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OxyS is a small untranslated RNA which is induced
in response to oxidative stress ifEscherichia coli This
novel RNA acts as a global regulator to activate or
repress the expression of as many as 40 genes, including
the fhlA-encoded transcriptional activator and the
rpoS-encodedo® subunit of RNA polymerase. Deletion
analysis of OxyS showed that different domains of the
small RNA are required for the regulation of fhlA and
rpoS. We examined the mechanism of OxyS repression
of fhlA and found that the OxyS RNA inhibits fhlA
translation by pairing with a short sequence overlap-
ping the Shine—Dalgarno sequence, thereby blocking
ribosome binding/translation.
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Introduction

decreases the synthesis of the OmpF outer membrane
protein, which is encoded at 21 min. MicF acts by pairing
with the S-untranslated region of thempF transcript,
thereby inhibiting translation and destabilizing thepF
message (Anderseet al, 1989; Andersen and Delihas,
1990).

We recently reported the discovery of OxyS, an abund-
ant, 109 nucleotide, untranslated RNA which is induced
by oxidative stress iiE.coli (Altuvia et al., 1997). OxyS
acts as a pleiotropic regulator, leading to increased and
decreased expression of multiple genes, and as an anti-
mutator, protecting the cells from spontaneous and chemic-
ally induced mutagenesis. Eight targets of OxyS regulation
were identified, includinghlA, which encodes a transcrip-
tional activator, andpoS which encodes the* subunit
of RNA polymerase. BotlfhlA andrpoSare repressed by
OxyS expressed constitutively from a multi-copy plasmid
or from the chromosome. Conversely, the two genes are
derepressed in amxySdeletion strain treated with hydro-
gen peroxide (Altuvieet al., 1997).

We have initiated studies to examine the mechanism of
OxyS regulation of its target genes. In this study, we
carried out deletion analysis which showed that separate
domains of the OxyS RNA are required for the regulation
of fhlA andrpoS We examined OxyS repression fbilA
and found that the RNA inhibits ribosome binding and
translation by pairing with a short sequence overlapping
the fhlA ribosome-binding site.

Results

Small untranslated antisense RNA species have been
shown to regulate gene expression in both bacterial and Deletion analysis of OxyS

mammalian cells (reviewed in Wagner and Simons, 1994;

Delihas, 1995). This control occurs at many levels, includ-

The secondary structure of OxyS was predicted to contain
three stem—loops( b andc), of which the first two stem—

ing transcription termination, RNA processing and decay, loops were confirmed bin vivo structure probing (Altuvia

and translation initiation. In many cases, the small RNAs etal., 1997). The computer folding programs also predicted
are encoded at the same loci as the target RNAs andthe presence of a linker region of 27 nucleotides between
regulate the expression of these specific target genes bystem—loopsh and c (Figure 1). To learn more about the
base pairing at the regions of complementarity. One mechanism of OxyS action and to dissect the domains
example is the 90-nucleotide CopA antisense RNA of the critical for OxyS activity, we constructed a series of
R1 plasmid. The CopA RNA is encoded on the strand deletion mutants. We then tested the ability of the truncated

opposite the transcript encoding RepA, a replication initi-
ator protein. The CopA RNA inhibiteepAtranslation by
pairing with an upstream region of the mRNA (denoted
CopT) (Blomberget al.,, 1992). A second example is the
69-nucleotide RNA-OUT of the 1S10 transposon. This
antisense RNA is made from a promoter located within
the coding region of th¢S10 transposasdnp) gene and
blocks ribosome binding to thenp mRNA by pairing

OxyS constructs to represgthlA-lacZ and rpoS742
lacZ translational fusions (Table I). We found that OxyS
derivatives which carry Bdeletions of stem-loopa
(pOXyS1-47) and both stem—loopa and b (poxySii_s?
could still represghlA and rpoS Surprisingly, an OxyS
derivative carrying a 5 deletion up to stem-loop
(POXySh1_g9 Was still able to repress thefhlA—lacz
fusion, indicating that stem—loog is sufficient forfhlA

across the ribosome-binding site (Ma and Simons, 1990). repression. In contrast, OxyS repression of theS742—
A few small regulatory RNAs encoded by genes located lacZ fusion was abolished by this 90-nucleotide deletion
at genetic loci other than those of the target genes havesuggesting thatpoSregulation by OxyS requires the 27-

been identified. The 93-nucleotide MicF RNA, which is
encoded at 48 min on thescherichia colichromosome,

