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The yjjO and bglJ genes encode LuxR-type transcription factors conserved in several enterobacterial species.
YjjQ is a potential virulence factor in avian pathogenic Escherichia coli. BglJ counteracts the silencing of the
bgl (B-glucoside) operon by H-NS in E. coli K-12. Here we show that yjjQ and bglJ form an operon carried by
E. coli K-12, whose expression is repressed by the histone-like nucleoid structuring (H-NS) protein. The
LysR-type transcription factor LeuO counteracts this repression. Furthermore, the yjjP gene, encoding a
membrane protein of unknown function and located upstream in divergent orientation to the yjjQ-bglJ operon,
is likewise repressed by H-NS. Mapping of the promoters as well as the H-NS and LeuO binding sites within
the 555-bp intergenic region revealed that H-NS binds to the center of the AT-rich regulatory region and distal
to the divergent promoters. LeuO sites map to the center and to positions distal to the yjjQ promoters, while
one LeuO binding site overlaps with the divergent yjjP promoter. This latter LeuO site is required for full
derepression of the yjjO promoters. The arrangement of regulatory sites suggests that LeuO restructures the
nucleoprotein complex formed by H-NS. Furthermore, the data support the conclusion that LeuO, whose
expression is likewise repressed by H-NS and which is a virulence factor in Salmonella enterica, is a master
regulator that among other loci, also controls the yjjQ-bgl]/ operon and thus indirectly the presumptive targets

of YjjQ and BglJ.

The enterobacterial histone-like nucleoid structuring (H-
NS) protein is an abundant global repressor that affects many
genes and cellular processes (16, 18, 45). H-NS controls genes
related to pathogenicity and stress responses, and H-NS re-
presses genes acquired by horizontal gene transfer, including
pathogenicity islands (24, 25, 36, 46, 48). H-NS binds to AT-
rich DNA with weak specificity and forms extended nucleo-
protein complexes that when located close to a promoter,
repress transcription (16, 51). The formation of the repressing
nucleoprotein complex is initiated by H-NS dimers binding to
nucleation sites, followed by their extending laterally along the
DNA, a process that has been best characterized for the Esch-
erichia coli proU operon (2, 3, 28, 37). The formation of the
nucleoprotein complex can involve DNA loop formation and
trapping of RNA polymerase at the promoter (9, 10, 57). DNA
loop formation is likely to be based on the formation of DNA-
H-NS-DNA bridges by the binding of single H-NS dimers to
two DNA double helixes within the nucleoprotein complex (10,
17, 38).

Silencing by H-NS is presumably regulated gene specifically,
although physiological parameters such as temperature, osmo-
larity, and DNA supercoiling have been postulated to pleio-
tropically modulate H-NS activity (45). Silencing can be re-
lieved by the binding of specific transcription factors that
disrupt or change the structure of the repressing nucleoprotein
complex, by the temperature-dependent alteration of the DNA
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structure, and by other changes in the physiological conditions
that may change DNA structure and DNA supercoiling at
specific loci (16, 45, 55). Furthermore, repression by the bind-
ing of H-NS within transcription units can be affected by the
promoter activity (44).

LeuO is a LysR-type regulator which is a virulence factor in
Salmonella enterica and is required for biofilm formation by
Vibrio cholerae (29, 42, 58). In Salmonella enterica and in E.
coli, LeuO is one of the transcription factors that counteracts
H-NS-mediated repression of specific loci (4, 22, 39, 60). First,
the leuO gene itself is repressed by H-NS and is positively
autoregulated (5, 6, 26). Relief of repression of the leuO gene,
which is located upstream and in a divergent orientation to the
leuABCD leucine synthesis operon, is complex. Binding of
LeuO presumably delimits the spread of H-NS into the pro-
moter and thus causes activation (4, 6, 7). In addition, the
expression of leuO is coupled to the expression of the ilvIH
operon located downstream of leuO. Transcriptional coupling
presumably involves LeuO-induced DNA looping by LeuO
binding to sites upstream of the leuO promoter and down-
stream of the leuO coding region (7), as well as a transcription-
induced change in DNA topology (20, 21). Other systems in
which LeuO activates expression include the H-NS-repressed
E. coli bgl (aryl-B,pb-glucoside) operon (60), the H-NS-re-
pressed Salmonella enterica serovar Typhi ompSI gene, and the
ompS2 gene encoding outer-membrane proteins and pathoge-
nicity determinants (12, 22, 52). Furthermore, LeuO positively
regulates the Yersinia enterocolitica rovA gene, encoding a
MarR-type transcriptional regulator of the inv gene, which
encodes the major adherence factor invasin (30). LeuO also
represses the cadC and dsrA genes in E. coli. CadC is a positive
regulator of the H-NS-repressed cadBA locus, encoding an
acid-inducible lysine decarboxylase required in the acid stress
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FIG. 1. Organization of the yjjP-yjjQ-bgl/ locus mapping at 99 min

of the E. coli K-12 genome in between yjjB (encoding a conserved inner
membrane protein) and fhuF (encoding a ferric iron reductase pro-
tein). The yjjQ and bglJ genes encode LuxR-type transcription factors.
A yjjQ::Tn5 insertion mutation attenuates the virulence of APEC (33),
while mini-Tn/0 insertions upstream of bgl/, causing the constitutive
expression of bgl/, relieve the silencing of the bgl operon by H-NS in E.
coli K-12 (23, 39). The yjjP gene encodes a membrane protein of
unknown function (8).

dnaT yjjB  yjjP

response (56). DsrA is a small regulatory RNA that regulates
rpoS and hns translation at a low temperature (26, 31, 32, 50).
Thus, LeuO, which counteracts the H-NS-mediated repression
of several loci, indirectly controls H-NS and RpoS synthesis
under specific conditions.

