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ABSTRACT

1IS200 is found throughout Enterobacteriaceae and
transposes at a notoriously low frequency. In ad-
dition to the transposase protein (TnpA), 1IS200 en-
codes an uncharacterized Hfg-binding sRNA that is
encoded opposite to the tnpA 5°UTR. In the current
work we asked if this sRNA represses tnpA expres-
sion. We show here that the 1S200 sRNA (named
art200 for antisense regulator of transposase 1S200)
basepairs with tnpA to inhibit translation initiation.
Unexpectedly, art200-tnpA pairing is limited to 40 bp,
despite 90 nt of perfect complementarity. Addition-
ally, we show that Hfq and RNA secondary structure
in the tnpA 5’UTR each repress tnpA expression in
an art200-independent manner. Finally, we show that
disrupting translational control of tnpA expression
leads to increased 1S200 transposition in E. coli. The
current work provides new mechanistic insight into
why 1S200 transposition is so strongly suppressed.
The possibility of art200 acting in trans to regulate
a yet-unidentified target is discussed as well as po-
tential applications of the 1S200 system for designing
novel riboregulators.

INTRODUCTION

Small non-coding RNAs (sSRNAs) play an important role in
regulating many physiological processes in bacteria, includ-
ing but not limited to metabolism, stress response and viru-
lence (reviewed in (1-4)). Most sSRNAs regulate gene expres-
sion through complementary basepairing with target mR-
NAs, which usually affects translation and often transcript
stability. The best studied class of sSRNAs are expressed
in trans relative to their target mRNA, and accordingly
have only partial sequence complementarity. The chaper-
one protein Hfq is important for the function of most trans-
sRNAs, protecting the SRNA from degradation and facil-
itating pairing between sRNAs and their target(s). Con-

versely, cis-encoded sRNAs (also called antisense RNA, as-
RNA) are expressed from the same loci as mRNAs on the
opposite strand of DNA. This results in perfect and usually
extended complementarity between asRNAs and their tar-
get mRNAs. Hfq is typically thought to be dispensable for
asRNA regulation (5,6), although there are a few systems
where this is not the case (7,8).

The first SRNAs discovered in bacteria were asRNAs
involved in plasmid and transposon copy-number control
(9,10). In the case of IS/0, translation of the transposase
mRNA (RNA-IN) is inhibited by the cis-encoded asRNA,
RNA-OUT. Pairing between these RNAs initiates between
the 5’ end of RNA-IN and the terminal loop domain of
RNA-OUT. Propagation of the paired species to ultimately
include 35 intermolecular base-pairs blocks 30S ribosome
binding to RNA-IN (11,12). Since RNA-OUT can act in
trans on all copies of IS/0 in a cell, the strength of antisense
regulation increases with IS/0 copy-number and accord-
ingly plays an important role in limiting transposition (13).
Identification of new functional SRNAs has been aided by
the development of RNA-Seq coupled with Hfq immuno-
precipitation (Hfg-IP)(14). By sequencing sSRNAs that in-
teract with Hfq, it is possible to separate putative functional
sRNAs from spurious transcription products. One surpris-
ing observation from these Hfg-IP experiments is that Hfq
interacts with a number of cis-encoded sRNAs. The first
study to use Hfg-IP for identifying sSRNAs in Salmonella
enterica serovar Typhimurium (hereafter Salmonella) found
that about 3% of Hfg-bound RNA mapped antisense to
protein coding regions (15). More strikingly, asRNAs made
up the second largest class (25%) of Hfg-binding sSRNAs
in Mycobacterium smegmatis although the significance of
this is unclear as no Hfq orthologs have been identified in
Mycobacterium species so far (16). Escherichia coli may ex-
press up to 300 functional asRNAs, although only 67 were
detected in an Hfq-IP (17,18). Hfq may therefore play a pre-
viously unappreciated role in antisense regulation. Alterna-
tively, the subset of asRNAs that interact with Hfq may be
trans-sSRINAs that just happen to be expressed antisense to
protein coding genes.
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We have previously shown that Hfq facilitates antisense
pairing between the IS/0 transposase mRNA (RNA-IN)
and the cis-encoded sSRNA, RNA-OUT (7). We were in-
terested in determining if Hfq regulated other transposons
by a similar mechanism and accordingly searched Hfg-1P
data sets for evidence of Hfg-interacting RNAs that are an-
tisense to transposase mRNAs. IS200 encodes an sSRNA
(STnc490) that is antisense to 90 nucleotides (nt) of the
transposase 5’ untranslated region (5’UTR) in Salmonella
(15,19). The closely related IS7541 element from Yersinia
pestis also expresses STncd490 (20). Promoters for asRNAs
can arise stochastically, but the conserved expression of
STnc490 suggests this is a functional asRNA (21).

1S200 elements are ubiquitous in Enterobacteriaceae and
have been identified throughout Eubacteria and Archaea
(22-26). IS200 was first identified as a polar insertion mu-
tant in the hisD gene of Salmonella (hisD984; (27)). Re-
peated attempts to measure 1S200 transposition under var-
ious laboratory conditions were unsuccessful, and envi-
ronmental samples of Salmonella collected 30 years apart
showed no evidence of transposition (22,28-29). However,
I1S200 does transpose during long-term stab culture and
there is evidence that the closely related IS754/ element is
active during mouse infection by Y. pestis (27,30). Taken
together these observations have led to the conclusion that
IS200 is a mostly dormant transposable element (22,31). A
reasonable presumption would be that most IS200 elements
are inactive remnants of the active transposon. However, se-
quence comparison of ‘genomic’ IS200 elements and rare
transposition products revealed that the sequence of ‘active’
and ‘inactive’ elements is almost identical (23). It therefore
seems likely that the ‘native’ state of IS200 elements is ‘off’
for transposition although specific conditions might lead to
sporadic transposition.

Transposition of many bacterial transposons is limited by
the expression of the transposase genes they encode (32-34).
1S200, the smallest fully autonomous insertion sequence
known, contains a single open reading frame (ORF) that
encodes a transposase protein, TnpA (Figure 1A). Tran-
scription of the tnp A gene is limited by an intrinsically weak
promoter and a bi-directional rho-independent terminator
in the ‘left end’ that protects against impinging transcrip-
tion (23,35). The left end contains a second inverted repeat
that comprises a portion of the S’UTR of tnpA. This is most
likely a cis-regulatory element that represses tnpA trans-
lation by sequestering the Shine-Dalgarno (SD) sequence
(35). Antisense control of tnpA4 expression would therefore
be an additional level of regulation for transposase protein.