© Oxford University Press

nucleotide region preceding stem—loapA 3'-deletion of
stem—loopc (poxyShe1-109 abolished all activity on both
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Fig. 1. Mutational analysis obxyS (A) Secondary structure of the

OxyS RNA. The bars indicate the extent of the deletion mutations and
the arrows indicate the point mutations generated by random
mutagenesis. Based on the FOLD (Genetics Computer Group)
program, the secondary structures of the mutants are similar to wild-
type OxyS. B) Effect of mutations on OxyS repression ghlA-lacZ

The B-galactosidase activity (in Miller units) of stationary phase cells
was assayed. Average (in Miller units) of two independgnt
galactosidase assays is shown. Single colonies were grown overnight
in LB with amp.

Table I. Effect of OxyS deletion mutants dhlA-lacZandrpoS—lacZ
fusions

Construck B-galactosidase activity
@fhlA—-lacz rpoS742-lacz

pKK177-3 52+ 5 386+ 94
poxyS 3+ 2 54+ 15
pOXy%1_47 3+x1 107 = 45
POXYSh1_63 4+2 138+ 29
POXYSh1-90 5+2 522+ 102
pOXy%91_109 51+ 2 341+ 58
pOXy%QG—loél 36+ 4 189+ 54

3Average (in Miller units) of four independent experiments. Cells were
diluted 1:100 and grown in LB medium with cm for 12 h.

bAll plasmids carry crh Based on the FOLD (Genetics Computer
Group) andmfold (http://www.ibc.wustl.edu/~zuker/rna) programs, the
secondary structures of thé-8nds of Oxy®;_47 OXySy1_3 and
OxySh1_go and the 5-ends of OxyR&g1_199and OXySQge_104are

similar to those of the wild-type.

Table II. Effect of OxyS onfhlA7::lacZ transcriptional and
translational fusions

Fusion B-galactosidase activity
pKK177-3  poxyd Fold
repression
fhlA—lacZ (transcriptional 234+ 9 90+ 11 3X
fusion)
fhlIA7-lacZ(translational 37 4 2+1 19x
fusion)

3Average (in Miller units) of two independent assays. Single colonies
were grown in LB medium with amp for 18 h.
bamp.

deletion derivatives had the expected sizes and that the
mutant RNA levels were similar to wild-type levels
(poxySh1_47) or slightly reduced (2-fold for poxyS_es
and 2.5-fold for poxy®;_qg (data not shown). The majority

of the OxyS transcripts from poxy§ _i00and some of the
transcripts from poxySe_10sWere longer than expected,
confirming that stem—loop is a transcription terminator.
Stem—loopc is also likely to confer stability to OxyS
since the RNA levels from poxyg;_1g98nd pOXYRgs_104
were reduced (6- and 4-fold, respectively). Together, our
results show that different regions of the small RNA are
required for repression dhlA andrpoS OxyS repression

of fhlA requires stem-loog while OxyS repression of
rpoSrequires the 27-nucleotide linker region together with
stemc. The findings also suggest that the OxyS RNA
may act by different mechanisms at different genes. Here
we examine the mechanism of OxyS regulationfldA.

The regulatory action of OxyS orpoS expression has
been described recently (Zhaergal., 1998).

OxyS inhibits fhiA expression at a post-

transcriptional level

The initial OxyS-regulatedfhlA—lacZfusion was isolated

as a Mudac insertion in the E.coli chromosome. To
delineate thdéhlA sequences required for OxyS repression
of this target gene, we constructed a serieshthdacz
translational fusions carrying 1426, 1177, 816 and 514 bp
of fhIA 5’ upstream sequence. These fusions were then
recombined onto\ and integrated into thatt site. All

the constructs showed OxyS regulation similar to the
chromosomal insertion at tHalA gene (data not shown).
Therefore, 514 bp of the’ Jupstream sequence appear to
include all the elements necessary for OxyS regulation
of fhlA.