Here we analyzed the regulation of the yjjP-yjjO-bglJ locus
(Fig. 1), which is present in the enterobacterial species E. coli
(including the Shigella spp.) and S. enterica. The yjjO and bgl/
genes, encoding LuxR-type transcription factors, are arranged
in tandem with overlapping open reading frames and may form
an operon. The yjjP gene, which encodes a membrane protein
of unknown function, is mapped to a position upstream of the
yjjO gene and in a divergent orientation. (8). In avian patho-
genic E. coli (APEC), the virulence of a mutant with a Tn5
insertion that disrupted yjjQ was found to be attenuated (33).
Furthermore, the yjjO mutants were negatively selected in one
of two independent screens for long-term systemic infection by
Salmonella enterica serovar Typhimurium in mouse (29). In E.
coli K-12, mini-Tn/0 insertions that cause constitutive expres-
sion of bgl/ relieve H-NS-mediated repression of the bg/
operon (23). Here we show that yjjO and bglJ are expressed as
an operon, which is repressed by H-NS and activated by LeuO.
The divergent yjjP gene is likewise repressed by H-NS. Map-
ping of the divergent promoters and regulatory sites revealed
that H-NS binds at the center of the extended intergenic region
and distal to the divergent promoters. Similarly, LeuO binds to
three regions, including a site at the center, a site distal to the
yjjO promoters, and with the highest affinity, at a site overlap-
ping the yjjP promoter. This last site is required for the com-
plete activation of the yjjQ promoter(s) by LeuO. The complex
arrangement of divergent promoters and binding sites for
H-NS and LeuO is in agreement with a mechanism of regula-
tion where binding of LeuO and possible LeuO-induced DNA
looping restructure the H-NS nucleoprotein complex and de-
limit spreading of H-NS to the yjjQ promoter(s).

MATERIALS AND METHODS

Strains and plasmids. The genotypes of the E. coli strains and the relevant
structures of the plasmids are given in Table 1. Transductions were performed
using phage T4GT7 (61). Integration of the lacZ reporter constructs into the
chromosomal phage lambda attachment site a#tB was performed as described
previously (13, 14). The a#tB site was used as described previously for the
integration of similar lacZ reporter fusions used in the analysis of the H-NS-
mediated regulation of bg/ and proU (44), and chromatin immunoprecipitation
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with microarray analysis (ChIP-on-chip) analysis suggested that H-NS does not
bind next to attB (24). The Ahns::kanyp, deletion mutants, in which the complete
coding region of hns was deleted, were described previously (44). The
AQjP-yjjO-bgll)::caty s deletion mutant was constructed by using primers S783
and S676 as described previously (11). The sequences of oligonucleotides are
given in Table S2 in the supplemental material.

Plasmids (shown in Table S1 in the supplemental material) were constructed
according to standard techniques (1, 53). All lacZ reporter fusions are descen-
dants of the plasmid pKES15, which carries the pACYC177 origin, the neo gene,
the attP gene, and an omegon-spectinomycin resistance cassette (14). Site-spe-
cific mutations and fusions to lacZ were constructed using restriction fragments
or PCR fragments. All regions of plasmids that were derived from PCR frag-
ments were sequenced. The relevant structures of the plasmids are shown sche-
matically in the figures in which they are used and are given in Table S1 in the
supplemental material. Details for the constructions and the compiled sequences
of the plasmids are available upon request. Media and plates were used as
described previously (14, 41). The final concentrations of the antibiotics added
were 25 pg/ml kanamycin, 50 wg/ml ampicillin, 15 pg/ml chloramphenicol, 50
pg/ml spectinomycin, and 12.5 wg/ml tetracycline, where necessary.

Determination of B-galactosidase activities. The B-galactosidase assays were
performed as described previously (41). Cultures in LB medium were inoculated
from fresh overnight cultures to an optical density at 600 nm (ODjq) of 0.1 and
harvested after growth at 37°C to an ODyy of 0.5. Isopropyl-B,b-thiogalactoside
(IPTG) was added to the overnight and the exponential cultures to a concen-
tration of 1 mM for the induction of leuO expression (carried on the plasmid
pKEDRI13). The enzyme activities were determined from at least three indepen-
dent cultures, and standard deviations were less than 15%.

Northern blotting and primer extension. RNA was isolated from cultures
grown in LB medium to an ODyg, of 0.5, using an SV total RNA isolation system
(Promega). For Northern blotting analyses, 10 pg of RNA was separated by
using denaturing acrylamide gels (6% acrylamide/bisacrylamide, 19:1; 7 M urea;
0.9X Tris-borate-EDTA [TBE]) next to an RNA marker (high-range RNA ruler
ladder; Fermentas), and blotted onto a Hybond N+ nylon membrane (GE-
Healthcare). The membranes were baked for 2 h at 80°C (1) and then stained
with methylene blue (0.03% methylene blue in 0.3 M Na-acetate [pH 5.2]) to
identify the marker bands and to verify uniform loading and transfer of the RNA.
To generate the yjjQ riboprobe, a PCR fragment that carries a terminal T7
promoter sequence was amplified using primers S529 and S843 (see Table S2 in
the supplemental material). Then, the riboprobe was synthesized using 0.2 pmol
of the PCR fragment in 20 pl of 0.5 mM ATP, 0.5 mM CTP, 0.5 mM GTP, 5 pM
UTP, [«->?P]JUTP (50 pCi, 800 Ci/mmol), T7 RNA polymerase transcription
buffer, and 10 units of T7 RNA polymerase according to the instructions of the
supplier (Fermentas). Unincorporated nucleotides were removed by passing the
samples over Sephadex-G50 nick columns (GE-Healthcare), and the labeling
efficiency was determined by counting 1 pl of the final eluate of 400 pl. The
membranes were incubated for 3 h at 65°C with hybridization solution (5X SSPE
[1X SSPE is 0.18 M NaCl, 10 mM NaH,PO,, and 1 mM EDTA {pH 7.7}], 5X
Denhardt solution, 50% [wt/vol] formamide, 0.5% [wt/vol]), sodium dodecyl
sulfate, and 72 pg of denatured herring sperm DNA, as described previously (1),
and then hybridized for 16 h at 65°C with the probes added to hybridization
solution and washed as described previously (1). The membranes were exposed
to X-ray film or to a phosphorimager plate and then scanned, using a Typhoon
imager (GE-Healthcare).