In the current work we asked if IS200 transposase expres-
sion is down-regulated by the cis-encoded sRNA in E. coli.
We show that transposase expression is strongly repressed
by STnc490, which we renamed art200 (antisense regulator
of transposase 1S200). Hfq does not play a role in art200-
tnpA pairing, although it does repress tnpA expression in
the absence of art200. This repression appears to be the re-
sult of Hfq binding to the 5UTR of tp A4 immediately up-
stream of the SD. We also show that the tnpA SD sequence
is sequestered in secondary structure and that this inhibits
30S ribosome subunit binding. Finally, we demonstrate that
IS200 transposition increases in E. coli upon disruption of
translational control mechanisms. Implications of these re-

sults are considered in the context of tight regulation of
1S200 transposition, a possible role for art200 in the con-
trol of host gene expression and the potential application
of the IS200 sRNA system in synthetic biology/metabolic
engineering.

MATERIALS AND METHODS
Bacterial strains, plasmids and oligonucleotides

All Miller assays and related RNA analyses were per-
formed in E. coli K-12 derivatives DBH323 (MC4100
ArecA774::kan) or DBH326 (DBH323 hfg-1.::cat) (36).
Salmonella enterica subsp. enterica serovar Typhimurium
str. T2 was used as a source of IS200. For mating out ex-
periments, DBH33 was lysogenized with \DBHS881 to cre-
ate the donor strain DBH291 (DBH33 Mini [S200-kan) and
DBH13 was used as the recipient strain (see Supporting
Information for details of strain construction). DH5« was
used for routine cloning and plasmid propagation. Strains
and plasmids used in the main text are listed in Table 1;
all other plasmids and oligonucleotides are listed in Sup-
plementary Tables S1 and S2 respectively.

The IS200-lacZ translational fusion (TLF; pDH861) and
mutant derivatives consist of the first 323 nt of 1S200
fused to codon 10 of the lacZ gene cloned into pGEM-T
easy (Promega). The art200 titrator plasmids (pDH898 and
pDH899; Figure 3A) consist of nt 45-298 of 1S200 (no cis-
art200) transcribed from either the T7 phage Pa; or Pr.
The sgrS transcriptional terminator was inserted immedi-
ately downstream of 1S200, and the entire construct was
cloned into pACYC184. The plasmids expressing art200
in trans (pDH902 and pDH912) consist of nt 45-298 of
1S200 cloned into pACYC184. Transposase expression in
mating out experiments (pDH857, pDH860, pDH896 and
pDH&897) was from pBAD24 derivatives (37) where TnpA
was expressed from native or exogenous regulatory ele-
ments. Further details of constructing these plasmids are
provided in Supporting Material.

RNA footprinting and toeprinting

In vitro transcription templates were generated by poly-
merase chain reaction (PCR) using plasmids pDH861 (WT
tmpA;_173 and art200), pDHS862 (LS tnp A, 173 and art200),
and pDH916 (M1 tnpA; 173 and art200) and primers
oDH450 and oDH394 (tnp A, 173) or oDH500 and oDHS501
(art200). RNAs were generated by in vitro transcription
and 5 labeled with [y*’P]-ATP as previously described
(38). Wild-type Hfq was purified by heat treatment and
poly(A) affinity purification (39). RNase, Pb>* and hydroxyl
radical footprinting were performed essentially as previ-
ously described (7,38,40). For footprinting reactions study-
ing art200-tnp A pairing, each RNA was denatured at 95°C
for 2 min and snap-cooled on ice for 3 min. Ambion 10X
RNA Structure Buffer was added to a final concentration of
1X (10 mM Tris-HCI (pH 7), 100 mM KCI, 10 mM MgCl,),
and the RNAs were incubated separately at 37°C for 5 min
to fold before mixing. For the control reactions in Figure
4B where the RNAs were folded together (FT; lanes 6, 11,
16 and 21) 5°*P-labeled tnp A and art200 were mixed before
the denaturing step.
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Figure 1. Schematic of IS200. (A) IS200 is 707 basepairs in length. It contains a single protein coding gene (transposase; tnpA), transcription of which
originates at about nt 40 (23,35); tnpA promoter elements have not been defined. The ‘left end’ contains two internal inverted repeats (opposing arrows),
one of which acts as a transcription terminator (nts 12-34) and the other (nts 69-138) was predicted to encode a stem-loop structure in the 5’UTR of the
tnpA mRNA that sequesters the Shine-Dalgarno sequence (35). IS200 in Salmonella also expresses a 90 nt SRNA (art200, previously STnc490), which is
perfectly complementary to the SUTR and the first three codons of tnpA4. The transcription start site and 3’ end for art200 in Salmonella (derived from
RNA-Seq experiments) are shown but promoter elements were not previously defined (19). (B) The DNA sequence of the first 200 nucleotides of 1S200
is shown. The mpA and art200 transcripts are shown in gray and black, respectively. Putative promoter elements for art200 are boxed and the Salmonella
transcription start site (+1) is shown. The former were predicted using a position weight matrix (showing nucleotide identity of —10 and —35 promoter
elements for E. coli) and the optimal spacing between —10 and —35 elements in E. coli (histogram) (data from (41)). The SD sequence and start codon for
tnpA are shown in bold. Mutations introduced into tnpA/art200 in this work (LS and M1) are indicated in italics. A DNA primer used to map the 5’ end
of art200 in E. coli (Figure 2) is depicted with an asterisk followed by a dashed arrow.

Toeprinting was performed essentially as previously de-
scribed (40). Briefly, unlabeled tnpA4 (2 pmol) was annealed
to 53%P-labeled 0DH394 before incubation with purified
Hfq (0-8 pmol hexamer) or art200 (30 pmol) at 37°C. This
was followed by addition of the 30S ribosomal subunit
(3.6 pmol) and then initiator fi,e-tRNA (10 pmol; Sigma-
Aldrich) for a final volume of 10 pl. Reverse transcription

to a phosphorimager storage screen, imaged with a Storm
imager and quantitated with ImageQuant (GE Healthcare).

reactions were carried out at 37°C for 10 min with 200U of
SuperScript II (Invitrogen).

