metabolism, is an or-
ganism of choice for many biotechnological applications
(7-9). Hence it has been thoroughly studied. The genome
of this strain is 6.2 Mb in length (10) and contains 36
IS elements, most of them present in multiple copies (11).
One of these ISs, named ISPpuY, is present as seven copies
scattered throughout the chromosome. All seven are in-
serted at a specific site located within short conserved se-
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quences that belong to the so-called repetitive extragenic
palindromic (REP) family (10,12; see Figure 1A). REPs
are highly conserved inverted repeats with the potential to
generate stem-loop structures. They are found mostly in
non-coding (extragenic) regions either as single units, or
forming pairs or clusters of up to five elements. They are
present in many bacterial species, although with a different
sequence in each case (13-15). P. putida KT2440 has > 900
REPs with a highly conserved 35 bp sequence (14). It has
been proposed that REPs are the remnants of the so-called
REPINs, non-autonomous mobile genetic elements con-
sisting of two REP sequences in inverted orientation sep-
arated by a spacer (16,17). The mobilization of these ele-
ments would require the use of an external transposase of
the RAYT (REP-Associated tYrosine Transposase) family
(18). REP sequences can recombine with one another gener-
ating chromosomal rearrangements (19), and are targets for
some IS elements—such as ISPpu9—in a number of bacte-
rial species (12,20). They can downregulate the translation
of an upstream gene in some cases (21,22) and, when tran-
scribed together with that upstream gene, form stable stem-
loop structures at the 3’-end of the mRNA, increasing its
stability (23,24).

ISPpu9 contains a single ORF that codes for a DEDD-
type transposase belonging to the poorly characterized
IS710/15492 family (Figure 1B). The ISs associated with
this family differ from those of other families in that they
do not show clear inverted repeats at their termini and do
not necessarily generate direct repeats at the insertion point
(reviewed in 1). Analysis of the transcripts detected in a pre-
viously published RNA-Seq analysis of P. putida KT2440
(25) suggests that the gene coding for the ISPpu9 trans-
posase (tnp) might be associated with two sSRNAs, one en-
coded downstream of tnp on the same DNA strand, and the
other immediately upstream of tnp on the complementary
strand (Figure 2A). Antisense SRNAs complementary to
the tnp mRNA have been observed for several transposons,
although their involvement in regulating the translation or
stability of the transposase mRNA has been little analyzed
(reviewed in 6).

Despite the clear importance of ISs in the evolution of
bacterial genomes, in horizontal gene transfer and in gene
expression, little is known about how the expression of
transposase genes is regulated. This report characterizes
two sRNAs associated with ISPpu9 and analyses their par-
ticipation in regulating the expression of the transposase
gene. The results show that, despite the apparent simplicity
of ISPpu9, the expression of its tnp gene is tightly controlled
by a mechanism involving two partially complementary sR-
NAs and the tnp mRNA 5-untranslated region (5-UTR).
To our knowledge, the participation of two sRNAs in the
regulation of an IS has not been reported before.

MATERIALS AND METHODS
Bacterial strains and culture media

The Escherichia coli strains used in this work were
DH5a (26), HB101 (pRK600) (27), CC118Apir (28) and
BL21(DE3)-Ahfq::cat S1, which is an Hfg-null deriva-
tive of the BL21(DE3) T7 expression strain (29). All E.
coli strains were cultured in Lysogeny Broth (LB) (30) at

37°C. P. putida strains KT2440 and F1 have been pre-
viously described (31,32); these were cultured at 30°C in
either LB or in M9 minimal salts medium (30) supple-
mented with trace elements (33) and 30 mM citrate as the
carbon source. Antibiotics—kanamycin (50 pwg/ml), ampi-
cillin (100 wg/ml), chloramphenicol (50 pg/ml) and strep-
tomycin (50 pg/ml)—were added as required. Cell growth
was monitored by measuring turbidity at 600 nm.

To obtain P, putida F1 or KT2440 strain derivatives over-
producing Asr9 or Ssr9, the asr9 and ssr9 genes, includ-
ing their own promoters, were cloned into the broad-host-
range plasmids pSEVA431 (medium copy-number pBBR1
replicon, ~30 copies/cell in P. putida) and pSEVA451 (high
copy-number RSF1010 replicon, ~130 copies/cell in P,
putida) (34,35). The asr9 and ssr9 sequences used were
obtained by PCR-amplification with the primers speci-
fied in Supplementary Table S1 and cloned into plas-
mid pGEM-T Easy (Promega). The plasmids obtained
were named pGEMTasr9 and pGEMTssr9, respectively.
DNA fragments containing asr9 or ssr9 were excised
from pGEMTasr9 or pPGEMTssr9 with EcoRI and cloned
at the same restriction site of plasmids pSEVA431 and
PSEVAA451, obtaining plasmids p431-asr9, p431-ssr9, p451-
asr9 and p451-ss19, respectively. These plasmids were intro-
duced into P, putida strains KT2440 and F1 by conjugation,
as previously described (36), using plasmid pRK600 as the
donor of transfer functions.

A P, putida F1 derivative containing asr9 was constructed
by excising a Notl DNA fragment containing asr9 from
plasmid pGEMTasr9 and cloning it at the NotI site of plas-
mid pUT-mini-Tn5Sm (28), generating pTn5-asr9. This sui-
cide plasmid was used to deliver the mini-TnSSm-asr9 to the
strain F1 chromosome by conjugation and streptomycin-
resistant clones then selected. A representative clone was
chosen and named Fl-asr9. A similar strategy, using plas-
mid pGEMTssr9, allowed the construction of strain F1-
ssr9, which bears a copy of the ssr9 SRNA in its chromo-
some.

Northern blots

Total RNA was purified from cells growing exponentially in
LB using the TRIzol Max Bacterial Isolation Kit (Ambion).
DNA was eliminated using RNase-free DNase I (Roche)
following the manufacturer’s instructions. RNA was treated
with phenol/chloroform, ethanol precipitated and its in-
tegrity determined by agarose-gel electrophoresis.

Northern blots were performed essentially as previously
described (37). Briefly, 5 g of total RNA from the in-
dicated strains were resolved by electrophoresis in a 7 M
urea 6% polyacrylamide gel and transferred to a Nylon Hy-
bond N + membrane (GE Healthcare Biosciences) using
a semi-dry transfer unit. Membranes were UV-crosslinked
and hybridized to a mixture of DIG-labeled probes directed
against each sSRNA and the 5S RNA. Bands were detected
using the DIG Luminescent Detection Kit (Roche) and vi-
sualized by exposure to Agfa X-ray films or with a Chemi-
doc (BioRad). The latter was used to quantify band inten-
sity.

To obtain digoxigenin-labeled RNA probes complemen-
tary to Asr9 or Ssr9 sRNAs, a DNA segment including
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Figure 1. Diagram of ISPpu9 and its insertion sites in the Pseudomonas putida KT2440 genome. (A) Insertion site of each of the seven ISPpu9 copies
according to (12). The sequence of the REP element interrupted by the ISPpu9 insertion is indicated in black font. The left and right ends of ISPpu9 are
in red, and a direct repeat (DR) flanking the insertion site is indicated in blue. (B) Diagram of the two ISPpu9 variants (with or without the ssr9) and of
the three orphan ssr9 copies present in KT2440 genome. The transposase gene (#np), the asr9 (in red) and ssr9 (blue) sSRNAs identified in this work, and
their respective promoters (arrowheads, as determined in Figure 2) are indicated. The DRs flanking the insertion site are represented by a green circle. The
conserved ‘A’ and ‘B’ boxes identified (see text for details) are shown as blue squares. (C) Alignment of the ‘A’ and ‘B’ boxes. The AG direct repeat (DR) is

indicated in blue.

asr9 or ssr9 was PCR-amplified using the primer pairs
asr9A-D/asr9A-R or ssr9A-D/ssr9A-R (Supplementary
Table S1), which include restriction sites for EcoRI and
HindIII endonucleases. The resulting DNA fragments were
digested with these enzymes and cloned into the corre-
sponding sites of plasmid pSPT18 (Roche), obtaining plas-
mids pSPT18-asr9N and pSPT18-sst9N, respectively. These
plasmids were linearized with HindIII and used as tem-
plates for in vitro transcription reactions using the DIG
RNA labeling kit (Roche) and T7 RNA polymerase. A
probe against the 5S ribosomal RNA was obtained fol-
lowing the same procedure, using plasmid pSPT18-5S (37),
which contains the 5S rRNA gene from P. putida KT2440,
as a template.