For primer extensions, 5 pmol of the oligonucleotides S700 and S699 (see
Table S2 in the supplemental material) were end labeled with [y->*P]ATP (50
wCi/6,000 Ci/mmol), using 20 units of T4 polynucleotide kinase (Fermentas).
Unincorporated nucleotides were removed by passing the sample through a
Sephadex-G50 nick column (GE-Healthcare). Five micrograms of total RNA
was incubated with 4 pl of the 3?P-labeled oligonucleotide (approximately 50
fmol) in a total volume of 10 pl for 5 min at 65°C and cooled on ice. Then,
samples of all deoxynucleoside triphosphates (ANTPs) (2 pl of a 10 mM dNTP
mixture), 4 pl 5X ¢cDNA buffer, 1 pl 0.1 M dithiothreitol (DTT), 2 ul of H,O,
and 1 pl (15 units) of Thermoscript reverse transcriptase (Invitrogen) were
added, and the samples were incubated at 50°C for 45 min. The reaction was
stopped by heating the solution to 85°C for 5 min, the sample was phenol and
chloroform extracted, and then the DNA was ethanol precipitated and resus-
pended in 5 pl of H,O. A stop solution (T7 sequencing kit; USB) was added, and
the samples were separated next to a sequencing ladder on a denaturing se-
quencing gel (6% acrylamide/bisacrylamide, 19:1; 7 M urea, 0.9X TBE). The
sequencing ladders were generated using the same labeled primers and the T7
sequencing kit (USB), as described above, with the following modifications.
Briefly, 16 pl of the end-labeled primer with 2 pg of plasmid DNA were ethanol
precipitated and resuspended in 12 ul of H,O. Then, 2 pl of annealing buffer, 4
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TABLE 1. Strains and plasmids

Strain Relevant genotype or structure” Reference or construction source”
EK25 MC4100 leuO::cat (stored as S2706) 26
MG1655 CGSC6300 E. coli K-12 wild type (stored as S527) Coli Genetic Stock Center
S219 CSHS50 Abgl-AC11 stpA::tet 15
S541 CSHS0 Abgl-AC11 AlacZ 14
S3010 S541 Ahns::kangp, 44
$3346 S541 Ahns::FRT 44
S3108 S541 attB::[Spec” yjjP(+182 to —450) lacZ] S541 x pKES141
$3322 S541 attB::[Spec” yjjP(+182 to —450) lacZ] A(yjjP-bgl])::caty s $3108/pKD46 X pKD3 PCR S676/S783¢
S3375 S541 A(yjjP-bgl)::catyps S541/pKD46 X pKD3 PCR S676/S783¢
$3469 S541 A(yjjP-bgll)::FRT $3375 X pCP20 fip
S3470 S541 attB::[Spec” yjjP(+182 to —450) lacZ] A(yjjP-bgl])::FRT $3322 X pCP20 fip
S3472 S3469 antB::[Spec yjjQ(—347 to +166) lacZ] $3469 x pKES111
S3474 S3469 attB::[Spec’ yjjQ(—147 to +166) lacZ] $3469 x pKES119
$3476 S3469 antB::[Spec yjjQ(—347 to +26) lacZ] $3469 x pKES157
S3478 S3469 attB::[Spec” yjjO(—147 to +26) lacZ] $3469 x pKES158
$3480 S3469 antB::[Spec yjjQ(—87 to +26) lacZ] $3469 X pKES159
$3482 S3469 attB::[Spec” yjjQ(—47 to +26) lacZ] $3469 x pKES160
$3484 S3469 atB::[Spec’ yjiP(+25 to —450) lacZ] S$3469 X pKES172
S3486 S3469 attB::[Spec” yjjP(+25 to —250) lacZ] $3469 X pKES173
$3488 S3469 attB::[Spec’ yjiP(+25 to —50) lacZ] $3469 x pKES174
S3494 S3470 leuO::cat S3470 X TAGT7 (EK25)
$3496 S3470 Ahns::kangp, $3470 X T4GT7 (S3010)
S3587 S3470 Ahns::kangp, leuO::cat $3494 X T4GT7 (S3010)
$3588 S3472 leuO::cat S3472 X T4GT7 (EK25)
$3590 S3472 Ahns::kangp, S3472 X TAGT7 (S3010)
$3592 S3474 leuO::cat S3474 X T4GT7 (EK25)
$3594 S3474 Ahns::kangp, S3474 X TAGT7 (S3010)
$3596 S3476 leuO::cat S3476 X T4GT7 (EK25)
S3598 S3476 Ahns::kangp, S3476 X TAGT7 (S3010)
$3600 S3478 leuO::cat $3478 X T4GT7 (EK25)
$3602 S3478 Ahns::kangp, S3478 X TAGT7 (S3010)
S3604 S3480 leuO::cat $3480 X T4GT7 (EK25)
S3606 S3480 Ahns::kangp, $3480 X T4GT7 (S3010)
S3608 S3488 leuO::cat $3488 X T4GT7 (EK25)
S3610 S3482 Ahns::kangp, $3482 X T4GT7 (S3010)
$3612 S3484 leuO::cat $3484 X T4GT7 (EK25)
S3614 S3484 Ahns::kangp, $3484 X T4GT7 (S3010)
$3616 S3486 leuO::cat $3486 X T4GT7 (EK25)
S3618 S3486 Ahns::kangp, $3486 X T4GT7 (S3010)
$3620 S3482 leuO::cat $3488 X T4GT7 (EK25)
S3622 S3488 Ahns::kangp, $3488 X T4GT7 (S3010)
S3631 S3472 Ahns::kanyp, leuO::cat S3588 X T4GT7 (S3010)
S3633 S3474 Ahns::kangy, leuO::cat $3592 X T4GT7 (S3010)
S3635 S3476 Ahns::kanyp, leuO::cat $3596 X T4GT7 (S3010)
S3637 S3478 Ahns::kangy, leuO::cat $3600 X T4GT7 (S3010)
S3638 S3480 Ahns::kanyp, leuO::cat S3604 X T4GT7 (S3010)
S3641 S3488 Ahns::kangy, leuO::cat $3609 X T4GT7 (S3010)
S3642 S3484 Ahns::kanyp, leuO::cat S3612 X T4GT7 (S3010)
S3645 S3486 Ahns::kangy, leuO::cat S3616 X T4GT7 (S3010)
S3646 S3482 Ahns::kanyp, leuO::cat $3620 X T4GT7 (S3010)
S3663 S3470 Ahns::FRT leuO::cat $3587 X pCP20 fip
$3665 S3472 Ahns::FRT leuO::cat $3631 X pCP20 fip
S3667 S3474 Ahns::FRT leuO::cat $3633 X pCP20 fip
$3669 S3476 Ahns::FRT leuO::cat $3635 X pCP20 fip
S3671 S3478 Ahns::FRT leuO::cat S3637 X pCP20 fip
$3673 S3488 Ahns::FRT leuO::cat $3641 X pCP20 fip
S3675 S3484 Ahns::FRT leuO::cat S3642 X pCP20 fip
S3677 S3486 Ahns::FRT leuO::cat $3645 X pCP20 fip
S3689 S3480 Ahns::FRT leuO::cat S3638 X pCP20 fip
$3691 S3482 Ahns::FRT leuO::cat $3646 X pCP20 fip