Following ethanol precipitation, samples were resus-
pended in denaturing load dye (95% [v/v] formamide, 0.5X
TBE, 3% [w/V] xylene cyanol) and resolved on a 10% poly-
acrylamide gel containing 7M urea. Dried gels were exposed

B-galactosidase assays

Cells were grown in LB supplemented (where necessary for
plasmid selection) with ampicillin (100 pwg/ml) and tetra-
cycline (10 wg/ml). Saturated overnight cultures were used
to seed subcultures (1:40 dilution), which were grown to
mid-log phase (ODggo = 0.4-0.6). The Miller assay was per-
formed as previously described (39).
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Table 1. Strains and plasmids

Name Description Notes

E. coli

DBHI13 HBI101 [F- leu- pro-]; Sm} Recipient strain for mating out experiments

DBH33 NK5830 [recA- arg -AlacproXIII nalR rif R/ F’ lacpro+] Parent strain for mating out donor

DBH291 DBH33 ADBHS$81 (Mini 1S200-kan); Kan® Donor strain for mating out experiments

DBH323 MC4100 ArecA774.:kan; SmRKanR Miller assays (hfg™) (36)

DBH326 DBH323 hfy-1::cat; SmRKanR CmR Miller assays (ifg~) (36)

Plasmids

pDHB857 pPBAD24-SDgapos-tnp AT ApR TnpA expression for mating out, pPBAD24 regulatory
elements

pDHZ860 PBAD24-SDgapy-tnpAY125F; ApR TnpAY!2F (cat. dead) expression for mating out,
pBAD24 regulatory elements

pDHS861 pGEM-T Easy derived, tmpA-lacZ TLF; ApR tnpA"T-lacZ TLF

pDHZ862 pDHS861 with lower-stem mutations, tnpA-S-lacZ; ApR TLF with disrupted stem-loop structure

pDHZ880 pDHS861 with Po-6 mutation; ApR tnpA-lacZ, no cis-art200

pDH896 pBAD24-tnpA™T; ApR TnpA expression for mating out, WT 1S200 5’UTR

pDH897 pPBAD24-tnpALS; ApR TnpA expression for mating out, LS IS200 5UTR

pDHZ898 pDH900 with T7 Pa;-tnpAas-29s; TetR High-copy titrator, no cis-art200

pDH899 pDH900 with Pre-t1pAas 298. TetR Low-copy titrator, no cis-art200

pDH900 pACYC184 derivative; TetR CmS Vector control

pDH902 pDH900 with I1S20045—0g; Tet? trans-art200

pDH912 pDH902 with M1 mutations; TetR trans-art200M!

pDH914 pDH899 with M1 mutations; Tet® Low-copy titratorM!’

pDH916 pDH861 with M1 mutations; ApR tnpAM! -lacZ TLF

pDH918 pDHS880 with M1 mutations; ApR tnpAM' -lacZ TLF, no cis-art200

RNA extraction, primer extension

Cells were grown in LB supplemented (where appropri-
ate for plasmid maintenance) with ampicillin (100 pwg/ml)
and/or tetracycline (10 pg/ml) to ODgy = 0.6 at which time
total RNA was extracted with acid phenol as previously de-
scribed (40). 10 pg of total RNA was subject to primer ex-
tension analysis with 5°3?P-labeled oDH427 (Figures 2 and
3B) or oDHS537 (Figure 6) (art200), oDH428 (tnpA), and
oDH390 (Ipp) and SuperScript I1I (Invitrogen) according to
the manufacturer’s instructions. Following ethanol precip-
itation, samples were resuspended in denaturing load dye
and resolved on a 10% polyacrylamide gel containing 7M
urea. Dried gels were exposed to a phosphorimager storage
screen, imaged with a Storm imager and quantitated with
ImageQuant (GE Healthcare).

Conjugal mating out assay

The conjugal mating out assay was performed as pre-
viously described (39,40); see Supplementary Figure S5
for schematic. Briefly DBH291 was transformed with
pDHS857, pDH860, pDH896, or pPDH897 and grown on LB
agar plates containing ampicillin (100 pg/ml), kanamycin
(25 pg/ml) and 0.05% arabinose (w/v). For the experi-
ments presented in Figure 9C, DBH291 was transformed
with pDH897 and pDH900 (vector) or pDH898 (titrator)
and grown on LB agar plates containing ampicillin, tetra-
cycline (10 wg/ml) and 0.05% arabinose (w/v). Individual
colonies (‘donors’) were grown to saturation in LB contain-
ing (where appropriate for plasmid selection) ampicillin and
tetracycline with 0.05% arabinose (w/v) and were subcul-
tured 1:20 into LB containing 0.2% arabinose. Following
mating with the recipient strain (DBH13), cells were plated

on M9 glucose plates supplemented with thiamine, leucine
and streptomycin (150 wg/ml) (‘exconjugants’) or strep-
tomycin and kanamycin (‘hops’). Transposition frequency
was determined by dividing ‘hops’ by ‘exconjugants’.

RESULTS
Characterization of the IS200 antisense RNA gene in E. coli

Salmonella Typhimurium LT2 contains 6 copies of 1S200
and expresses STnc490 (an RNA that is antisense to the
transposase RNA) at high levels under standard laboratory
growth conditions (15,19). However the gene encoding this
transcript was not previously fully characterized. We show
below that the IS200 asRNA is expressed in E. coli and char-
acterized components of the gene encoding this transcript.
The putative transcription start site for the IS200 asRNA
(predicted based on RNA-Seq experiments in Salmonella
(19)) is shown in Figure 1B. We scanned upstream of this
position for possible promoter elements and based on con-
sensus sequences for —10 and —35 elements and the optimal
spacing between these elements in E. coli (41), we defined
putative —10 and —35 promoter elements for the IS200 as-
RNA (Figure 1B). We then introduced various mutations
into the promoter (P4 ) of the asRNA (Pa-1 to Po-6), which
were designed to affect the predicted —10/—35 elements or
the surrounding sequences (in the context of a multi-copy
plasmid encoding IS200) and performed primer extension
analysis (Figure 2). The results from our “WT’ construct
revealed two 5° ends for the IS200 asRNA (nts 153 and
154), one of which matches the transcription start site pre-
viously identified in Salmonella (19). Based on the signal in-
tensity it is evident that the IS200 asRNA is abundantly ex-
pressed and the two start sites are used at roughly an equal
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Figure 2. Primer extension analysis of art200 in E. coli. (A) The DNA sequence of the 5’ end of the art200 gene plus mutations introduced to deduce
the —35/—10 promoter elements are shown. (B, C) Primer extension reactions performed to detect art200 from WT and the indicated mutant forms of
tnpA-lacZ are shown. Total RNA was isolated from exponential phase cells grown in rich media (LB) and the primer (5’-end labeled with 32P) shown
in Figure 1B was used to make cDNA. The cells contained IS200 on a multicopy plasmid. cDNAs were analyzed on a 10% denaturing polyacrylamide
(sequencing) gel. The image in (B) shows a full gel; M = markers, U and C are RNA sequencing reactions. The image in (C) shows only the portion of
a gel that includes the art200 primer extension products. For the latter, primer extension was multiplexed to include /pp as a loading control. The mutant
Pa-6 (bold letters) was used in subsequent experiments in this work to knock-down art200 levels in E. coli.

frequency. Variants, including Pa-2, Pa-3, Pa-4 and Pa-6,
showing the greatest reduction in asRNA expression (Fig-
ure 2B and C) all had one or more mutations in either the
predicted —35 or —10 region, supporting our assignment of
these promoter elements. We note that relative to other E.
coli genes the predicted —35 element of the antisense gene
is a better match to the consensus than is the —10 element,
the latter of which was almost unrecognizable. In addition
to defining fundamental information regarding the 1S200
antisense gene in E. coli, results from this analysis also pro-
vided us with a means of knocking down the levels of the
1S200 asRNA in E. coli.