Identification of the transcription start sites by S1 nuclease
protection assays

Total RNA was isolated as described for northern blots.
S1 nuclease protection assays were performed as previously
described (38), with small modifications. Briefly, a dsDNA
fragment presumed to include the promoter of interest was
PCR-amplified using P, putida KT2440 chromosomal DNA
and the primer pairs indicated in Supplementary Table S1;
the reverse primer had been previously labeled at its 5'-end
using [y ¥P]-ATP and T4 polynucleotide kinase. The end-
labeled DNA fragment obtained (50 000 cpm) was mixed
with 25 pg of RNA obtained from P, putida KT2440, pre-
cipitated with ethanol, and resuspended in 80% formamide,
40 mM Pipes, pH 6.4, 400 mM NaCl, ] mM EDTA. The
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Figure 2. Identification of the 5'-ends of the tp, asr9 and ssr9 RNAs. (A) Profile of the RNA reads recorded in a previously published RNA-Seq analysis
of P, putida KT2440 (25) for the region corresponding to one of the ISPpu9 copies (PP_1133). ISPpu? is depicted as in Figure 1B, and the observed RNA
reads are indicated (light red for asr9, light blue for ssr9; the accumulated number of reads for each one is indicated on top in dark red), as observed
using Integrative Genomics Viewer software (80). (B) Identification of the transcription start sites for asr9, tnp and ssr9, using S1 nuclease protection
assays; the size of the protected labeled cDNA fragment complementary to each of the 5 RNA region was determined by denaturing polyacrylamide gel
electrophoresis, using a DNA sequence ladder (indicated as M or M’); the cDNA fragment is indicated by an arrow (+1). The sequence of the 5'- and
3’-ends of ISPpu9 are indicated in panels (C and D), respectively. The transcription start sites for asr9, tnp and ssr9 are indicated by arrows; position + 1
is in red font. Sequences showing similarity to the -10 and -35 promoter elements recognized by sigma-70 RNA polymerase are indicated in orange font.

The translation start site (ATG) for tnp is indicated in bold.

mixture was incubated at 65°C for 10 min, and the RNA
and DNA allowed to hybridize overnight at 37°C. Single
stranded DNA regions were digested with 40 Units of S1
nuclease for 60 min at 30°C. The undigested DNA was
ethanol-precipitated and analyzed by electrophoresis in a
denaturing 6% urea-polyacrylamide gel, in parallel with a
DNA sequence ladder obtained by chemical sequencing
(39) of the same end-labeled DNA fragment.

Reporter transcriptional and translational fusions and f3-
galactosidase activity assays

To obtain transcriptional fusions of promoters Ptnp, Pasr9
or Pssr9 to the lacZ reporter gene, DNA fragments con-
taining each of these promoters were PCR-amplified us-

ing P putida KT2440 genomic DNA as a template and
the oligonucleotide pairs indicated in Supplementary Ta-
ble S1. The amplified DNA segments were cloned between
the BamHI and HindIII sites of plasmid vector pSEVA225
(40), which contains a promoterless lacZ gene downstream
of the HindlIII site. The reporter plasmids obtained were
named pTNC-Ptnp, pTNC-Pasr and pTNC-Pssr, respec-
tively. The Ptnp-lacZ fusion spanned positions -82 to + 235
relative to the fnp transcription start site, which includes all
but two of the ISPpu9 nt located upstream of the transcrip-
tion start site, and all the 5-UTR up to the start of the ri-
bosome binding site (RBS; the tnp translation start site is at
position + 245). The Pasr9-lacZ and Pssr9-lacZ fusions in-
cluded DNA segments spanning positions -286 to + 40 and
-170 to + 12 relative to the transcription start site of each
promoter, fused to lacZ.

120z Jequisjdeg |z uo isenb Aq 96187€9/1 1. 26/9 L/61/901HE/1eu/wod dno-dlWwapede//:sdRy woly papeojumod



Several translational fusions of the tnp gene to the ‘lacZ
reporter gene were constructed. In all cases, the 5 end
was the same as indicated for the transcriptional fusions,
while the 3’-end included either the first 2 or the first 8
codons of tnp, fused in-frame to the start of ‘lacZ. To
construct them, appropriate DNA segments were PCR-
amplified from P, putida KT2440 genomic DNA using the
primer pairs cmFus-D and 2C-R, or cmFus-D and 8C-R
(Supplementary Table S1), and the DNA fragments ob-
tained cut with BamHI and HindIII and cloned between
the corresponding restriction sites of plasmid pSEVA225T
(40). The reporter plasmids generated were named pTNL-
tnp2 and pTNL-tnp8 respectively. Five variants of these
plasmids were made. Plasmids pTNL-tnp2S and pTNL-
tnp8S were derived from pTNL-tnp2 and pTNL-tnp8, re-
spectively, by inserting the ssr9 gene at a Spel site located
downstream of the ‘lacZ gene. The ssr9 sequence used was
obtained from plasmid pGEMTssr9 as a Spel fragment.
Plasmid pTNL-tnp8m35 is similar to pTNL-tnp8 but con-
tains five mutations at the -35 region of promoter Pasr9
(the sequence 5-CCTTCCAAGCAA was changed to 5'-
CCGAGTAAACAA; substitutions in bold). To obtain it, a
DNA fragment including the entire ISPpu9 with the modi-
fications indicated above was chemically synthesized (Gen-
Script), and the sequences spanning promoter Ptnp and the
first 8 codons of the mp gene PCR-amplified with primers
cmFus-D and 8C-R, which contain targets for BamHI and
HindIII (Supplementary Table S1). The DNA fragment ob-
tained was digested with BamHI and HindIII and cloned
between the corresponding sites of plasmid pSEVA225T.
Finally, plasmid pTNL-tnp2HL, which contains the first 2
codons of tnp fused in-frame to ‘lacZ, plus several point
mutations in the 5-UTR that render its secondary struc-
ture less complex, was chemically synthesized (GenScript).
This synthesized fragment has restriction sites for BamHI
and HindIII at its ends, and these were used to clone it into
plasmid vector pSEVA225T. All plasmid constructs were se-
quenced to verify the absence of undesired mutations.

The reporter plasmids were introduced into P putida
strains KT2440, F1 or Fl-asr9. For transcriptional fusions,
B-galactosidase activity was assayed using o-nitrophenyl-
B-D-galactoside (ONPGQG) as a substrate, as previously de-
scribed (41). Since the activity of the translational fusions
was low, the chemiluminescent substrate Galacton-Plus
(from the Galacto-Light Plus Reporter Gene Assay Sys-
tem [Applied Biosystems]) was used instead, normalizing
the luminescence units to the turbidity of the samples as
previously described (42,43). Luminescence was measured
in microtitre plates using a TECAN Infinite m200 reader
equipped with a luminescence detector. At least three inde-
pendent assays (biological replicates), each with three tech-
nical replicates, were performed.

Real time reverse-transcription PCR

Total RNA was obtained from three independent cultures
(biological replicas) as indicated above but with an extra
DNase I treatment using the Turbo DNA-free kit (Invitro-
gen). The RNA obtained was transformed into cDNA us-
ing the cDNA Archive Kit (Applied Biosystems). Real-time
PCR (RT-qPCR) was performed using the 2 22€t compar-
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ative method (44), as previously described (45,46), employ-
ing primers directed toward lacZ, rpoN, tnp, asr9 or ssr9
(see Supplementary Table S1). The results were normalized
relative to those obtained for rpoN, the expression of which
remains constant under a wide range of growth conditions
(47), or for the 5S rRNA, as specified.