“ All experiments were performed using isogenic E. coli K-12 CSH50 (40) derivatives. Integrations into a#B carry the spectinomycin resistance (Spec’) gene,
fragments encompassing the yjjQ or yjjP promoter with positions given relative to that of the transcription start and the lacZ gene.

® The construction of strains by transduction with phage TAGT7 by replacement of genes with resistance cassettes and by deletion of the resistance gene cassettes
present in the Ahns and A(yjjP-bgl]) mutants using plasmid pCP20 were performed as described previously (11, 14).

¢ Strain transformed with a PCR fragment generated with primers S676 and S783 using pKD3 as the template, as described elsewhere (11).
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FIG. 2. Mapping of the transcription units and the yjjP and yjjQ promoters. (A) Schematic map of the yjjP-yjjQ-bglJ locus. Shown are positions
of a riboprobe used in Northern blotting (B) and oligonucleotides S699 and S700 (see Table S2 in the supplemental material) used in the primer
extension analyses (C) are indicated. (B) Northern blotting analysis of RNA isolated from the wild-type strain S541 (wt), the Ains mutant S3346
(hns), and the S541 strain transformed with plasmid pKEDR13 for the expression of LeuO (wt+LeuO) and separated with a denaturing gel, and
the blot was hybridized to a riboprobe complementary to the yjjOQ RNA. (C) Primer extension mapping of the yjjP promoter and the yjjQ promoter
of RNA isolated from the wild-type, the 4ns mutant, and the wild type expressing LeuO (as in panel B) using the end-labeled oligonucleotides S699
and S700, respectively. The reaction products were separated next to a sequencing ladder generated with the same end-labeled primer. The 5’ end
of the yjjP mRNA maps to 113 bases upstream of the yjjP translation start codon, with a second faint signal at 155 bases upstream of yjjP. The 5’
end of the yjjO mRNA maps to 158 upstream of the yjjQ translation start codon, with a second signal mapping to 172 upstream of the yjjQ promoter

codon AUG (Fig. 3).

wl labeling mixture (1.375 uM of all ANTPs, 333.5 mM NaCl), and 2 pl of diluted
T7-DNA polymerase were added. After the solution was incubated for 5 min at
room temperature, 4.5-pl aliquots were transferred to tubes containing 2.5 pl of
the A, C, G, and T termination mixtures, respectively, and the reaction was
stopped 5 min later by adding 5 pl of stop solution.

Purification of LeuO and H-NS. For the purification of C-terminally histidine-
tagged LeuO (LeuO-Hisy), strain S541 was transformed with the pKEAP21
plasmid (lacI9 tac leuO-His;, Amp®). One-liter cultures of LB medium plus
ampicillin were inoculated to an ODy, of 0.1, using a fresh overnight culture of
S541/pKEAP21. The cultures were grown to an ODgq, of 0.3, at which point
IPTG was added to a final concentration of 1 mM. Then, the cultures were grown
for an additional 1 h and harvested on ice, having reached an ODy, of 0.8. The
cells were spun down and washed twice with Mg-saline (10 mM MgSO,, 0.85%
NacCl), and the pellets were stored in aliquots at —80°C. For lysate preparation,
the pellets derived from 5 liter of culture were resuspended in 16 ml lysis buffer
(20 mM Tris-HCI [pH 7.5], at 4°C, 100 mM KCI, 1 mM DTT, 1 mM phenyl-
methylsulfonyl fluoride [PMSF], 5% glycerol, 50 mM imidazole), and the cells
were lysed by sonication. The lysates were cleared by high-speed centrifugation
and by filtration through a 0.2-um filter unit. Then, 10 ml of the lysate was loaded
onto a 1-ml HisTrap HP column equilibrated with the same buffer, using an Akta
fast-performance liquid chromatography system (GE-Healthcare). The column
was washed with the same buffer containing 100 mM imidazole. LeuO-His, was
eluted by increasing the imidazole concentration stepwise to 200 mM and 500
mM. A fraction of the eluate with 500 mM imidazole contained the highest
LeuO-His, concentration of 120 pg/ml (or 3.4 uM) LeuO-Hisq (~37 kDa) and
was stored in aliquots at —80°C.

H-NS was purified essentially as described previously (15). Transformants of
strain S219 (stpA::tet) with plasmids pFDY400 (a high-copy pBR derivative
plasmid carrying the Ans gene under control of the fac promoter) and pFDX500
(a pACYC derivative carrying the lacI gene) were grown in LB medium with
ampicillin and kanamycin to an ODy, of 0.8. The expression of 4ns was induced
by adding 1 mM IPTG, and cells were harvested after 90 min of further growth.
The cell pellets were resuspended in 10 ml of H-NS lysis buffer (100 mM NH,CI,
30 mM Tris-HCI [pH 7.5], 1 mM EDTA, 10% glycerol, 1 mM PMSF, 7 mM
B-mercaptoethanol) per liter of culture, and the cells were lysed by sonication.
The lysates were cleared by two subsequent high-speed centrifugations. In total,
30 ml of lysate was loaded onto a 50-ml phosphocellulose (P11; Whatman)
column preequilibrated with the same buffer. Proteins were eluted with an
NH,CI gradient, with H-NS eluting at approximately 300 mM NH,Cl. The
pooled fractions containing H-NS were diluted to a final buffer concentration of
100 mM NH,CI, 30 mM Tris-HCI (pH 7.5), 1 mM EDTA, 10% glycerol, 1 mM
PMSF, and 7 mM B-mercaptoethanol and loaded onto a heparin fast-flow col-