The IS200 antisense RNA inhibits [S200 transposase expres-
sion

To measure the impact of the IS200 asRNA on tnp A expres-
sion we constructed in a multi-copy plasmid an IS200-lacZ
translational fusion (TLF) in which codon 60 of the tnpA4

gene was fused to codon 10 of the lacZ gene (Figure 3A). In
this construct tmpA-lacZ expression was under the control
of native IS200 regulatory elements. We also made a version
of the TLF plasmid in which the P -6 mutations (see Figure
2A) had been incorporated. These TLFs were introduced
into a Alac strain of E. coli (MC4100 derivative) and tnp A-
lacZ expression was measured using the Miller assay. We
show in Figure 3B (compare columns 1 and 5) that knock-
ing down IS200 asRNA expression increased tnpA-lacZ ex-
pression about 13-fold. We also performed primer extension
on cells used in the Miller assay and this confirmed that as-
RNA levels were extremely low in the strain containing the
PA-6 TLF (compare lanes 1 and 5 in Figure 3B).

A potential drawback of using the PA-6 mutations to
knock down IS200 asRNA levels was that the tmp4 RNA
sequence is altered by these mutations and this could affect
the stability of the tnpA transcript and therefore its expres-
sion in the Miller assay. Accordingly, we developed an al-
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Figure 3. Impact of art200 and Hfq on mpA expression. (A) An 1S200-lacZ translational fusion (TLF) was constructed to measure tnpA expression in E.
coli. art200 levels were manipulated by: (i) introducing the P4 -6 mutations into the TLF (down-regulated); (ii) co-expressing an art200 titrator RNA (IS200
45-298) with the TLF (down-regulated) or (iii) co-expressing art200 in trans relative to the TLF (up-regulated). tnpA expression was entirely under the
control of native (IS200) regulatory elements. Titrator RNAs were constitutively expressed from promoters Pre; (moderate strength) or T7 P4 (strong).

ternative means of knocking down the antisense RNA that
did not alter the sequence of the tnpA transcript. In this ap-
proach we expressed a segment of the tnpA mRNA that in-
cluded a region of the mRNA that was fully complemen-
tary to the antisense RNA (nt 45-298 of 1S200). Pairing
of the two RNAs would potentially promote the degrada-
tion of one or both RNA molecules through the action of
double-strand specific ribonucleases. This ‘RNA titration’
approach has previously been used in the IS/0 system to

decrease levels of the IS/0 encoded asRNA and was also
used to knock-down endogenous levels of the MicA sRNA
in E. coli (13,42). For our purposes we prepared two titra-
tor constructs differing only in the strength of the promoters
used to drive titrator expression (Figure 3A; Titrator-high
and Titrator-low). We show in Figure 3B that titrator RNA
expression from both constructs increased tnpA expression
and the fold increase correlated well with the amount of
titrator RNA expressed (compare Miller units in columns
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are indicated with a green asterisk. UT is untreated art200 RNA and G is an RNase T1 sequencing lane. (B) 532P-labeled tnpA;_;73 (40 nM) was incubated
with wild-type and mutant variants (LS’ and M1 — see Figure 1B) of art200 (600 nM) or folding buffer (-) before treatment with RNase A, T1 or VI.
tnpA;_ ;73 and art200 RNA were denatured and allowed to fold independently before mixing, except for a control reaction with WT art200 where RNAs
were mixed, denatured and allowed to fold together (FT; lanes 6, 11, 16 and 21). Nucleotide number is relative to the AUG start codon in tnp 4. Nucleotides
that were most strongly protected from single-strand specific RNase (A/T1) in the presence of art200 are indicated with a red asterisk and positions that
showed an increased sensitivity to RNase V1 (double-strand specific) are indicated with a blue asterisk. (C) Structural constraints derived from footprinting
were input into mFold to produce structures for art200 and tnpA;_;73 (see also Supplementary Figures S2 and S3). Residues in art200 that showed either
weak (green circle) or strong (green circle plus asterisk) decreases in Pb2+ reactivity upon mixing with tnpA4; ;73 are highlighted. Residues in tnpA; ;73
that showed strong (red circles) decreases in RNase A or T1, or strong increases (blue circles) in V1 reactivity upon art200 addition are highlighted. Two
residues (—44 and —47) showed increased V1 sensitivity and decreased A1/T1 sensitivity (blue-red circles). Nucleotide changes present in M1 and M1’
versions of art200 and mpA;_;73, respectively, are shown in bold.
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Figure 5. Impact of antisense pairing on ribosome binding to tnpA; ;73 in
vitro. (A) 30S ribosome binding to WT and M1’ tnpA;_;73 was measured
in a toeprint assay. Where indicated WT or M1 art200 (3 wM) was added
to tnpA RNA (200 nM) prior to addition of the 30S ribosomal subunit and
initiator tRNA. Strong pauses in reverse transcription (G+15/G+16) pro-
duced upon incubating the above mix with reverse transcriptase, dNTPs
and a 5’3?P-labeled DNA primer (anneals downstream of the rmpA start
codon) define the toeprint signal. Positions of prominent art200-dependent
pauses in reverse transcription that occur independent of 30S ribosome ad-
dition are also indicated. G, A and C are sequencing lanes and nucleotide
numbering is relative to the start codon of tnpA. (B) Toeprint signal band
intensities (G+15 and G+16) from (A) were quantified. The toeprint signal
for tnp A7 in the absence of art200 was set at 100%.

1-3 and the corresponding lanes in the image from primer
extension analysis).

We also asked if the IS200 antisense RNA could function
in trans to repress tnp A expression. For this experiment we
cloned the antisense RNA gene into a plasmid compatible
with our TLF plasmids and co-transformed these plasmids
into E. coli cells. In the situation where tnp A expression was
expected to be relatively high because of the P4-6 mutations
in the TLF (knock-down antisense RNA expression in cis),
expression of the antisense RNA in trans reduced tnp A-lacZ
expression about 3.5-fold (compare columns 5 and 8).

Based on the results presented in this section we con-
clude that the IS200 antisense RNA does function in vivo
to down-regulate 1S200 tnpA expression. Accordingly, we
have renamed this RNA art200 for antisense regulator of
transposase 1S200.