Purification of P. putida KT2440 Hfq protein

Pseudomonas putida proteins Hfq(6xHis),
HfqY25D(6xHis) and HfgK56A(6xHis), encoded in
the expression plasmids pVI2344, pVI2345 and pVI2346,
respectively (29), were overproduced in the Hfg-null strain
E. coli BL21(DE3)-Ahfq::catS1 (29). The His-tagged pro-
teins were purified using an Ni-NTA column as previously
described (48).

In vitro transcription and labeling of SRNAs

To obtain Asr9 and Ssr9 sSRNAs by in vitro transcription,
asr9 and ssr9 were PCR-amplified with oligonucleotide
pairs asr9-D and asr9-R and ssr9-D and ssr9-R respec-
tively (Supplementary Table S1), and the resulting DNA
fragments cloned between the EcoRI and HindIII sites of
plasmid pSPT18 (Roche), obtaining plasmids pSPT-AS and
pSPT-S. These plasmids were linearized with HindIII and
used for in vitro transcription reactions using T7 RNA poly-
merase and [y->>P]-UTP (3000 Ci/mmol) as described ear-
lier (49). The RNA transcripts were resolved in an 8§ M urea
8% polyacrylamide gel, eluted overnight in 0.5 M NH4AcO,
0.1% SDS and 1 mM EDTA, and precipitated with ethanol.
Non-labeled RNA was synthesized in a similar way, but us-
ing non-radioactive NTPs. RNAs were dissolved in water,
denatured at 95°C for 1 min, allowed to renature for 5 min
on ice and stored at -20°C.

RNA electrophoretic mobility shift assay

The binding of Hfq protein to Asr9 and Ssr9 was analyzed
in binding reactions containing labelled RNA and purified
Hfq (obtained as indicated in the previous sections) at the
concentrations indicated in the figure legends, 1 wg of yeast
tRNA and 10 U of RNasin RNase inhibitor (Promega), all
in 20 pl of TBM buffer (45 mM Tris/HCI, pH 8.3, 43 mM
boric acid, 3 mM MgCl,, 0.5% glycerol). After 20 min at
30°C, 4 pl of loading buffer (60% glycerol, 0.025% xylene
cyanol) were added and the samples transferred to ice and
loaded onto a 6% non-denaturing polyacrylamide gel. Elec-
trophoresis was performed at 4°C at 150 V using TBM as
the running buffer.

Hybridization of Asr9 to Ssr9 was analyzed by adding in-
creasing concentrations of unlabeled Asr9 to a solution con-
taining a fixed amount of radioactively labelled Ssr9, ob-
tained as indicated above. Samples were denatured at 95°C
for 1 min, placed on ice for 5 min, and incubated at 30°C for
30 min in 20 wl of binding buffer (20 mM Tris-HCI, pH 8.0,
1 mM MgCl,, 20 mM KCIl, 10 mM Na,HPO,). Four micro-
liters of loading buffer (60% glycerol, 0.025% xylene cyanol)
were added and the samples resolved in a non-denaturing
6% polyacrylamide gel as described above. Where indicated,
purified Hfq protein was added to the binding reactions af-
ter denaturation of the SRNAs.
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Determination of Asr9, Ssr9 and tnp mRNA half-life

Cells were cultured in LB medium under vigorous aeration.
At a turbidity of 0.5, rifampicin was added at a final con-
centration of 300 pg/ml to stop transcription (a concentra-
tion >6-fold that needed to stop cell growth). Culture was
continued and, at different times, aliquots withdrawn, incu-
bated on ice for 5 min with RNA Protect Bacterial Reagent
(Qiagen) and processed to obtain total RNA as indicated
for northern blot assays. The amount of Asr9, Ssr9 and tnp
mRNA in each sample was determined by RT-qPCR, using
5S rRNASs as an internal control. In the case of Asr9, sta-
bility was also analyzed using northern blots, as described
above, employing 5S rRNAs as an internal control, with
total RNA obtained from strains KT2440 and F1, the lat-
ter containing or lacking plasmids pTNL-tnp8 (fusion 8C),
pTNL-tnp8S (fusion 8C + S) or p225T-asr9. To obtain plas-
mid p225T-asr9, a Spel DNA fragment containing asr9 was
excised from plasmid pGEMTasr9 and cloned into the Spel
site of pSEVA225T.

Transposition rate

The complete ISPpu9 sequence, including asr9 and ssr9,
was PCR amplified from P putida KT2440 chromoso-
mal DNA using primers ISPpu9-D and ISPpu9-R (Sup-
plementary Table S1) and cloned into plasmid pGEM-T
Easy (Promega), obtaining plasmid pGEM-ISPpu9. The
insert was sequenced to assure the absence of undesired
mutations. A kanamycin resistance determinant was PCR-
amplified from plasmid pSEVA225 (34) using primers Km-
D and Km-R (Supplementary Table S1), digested with Xbal
and inserted at the Xbal site of plasmid pGEM-ISPpu9 (lo-
cated downstream of the tmp gene and 58 nt upstream of
promoter Pssr9 transcription start site). The plasmid ob-
tained (pGEM-ISPpu9-Km) was digested with Notl and
the fragment containing ISPpu9-Km inserted at the Notl
site of the suicide delivery vector pKNG101 (50), obtain-
ing pKN-ISPpu9Km. This plasmid was used to transfer
ISPpu9-Km to different bacterial strains by conjugation
(see below).

Two variants of pKN-ISPpu9Km were constructed. One
of these, pKN-ISPpu9KmAssr9, lacked the ssr9 gene. The
second, pKN-ISPpu9KmAtp, had a deletion within the
tnp gene. Both were constructed by way of a three-step SOE-
PCR procedure (51), using pKN-ISPpu9Km as a template.
To delete ssr9, a first PCR run was performed using primers
to amplify from the 5'-end of ISPpu9 to the ssr9 transcrip-
tion star site; this generated a DNA fragment that included
the tnp gene, its 5'-UTR, and the kanamycin-resistance de-
terminant, but lacked the downstream sequences (primers
ISPpu9-D and Assr-R; Supplementary Table S1). The sec-
ond PCR run generated a fragment that spanned from
the ss5r9 3’-end to the end of ISPpu9 (primers Assr-D and
ISPpu9-R). The reverse primer used in the first reaction,
and the forward primer of the second reaction, had com-
plementary 5'-tails. The third PCR reaction used the two
DNA fragments generated in the two former reactions as
templates, plus primers designed to amplify from the 5'-
end of ISPpu9 through to its 3’-end (primers ISPpu9-D and
ISPpu9-R, Supplementary Table S1). The amplified frag-
ment was cloned into plasmid pGEM-T Easy, sequenced

to ensure the absence of undesired mutations, excised with
Notl from the resulting plasmid and inserted at the NotI site
of plasmid pKNG101 to obtain pKN-ISPpu9KmAssr9. A
similar strategy was used to delete the fnp gene from pKN-
ISPpu9Km; this involved the same external primer pairs as
indicated above, plus the internal primers Atnp-R (reverse
primer, left ISPpu9 end) and Atnp-D (direct primer, right
ISPpu9 end; see Supplementary Table S1), finally obtaining
pKN-ISPpu9KmA tnp.