umn (GE-Healthcare). Again, an NH,Cl gradient was used, with H-NS eluting at
approximately 700 mM NH,CI. The pooled fractions were diluted to adjust the
buffer to 100 mM NH,CI and then loaded onto a 1-ml Q-Sepharose column
(GE-Healthcare) equilibrated with 100 mM KCI, 30 mM Tris-HCI (pH 7.5), 1
mM EDTA, 10% glycerol, 1 mM PMSF, 7 mM B-mercaptoethanol. From this
column, H-NS eluted at approximately 300 mM KCI. Fractions containing
H-NS were pooled and rebuffered using a Centricon YM-3 centrifugal filter
unit (Millipore). H-NS (~15.5 kDa) was stored at a concentration of 60 ng/ul
(or 4 pM) in 75 mM KCI, 20 mM Tris-HCI (pH 7.5), 1.5 mM B-mercapto-
ethanol, and 1 mM DTT.

Electrophoretic mobility shift assays (EMSA). DNA fragments were amplified
by PCR (see Table S2 in the supplemental material), and their approximate
concentrations were determined by the comparison of band intensities in agarose
gels. Binding of H-NS and LeuO was carried out in 10-pl samples containing 20
to 25 ng of DNA per fragment in the case of the longer fragments or with 10 ng
of DNA in the case of 75-bp fragments. The binding buffer was 20 mM Tris-HCl
(pH 7.5), 100 mM KCl, 2 mM DTT, and 10% glycerol, and the amounts of
protein added are indicated in Fig. 3. The binding reaction was incubated at 30°C
for 20 min, and then 6 ul of each sample was separated next to a GeneRuler size
ladder (Fermentas) on 8% nondenaturing polyacrylamide gels (acrylamide/
bisacrylamide, 29:1; 0.5X TBE) that were run under cold conditions (4°C). The
gels were stained with ethidium bromide for visualization of the DNA.

RESULTS

H-NS represses and LeuO activates the yjjQ-bglJ operon. To
determine whether the overlapping yjjQ and bglJ genes form an
operon, Northern blotting was performed, using a riboprobe
complementary to yjjQ (Fig. 2). With RNA isolated from the
wild-type strain S541 carrying the native chromosomal yjjP-
yjjO-bglJ locus, no signal was detected (Fig. 2B). However, with
RNA isolated from the isogenic Ahns mutant, a weak signal
was detected (Fig. 2B). The signal corresponded to an RNA of
approximately 1,500 bases, which is the size expected for the
transcription of yjjQ and bglJ as a bicistronic mRNA, suggest-
ing that yjjO and bglJ form an operon. The results show, fur-
thermore, that H-NS represses the expression of this yjjQ-bgl/
operon. In agreement with findings for repression by H-NS,
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FIG. 3. Sequence of the intergenic region of the yjjP and yjjQ divergent genes. The putative transcription starts mapped by primer extension
are indicated and the possible —10 and —35 boxes are marked. The endpoints of fragments used for the construction of the yjjO and yjjP
promoter-lacZ fusions are marked with arrows with closed and open arrowheads, respectively. The endpoints of fragments used in the gel shift
assays are marked by brackets and are labeled with “f” and the number of the fragment. A predicted bend sequence is underlined. Putative H-NS
nucleation sites with seven or more matches to the 10-bp H-NS consensus (28) are indicated in boldface letters.

the intergenic region between the yjjQ and the yjjP genes lo-
cated upstream and in a divergent orientation shows features
reminiscent of H-NS-repressed loci (16). The sequence is very
AT rich (Fig. 3), and a strong bend at the center of this region
is predicted by bend.it software (http:/hydra.icgeb.trieste.it
/~kristian/dna/bend_it.html) (43).

Furthermore, we determined whether the transcription fac-
tor LeuO regulates expression of the yjjQ-bglJ operon (Fig. 2,
and see discussion below). The rationale for this experiment
was that the constitutive expression of BglJ as well as that of
LeuO relieves H-NS-mediated repression of the bgl/ operon
(23, 39, 60). Since, the leuO gene is also repressed by H-NS (7,
26), LeuO was provided in trans by the induction of plasmid-
encoded leuO under the control of a lacI tac promoter cassette
with IPTG (using the pPKEDR13 plasmid) (39). Northern anal-
ysis of RNA isolated from the wild-type strain expressing LeuO
revealed signals obtained with the yjjQ probe that were similar
to the signals obtained with RNA isolated from the Ahns mu-
tant (Fig. 2B), which suggests that LeuO activates the yjjQ-bgl/
operon.

Mapping of the yjjQ and yjjP transcription start sites. To
map the transcription start sites of the yjjO-bgl/ operon and of
the divergent yjjP gene, primer extension analyses were per-

formed using end-labeled oligonucleotides complementary to
the 5’ end of yjjP and yjjQ, respectively (Fig. 2A and C). For
the yjjO promoter, no signals were obtained with RNA isolated
from the wild-type strain. However, with RNA isolated from
the Ahns mutant, as well as with RNA isolated after the in-
duction of LeuO, expression of the wild-type signals was ob-
tained (Fig. 2C). One signal was mapped to the 5" end of the
yjjO-bgl] operon-specific RNA to a position 158 bp upstream of
the yjjO coding region (Fig. 3). A second signal, which was
more pronounced when LeuO was provided in #rans than that
of the Ahns mutant, mapped to a position 172 bp upstream of
the yjjO coding region (Fig. 2C). For both of the putative
transcription start sites, —10 boxes can be identified in the
sequence, and a modest —35 may be present at the proper
distance to the putative transcription start that was mapped to
a position 158 bp upstream of the yjjQ coding region (Fig. 3).
For the yjjP promoter, two signals were obtained. One of the
signals was detected only for RNA isolated from the Ahns
mutant (Fig. 2C). The position of this signal suggests that the
5" end of the yjjP gene-specific RNA maps to a position 113 bp
upstream of the yjjP open reading frame (Fig. 2C). The second
signal was mapped to a position 155 bp upstream of the yjjP
gene coding region. Putative —10 boxes are located at the
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proper distance to both, while no —35 boxes are evident in the
sequence (Fig. 3). Taken together, the data confirm the regu-
lation of the yjjQ-bgl] operon by H-NS and LeuO, and they
demonstrate the repression of yjjP by H-NS. The primer ex-
tension analyses further reveal that both of the divergent tran-
scription units, yjjQ-bglJ as well as yjjP, carry long untranslated
leader sequences of at least 158 and 113 bases, respectively.