OxyS could act to regulate transcription, mRNA
stability, translation or protein stability. To determine the
level of OxyS regulation ofhlA, the fragment carrying
514 bp of B upstream sequence was subcloned upstream
of lacZ gene in expression vectors carrying theZ gene
which is deleted either for its promoter (pRS551) or for
both the promoter and the translational signals (pRS552)
(Simonset al., 1987). Again the fusions were recombined
onto A and inserted into the chromosome at tie site.

We then compared the effect of OxyS on fhéA7—lacZ

genes. We also constructed a deletion of the loop sequenceranscriptional fusion to its effect on théhlA7-lacz

of stem—loop (poxySes_109 @nd found that this derivative
was unable to repre$islA but still showed some repression
of rpoS Northern blot analysis confirmed that thé- 5
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translational fusion (Table Il). Expression of the transcrip-
tional fusion was only slightly repressed. Endogenitli&
MRNA levels were also only decreased 2- to 3-fold in



strains carrying poxyS (data not shown). Thus neither
transcription initiation nor mMRNA stability is significantly
affected by OxyS. In contrast, OxyS strongly regulates
the translational fusion. This finding suggests that OxyS
affects translation of théhlA mRNA. OxyS could also be
affecting FhiA stability; however, théhlA7-lacZtransla-
tional fusion carries only seven amino acids of the FhIA
protein sequence.

oxyS mutations

To further characterize OxyS domains involved in the
regulation offhlA, we mutagenized the plasmid expressing
OxyS using hydroxylamine and screened for OxyS mutants
that were no longer able to repress the translation of
¢fhlA—lacZ All 10 mutants selected were found to carry
single point mutations in thexySgene, and four different
mutations were obtained (C92U, G93A, C99U, G102A).
Two additional mutations were isolated in a screen follow-
ing PCR amplification of thexySgene (G108A, C107A).

All the mutations mapped to stem—loap the domain
found to be important forfhlA regulation by deletion
analysis (Figure 1A). The effect of the six OxyS mutants
on fhlA expression is shown in Figure 1B. The mutations
could be subdivided into two subgroups; nucleotide

changes that disrupt the stem and changes that are located

OxyS RNA repression of fhlA translation

m2 mi
ﬁ
5' UUUGCGGUGCUUUCCUGGAAGAACAAAAUG fhIA
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OXyS CGCCUAGGACCUCUAGGCGUUUU 5°'
v SN of
& & &

fhlA6-lacZ

fhiA6q-lacZ  thiA, o-lacZ

B-galactosidase activity

in the loop. The stem mutations V_Vith the_greatESt effect Fig. 2. Mutational analysis ofhlA. (A) Potential base pairing between
on stem stability are also associated with the greatestihe OxyS RNA and théhlA mRNA. The large arrows indicatialA

decrease in activity. Accordingly, the C92U mutant, which
is still capable of forming a G-U base pair at the base of
stemc, is a fairly efficient repressor. An OxyS mutant in
which a C—G base pair in stem(C92 and G108) was

mutations generated by random mutagenesis. The small arrows
indicateoxySmutations described in Figure 1. The Shine-Dalgarno
sequence and initiating AUG codon fflA are underlined.E) Effect
of fhlIA mutations on OxyS repression. The extent of repression is
19-fold for fhlA6-lacz 4-fold for thlIA6,,,—lacZ and 5-fold for

replaced by a G-C base pair (92G and 108C), to changefhlA6,,-lacZ The average (in Miller units) of three independent

the sequence while retaining stem stability, was still active
for fhlA repression (data not shown). The point mutations
in the loopc almost completely abolished OxyS repression
of fhlA, in agreement with the results obtained with the
loop ¢ deletion. A Northern blot showed that none of the
mutations affected OxyS RNA levels, suggesting that the

lack of repression is not due to decreased amounts of
OxyS (data not shown), but as expected, the transcripts

from the stem mutants were extended relative to wild-
type OxyS.

fhiA mutations

To define elements ifhlA that respond to regulation by
OxyS, we mutagenized thalA promoter sequences and
screened forfhlA6-lacZ fusions that could no longer
be repressed by OxyS. Phagecarrying afhlA6-lacZ
translational fusion were mutagenized with nitrosoguanid-
ine. Given that\ thlA6—lacZforms white plagues when
plated on MC4100 carrying poxyS and blue plaques on
MC4100 carrying the pKK177-3 control plasmid, we