Plasmids containing ISPpu9Km or its variants were in-
troduced into P. putida strains by conjugation, using tri-
parental filter mating assays and plasmid pRK600 as the
donor of transfer functions, as previously described (36).
After 5 h at 30°C, the cells were suspended in 1 ml of M9
medium, serially diluted in the same medium, and plated
on to agar plates again containing M9 medium with cit-
rate as the carbon source plus either kanamycin (selects for
transconjugants) or no antibiotic (selects for all recipients,
with or without ISPpu9-Km). This allowed the frequency of
transconjugants per recipient to be determined. As a con-
trol, the number of Sm-resistant transconjugants was mon-
itored; these represent outcomes in which the pKNG101-
derived plasmids (which do not replicate in pseudomon-
ads and carry an Sm-resistance determinant) had inserted
into the chromosome by DNA recombination and not by
transposition. Subtracting the number of the Sm-resistant
transconjugants from the total provided the number of Km-
resistant transconjugants in which transposition events into
the chromosome had occurred.

RESULTS
The tnp gene has a long 5’-UTR and is flanked by two sSRNAs

The inspection of a recently published RNA-Seq analysis
of P. putida KT2440 transcripts (25) showed the gene cod-
ing for the ISPpu9 transposase (¢np) to be expressed at very
low levels (very few RNA reads were detected). Further,
for five of the seven ISPpu9 copies, two short regions up-
stream and downstream of tnp accumulated a large num-
ber of reads (Figure 2A). The remaining two ISPpu9 copies
showed upstream reads only. This suggests the presence of
two sSRNAs associated with ISPpu9. The precise transcrip-
tion start site of these SRNAs, as well as that of the tnp
gene, was determined in S1 nuclease protection assays (Fig-
ure 2B-D). The tnp mRNA had a long 5-UTR (244 nt).
The sRNA encoded upstream of tnp was complementary
to the mp 5-UTR and was named Asr9 (antisense SRNA
of ISPpu9), while that encoded downstream of tnp was tran-
scribed in the same DNA strand as the np and was named
Ssr9 (sense SRNA of ISPpu9; Figure 2). ARNold software
analysis predicted stem-loop structures that might act as
transcriptional terminators downstream of asr9 and ssr9
(52). These predicted terminators, plus the 3’-ends reported
earlier in a genome-wide analysis of P. putida transcriptome
(53), suggest both SRNAs to be close to 180 nt in length.
Northern blots performed with RNA preparations from P,
putida KT2440 revealed a ~180 nt SRNA that hybridized
to a probe for Asr9. The use of a probe for Ssr9 detected
an SRNA of similar size (Figure 3). These two sSRNAs were
not detected in RNA samples obtained from P, putida strain
F1, which lacks ISPpu9 (F1 was used as a control) (Figure
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Figure 3. Identification of Asr9 and Ssr9 sSRNAs by Northern blots. Total
RNA from strains KT2440 and F1 was resolved in a denaturing polyacry-
lamide gel next to a DIG-labeled RNA size ladder (M), transferred to a
membrane, and the sSRNAs detected with probes for Asr9 (left) or Ssr9
(right), together with a probe for the ribosomal 5S RNA as control. The
deduced approximate size for Asr9 or Ssr9 is indicated in red font.

3). Relative-quantification by real-time RT-qPCR indicated
that Asr9 was 4.6 £ 2.5 times more abundant than Ssr9.

Although two of the seven copies of ISPpu9 lack ssr9, in-
spection of the KT2440 chromosome identified three more
copies of ssr9 located in intergenic regions far from any
ISPpu9 (Figure 1B). While the seven ISPpu9 copies are lo-
cated at different sites in the KT2440 chromosome, they
all lie at the same position in a REP sequence, generating
an AG direct repeat (12; see Figure 1A). Interestingly, the
first 41 nt downstream of the AG repeat at the 5’ end of
the ISPpu9 copies were identical to a 41 nt segment located
downstream of an AG dinucleotide present between the end
of the tnp gene and the start of ssr9 (blue squared boxes la-
beled ‘A’ in Figure 1B; the nt sequence is shown in Figure
1C). In addition, the 14 nt upstream of the AG dinucleotide
located at the 3’-end of ISPpu9 copies containing ssr9 were
identical to a 14 nt sequence found downstream of tnp and
immediately upstream of the 41 nt ‘A’ box mentioned above
(blue squared box labeled ‘B’ in Figure 1B,C). The B and A
boxes located downstream of tnp were connected by an AG
dinucleotide (Figure 1C; ‘BA’ sequence). The three orphan
ssr9 copies were also flanked by A and B boxes, although
for one of them the A-box included two mismatches. The
sequences upstream and downstream of the insertion point
of the three orphan ssr9 genes were apparently not related to
REP sequences. This arrangement of conserved sequences
in ISPpu9, and the presence of ISPpu9 copies with or with-
out ssr9, suggest that the mobilization of this IS might oc-
cur by transposition of an A-B segment including or lacking
ssr9, although other alternatives cannot be ruled out.

ISPpu9-like elements are present in other P. putida strains

ISPpu9 was initially described in strain KT2440 (12), but in-
spection of genome databases (https://www.pseudomonas.
com; 54) identified DNA sequences with 99.8-100% iden-
tity to the KT2440 ISPpu9 tnp gene in Pseudomonas sp.
KBS0802 (seven copies) and P. putida NCTC13186 (seven
copies). In all cases, sequences with 100% identity to
KT2440 asr9 were found immediately upstream of the tnp
gene. Sequences corresponding to ssr9 were detected down-
stream of some, but not all, of the tmp gene copies of
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these two strains (summarized in Supplementary Figure
S1). In Pseudomonas sp. KBS0802, an ssr9-like sequence
was present immediately downstream of five of the tnp
genes, and in one an additional ssr9-like sequence followed
in tandem. In the remaining two tnp copies, the ssr9-like
sequence was absent. However, three independent ssr9-like
copies were detected at other sites in the genome. For P.
putida NCTC13186, an ssr9-like gene was present immedi-
ately downstream of six of the seven tnp copies and, in two,
an additional ssr9 gene was present in tandem. Further, four
independent ssr9 copies were found at different places in the
genome, two of them in tandem. Strains KT2440, KBS0802
and NCTC13186 are closely related but not identical. The
location and number of copies of ssr9 clearly differ among
these strains, suggesting that ssr9 has some independence
from, or can eventually detach from the tnp gene.

Effect of Asr9 and the tnp 5’-UTR on the expression of tnp

The antisense Asr9 sSRNA is complementary to a large part
of the 5-UTR of tmp mRNA, and its hybridization with
the 5-UTR could interfere with tnp mRNA translation. To
explore this, several plasmids containing translational fu-
sions of tnp to the ‘lacZ reporter gene were constructed that
included or excluded the promoter for asr9. A tnp’-‘lacZ
translational fusion, named 8C was constructed to include
the first eight codons of tnp, which covers the complete pro-
moter for asr9 (Pasr9); it was therefore expected to produce
Asr9 sRNA (see Figure 4A). Another fusion, named 2C,
similar to the former was also constructed but included only
the first two tnp codons; it therefore lacked the Pasr9 -35 re-
gion, rendering it unable to produce Asr9 (Figure 4A). An
additional fusion was constructed containing the first eight
tnp codons but with five point-mutations in the -35 region
of the promoter Pasr9; these were expected to render it in-
active (fusion 8C-35; Figure 4A). The -10 region could not
be modified since it overlaps the tnp ribosome binding site
(RBS) (Figures 2C and 4A). The plasmids containing these
three fusions were introduced into P, putida strains KT2440
and F1. Since strain KT2440 contains Asr9 and Ssr9 pro-
duced from the ISPpu9 copies present in its chromosome, it
does not allow an analysis of whether the translational fu-
sions constructed produce Asr9 or not. Strain F1, however,
lacks ISPpu9 and asr9, and is therefore useful for monitor-
ing whether the reporter plasmids can produce Asr9. North-
ern blots showed that the translational fusion containing
the first eight tnp codons (fusion 8C) did produce Asr9 in
strain F1, while the fusion containing only two codons (fu-
sion 2C) did not (Figure 4B). However—and contrary to
initial expectations—fusion 8C-35 still produced Asr9, in-
dicating that the mutations introduced did not completely
impair promoter Pasr9.