Binding of H-NS and LeuO to the intergenic region of the
YiiP-yjjO-bgl] locus. The expression directed by the divergent
yjQO and yjjP promoters is repressed by H-NS. In addition,
LeuO activates the yjjQ promoter. To analyze the binding of
H-NS and LeuO to the intergenic region, EMSAs were per-
formed by using fragments ranging in size from 140 to 243 bp
(Fig. 3 and Fig. 4 and see Table S2 in the supplemental ma-
terial). In addition, a 360-bp fragment derived from the lacZ
gene was used as a negative control. Mixtures of fragments 1
and 2 and of fragments 3 and 4 with the lacZ control fragment
were incubated with increasing amounts of H-NS and then
separated on native acrylamide gels (Fig. 4B). As shown in Fig.
4B, fragments 2 and 4 were shifted very efficiently by H-NS;
fragment 2 encompasses the predicted bend region located
between the divergent yjjP and yjjQ promoters, while fragment
4 was mapped to a position downstream of the yjjQ promoter
(from positions —7 to +193 relative to that of the yjjQ tran-
scription start site, which was mapped to 158 bp upstream of
yjjQ); fragment 1, which encompasses the yjjP promoter and
sequences located downstream to it (from position —80 to +
163 relative to that of the yjjP transcription start at 113 bp
upstream of yjjP) was also shifted specifically (Fig. 4B); frag-
ment 3, which encompasses the yjjQ promoter was not shifted
compared to that of the lacZ control fragment, which suggests
that in this region no sites or only weak H-NS sites are present.
This lack of binding between H-NS and fragment 3 is not due
to its small size (140 bp), since a 140-bp fragment mapped to
within fragment 2 was efficiently shifted by H-NS (data not
shown). Taken together, these results demonstrate that H-NS
binds to the center region between the divergent promoters
and to sites located distal to the two promoters (Fig. 4A).
Furthermore, scanning of the DNA sequence for putative
H-NS nucleation sites, using the H-NS consensus (28), re-
vealed several putative matches which cluster in the predicted
bend region and downstream of the yjjQ promoter (Fig. 3). The
locations of these putative sites are in agreement with specific
binding of H-NS to fragments 2 and 4, encompassing these two
regions.

Binding of LeuO was likewise analyzed by EMSAs, using
C-terminal LeuO-His, (Fig. 4C). These assays demonstrated
binding of LeuO to fragments 1, 2, and 4 (Fig. 4B), while no
retardation of fragment 3 encompassing the yjjQ promoter was
detected (Fig. 4C). Binding of LeuO to fragment 1 resulted in
a stable shift, while binding of LeuO to fragments 2 and 4
appeared as a smear, suggesting that the LeuO binding site
with the highest affinity was mapped to fragment 1. The map-
ping of the LeuO binding sites is summarized in Fig. 4A. No
LeuO consensus binding sequence is available to date.

LeuO counteracts the repression of yjjQ by H-NS. To further
analyze the regulation of yjjQ by H-NS and LeuO, a series of
fragments encompassing the putative yjjQ promoters was fused
to a promoterless lacZ gene as the reporter for expression (Fig.
5A). The yjjQ promoter-lacZ fusions were integrated into the
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A yijP Pp bend Pq yjQ
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FIG. 4. Binding of H-NS and LeuO to the regulatory region of the
YijP-yjjO-bgl] locus. (A) Schematic representation of the intergenic
region. Regions bound by H-NS and LeuO, as deduced from the
results shown in panels B to D, are indicated by a black polygon
(LeuO) and gray circles forming an extended complex (H-NS). The
positions of the fragments used in the EMSA are schematically indi-
cated (with the specific positions given in Fig. 3). n.t., not tested.
(B) Binding of H-NS. Fragments 1 (243 bp) and 2 (170 bp) and the
360-bp lacZ control fragment “C” as well as fragments 3 (140 bp) and
4 (200 bp) and the 360-bp lacZ control were mixed and incubated with
the indicated amounts of H-NS. Subsequently, the samples were sep-
arated on native acrylamide gels stained with ethidium bromide.
(C) Binding of LeuO-His, to fragments 1 to 4 in comparison to the
binding of the 360-bp control fragment “C.” (D) Binding of LeuO to
fragments 1.1 to 1.4 (75 bp each) in comparison to that of the 140-bp
lacZ control fragment “C.”
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FIG. 5. Regulation of the yjjQ and the yjjP promoters by H-NS and
LeuO. (A) The expression directed by the chromosomal yjjQ promoter-
lacZ fusions was determined in the wild-type strain, the A/ns mutant,
and the Ahns leuO::cat double mutant, as well as in transformants of
the wild-type strain and the Ahns leuO::cat double with plasmid
pKEDRI13 for the expression of LeuO. The expression of LeuO was
induced with 1 mM IPTG in the overnight and exponential cultures.
The positions of the fragments are given relative to that of the tran-
scription start of the yjjQ promoter mapping to 158 bp upstream of the
yjO coding region. Binding of H-NS and LeuO is schematically indi-
cated as in Fig. 4. (B) Expression analyses using chromosomal yjjP
promoter-lacZ fusions. Data are represented as in panel A, where
positions are given relative to the yjjP promoter mapping to 113 bp
upstream of the translation start.
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chromosome at the a#tB site of strain S541 (AlacZ), and the
expression directed by these fusions was analyzed in the wild-
type strain, in the Akins mutant, and in the Ahns leuO::cat
double mutant. All strains carry a deletion of the chromosomal
YjjP-yjjO-bgl] locus. In addition, the role of LeuO in the regu-
lation of the yjjQ promoter-lacZ fusions was analyzed with the
wild-type strain as well as with the Ahns leuO double mutant by
using the pKEDR13 plasmid carrying leuO under the control
of the lacl? tac promoter cassette (Fig. SA).