B-galactosidase assays is shown. Single colonies were grown overnight
in LB with amp.

to the putative Shine—Dalgarno sequencdhbf (Figure
2A) suggesting that OxyS might interfere with ribosome
binding.

fhiA and OxyS duplex formation

In a search for complementary or identical sequence

elements between the OxyS RNA and A mMRNA,

we found that seven nucleotides in loomf OxyS were

complementary to part of the ribosome-binding site of

fhlA (Figure 2A). The two OxyS loop mutants and both

fhlA mutants map to this region. This observation led us

to suggest that the regulation fiflA translation by OxyS

is mediated via duplex formation between OxyS laop

and a response element in tgA ribosome-binding site.
To learn more about this putative interaction and to

determine whether base pairing is required for the regula-

plated the mutagenized lysate on cells expressing OxyStion, we modified both OxyS anfhlA to carry mutations

and screened for blue plaques. After an initial characteriza-
tion of ~20 mutants, two were selected for further analysis.
The 5 upstream region of théhlA mutants was recloned
into the lacZ expression vector, and the constructs were
recombined ontoh and integrated into thatt site of
MC4100. We compared the effect of OxyS on wild-type
fhlA to its effect onfhlA mutants (Figure 2B). The basal
levels of lacZ expression from both mutants were not
greatly affected, but repression by OxyS was impaired.

in the putative duplex site (Figure 3A). The nucleotide
G102 in OxyS was replaced by @xy%;_.c), and the
corresponding complementary nucleotide CflihA was
replaced by GfflA7:  c—lac2). The results in Figure 3B
show that Oxyg_c is unable to repress the wild-type
fhlA7-lacZfusion and wild-type OxyS cannot repress the
fhIA7. _ c—lacZfusion.fhlA repression by OxyS is restored
when both genes carry the corresponding suppressor
mutations thlA7:_ g—lacZ oxyS;_c). These results sup-

Sequence analysis mapped the mutations directly adjacenport the conclusion that loop in OxyS represse¢hlA
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Fig. 4. Toeprinting analysis of 30S ribosomal subunit bindinghtA
) . . i mRNA. The arrow indicates the termination site found 15 nucleotides
Fig. 3. Compensatory mutationsA] Potential base pairing between downstream of the AUG start codon. The DNA sequencing reactions
the OxyS RNA and théhlA mRNA. The arrows indicate specific were carried out with the same end-labeled oligonucleotide used in the
nucleotide changes iaxySandfhlA generated by site-directed toeprinting assays.

mutagenesis.B) Effect of oxySs . ¢ andfhlA7c _ g—lacZ mutations on
OxyS repression ofhlA. The average (in Miller units) of three Lo L
independenp-galactosidase assays is shown. Single colonies were 30S binding. These assays demonstrate that OxyS inhibits

grown overnight in LB with amp. the formation offhlA mMRNA-30S initiation complex.

translation by interacting with a sequence element at the Discussion

ribosome-binding site ofhlA. The E.coli oxySgene encodes a 109 nucleotide, untrans-
lated RNA. This small RNA is expressed in response to

OxyS prevents ribosome binding oxidative stress and acts as a pleiotropic regulator to

Our genetic studies indicated that the OxyS RNA repressesactivate and repress as many as 40 genes. Among the
fhlIA. mRNA translation by pairing with the ribosome- OxysS targets are thilalA-encoded transcriptional activator
binding site. To assess the effect of OxyS on ribosome and therpoSencodedc® subunit of RNA polymerase.
binding in vitro, we carried out toeprinting assays. In The analysis of OxyS deletion mutants showed that
these assays, also denoted primer extension inhibitiondifferent regions of the small RNA are required for
assays, the binding of 30S ribosomes to the mRNA blocks repression offhlA and rpoS Here we report that OxyS
the elongation of a cDNA primer by reverse transcriptase repressehlAtranslation by pairing with a complementary
(Hartz et al, 1988). The blockage usually occurs 15 sequence overlapping the ribosome-binding site of the
nucleotides from the first nucleotide of the initiation fhIA mRNA. Toeprinting experiments with 30S ribosomal
codon. Toeprinting assays have been used to examine thesubunits indicated that the formation of the duplex inter-
formation of translation initiation complexes, to define the feres with ribosome binding. A recent report shows that
level at which translation is regulated and to examine OxyS repression ofpoS translation is dependent on the
which factors impact on ribosome binding. hfqencoded RNA-binding protein (Zhargt al, 1998).