In strain F1, the activity recorded for the 2C fusion was
about one quarter that observed for the 8C fusion (Figure
4C). The amount of ‘lacZ transcripts detected by relative-
quantification real-time RT-qPCR for the 8C fusion was
1.41 &£ 0.04 times that seen for the 2C fusion, a difference
too small to explain the differences in B-galactosidase activ-
ity recorded for the two fusions. This difference is thus likely
to derive from the translation, not transcription, of the re-
porter gene. When introduced into strain KT2440, which
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showing the translational fusions to ‘/acZ constructed. The name of the fusion is on the left, followed by a diagram and a detailed description of the fusion
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-35 region of promoter Pasr9 are indicated in red font (construction 8C-35). (B) Presence or absence of Asr9 or Ssr9 in strains KT2440, F1, Fl-asr or F1
containing the plasmids that include the translational fusions indicated in (A), determined by northern blots. (C and D) Levels of B-galactosidase observed
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the first 2 codons of tnp fused in-frame with ‘lacZ; does not express asr9; see Figure 4), 8C (8 codons of tnp fused in-frame to ‘lacZ; does express asr9) or
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performed. (C) Scheme representing how pairing of asr9 to the 5'-UTR of tnp mRNA could unfold the hybridization loop, making the RBS accessible to

ribosomes and allowing translation.

expresses ample amounts of Asr9 and Ssr9 from the ISPpu9
copies present in its chromosome, the activity observed for
the 2C fusion was one twelfth that seen for the 8C fusion
(Figure 4C). Finally, the fusion containing eight codons and
a modified Pasr9 promoter (fusion 8C-35) showed an activ-
ity similar to that of the wild-type Pasr9 promoter, a result
consistent with the observation that 8C-35 can still produce
Asr9 (Figure 4B,C).

A key difference between the two reporter constructions
is that fusion 8C allows the expression of Asr9, while fu-
sion 2C does not (see Figure 4B). Since Asr9 is comple-
mentary to the 5-UTR of tmp mRNA, the lesser activity
of the 2C fusion compared to the 8C fusion suggests that
Asr9 might facilitate the translation of zmp mRNA. The
results obtained might therefore be explained by assum-
ing that the access of ribosomes to the tnp mRNA is hin-
dered by a strong secondary structure in the 2C fusion, a
structure that would be unfolded in the mRNA produced
by the 8C fusion due to hybridization with Asr9. However,
the low activity of the 2C fusion in strain KT2440 is puz-

zling since Asr9 is present in this strain. A possible expla-
nation is that these Asr9 copies are not available to the 2C
fusion, perhaps because they fold into a stable secondary
structure that hinders hybridization to tnp mRNA, or be-
cause they are sequestered via hybridization with Ssr9, to
which they show partial complementarity (see below). The
8C fusion, however, can supply additional copies of Asr9
at a high local concentration that might overcome these
problems.

In a further attempt to investigate the role of Asr9 in
tnp translation, the asr9 gene was inserted into the chro-
mosome of strain F1 via a mini-Tn5 delivery plasmid. The
resulting strain, named F1-asr9, did produce Asr9 as de-
tected by Northern blotting, and therefore allowed the ef-
fect of Asr9 in the absence of Ssr9 to be examined (Figure
4B). The plasmids containing the 2C or 8C reporter fusions
were individually introduced into strain F1-asr9, and the B-
galactosidase produced was analyzed in parallel to that gen-
erated by the same reporter plasmids in the parental strain
F1. As shown in Figure 4D, the activity recorded for the

1202 Jequialdas Lz uo 1senb Aq 961.8¥€9/1 1 26/91/61/2101LE/1EU/WOD" dNO"dlWEPESE//:SANY WO} PAPEOUMOQ


http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi

9220 Nucleic Acids Research, 2021, Vol. 49, No. 16

170

GC A c ce UGU u A G CACGA...AAC-3"
AGCUG UGCC ACAGGGA UU ACGCCGAU CCGU GG UCACUCUC UA CGGG GCAGA CA CACACCAGUGC GG CUACG UCUCU UCCCGCGCA
FEUEE U CEECEEE T FEEEEE FEeE FE = FOEEEEE <0 TEEE FEE 0 FEEEEEEEEEE T T = T T
UCGAC ACGG UGUCCCU AA UGCGGCUA GGUA CC GGUGAGAG GU GCCC CGUUU GU GUGUGGUCACG CC GAUGC GGAGA AGGGCGCGU
AA C A AA u c c A c A AA-5"
|
2
Hfq-K56A (nM) Hfq-Y25D (nM)

0 10 25 50 100 200 400 0 10 25 50 100 200 400

P (e e

> o < Ssr9-Hfq

-

ol el o e UUUHHHU <559

22
Asr9 |
5'-AUA...CACAC A G c UGAAUC A u c c
GGUGGCG AAG GUUCACUCU CU AUACGUGGUCACAGC
Pl PR FEEEEEEEE e TP
Ssr9 CCGCCGC UUC C. A GA UAUGCACCAGUGUCG
3'-GGU...AGUUA A A u C u
|
142
Asr9 (ng) Hfq (nM)
0 4 12 20 40 0 10 25 50 100 200 400
o bt bl e [€SST9/AST9
(W R S ol

+ - + - + - 4+ Hfq(50nM)
0O 0 4 4 20 20 40 40 Asr9(ng)

0 10 25 50 100 200 400

0 10 25 50 100 200 400 0 10 25 50 100 200 400

L W™ [ Ssr9-Hfq
bl bl b S [ SST9/AST9
bt ol e W W W e sers

o o

- € Asr9-Hfq

e UUUUUUU < Asr9

Figure 6. Hybridization of Asr9 to Ssr9. (A) Regions of sequence complementarity in Asr9 and Ssr9; alignment was performed using intaRNA software
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8C fusion in strain F1-asr9 was double that seen for strain
F1. Therefore, the Asr9 present in strain Fl-asr9 can in-
crease translation of the 8C fusion, which is consistent with
a stimulatory role for Asr9 in the translation of zzp mRNA.
However, this stimulatory effect was not seen when the 2C
fusion was tested, suggesting that Asr9 cannot properly hy-
bridize with the mRNA produced by the 2C fusion. The
reason might lie in the sequence between codons 2 and 8,
which are missing in the 2C fusion and might be important
for Asr9 activity, for example by providing an anchor point
at which hybridization can start.

Finally, to further examine whether the tnp 5’-UTR folds
into a secondary structure that inhibits tnp translation, an
additional reporter fusion named 2C-HL was made. This
construct was similar to the 2C fusion but included several
point mutations at the 5-UTR designed to weaken the sec-
ondary structure predicted to bury the RBS (and therefore
hinder translation) (see Figure 5A). These point mutations
were therefore expected to improve translation. When in-
troduced into strain KT2440, the activity of the 2C-HL re-
porter fusion was 26 times that of the 2C fusion (Figure
5B). In strain F1, the activity of the 2C-HL fusion reached
the same level as in KT2440. This again supports the idea
that the tnp mRNA 5-UTR forms a strong secondary struc-
ture that buries the RBS and impairs translation, and that
unfolding this secondary structure, for example by pairing
with Asr9, improves translation (Figure 5C).

Effect of Ssr9 sSRNA on the expression of tnp

If the expression of the transposase needs to be kept in check
to avoid excessive IS mobilization, and if Asr9 is indeed able
to activate tmp translation, then its availability is likely to
be controlled. This might be the role of Ssr9 sRNA. Ssr9
and Asr9 show extended regions of partial complementarity
(Figure 6A). Therefore, Ssr9 might counteract Asr9 activity
by sequestering it, acting like an ‘RNA sponge’, as reported
for other sSRNAs (55,56). This possibility was studied via
both in vitro and in vivo experiments.