The lacZ fusion of the smallest yjjQ promoter fragment,
which encompasses sequences from position —47 to +26 (rel-
ative to the transcription start site mapping 158 bp upstream of
yjjO), directed 44 units of B-galactosidase activity in the wild-
type strain, 59 units in the Akns mutant, and 56 units in the
Ahns leuO double mutant (Fig. 5A, P, —47 to +26). When
LeuO was provided in trans (by the induction of the plasmid-
encoded leuO gene), the expression level decreased slightly to
35 units in the wild-type strain and to 41 units in the Ahns leuO
double mutant (Fig. 5A, P, —47 to +26). These data confirm
the primer extension result that promoters map within the
fragment. The results further show that the fragment lacks
binding sites for regulation by H-NS and LeuO. When the
promoter fragment was extended to include sequences from
positions —87 to +26 and —147 to +26, the expression was
repressed by H-NS, suggesting that H-NS binds in between
—147 and —47 (Fig. 5A, P, —87 to +26 and P, —147 to +26).
Furthermore, the unrepressed expression level directed by
these fusions in the Ans mutant was fourfold increased com-
pared to that in the Py (—47 to +26) fusion, which may
indicate that upstream DNA contacts by RNA polymerase are
important for efficient transcription initiation. Providing LeuO
in trans had no effect on the expression of these yjjQO promoter-
lacZ fusions in the wild-type strain but caused repression in the
Ahns leuO double mutant (Fig. 5A, P, —87 to +26 and P,
—147 to +26), suggesting the presence of a weak LeuO bind-
ing site between positions —147 and —47. In contrast, the
expression of the yjjQ promoter-lacZ fusion encompassing po-
sition —347 to +26 was activated by LeuO and was repressed
more efficiently by H-NS than the shorter constructs were (Fig.
5A, Py —347 to +26). This suggests the presence of a LeuO
binding site in between positions —347 and —147 and also
binding of H-NS within that region. The presence of regulatory
sites for LeuO and H-NS between positions —347 and —147 is
further supported by the result obtained with the yjjQ pro-
moter —147-to-+166 and —347-to-+166 fusions. Again, LeuO
had little effect on the expression of the —147-to-+166 pro-
moter fusion but efficiently activated the —347-to-+166 pro-
moter fusion in the wild-type strain. Furthermore, these two
fusions, which include sequences downstream of the promoter
(up to position +166) are more specifically repressed by H-NS
(up to ~27-fold) than the corresponding fusions that lack the
downstream region. The expression level directed by the —347-
to-+166 fusion had a 27-fold increase (from 3 units in the
wild-type strain to 82 units in the hns mutants), while the
expression of the corresponding —347-to-+26 fusion had only
a 13-fold increase, from 15 units in the wild-type strain to 190
units in the sns mutant (Fig. 5A). Similarly, the expression
level directed by the —147-to-+166 fusion had a ~15-fold
increase (compare the wild-type strain with the Ans mutant),
while the expression of the —147-to-+26 fusion had a ~6-fold
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increase (Fig. SA). These data suggest binding of H-NS to the
leader DNA fragment. The finding that the absolute expres-
sion level was higher for the +26 than for the +166 fusions
(Fig. 5A, compare, e.g., 190 units for the —347-to-+26 fusion
in the Ans mutant with 104 units for the —347-to-+166 fusion)
may indicate that the leader contains signals that decrease
expression, possibly at the posttranscriptional level. Taken to-
gether, the data are in agreement with the binding of H-NS
over the complete intergenic region, with the exception of the
yjjO promoter, as determined by the EMSA (Fig. 4). H-NS
sites appear to map to positions downstream of the yjjQ pro-
moter, to the center region, and further upstream to between
positions —47 and —347 (Fig. 5A). Furthermore, the data
suggest that a LeuO binding site important for derepression of
the yjjO promoter maps to between positions —347 and —147.

Regulation of the yjjP promoter by H-NS and LeuO. Similar
to the analysis performed for the yjjO promoter region, four
yjjP promoter-lacZ fusions were constructed and integrated
into the chromosomal attB site (Fig. 5B). The yjjP promoter-
lacZ fusion with the smallest fragment, encompassing se-
quences from position —50 to +25 (relative to that of the yjjP
transcription start site that was mapped to a position 113 bp
upstream of yjjP) directed the expression of 85 units of B-ga-
lactosidase activity in the wild-type strain, 145 units in the Ahns
mutant, and 130 units in the Ahns leuO double mutant, con-
firming that a promoter maps on this fragment. Interestingly,
when LeuO was provided in frans, expression dropped to 10
units in the wild-type strain and to 8 units in the Ahns leuO
double mutant (Fig. 5B), suggesting that LeuO binds next to
this yjjP promoter and represses it. Extending the yjjP pro-
moter fragment to include the central region (Fig. 5B, P, —250
to +25) or the complete intergenic region (Fig. 5B, P, —450 to
+25) resulted in more effective repression by H-NS, in agree-
ment with results described above that suggest that H-NS binds
to the central region and to sequences distal to the divergent
yjjO promoter region (Fig. 5). These extended yjjP promoter-
lacZ fusions were also repressed by LeuO (Fig. 5B, P, —250 to
+25 and P, —450 to +25). Furthermore, the expression level
directed by a yjjP promoter-lacZ fusion that encompasses the
complete intergenic region (from position —450 to +182 rel-
ative to that of the transcription start site mapping to a position
113 bp upstream of yjjP) increased from 33 units in the wild-
type strain to 263 units and 211 units in the Ahns and the Ahns
leuO double mutants, respectively (Fig. 5B), demonstrating
that in the complete context, H-NS represses the yjjP promoter
~eightfold and suggesting that H-NS also binds in between the
yjjP promoter and the yjjP gene. Interestingly, this full con-
struct was activated by LeuO in the wild-type strain and re-
pressed only 2.2-fold by LeuO in the Ahns leuO double mutant
(Fig. 5B), indicative of a more complex pattern of regulation.
Possibly, LeuO has a dual role in the regulation of the yjjP
promoter; it may repress the promoter directly and also coun-
teract its repression by H-NS when the binding site down-
stream of the yjjP promoter is present. The location of binding
sites for LeuO and H-NS deduced from the yjjP promoter-lacZ
fusions are summarized schematically in Fig. 5B.