In vitro synthesizedhlA mRNA was annealed with a  Co-immunoprecipitation and gel-mobility shift experi-
labeled primer complementary to a region 77 base pairsments revealed that OxyS binds the Hfg protein and
downstream of thénlA translation start site. This complex prevents Hfg from activatingpoS mRNA translation.
was then incubated with 30S ribosome subunits in the The observation that different domains of OxyS are
presence or absence of uncharged fMet-tRNA. Analysis required forfhlA andrpoSrepression suggests that OxyS
of the extension products revealed one ribosome-induced,may regulate the expression of these genes by separate
fMet-tRNA-dependent termination site at the G residue mechanisms. Since RNA molecules are extremely flexible,
15 nucleotides downstream of the AUG (Figure 4). The it is plausible that RNAs have more than one mechanism
termination site was not detected whervitro synthesized  of action. In fact, recent mutational studies of DsrA
OxyS RNA was added prior to the incubation with the suggest that this small RNA may have multiple functions
30S subunit and the uncharged fMet-tRNA. In contrast, (Sledjeski and Gottesman, 1995; Sledjeskial., 1996;
OxyS mutant RNAs carrying a deletiodA46—-104) or a Majdalani et al., 1998). However, additional studies are
point mutation (C99U) in loop were unable to repress required to determine whether the modes of OxyS action
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at fhlA and rpoS are completely different. Given some
sequence complementarity between OxyS andrpgosS
MRNA, OxyS repression ofpoS could also involve
antisense pairing.

Our genetic studies showed that the OxyS RNA pairs
with a short sequence overlapping thiA Shine—Dalgarno

OxyS RNA repression of fhlA translation

formation of the OxySfhlA duplex should be favored,
other sequences in OxyS arfllA could aid in the
stabilization of this critical seven-nucleotide RNA-RNA
duplex.

It is possible that additional proteins are required for
efficient OxyS repression dhlA; however, they have not

sequence. The point mutants that affect OxyS repressionbeen identified in any of our genetic screens. Current

of fhlA could be subdivided into two subgroups; four
mutations are located in the steenand two mutations
are located in the loog. Since the effects of the stem
mutations on OxyS activity vary with their effects on
stem stability, the thermodynamic stability of stetn

studies are directed at dissecting the mechanism of OxyS
action at fhlA. Since the seven-nucleotide interaction
between OxyS andhlA leads to extremely efficient
repression offhlA translation, we speculate that insight
gained from these studies could be exploited for experi-

rather than the nucleotide sequence, is probably critical mental and therapeutic antisense technology (Delihas

for OxyS function. This conclusion is supported by the
finding that a mutant in which a C—G base pair in stem
is replaced by a G-C base pair is still active. The stem
could be required for protein binding and/or to ensure a
specific structure of OxyS and loaplt is likely that loop

c is interacting directly with thehlA ribosome-binding
site. fhlA repression by OxyS drops significantly when
loop c¢ carries single-point mutations or an internal
(POXyShgs-104 deletion, and a loop mutation can be

et al, 1997).

Finally, it will also be important to understand further
the physiological role of OxyS repression fiA. In the
presence of formate, FhIA activates the transcription of a
regulon required to assemble the formate-hydrogenlyase
complex (Maupin and Shanmugam, 1990; Schlensog and
Bock, 1990). The complex is primarily synthesized under
anaerobic conditions and contains several metal co-factors.
We proposed that OxyS repression flA, and con-

complemented by corresponding suppressor mutations insequently the levels of the formate-hydrogenlyase com-
fhlA. The remaining activity of the loop mutants could plex, would reduce hydrogen peroxide-induced damage
result from possible alternative interactions such as anthat would otherwise occur in the presence of the metal

interaction between’3GCCU of the OxyS RNA with 5
UGGA of thefhlA mRNA. The interaction between OxyS

andfhlA may also be influenced by the secondary structure

of the fhlA transcript which has not been characterized.
The short interaction between the OxyS RNA and the

co-factors (Altuviaet al., 1997); however, other roles for
OxyS repression ofhlA need to be considered.