Hfq negatively regulates tnp A expression but independent of
art200

Based on previous work in the Tnl/0 system where we
demonstrated that Hfq promotes antisense RNA pairing
with the transposase RNA, potentially through restructur-
ing of both RNAs (7), we wanted to test the possibility that
Hfq might play a similar role in the IS200 system. Toward
this end we repeated the experiment described in Figure 3B
in isogenic /ifg* and hfq~ strains of E. coli. We show in Fig-
ure 3C that tnpA-lacZ expression increased approximately
5-fold in the hfg~ relative to the /2fg* strain in the context of
the WT TLF (compare columns 1 and 5). This showed that
Hfq does repress tnpA expression. Additionally, the Pa-6
and Afg mutations acted synergistically to de-repress tnpA
expression (compare column 1 to 3 and 7), and art200 pro-
vided in frans was able to repress expression of the Pa-6
TLF regardless of Hfq status (compare columns 3 and 4 to
columns 7 and 8). Finally, we performed primer extension
analysis to measure mp A and art200 levels in ifg* and hfg~
cells and found that tmpA levels decreased in the absence
of Hfq while art200 levels were unaffected (Supplementary
Figure S1). Thus we conclude that Hfq and art200 repre-
sent two distinct regulatory mechanisms that down-regulate
tnp A expression independent of one another.

art200 and tnpA mRNA interact in vitro

Given that art200 and tnpA are complementary over 90
nt it seemed likely that art200 would inhibit tnpA expres-
sion through complementary basepairing. However, based
on structure probing analysis of art200 and the first 173
nt of tnpA mRNA (tnpA;_173) along with secondary struc-
ture predictions, it is apparent that both RNAs are highly
structured and this could limit their ability to pair (Sup-
plementary Figures S2 and S3). An alternative possibil-
ity is that art200 acts via a protein titration mechanism.
We tested for RNA pairing by performing lead(II) acetate
(Pb**) footprinting on a mixture of 5°3*P-labeled art200 and
unlabeled tnpA; 173. Both RNAs were generated by in vitro
transcription and allowed to fold before mixing. Pairing
would convert single to double stranded regions and con-
sequently there would be a loss of Pb”>* reactivity at these
positions. We show in Figure 4A that a cluster of residues



(marked with a green asterisk) in the upper portion of the
predicted stem-loop of art200 exhibited reduced Pb** reac-
tivity upon addition of tmpA; ;7;. Note that most of these
residues were in parts of art200 predicted by our model
to be single stranded. The complementary nucleotides in
tnp A, 173 include positions —23 to —62.

We also performed the complementary experiment with
5°3P-labeled tnpA,_173, but in this case used RNases (A, T1
and V1) as structure probes (Figure 4B). Both RNase A
and T1 are single strand specific and accordingly reduced
reactivity with these enzymes in the presence of unlabeled
art200 would provide evidence of basepairing. Comparison
of lanes 7 and 8 (RNase A) and lanes 12 and 13 (RNase
T1) revealed two areas containing the most prominent re-
activity decreases including residues —60 to —23 and —7 to
+11 (indicated by red asterisks). The former region encom-
passes the upper stem-loop of tnpA; 173, thus supporting re-
sults from the Pb?* footprinting that were consistent with
the upper stem-loop region of art200 participating in base-
pairing with the upper stem-loop of tmpA; 173. Also con-
sistent with this interpretation, there were several examples
of nucleotides in this region showing increased reactivity to
RNase V1 a double-strand specific ribonuclease (blue as-
terisks). A summary of the footprinting data is presented
in Figure 4C (Pb?*, green; RNase A/T1, red; RNase V1,
blue).

The terminal loops of art200 and tnpA; 173 include four
and six unpaired residues respectively, and have the highest
G-C content of any of the single stranded regions in the two
RNA molecules. This led us to predict that art200-tnpA; 173
pairing might initiate with a kissing loop interaction involv-
ing these two loops. Accordingly, we mutated three residues
in the terminal loop of art200 (art200M!) and asked if this
form of art200 could still pair with tnpA;_ 173 using RNase
footprinting. For all of the residues that showed decreased
RNase A or T1 reactivity in the presence of art200%T (red
asterisks), we observed reduced protection in the presence
of art200M!. Similarly, all of the residues that showed in-
creased V1 reactivity in the presence of art200WT showed
decreased reactivity in the presence of art200M!. We also in-
troduced mutations to the lower stem region of art200 (nts
78-84, LS’) and observed an intermediate effect on pairing
relative to WT and M1 suggesting this region is less impor-
tant for pairing.

The above results show that art200 and tnpA4 do indeed
interact in vitro; however pairing is limited to loosely struc-
tured regions of both RNAs. In particular, the terminal loop
region of each RNA is important for pairing, which may in-
dicate that pairing initiates with these sequences through a
kissing loop interaction.

Basepairing between art200 and tnpA blocks 30S ribosome
binding in vitro and inhibits transposase expression in vivo

Based on our Pb>* and RNase footprinting experiments we
thought it likely that art200 pairing with the 5’UTR of tnp A
would inhibit translation initiation. We tested this possibil-
ity by performing toeprinting analysis. In this assay purified
30S ribosomal subunit plus initiator tRNA (fMet-tRNA)
was mixed with tnpA; 173 either in the presence or absence
of art200. Primer extension with a 53?P-labeled primer
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Thebottom panel shows primer extension analysis using RNA extracted
from cells grown in the Miller assay (top panel). /pp was used as a loading
control.

complementary to nucleotides +51 to +70 on tnpA; 173 was
then performed and reactions were analyzed on a sequenc-
ing gel. Typically the 30S ribosome leaves a footprint of ~30
nucleotides spanning the SD sequence and first five codons
such that a strong stop is produced in the primer extension
reaction about 15 nt downstream of the start codon. We
show that in the absence of art200, a relatively weak stop
signal was observed at position +16 when 30S ribosome and
fMet-tRNA were incubated with tnpA4; 175 (Figure 5A, lane
6); the weak toeprint signal is consistent with previous work
suggesting that the tnpA SD sequence is sequestered in a
secondary structure element (35) (see also Supplementary
Figure S3). Addition of art200 (15:1 molar excess) inhibited
formation of the toeprint signal by approximately 95% (lane
7 and Figure 5B). However, when we used art200M! instead
of art200"T inhibition of the toeprint signal was greatly re-
duced to approximately 50%. Given the evidence presented
in Figure 4 that art200M! fails to basepair with tnp4, the
inability of art200M! to suppress the toeprint signal to the
same degree as art200VT is consistent with art200 inhibit-
ing 30S ribosome binding through a basepairing interac-
tion with tnpA. We also show that when tnpA4 is mutated
to restore complementarity with the terminal loop region
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of art200M!, ribosome binding is blocked by art200M! but
not art200%T (compare lanes 12—14 in Figure 5A).

Finally, the toeprint analysis also provided further details
of the mpA-art200 pairing interaction. In all of the reac-
tions that included a form of art200 that was fully comple-
mentary to tnpA (lanes 5, 7, 11 and 13) there were a series
of prominent primer extension pauses upstream of the SD.
These strong pauses can be explained by art200 pairing with
tnpA and thus the experiment reveals that position —25 in
tnp A defines a ‘downstream’ boundary of antisense pairing.
This fits well with our structure probe data, which were con-
sistent with position —23 being the downstream boundary.