To further address the regulation of the yjjP promoter by
LeuO, gel retardation experiments were performed using a
series of 75-bp fragments that cover the yjjP promoter and the
leader region (Fig. 4D, fragments 1.1 to 1.4). The fragments
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were mixed with a 140-bp control fragment derived from lacZ
to exclude unspecific binding. In this shift assay, LeuO bound
only to the 75-bp fragment that encompassed the yjjP promoter
but not to the other fragments. This fragment encompasses
positions —50 to +25 relative to that of the transcription start
and is, thus, identical to the fragment used in the yjjP promot-
er-lacZ fusion carrying the smallest yjjP promoter fragment
(Fig. 5B). Binding of LeuO to this fragment is in agreement
with repression of the yjjP promoter by LeuO.

DISCUSSION

We have shown that the yjjP-yjjQ-bgl] locus is regulated by
H-NS and the LysR-type regulator LeuO. The yjjO and bgl/
genes encoding LuxR-type transcription factors form an
operon whose repression by H-NS is counteracted by LeuO.
The yjjP gene located upstream of the yjjQ-bglJ operon and in
a divergent orientation is likewise repressed by H-NS but is not
activated by LeuO. The H-NS binding sites are presumably
spread throughout the extended 555-bp intergenic region, ex-
cept for the yjjO core promoter. For LeuO, three sites were
mapped. One of these LeuO sites that overlapped the diver-
gent yjjP promoter was required for the complete derepression
of the promoter of the yjjQ-bgl] operon. The arrangement of
binding sites suggests that H-NS forms an extended repressing
nucleoprotein complex that prevents transcription initiation at
both divergent promoters. Binding of LeuO and putative con-
comitant DNA looping could prevent spreading of the H-NS
nucleoprotein complex into the yjjQ promoter and thus relieve
its repression by H-NS. Repression of yjjP, yjjQ, and bgl/ by
H-NS has also been detected by genome scale analyses with E.
coli and S. enterica (36, 46, 48).

For the activation of H-NS-repressed loci, several mecha-
nisms have been reported (reviewed in references 16, 45, 51,
and 55). For example, in the case of the virF promoter in
Shigella flexneri, DNA bending is temperature dependent, and
repression is relieved at 37°C (49). Repression of the hdeAB
promoter in E. coli depends on the trapping of ¢70-associated
RNA polymerase, which induces a bend, while transcription
initiation of oS-associated RNA polymerase is not repressed
(57). Furthermore, binding of a transcription factor next to an
essential H-NS nucleation site can prevent the binding of
H-NS, as shown for the relief of the H-NS-mediated repression
of the icsB promoter in Shigella flexneri by VirB (59). Alterna-
tively, a bound transcription factor may form a barrier that
prevents spreading of the H-NS nucleoprotein complex into
the promoter, as proposed for autoregulation of the H-NS-
repressed leuO gene and the divergent leuABCD operon en-
coding enzymes of the leucine synthesis pathway (7). In the
case of the antagonistic regulation of the yjjO-bgl/ operon,
analyzed here, the arrangement of the binding sites indicates
that LeuO may form a DNA loop by binding to the yjjP pro-
moter and to the center of the intergenic region. LeuO-medi-
ated DNA looping may prevent spreading of the H-NS com-
plex into the promoter of the yjjO-bgl] operon. It is also
possible that H-NS traps RNA polymerase at the yjjQ pro-
moter by binding upstream and downstream and that LeuO
prevents the formation of that repressing DNA loop. In a
genome scale analysis, RNA polymerase and H-NS were both
found to be associated with the yjjO locus (48). An alternative
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mechanism in which LeuO prevents the binding of H-NS to a
nucleation site seems less likely. Such a mechanism was shown
for LeuO-mediated antirepression of the H-NS and StpA-
repressed Salmonella enterica ompS1 gene (12). However, in
the case of the yjjP-yjjO-bgl/ locus, H-NS binds to the center of
the intergenic region with the highest affinity, while LeuO
binds with highest affinity to the yjjP promoter fragment. DNA
looping by LeuO is further supported by the result that the yjjO
promoter is moderately repressed by LeuO in the Ans mutant
when the distal LeuO site overlapping the yjjP promoter is
missing (Fig. 4A).

The divergent arrangement of transcription units at the yjjP-
yjjO-bgll locus raises the possibility that transcription-induced
supercoiling (34) plays a role in its antagonistic regulation by
H-NS and LeuO, which again would relate to autoregulation of
the leuO gene (20, 21, 62). A similar divergent arrangement
and topological coupling has also been shown to be important
for the regulation of the ilvYC locus by the LysR-type tran-
scription factor IlvY (47). In addition, divergent transcription
units are a feature common to many loci that are regulated by
LysR-type transcription factors (54).

Regulation of the yjjQ-bgl/ operon by H-NS and LeuO adds
an additional aspect to the role of LeuO in the emerging
regulatory network important for in vivo induction of genes
and for pathogenicity. LeuO is involved in the control of bio-
film formation and pathogenicity in several bacteria (29, 42,
58). YjjQ encodes a putative pathogenicity determinant in
APEC and in S. enterica (see the introduction) (29, 33). BglJ
counteracts repression of the bgl operon by H-NS, as does
LeuO (23, 39, 60). Although the importance of LeuO has been
clearly defined in in vivo models for several bacterial patho-
gens, the regulatory effect of LeuO under in vitro growth
conditions has so far been observed only when LeuO was
constitutively overexpressed. In addition, no coinducer (or ef-
fector) of LeuO has been defined so far, although the activity
of other transcription factors of the LysR-family is controlled
by the binding of small molecules (see for example references
19, 27, 35, and 54). Furthermore, it is a common feature of
LysR-type transcription factors that the effector is not required
for the binding of the LysR-type regulator to DNA but alters
its interaction with the DNA (27, 35). For example, the LysR-
type transcription factor ArgP acts either as a repressor (when
associated with lysine) or as an activator (when associated with
arginine), stimulating promoter clearing at argO (27).
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