Materials and methods

fhlA transcript bears some resemblance to steps duringBacterial strains and growth conditions
MRNA translation. The translation process depends on The bacterial strains and the plasmids used in this study are listed in

short RNA-RNA recognition events, such as the base
pairing between the Shine—Dalgarno sequence to a hexa

nucleotide sequence at thé-énd of the 16S rRNA and

Table Ill. Strains were routinely grown at 37°C in Luria-Bertani
(LB) medium (Silhavyet al., 1984). Ampicillin (amp, 50-10Qg/ml),

‘chloramphenicol (cm, 2fig/ml), kanamycin (kan, 2fg/ml) or 5-bromo-

4-chloro-3-indolylB-p-galactoside (X-gal, 4Qug/ml) was added where

the anticodon—codon duplex formation. We propose that appropriate. P1 transductions were carried out as described (Silhavy

OxyS binds to thefhlA response element and thereby
competes with and prevents the binding of 16S rRNA.
Given that the duplex site is larger than the Shine—
Dalgarno site, the binding of OxyS could be advantageous.
The AG value of duplex formation between OxyS and
fhlIA mRNA is —13.9 kcal/mol, whereas th&G value of
stem—loopc of OxyS is only —9.4 kcal/mol, suggesting
that the formation of the Oxy$HA duplex would be
favored. In addition, the interaction between many anti-

et al, 1984).

Construction of deletion mutants

All DNA manipulations were carried out using standard procedures. The
OxyS mutants with 5 or 3' deletions were constructed by PCR:
pPOoxyShi_47 [#200 (B-CTT GAA TTC GAG AGT TTC TCA ACT CG)

and #86 (5TGA GCC AAG CTT ATC GCC GGGQG)], poxy§_g3[#601
(5'-CTT GAA TTC GAA TAA CTA AAG CCA AC) and #86],
POXySh1_go [#602 (B-CTT GAA TTC GCG GAT CTC CAG GAT CC)
and #86], and poxys1_199#60 [(5-TCT GAC TGA GAA TTC CTC
ACA GAA) and #625 (3-CTG GAG AAG CTT AAA AGT TCA CGT

sense RNAs and their targets begins with a few reversible TGG)]. The PCR fragments were digested witboRI andHindlll and

base pairs formed between complementary loops or
unstructured single-stranded regions (reviewed in Wagner

and Simons, 1994). This initial interaction, also known as

then cloned into pKK177-3 carrying érgpGS084, Altuvicet al., 1997).

To construct th96—104 derivative, thBanH]I site in thetac promoter

of poxyS (pGSO5) was eliminated and the plasmid was digested with
BanmH| and religated (pSA1). We found that digestion widanH]|

the kissing complex, subsequently leads to complete occasionally generates an internal deletion of nine nucleotides at stem
duplex formation. In a few cases. it has been suggestedcv presumably due to star activity BanHI. TheEcdRI-HindlIl fragment

that complete duplex formation between the antisense

RNA and its target may not even be necessary for
regulation (Tomizawa, 1990; Brantl and Wagner, 1994;
Siemeringet al, 1994). In the case of CopA/CopT of
plasmid R1, the kissing complex between CopT and
truncated CopA (Copl), which is unable to form a full
duplex with CopT, is sufficient to inhibit ribosome binding
(Malmgrenet al., 1996). For wild-type CopA, the initial
CopA-CopT loop-loop interaction is subsequently stabil-
ized by intermolecular base pairing involving thé 5
proximal 30 nucleotides of CopA and the complementary
region of CopT (Malmgreret al, 1997). Although the

of pSAl was subsequently subcloned into pGSO84. The sequences of
all constructs were confirmed. The levels of the mutant RNAs were
examined by Northern blot analysis: total RNA isolated from cells grown
for 12 h was separated on a 6% polyacrylamide—urea gel, transferred to
a nylon membrane by electroblotting, and probed with-#P-end
labeled primer (5CCTGTGTGAAATTCTTATCC, corresponding to
pKK177-3 sequence upstream of theyScoding sequence).