We also looked at the impact of terminal loop mutations
(art200M! and tmpAM!") on tnp A-lacZ expression in vivo. We
show in Figure 6 that when art200 was provided in trans
(in the Po-6 TLF background) strong repression of tnpA
was only achieved when the terminal loops of art200 and
tnpA were perfectly complementary (compare columns 2
and 3). Also, trans-art200M!' was capable of repressing ex-
pression of tnp APA/MI_acZ but not tnp AP4-lacZ (com-
pare columns 3 and 6). Primer extension analysis on RNA
prepared from the strains in Figure 6 showed that both
forms of trans-art200 were expressed at similar levels in
these experiments (Figure 6, lower panel).

Taken together the results from experiments in Figures
5 and 6 show that despite 90 nt of perfect complementar-
ity, the primary determinant for antisense repression in the
IS200 system is complementarity between the upper stem-
loop regions of tmpA and art200 and that basepairing be-
tween residues in the terminal loops is critically important
for antisense repression. Although we haven’t investigated
the effect of other mutations in single-stranded regions of
either RNA (e.g. nt 62 to 65 in art200 and —53 to —56 in
tnpA) it seems likely that pairing initiates with the 3 G/C
base-pairs affected by the M1 mutation and then propa-
gates roughly half-way down the respective stems. An ini-
tial kissing-loop interaction has been shown in many other
antisense systems to be important for pairing (43-45). Fur-
ther pairing might be inhibited by the absence of bulges in
the lower portions of the respective stems, as such discon-
tinuities in intramolecular base-pairing have been shown in
other studies to be important in destabilizing stem struc-
tures and allowing intermolecular basepairing (11,46-47).

tnp A translation is also repressed by mRNA secondary struc-
ture

Previous work in the IS200 system revealed that deleting the
5> portion of tnpA mRNA (nts —32 to —103) resulted in
a ~10-fold increase in tnpA-lacZ expression (35). The au-
thors from this study concluded that the increased expres-
sion resulted from the loss of an inhibitory stem-loop struc-
ture; however their deletion also removed half of art200.
To determine if RNA secondary structure plays an impor-
tant role in inhibiting tnpA expression, we introduced mu-
tations to the lower stem (nts —69 to —75) and evaluated
the impact of these mutations on ribosome binding in vitro
and on tnpA expression in vivo. We show in the toeprint-
ing assay in Figure 7A that tnpA; 173 with the lower stem
mutations (tnpA-S) gave a much higher toeprint signal (20-
fold increase) than tmpA"7T (compare lanes 6 and 11; also

see Figure 7B). This indicates that nucleotides comprising
the lower stem are important determinants for tnp A transla-
tion (as previously suggested). We also asked if art200 could
still repress ribosome binding in the tmpA~S background.
Both art200%T and art200"%" strongly repressed ribosome
binding (compare lanes 12 and 13 with lane 11) but a mu-
tant form of art200 (art200M") lacking full terminal loop
complementarity with tnp AS failed to fully block ribosome
binding (lane 14). These results indicate that the nucleotides
comprising the lower stem of tnpA4 are not critical for anti-
sense repression and thus contribute to a distinct mode of
tnp A translational regulation.

We also determined the impact of the LS mutations on
tnp A expression in vivo. Consistent with the toeprinting as-
say, the LS mutations increased tnpA-lacZ expression 50-
fold relative to that observed for WT tnpA-lacZ (compare
columns 1 and 3 in Figure 7C). Titration of art200%" in this
system with the high copy titrator further increased expres-
sion 4-fold (column 4) indicating that the two regulatory
systems can act independent of each other to repress tnpA
expression.

We therefore conclude that in addition to a cis-encoded
sRNA, translation of the IS200 transposase is strongly re-
pressed by an mRNA secondary structure that can directly
sequester the SD.

Hfq blocks ribosome binding to tnpA in vitro

Although Hfq is not required for antisense pairing, tnpA4-
lacZ expression increased 5-fold in an hfg~ versus hfg*
strain of E. coli. In addition, we have shown that this up-
regulation in the absence of Hfq did not require the produc-
tion of art200 (Figure 3C). This indicates that Hfq represses
transposase expression in an antisense-independent man-
ner. Additionally, tnp A levels do not increase in 4fg~ which
indicates Hfq acts at the level of tnpA translation (Supple-
mentary Figure S1). We have recently shown that in the [S/0
system, Hfq binding to the ribosome binding site of trans-
posase mRNA was sufficient for repressing translation initi-
ation (40). We therefore considered the possibility that Hfq
might be acting directly on tmpA to inhibit translation.

We show in Figure 8A and B that Hfq inhibited formation
of the tnp A, 173 toeprint in a concentration dependent man-
ner (see also Supplementary Figure S4). Ata 1:1 molar ratio
of Hfq:tnp A, the toeprint signal was reduced 40-50% com-
pared to no Hfq addition and at a 4:1 ratio of Hfq:tnp A the
toeprint signal was reduced 80%. Thus, Hfq can block 30S
ribosomal subunit binding to tnp A, 173 in vitro independent
of an sSRNA. We note that the strength of the Hfq block on
ribosome binding in the IS200 system is weaker than pre-
viously seen with the IS/0 transposase mRNA (RNA-IN)
but slightly stronger than observed with a control mRNA,
usg (Figure 8B) (40,48). For example, when Hfq is limit-
ing (1:2 ratio of Hfq:mRNA), the toeprint signal was re-
duced 30% for tnp A and only 12% for usg mRINA. However,
at higher concentrations of Hfq the toeprint signal was re-
duced a comparable amount for both tnpA4 and usg.

We further analyzed the Hfg-tnpA interaction by per-
forming hydroxyl radical footprinting on 5°3’P-labeled
tnpA; 173 mixed with various concentrations of Hfq (Fig-
ure 8C). The results of the footprinting were consistent with
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Figure 7. Impact of tnpA lower stem (LS) mutations on transposase expression. (A) The toeprinting assay was performed on tmp4A RNA (WT and LS; 200
nM) in the presence or absence of art200 (WT, LS’ or M1; 3 wM) as described in Figure 5. The toeprint signal spans nucleotides 15-17. C, U, A and G are
sequencing lanes. (B) Toeprint signal band intensities (G+15, A+16 and G+16) from (A) were quantified. The toeprint signal for tpA”7 in the absence
of art200 was set at 100%. (C) A plasmid encoding tnp A" 7-lacZ or tnp A*S-lacZ was co-transformed into DBH323 with a compatible plasmid expressing
art200 titrator RNA (WT or M1) or an empty vector control. B-galactosidase activity was measured in cells grown to mid-exponential phase in LB media.
Bars show the mean expression from two independent experiments and error bars indicate standard error on the mean (n = 6).