To analyze the effect of Ssr9 on tmp mRNA translation,
a DNA fragment including ssr9 and its corresponding pro-
moter was introduced downstream of the ‘/acZ gene in the
translational fusions 2C and 8C, rendering fusions 2C + S
and 8C + S (Figure 4A). These fusions were introduced
into strain F1 (which lacks Ssr9), and the correct expres-
sion of ssr9 confirmed by northern blotting (Figure 4B).
In strain F1, the levels of B-galactosidase generated by the
8C + S translational fusion (produces Asr9 and Ssr9) were
27% lower than those generated by the 8C fusion (con-
tains Asr9 but lacks Ssr9). A similar trend was observed in
strain KT2440 (35% reduction). With the translational fu-
sion containing only the first two tnp codons, which does
not produce Asr9, the presence of Ssr9 (fusion 2C + S) had
no effect on B-galactosidase levels, as expected (Figure 4B).
These results support the idea that Ssr9 can counteract the
stimulating effect of Asr9.
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Figure 7. Activity of promoters Ptnp, Pasr9 and Pssr9. (A) Transcriptional fusions to lacZ used to determine the activity of the indicated promoters; the
sequences corresponding to lacZ are indicated in blue font. (B) The transcriptional fusions indicated in (A), cloned into a broad-host-range plasmid vector,
were introduced into P, putida strains KT2440 and F1, and the B-galactosidase activity determined when cells reached a turbidity (4gpo) of 0.5. Values
represent the mean and the standard deviation of three biological replicates. Asterisks indicate significant differences between the values recorded for Pasr9
or Pssr9 relative to Ptnp (one-way ANOVA; ****P < 0.0001; ***P < 0.001; **P < 0.01).

Ssr9 forms an RNA-RNA duplex with Asr9 in vitro

As mentioned above, Asr9 and Ssr9 show significant com-
plementarity and could therefore form an imperfect RNA
duplex (Figure 6A). To explore this possibility, the two sR-
NAs were overproduced in vitro and purified. In the produc-
tion of Ssr9, [a*’P]-UTP was incorporated into the tran-
scription reaction to obtain a radioactively labeled RNA.
A fixed amount of [a*?P]-Ssr9 was then mixed with increas-
ing amounts of unlabeled Asr9, and the RNAs denatured
by heat and allowed to hybridize. The RNA species formed
were resolved by non-denaturing polyacrylamide gel elec-
trophoresis and those containing Ssr9 (the labeled ones) de-
tected by autoradiography. As shown in Figure 6B, the addi-
tion of increasing amounts of unlabeled Asr9 led to the pro-

gressive disappearance of the band corresponding to Ssr9,
while a new labeled band of lesser electrophoretic mobility
appeared. Since Asr9 was unlabeled, the formation of the
new band suggests that Asr9 can hybridize with Ssr9, form-
ing an RNA-RNA duplex.

Hfq binds to Asr9 and Ssr9 but has no influence on the for-
mation of Asr9/Ssr9 hybrids in vitro

The Hfq RNA chaperone is known to bind many sRNAs
and, in many cases, it facilitates their pairing with the tar-
get RNA (57,58). As shown in Figure 6C, purified P. putida
Hfq protein was able to bind radioactively labeled Asr9
and Ssr9, although the protein’s affinity for Ssr9 (appar-
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ent dissociation constant 80 + 10 nM) was 3.6 times that
for Asr9 (apparent dissociation constant 291 + 44 nM). Es-
cherichia coli Hfq is a ring-shaped hexamer with two distinct
RNA binding surfaces; the so-called proximal face which
is required for the binding of U-rich RNAs, and the distal
face that preferentially binds A-rich RNAs (59-61). Pseu-
domonas putida Hfq has the same properties (48,29). The
use of P. putida Hfq derivatives bearing single amino acid
substitutions either on the proximal (Hfq-K56A) or the dis-
tal face (Hfq-Y25D) showed that the Y25D substitution im-
paired the binding of Hfq to both sSRNAs, while the K56A
substitution did not, although the affinity of the protein was
reduced. These results suggest that Hfq binds both SRNAs
mainly through the distal face.

To investigate whether Hfq binding to Asr9 and Ssr9
might facilitate the hybridization of these two sRNAs, a
fixed amount of labeled Ssr9 was incubated with increasing
concentrations of unlabeled Asr9 in the absence or presence
of 50 nM Hfq, and the appearance of RNA duplexes ana-
lyzed by electrophoresis. As shown in Figure 6D, Hfq had
no visible effect on the formation of the RNA duplex under
the conditions used. Neither higher nor lower Hfq concen-
trations changed this result (not shown).

Asr9 is an unusually stable SRINA

The RNA-Seq assays indicated Asr9 to be more abundant
than the tnp mRNA, to which it pairs (Figure 2A). This
could be due to the promoter for fnp gene having a smaller
transcriptional output than the promoter for asr9 or to
strong differences in the stability of the respective RNAs.
The activity of the promoters of tnp and asr9 was analyzed
with the help of transcriptional fusions to the lacZ reporter
gene; for comparison, the activity of Pssr9 promoter was
analyzed as well. The reporter fusions (Ptnp-lacZ, Pasr9-
lacZ and Pssr9-lacZ) were cloned into the broad-host-range
plasmid pSEVA225 and introduced into strains KT2440
and F1. As shown in Figure 7, the transcriptional activity of
promoters Pasr9 and Pssr9 in strain KT2440 was ~3 times
that seen for Ptnp. This difference was smaller in strain F1.
Since the RNA-Seq assays showed that zzp mRNA was very
low, while Asr9 and Ssr9 sRNAs were clearly detected (Fig-
ure 2A), the stability of the tnp mRNA is likely to be low.

The half-life of the Asr9 and Ssr9 sRNAs, and that of
tnp mRNA, was determined by RT-qPCR after blocking
transcription with rifampicin. The half-life of Ssr9 and tnp
mRNA was ~3 min, while that of Asr9 was >60 min (the
last time point used in the assay) (Figure 8). The use of
northern blots showed that, even after 180 min, some 70%
of the initial amount of this SRNA was still detectable (Fig-
ure 9A). Most bacterial mRNAs have a half-life of 2 to 8
min (62). In the case of sSRNAs, half-lives can vary from 2
to >30 min (63). The present results therefore indicate Asr9
to be a very stable SRNA.

The possible influence of Ssr9 and the tmp 5-UTR on
Asr9 stability was analyzed by introducing into P. putida
F1 plasmids containing either the 8C + S translational fu-
sion (generates the 5-UTR, Asr9 and Ssr9), the 8C fusion
(produces the 5'-UTR and Asr9, but not Ssr9) or just the
asr9 gene expressed form its own promoter (plasmid p225T-
asr9). In the strain containing the 8C + S fusion, Asr9 half-
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Figure 8. Stability of Asr9 and Ssr9 sRNAs, and of mp mRNA. The
amount of Asr9 (red line), Ssr9 (blue line) or tmp mRNA (green line) in
KT2440 cells was determined by RT-qPCR at different times after block-
ing transcription by the addition of rifampicin. Values show the percentage
of each RNA observed at the indicated times relative to time zero, normal-
ized for the amount of 5S rRNA detected in each sample. Values corre-
spond to the mean for three independent assays. The time at which only
50% of the initial amount of Ssr9 and tnp RNAs remained is indicated by
an arrow (~3 min).

life was ~180 min, still a considerably long half-life, but
shorter than that recorded for strain KT2440 (Figure 9).
The absence of Ssr9 (fusion 8C) had a small impact on Asr9
stability, reducing its half-life to ~160 min, while the lack of
both the tmp 5-UTR and Ssr9 (plasmid p225T-asr9) led to
a small but detectable increase in Asr9 stability. Although
strains KT2440 and F1 have different genetic backgrounds,
and therefore comparisons should be made with caution,
the results suggest that the stability of Asr9 derives from its
overall sequence/structure, a stability that would decrease
somewhat in the presence of Ssr9 and/or the tnp 5'-UTR.