Construction of lacZ fusions

To construct MC4100NRS45thlA7—lacZ (transcriptional fusion)] and
MC4100 DRS45fhlA7-lacZ (translational fusion)], théhlA promoter
fragment was amplified from MC4100 chromosomal DNA by PCR
[#139 (8-GAG AAT TCG GGG CTG GAT GGC GAA C) and #314
(5’-CCG GGA TCC CTC ATC GGT GTA TAT GAC AT)] and
subcloned into the uniquEcoRl andBanHI sites of both pRS551 and
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Table Ill . Bacterial strains and plasmids

Strain Relevant genotype Source or reference
MC4100 A(arg-lac)ul69 N.Trun

GS038 MC4100gthlA-lacZ (karl) Altuvia et al, 1997
RO91 MC4100 ARZ5 rpoS742-lacZhybr.)] (amp) Lange and Hengge-Aronis, 1994
GSO053 MC4100XRS45fhIA7-lacZ (transc.)] (kaf) This study

GSO054 MC4100XRS45fhlA7-lacZ(transl.)] (kar) This study

GSO055 MC4100XRS45fhlA6-lacZ(transl.)] (kan) This study

GS056 MC4100 XRS45fhlA6,1—lacZ (transl.)] (kar) This study

GSO57 MC4100XRS45fhlA6,—lacZ (transl.)] (kaf) This study

GSO058 MC4100XRS45fhlA7c , g—lacZ (transl.)] (kar) This study

Plasmid Relevant Genotype Source or reference
pGSO5 poxyS (anip Altuvia et al., 1997
pGS085 poxyS (cf Altuvia et al., 1997
pGS086 poxy s _a7 (cn) This study

pGS087 poxy®;_g3 (cm) This study

pGS088 poxy®: _go (cn) This study

pGS089 POXy&o1-_109(CcM) This study

pGS090 POXY 96104 (CNM) This study

pSA1l POXySg6-104 (@MP) This study

pGS091 poxy8goy (@mp) This study

pGS092 poxygeza (amp) This study

pGS093 poxySggu (@mg) This study

pGS094 POXy&1024 (@mp) This study

pSA2 poxy %1074 (@mp) This study

pSA3 poxySs10sa (@amp) This study

pGS095 poxyg_c (amp) This study

pSA4 pGEM-fhIA (amf) This study

pSA5 pGEM-oxyS (anp This study

pSA6 pPGEM-0xyggoy (amp) This study

pSA7 PGEM-0XySg6_104(@mp) This study

pRS552 (Simonet al, 1987). ThelacZ fusions were then recombined
onto ARS45 and integrated into the attachment site of MC4100 as
described (Simonst al., 1987). To construct MC410\RS45fhlA6—
lacZ (translational fusion)], thefhlA promoter fragment was PCR
amplified from GSO38 chromosomal DNA by PCR [#139 and #141
(5'-GCA GGA GCT CGT TAT CGC TAT GAC G)] and subcloned
into the uniqueEcaRl (in polylinker) andSst (in lac2) sites of pRS551.
The fhlA6HacZ translational fusion was then recombined oARRS45
and integrated into the attachment site of MC4100.

oxyS mutagenesis

Random mutagenesis of tlexySgene with hydroxylamine was carried
out using a modification of the method described by Humphegyal.
(1976). Ten micrograms of poxyS (pGSO5) plasmid DNA (#pwas
incubated with 10Qul of 0.1 M sodium phosphate (pH 6) containing

1 mM EDTA and 80pl of 1 M hydroxylamine (pH 6) for 30 min at
65°C. The mutagenized DNA was then extensively dialyzed against Tris—
EDTA buffer, and 0.7ul was used to transform cells by electroporation.

ARS45 fhlA6-lacZ mutagenesis

ARS45fhlA6-lacZ (translational fusion) was mutagenized as described
(Kornitzeret al,, 1989). MC4100 cells were grown to early exponential
phase in LB medium containing 10 mM MggOThe cells were then
infected with one fresh plaque aRS45fhlA6—lacZphage. Cells were
collected 20 min after infection, resuspended in half of the initial volume
of 0.1 M sodium citrate (pH 5.5), and treated with nitrosoguanidine
(50 pg/ml) for 20 min at 37°C with shaking. The cells were collected

again and resuspended in LB containing 10 mM potassium phosphate.