Hfq binding #pA in an interval extending from position
—33 to —17. Together, the above results suggest that Hfq
binding immediately upstream of the tnpA SD sequence re-
presses tnpA translation by preventing ribosome binding.

IS200 transposition is limited by translational control

Typically for bacterial transposons, transposition frequency
correlates strongly with transposase expression (32-34).
We measured IS200 transposition by constructing a mini-
1S200 element (IS200-kan) and using this marked element
in mating out experiments (see Supplementary Figure S5 for
schematic of the mating out assay). IS200 transposase was
provided in trans from a plasmid in which the tmpA gene
was under the control of different regulatory elements (Fig-
ure 9A).

We did not detect transposition events when tnpA ex-
pression was under the control of the fully native regula-
tory elements. We did detect transposition events when tnp A
was fused to Pgap and SDgapa4 and arabinose (0.2%) was
present during growth (construct (i)). Notably, the number
of events was considerably higher than in a control where
the mpA gene contained a mutation in the catalytic tyro-
sine (construct (ii)). We confirmed that these were authen-
tic transposition events by mapping two independent hops
from construct (i) using ST-PCR (36,49) (Supplementary
Figure S6A). We therefore conclude that the IS200 TnpA
protein from Salmonella is active for transposition in E. coli.

When we replaced SDgapo4 with the native 5’UTR (con-
struct (iii)), the transposition frequency dropped consid-
erably; a single transposition event was observed in one
of three experiments. This construct produced a large
amount of mpA4 mRNA suggesting that translational con-
trol strongly limits transposition (Figure 9B). We then intro-
duced mutations into the native S’UTR to disrupt the tnpA
stem-loop (construct (iv)). This increased the frequency
of transposition events, although the occurrence of these
events was still sporadic.

We next measured transposition from construct (iv) in the
presence of the art200 titrator plasmid or a vector control.
Our expectation was that disrupting two regulatory path-
ways (mRNA structure and antisense control) would fur-
ther increase transposition. In the presence of the titrator
plasmid, 8/10 donor isolates produced measurable trans-
position while only 5/10 donors produced hops in the pres-
ence of the vector control (Figure 9C). This coincided with
a 25-fold increase in the median value of transposition
when art200 was depleted. Together these data show that
(1) TnpA expression is in fact limiting for IS200 transpo-
sition, and (2) disrupting translational regulation (mRNA
secondary structure and antisense control) of tnpA4 leads to
an increase in IS200 transposition.
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Biology (38).

DISCUSSION

Translation of the IS200 transposase is repressed by a cis-
encoded sSRNA, Hfq and RNA secondary structure

1S200 is a very unusual transposable element in that it is
widespread in Eubacteria and in some species has attained
a very high copy number (see below), yet its ability to trans-
pose is exceedingly poor. This correlates with very weak ex-
pression of the IS200 transposase protein. In the current
work we have expanded our understanding of how 1S200
transposase expression is suppressed to include two new
levels of post-transcriptional regulation and further char-
acterization of a predicted cis-regulatory element. First, we
show that the recently identified SRNA art200 (previously
STnc490 (15)) encoded opposite the transposase S’UTR re-
presses transposase translation by base-pairing with tnpA
mRNA and blocking 30S ribosome binding. Additionally,
we expand on previous work that suggested RNA sec-

ondary structure in the 5’UTR of tnpA inhibits translation
by sequestering the SD in a stable stem loop structure (35).
Finally, we show that the chaperone protein Hfq is also
a negative regulator of tnpA expression. Footprinting re-
vealed that Hfq binds immediately upstream to the mpA
SD raising the possibility that Hfq could block 30S subunit
binding to tnpA. Support for this came from toeprinting
studies where at low concentrations of Hfg (100 nM) ribo-
some binding to tnpA was reduced 30%. It is not clear at this
point if this reduction is significant as the level of toeprint
inhibition was only marginally higher than that detected in
a control reaction; 15% with usg mRNA. By comparison in
another system (cir4 mRNA) where Hfq was reported to
directly interfere with 30S subunit binding a similarly small
reduction in toeprint signal (20%) was reported at low Hfq
concentrations (50). Based on these data we suggest that this
moderate effect on ribosome binding could account for at
least a portion of the 5-fold repression Hfq has on tnpA-
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lacZ expression in vivo. Notably, this represents the first ex-
ample of a bacterial ‘host’ protein suppressing 1S200 (22)
and the second example of Hfq directly repressing transla-
tion of a transposase protein (40).

An interesting aspect of the regulatory mechanisms de-
scribed here is that all three are capable of acting inde-
pendently to interfere with 30S subunit binding to fmpA.
This conclusion comes from the following observations: (1)
art200 repressed tnpA expression and ribosome binding in
the absence of Hfq (Figures 3C and 5); (2) art200 suppressed
30S subunit binding to tnpA under conditions where the in-
hibitory stem-loop structure is destabilized by mutations in
tnpA (Figure 7A); and (3) the effect of disrupting /fg on
tmpA"T expression was almost 20-fold less than inhibiting

formation of the stem-loop structure (compare Figures 3C
and 7C). If Hfq acted to stabilize the stem-loop structure
one might have expected tnpA expression to be comparable
in Afg~ and tnp AL situations.

What might be the explanation for this level of func-
tional redundancy? IS200 tnpA contains an almost perfect
Shine-Dalgarno sequence (tnpA, AAGGGGGU; E. coli
consensus, AAGGAGGU) (51). However, this sequence is
sequestered in secondary structure (this work and (35)). In-
terestingly, upstream of the SD there is a single-stranded
C/A-rich sequence (nts —26 to —21) that potentially could
act as a translational enhancer. Such sequences can provide
an initial toehold for the 30S ribosomal subunit through a
direct interaction between the S1 protein component of the
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30S complex and the C/A-rich RNA sequence (52-55). S1
could tether the ribosome to tmpA and expose the down-
stream SD sequence for 30S subunit binding by altering
the local RNA structure (56-59). As we have shown that
art200 pairs with the C/A-rich containing portion of the
tnpA transcript and Hfq binds this same region, it is pos-
sible that both art200 and Hfq repress the function of this
putative translational enhancer sequence by sterically oc-
cluding S1 binding. The combination of sequestration of
the SD and interference of translational enhancer function
would be expected to provide a very strong block (syner-
gistic or at least additive) to translation, which we observed
here. We have some evidence of the C/A-rich region playing
a regulatory role in translation as mutations in this region
reduced tmpA expression almost 200-fold (Supplementary
Figure S7), although as we were unable to measure steady-
state tnpA RNA levels because of the extremely low abun-
dance of this transcript we can’t rule out the possibility that
this decrease resulted from the mutations destabilizing the
transcript.