Influence of Asr9 and Ssr9 on the transposition efficiency of
an incoming ISPpu9

The above results reveal the influence that Asr9 and Ssr9 can
have on tnp expression once ISPpu9 has become established
in the chromosome. The possible effect of these SRNAs on
the transposition efficiency of new ISPpu9 copies entering
the cell via conjugation was next analyzed.

To measure transposition frequency, a gene specifying re-
sistance to kanamycin (including a transcriptional termina-
tor at its 3’-end) was inserted at the intergenic region be-
tween tnp and ssr9, and the construct cloned into the suicide
delivery plasmid pKNG101, generating pKN-ISPpu9Km
(see Figure 10A). This plasmid replicates in E. coli but not
in Pseudomonas, and bears an Sm-resistance determinant as
a marker. As a control, a similar plasmid was constructed
in which the tnp gene encoding the transposase had been
deleted (pKN-ISPpu9KmA p). Km-resistant transconju-
gants were then sought. Any arising could only be pro-
duced by (i) a transposition event placing ISPpu9 in the
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Figure 9. Influence of Ssr9 on Asr9 stability. The decay of Asr9 sSRNA after blocking transcription by addition of rifampicin was determined by northern
blots in RNA samples obtained from cultures of strains KT2440 (panel A), or F1 containing or lacking plasmids including the translational fusions 8C,
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chromosome, which would render a Km-resistant but Sm-
sensitive cell or (ii) by a DNA recombination event in which
the complete plasmid is incorporated into the chromo-
some, resulting in cells resistant to both Km and Sm. When
pKN-ISPpu9Km was delivered to strain KT2440 by con-
jugation, the number of Sm-resistant transconjugants was
barely detectable (<8 x 10~ per recipient), similar to the
number of Km-resistant transconjugants obtained when the
control plasmid lacking the transposase was used (pKN-
ISPpu9KmAmp). In contrast, plasmid pKN-ISPpu9Km
consistently rendered ~1.5 x 10* Km-resistant transcon-
jugants per recipient (Figure 10B), a value four orders
of magnitude above that observed in the control assays.
When strain F1 was used as a recipient, plasmid pKN-
ISPpu9Km rendered ~4 x 10°° insertions/recipient, which
is one-fortieth that recorded for strain KT2440 (Figure
10C). This was not unexpected since strain KT2440 is a
restriction-deficient strain while F1 is not (31); in fact, the
use of the broad-host-range plasmid pSEVA225T to mea-
sure the conjugation rate showed that of strain F1 to be one
eighth that of KT2440 (Figure 10D). An additional con-
trol was performed using the delivery plasmid pUTmini-
TnS5Km (28), which enters P. putida by conjugation but is
unable to replicate in this host, allowing transposition of the

mini-Tn5Km transposon. In this case, the transposition fre-
quency in strain F1 was one sixteenth that seen for KT2440
(Figure 10E).

An important difference between strains KT2440 and F1
that might be related to the higher transposition rate of
ISPpu9-Km in KT2440, is that when the IS enters KT2440,
Asr9 and Ssr9 sRNAs are already present in the cell, while
this is not the case in strain F1 (which lacks ISPpu9). To
analyse whether the presence of Asr9 in the cell facili-
tates the transposition of an incoming ISPpu9, ISPpu9Km
was delivered to strain F1 derivatives containing increas-
ing amounts of ectopically expressed Asr9. These were con-
structed introducing either a single ectopic copy of asr9 into
the chromosome (strain Fl-asr9) or a broad-host-range
plasmid containing asr9 expressed from its own promoter.
Two plasmids were constructed which bear replication ori-
gins that typically provide ~30 copies/cell (plasmid p431-
asr9) or ~130 copies/cell (plasmid p451-asr9) when propa-
gated in P, putida (34,35). Comparative RT-qPCR showed
that the Asr9 concentration in strain Fl-asr9 was lower
than in strain KT2440 (0.3 £ 0.1 times; see Figure 11A).
The presence of plasmids p431-asr9 or p-451-asr9 led to
Asr9 concentrations 5.1 4+ 1 and 5.8 £ 1 times (respectively)
those of strain KT2440 (Figure 11A). In strain Fl-asr9,
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Figure 10. Transposition frequency of ISPpu9 in different genetic backgrounds. (A) Representation of plasmid pKN-ISPpu9Km, which contains the
complete ISPpu9 insertion sequence and a kanamycin-resistant determinant inserted downstream of the #p gene. Asr9 is represented in red, while Ssr9
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conjugation into strains KT2440 or F1, as specified in Materials and Methods section; the number of transposition events per recipient is indicated. (D and
E) Plasmids pSEVA225T (control for conjugation; D) and plasmid pUT-Mini-Tn5Km (control for transposition; E) were transferred to strains KT2440
and F1 using the same procedure. Values are the average of five independent assays.

the transposition frequency of an incoming ISPpu9Km was
twice that seen in strain F1 (Figure 11E), although this dif-
ference was barely significant (P = 0.1). The presence of
plasmids p431-asr9 or p451-asr9 increased the transposi-
tion frequency by 3- (P = 0.01) or 3.3 times (P < 0.001),
respectively (Figure 11E). When plasmids p431-asr9 and
p451-asr9 were introduced into strain KT2440, the amount
of Asr9 in the cell increased 10-12 times (Figure 11B); the
transposition frequency increased as well (3.8 and 3.9 times,
respectively; P = 0.005; Figure 11F). These results are con-
sistent with the idea that Asr9 improves tnp mRNA trans-
lation, which would in turn increase transposase levels and
transposition frequency.

As a first step in analyzing the influence of Ssr9 on trans-
position frequency, a variant of plasmid pKN-ISPpu9Km
was constructed in which the ssr9 gene was deleted; this
was named pKN-ISPpu9KmAssr9. The introduction of
this modified delivery plasmid into strains KT2440 and F1
showed that the absence of ssr9 had little impact, if any,
on transposition efficiency of the incoming ISPpu9 (Fig-
ure 10C; compare with Figure 10B). Derivatives of strain
F1 were then obtained containing either an ectopic ssr9
copy in the chromosome (strain F1-ssr9), or the multicopy
plasmids p431-ssr9 and p451-ssr9, which contain the ssr9
gene. The Ssr9 concentration in strain F1-ssr9 was ~0.6
times that of strain KT2440, while plasmids p431-ssr9 and
p451-ssr9 increased this concentration to ~1.5 times that of
strain KT2440 (Figure 11C). These values are clearly lower

than those obtained when overproducing Asr9, a result that
probably derives from the much lower stability of Ssr9 com-
pared to Asr9. The transposition frequency of ISPpu9 in
strain F1 containing plasmid p431-ssr9 was similar to that
observed in strain F1 (Figure 11G). When plasmid p431-
ssr9 was introduced into strain KT2440, Ssr9 concentration
tripled (Figure 11D) and a small reduction in transposition
frequency was detected (P = 0.04) (Figure 11H).