The culture was then allowed to complete lysis at 37°C. Subsequently,
the lysates were plated on MC4100 carrying poxyS and screened for
blue plagues. Lysates were generated from single blue plaques) and
DNA was isolated as described previously (Silhatyal., 1984). The
fhlA promoter region of wild-type and two mutants was PCR amplified
using primers #139 and #141, and subcloned into the uriquaR| (in
polylinker) and Sst (in lacZ) sites of pRS551. The fusions were
sequenced and then recombined ohR545. The effect of constitutive
OxyS expression was assayed for single lysogens of the wild-type fusion
and the two mutants.
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Site-directed mutagenesis

Site-directed mutagenesis was carried out with PCR using oligo-
nucleotides that contained the desired mutations. The moteyg; ¢
fragment was amplified from K12 chromosomal DNA by PCR [#60 and
#317 (3-GCC AAG CTT ATC GCC GGG CTT TTT TAT GGC AAA
AAA AAG CGG ATC GTG GAG ATC CGC)], digested witHEcoRI
andHindlll, and cloned into the corresponding sites of pKK177-3. The
mutantfhlAc g fragment was amplified from K12 chromosomal DNA
by PCR [#139 and #316 (82CG_ GGA TCC CTC ATC GGT GTA TAT
GAC ATT TTG TTC TTC CAC GAA AGC ACC GC)], digested with
EcoRIl andBarHI, and cloned into the corresponding sites of pRS552.
ThefhlAc_ gacZ gene fusion was further recombined oAf®S45 and
integrated into the attachment site of MC4100 to generate MC4100
[ARS45fhIA7:_ gl-lacZ (transl.)].

p-galactosidase assays
The B-galactosidase assays were carried out as described previously
(Miller, 1972).

Toeprinting assays

The toeprinting assays were carried out essentially as described previously
(Altuvia et al,, 1989). Annealing mixtures containing 0.2 pmolfbfA

RNA, 0.6 pmol of 3-end labeled oligonucleotide ‘&AA GGA TCC

TCA CAC AGC GAG GCC) complementary fblA RNA, and 12 pmol

of OxyS RNA (wild-type or mutant) in DEPC-treated water were heated
for 3 min at 65°C and then chilled in ice-water for 15 min. The extension
inhibition reactions contained the annealing mixtures, 0.5 mM of each
dNTP, 3 pmol of preactivated (30 min at 37°C) 30S ribosomal subunits
(kindly provided by Steven Ringquist), 20 mM Tris—HCI, 10 mM Mg-
acetate, 0.1 M NRCI, 0.5 mM EDTA, and 2.5 mM3-mercaptoethanol.
After preincubation for 5 min at 37°C, uncharged fMet-tRNA (12 pmol)
was added and the reactions were incubated for an additional 10 min.
Reverse transcriptase (1 U) was added, and cDNA synthesis was allowed
to proceed for 15 min. To construct pPGEM—fhIA for timevitro synthesis

of fhlA RNA, the 8 end of the gene (412 nucleotides) was amplified
from MC4100 chromosomal DNA by PCR '(&CG AAT TCC TGG

GAC TGG ACG CCC T and 5GAA GGA TCC TCA CAC AGC GAG
GCC). The PCR fragment was digested wiEeoR|l and BanH| and



cloned into the corresponding sites of pGEM-3 (Promega). To construct
pGEM-oxyS, poxyS (pGSO5) was digested witmdlll (filled-in) and
EcaRl, and theoxySfragment was cloned into th®al (filled-in) and
EcaRl sites of pGEM-3. To construct pGEM—oxysg_i0sand pGEM—
OXYScoou POXYShos-104 (PSAL) and poxygggy Were digested with
EcoRl andHindlIl, and theoxyScontaining fragments were cloned into
the corresponding sites of pGEM-3. All plasmids were linearized with
Hindlll and the RNAs were synthesized with T7 RNA polymerase.
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