Notably, there are several examples in the literature of sR-
NAs interfering with translational enhancer function. The
SRNA GcvB represses initiation of translation for multi-
ple mRNA transcripts by pairing with C/A-rich transla-
tional enhancers (60,61). In addition, other sequences up-
stream of the SD have been shown to influence 30S subunit
binding. In the case of the tisAB transcript, which has its
SD sequence sequestered in a highly structured region, a
genetic element distinct from a C/A-rich translational en-
hancer was shown to provide a ‘standby’ site for 30S bind-
ing. It was inferred that 30S binding to this sequence opened
up the downstream structure for subsequent 30S binding to
the SD. The sRNA IstR-1 acts as a negative regulator of
translation in this system by competing with the 30S sub-
unit for the standby site (62). Art200 and/or Hfq could act
in a similar manner in the IS200 system (Figure 10, (i)).

Finally, it is also possible that art200 and/or Hfq ex-
ert their negative regulatory effects on the IS200 system
by binding close enough to the SD to directly block 30S
subunit binding. It has been reported that the maximal
ribosome-binding region can include nucleotides as far as
39 residues upstream of the start codon (63) and the art200
pairing site and the Hfq binding site fall within this window.
If this latter mechanism were in play in the IS200 system,
then all three negative regulatory systems would be acting
at the same step in translation and accordingly the reason
for this level of redundancy would be less clear. Although
one possibility could be that there are some circumstances
where SD sequestration would be suboptimal. For exam-
ple, under conditions where transcription rates are reduced
it is possible that the anti-SD sequence in tnpA could pair
with an alternative sequence to the SD (one such possible
structure is shown in Supplementary Figure S8). In this case
art200 and/or Hfq could provide important back-up func-
tions for limiting 30S binding to tnpA4 (Figure 10, (ii)).

Given the current work, it is not surprising that 1S200
transposition is exceptionally rare. In addition to weak
transcription of the transposase gene, tnpA translation is
suppressed by three independent mechanisms. As we have
shown that TnpA expression is in fact limiting for trans-
position (Figure 9), we speculate that translation initiation

represents the main point of regulation for IS200 transpo-
sition.

Might art200 function as both a cis and trans acting SRNA?

We have previously shown that Hfq represses 1S/0 trans-
posase expression by facilitating the pairing between trans-
posase mRNA (RNA-IN) and a cis-encoded sSRNA (RNA-
OUT) (7) and this led us to ask if similar regulation would
occur in the IS200 system with art200. However, the current
work shows that Hfq is not required for art200-mediated
repression of tnpA expression. There are a large number
of Hfg-binding RNAs in vivo and we and others have pro-
vided evidence that Hfq is in fact limiting for RNA binding
(40,64-66). Since Hfq binding in vivo must therefore be se-
lective, it seems likely that the Hfq-art200 interaction is bi-
ologically important (67), although for gram positive bac-
teria only a subset of Hfg-binding sSRNAs seem to rely on
Hfq for stability and/or riboregulation (68-72). It is possi-
ble that art200 also is a trans-acting SRNA, and that this
secondary function requires Hfq.

In addition to its Hfq binding properties, art200 expres-
sion increases during stationary phase and under condi-
tions that induce the Salmonella pathogenicity islands (15).
There is no «a priori expectation that expression of an RNA
involved in repressing transposition would fluctuate in re-
sponse to external stimuli or growth phase. Art200 is also
expressed at a level far greater than that required to repress
the poorly expressed tnpA mRNA (see Figure 3B).

One paradox of IS200 elements is that while these trans-
posons are essentially dormant many genomes containing
1S200 elements have multiple copies. For example, natu-
ral isolates of Salmonella and Shigella contain up to 25
and 4 copies of 1S200, respectively (25) and the Y. pestis
6/69M genome contains at least 30 copies of the closely
related IS7541 (73) In fact, a cursory BLAST search for
1S200 elements in Salmonella revealed an average of 9.6 (n
= 33) copies of IS200 per genome, while a similar search in
Yersinia averaged 39.8 (n = 30) copies per genome. In con-
trast, E. coli contains an average of 2.9 (n = 31) IS200 ele-
ments per genome. The high copy number of IS200 elements
in certain species may simply reflect host-specific adapta-
tion by the transposon (74). Alternatively, IS200 might have
been domesticated by certain host bacteria, in which case
IS200 expansion (and utilization of art200 as a trans regu-
lator) could be a response to selective pressure. There are
several examples of Hfq integrating horizontally acquired
genes into host regulatory networks (4,15,75-78) and art200
may represent one such case.

IS200 5’UTR as a platform for designing novel riboregulators
of translation initiation

A major goal in the field of synthetic biology is to create
tightly controlled gene regulatory networks to coordinate
the expression of a range of desired protein products. The
ultimate goal of this field is to produce microorganisms ca-
pable of producing biomaterials, pharmaceuticals and bio-
fuels and acting as biosensors for a range of applications
(79). Since these biosynthetic pathways must be tightly reg-
ulated yet easily manipulated, a great deal of work has been
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ribosome

Figure 10. Model for translational repression of IS200 tnpA. 30S ribosomal subunit binding to tmp A4 is inhibited by art200 (purple) and Hfq (green) as well
as RNA secondary structure which sequesters the Shine-Dalgarno sequence (SD, light blue line). Art200 and Hfq may act to (i) block ribosomal protein
S1 binding to a translational enhancer or (ii) simply prevent the 30S-SD interaction. An alternative secondary structure of mmpA where the anti-Shine-
Dalgarno (anti-SD, red line) is not paired to the SD is derived from secondary structure predictions (see Supplementary Figure S8). See discussion for

more details.

done to design riboregulators of transcription and trans-
lation. As it is advantageous to adapt naturally occurring
regulators rather than de novo design, well-studied systems
such as the pT181 transcriptional attenuator and IS/0 an-
tisense system have been modified and combined for syn-
thetic biology applications (80-85).

We propose that the IS200 5’UTR will serve as a con-
venient platform for modular design of orthogonal regula-
tors of protein synthesis. First, we show here that the cis-
encoded antisense system can be easily re-programmed by
altering 3-nt in the terminal loop region of each RNA. We
have not investigated the impact of more extensive changes
but predict that this could provide greater specificity. Addi-
tionally, our work shows that antisense regulation can be
exploited for negative regulation (i.e. providing art200 in
trans) or positive regulation (i.e. eliminating art200 through

titration). In principle, the tnmp4 5’UTR could be fused
to a gene of interest and translation of this downstream
gene could be modified by an art200 derivative provided in
trans. Translation could be further regulated by selectively
disrupting the secondary structure that naturally occludes
the SD sequence on tmpA. An RNA which basepairs with
the linear region of tnpA immediately 5° to the lower-stem
as well as the ‘anti-SD’ sequence could reduce secondary
structure in a manner analogous to the LS mutation we de-
scribed here. This synthetic RNA would be similar to the
recently described ‘trigger RNA’ which can activate expres-
sion of de novo designed toehold switches (86).

SUPPLEMENTARY DATA
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