DISCUSSION

Knowledge of the regulation of ISs activity is important if
we are to understand the stability of bacterial genomes. De-
spite the apparent simplicity of ISs, the few that have been
studied in detail show that the expression of a given trans-
posase can be controlled by more than one mechanism, and
that different ISs rely on different ones. A simple and eco-
nomic solution is to tightly regulate the translation of the
transposase gene using an antisense SRNA. For example,
for IS70, 1S30 and IS200, an antisense SRNA helps to re-
duce translation and/or the stability of the mRNA coding
for the transposase (64—67; reviewed in 6). In some cases, the
expression of the transposase is controlled by a host protein
such as Hfq, or by both an sSRNA and Hfq, as determined
for IS10/Tn10 (68,69), IS200 (67) and IS50/Tn5 (70).
Although most of the SRINAs described inhibit the trans-
lation of the target mRNA upon binding, in some cases
they have the opposite effect, i.e. they stimulate translation
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Figure 11. Effect of overproducing Asr9 and Ssr9 on the transposition frequency of ISPpu9. (A-D) Abundance of Asr9 (panels A, B) or Ssr9 (panels C, D)
in strains KT2440, F1, Fl-asr9 (contains one copy of asr9 in the chromosome), or KT2440 and F1 containing plasmids p431-asr9, p451-asr9, p431-ssr9 or
p451-ssr9. Values were obtained by comparative RT-qPCR and are expressed relative to the amount of Asr9 or Ssr9 detected in strain KT2440 (indicated as
‘1" and highlighted with a red line). Three independent assays (with three technical replicas each) were performed; statistical significance was evaluated by
one-way ANOVA. (E-H) Transposition frequency of ISPpu9Km when introduced by conjugation into the indicated bacterial strains containing variable
amounts of Asr9 (panels E, F) or Ssr9 (panels G, H). Values are the mean of 5 to 7 independent assays. The differences in transposition frequency were
analyzed using the non-parametric Kruskal-Wallis test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

(reviewed in 71). Translation stimulation can occur when
the binding of the SRNA to the target mRNA either pro-
tects the mRNA from degradation by RNases (72-74) or
changes its secondary structure making the RBS more ac-
cessible to ribosomes (75-77). In the case of ISPpu9, the
results reported here suggest that the np 5'-UTR folds into
a secondary structure that inhibits translation, most likely
by making the RBS inaccessible to the translation initia-
tion machinery. Mutations designed to weaken this puta-
tive secondary structure increased the activity of a tnp’-
‘lacZ reporter translational fusion (Figure 5). The Asr9 an-
tisense SRNA is complementary to the 5-UTR sequence
that appears to fold into a secondary structure to bury the
RBS, and it is here proposed that the binding of Asr9 to
tnp mRNA would unfold this inhibitory secondary struc-
ture, facilitating translation. Translational fusions contain-
ing asr9 were up to 12 times more active than those lack-
ing it, suggesting that this antisense SRNA can improve
tnp translation (Figure 4). The observation that fusion 8C,
which produces Asr9, was twice as active in strain F1-asr9
as in the parental strain F1 (Figure 4D) shows that an in-

crease in the amount of Asr9 available can increase tnp
translation. Thus, the Asr9 antisense SRNA seems to have
a stimulatory effect on tnp translation, which is the oppo-
site to that observed for the antisense SRNAs of IS0, IS30
or IS200, all of which inhibit the translation of the corre-
sponding tnp mRNA (6).

When strain KT2440—which contains high levels of Asr9
and Ssr9 produced by the seven chromosomal copies of
ISPpu9—was used as a recipient, the transposition fre-
quency of an incoming (by conjugation) ISPpu9 element
was of the order of 1.5 x 10" transformants per recipient.
Introduction into strain KT2440 of a multicopy plasmid
containing asr9 increased the Asr9 concentration about 12
times and almost quadrupled the transposition frequency
of an ISPpu9 element entering the cell by conjugation. This
is consistent with an activating effect of Asr9 on tnp expres-
sion that leads to an increase in transposition frequency.

A similar effect was observed when Asr9 was overpro-
duced in strain F1, which lacks Asr9/Ssr9 because it has no
pre-existing copies of ISPpu9. In this strain, the transpo-
sition frequency was about one fortieth that seen in strain
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KT2440. Two reasons could explain this difference. First,
plasmid conjugation in strain F1 was consistently one-
eighth as efficient as in KT2440, possibly due to restriction
barriers being stronger in F1. After correcting for the differ-
ences in conjugation efficiency, the transposition of ISPpu9
in strain F1 was about one fifth as efficient as in strain
KT2440. The second reason derives from the absence of a
pre-existing pool of Asr9 when ISPpu9 enters strain F1 for
the first time, which contrasts with the ample amounts of
Asr9 present in strain KT2440 generated from the 7 pre-
existing copies of this IS present in the chromosome. There-
fore, an ISPpu9 element that enters strain F1 likely attains a
less efficient expression of the transposase gene than when
it enters strain KT2440, which leads to lower transposition
frequencies. The use of an F1 variant with a multicopy plas-
mid containing asr9 allowed Asr9 to be produced at concen-
trations 5-6 times those seen in strain KT2440. In turn, this
led to a tripling of the ISPpu9 transposition efficiency com-
pared to the parental plasmid-free F1 strain, a value close to
the transposition efficiency observed in strain KT2440 after
correcting for the difference in conjugation frequency. This
result further strengthens the conclusion that Asr9 stimu-
lates both tnp expression and the transposition frequency.

The present work also provides evidence suggesting that
the Ssr9 sRNA can antagonize Asr9. Ssr9 was able to hy-
bridize with Asr9 in vitro, forming an RNA duplex (Figure
6), and the presence of Ssr9 reduced the stimulatory effect
of Asr9 on tnmp mRNA translation (Figure 4). The reduc-
tion detected, of ~30%, is consistent with the observation
that Ssr9 abundance was about 4-5 times lower that of Asr9.
Asr9 was found to be a very stable SRNA. All these obser-
vations suggest that Ssr9 acts as an RNA sponge (56), hy-
bridizing to Asr9 and hindering its binding to its target at
the tnp mRNA 5’-UTR. Since Ssr9 stability was much lower
than that of Asr9, and its concentration was 45 times lower
that of Asr9, it is likely that the Asr9/Ssr9 hybrid is quickly
degraded. The regulatory mechanism proposed is summa-
rized in Figure 12. To our knowledge, at this time there are
no other examples of two sRNAs directly participating in
controlling the expression of an IS transposase. The need
for the second sSRNA likely derives from the stimulatory ef-
fect of Asr9 on tnp mRNA translation and its high stability
that would require a mechanism to reduce Asr9 concentra-
tion and keep #np expression in check to ensure low ISPpu9
activity once it has inserted into the chromosome (thus min-
imizing any mutagenic burden). In addition, Ssr9 might fa-
cilitate the degradation of Asr9, which is very stable and ac-
cumulates in the cell. It is interesting that the translational
fusions containing or lacking asr9 and/or ssr9 behaved sim-
ilarly in strains KT2440 (which contains Asr9/Ssr9) and F1
(which lacks previous copies of Asr9/Ssr9). This suggests
that a large part of the Asr9 sSRNA in strain KT2440 is not
functional, perhaps because it is sequestered by Ssr9 or be-
cause it has acquired a stable secondary structure that has
a low tendency to pair with the mp 5-UTR.

The final outcome of the regulatory strategy described
is that the tmp gene is little expressed, limiting ISPpu9 ac-
tivity. Certainly, tnp mRNA showed a short half-life (~3
min) and was present at very low levels (Figure 2A). Low
translational output derived from a tnp 5-UTR secondary
structure that hinders translation initiation might accelerate
degradation of tnp mRNA by RNases.
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Figure 12. Proposed model for the regulation of ISPpu9 tnp expression.
Diagram showing how Asr9 might facilitate the weakening of the sec-
ondary structure proposed to block the translation of zzp mRNA, and how
Ssr9 might counteract this by binding to Asr9 and impeding its interaction
with rnp mRNA.

Finally, ISPpu9 appeared to be organized as two adja-
cent segments flanked by the highly conserved ‘A’ and ‘B’
boxes described in Figure 1; one segment includes asr9 and
tnp, and the other ssr9. Since strains KT2440, KBS0802
and NCTC13186 have ISPpu9 copies with or without ssr9,
and ssr9 can be present at other sites not necessarily associ-
ated with the tnp gene, it is tempting to suggest that ISPpu9
might mobilize as an A-B segment made up of either three
elements (tnp, asr9 and ssr9), two elements (tnp and asr9)
or just one (ssr9). However, it remains unclear whether the
independent ssr9 copies present arose by mobilization of a
pre-existing ssr9-containing ISPpu9 copy that left behind
the ssr9 gene, or by an independent mobilization of the ssr9
A-B segment helped by a tnp gene.
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