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Ler, a homolog of H-NS in enteropathogenic Escherichia coli (EPEC),
plays a critical role in the expression of virulence genes encoded by
the pathogenic island, locus of enterocyte effacement (LEE). Although
Ler acts as an antisilencer of multiple LEE operons by alleviating
H-NS–mediated silencing, it represses its own expression from two
LEE1 P1 promoters, P1A and P1B, that are separated by 10 bp. Var-
ious in vitro biochemical methods were used in this study to eluci-
date the mechanism underlying transcription repression by Ler. Ler
acts through two AATT motifs, centered at position −111.5 on the
coding strand and at +65.5 on the noncoding strand, by simulta-
neously repressing P1A and P1B through DNA-looping. DNA-looping
was visualized using atomic force microscopy. It is intriguing that an
antisilencing protein represses transcription, not by steric exclusion
of RNA polymerase, but by DNA-looping. We propose that the DNA-
looping prevents further processing of open promoter complex
(RPO) at these promoters during transcription initiation.

DNA-bending | first phosphodiester bond formation | road block transcript

Bacterial transcription initiation is a multistep process, during
which the RNA polymerase (RNAP)-promoter complex

undergoes a series of conformational changes, from an initial
closed (RPC) to an open (RPO) complex, all stages of which are
potentially subjected to regulation. It is generally perceived that
the formation of open complex is likely to be rate-determining
in the initiation of transcription for many promoters because tri-
phophate binding and subsequent initiation reaction is rapid (1–
4). The traditional model of transcriptional repression involves
competition between a repressor and RNAP for binding to DNA
at overlapping target sites (5, 6). In this model, steric exclusion
because of repressor binding at or near the promoter prevents
RNAP access to the promoter. An alternative model proposes
that binding of a repressor to bipartite operators flanking a pro-
moter creates DNA looping, thereby resulting in conformational
changes in the promoter DNA and transcription repression (7,
8). Repression requiring DNA looping has been experimentally
shown in several operons in Escherichia coli, including ara, lac,
gal, deo, and nag, which are reviewed in ref. 8. The best-studied
example, however, would be that of gal promoters in E. coli. The
dimeric GalR represses two gal promoters separated by 5 bp, P1
and P2, through simultaneous binding to upstream (OE) and
downstream (OI) operators, centered at −60.5 and at +53.5,
respectively (7). In this case, a bacterial histone-like protein, HU,
is required to stabilize the looped complex (9, 10). Furthermore,
in a limited number of cases it has been proposed that a direct
interaction between repressor- and promoter-bound RNAP re-
sults in transcription repression (11, 12).
Enteropathogenic E. coli (EPEC) is a pathogenic Gram-negative

bacterium. EPEC causes attaching and effacing intestinal lesions.

The genes involved in the formation of attaching and effacing
lesions are encoded within a chromosomal pathogenicity island,
locus of enterocyte effacement (LEE). The LEE region carries
five major operons, LEE1, LEE2, LEE3, LEE4, and LEE5, which
are repressed by the global regulator H-NS (13–15). Ler (LEE-
encoded regulator) is a member of the H-NS protein family
encoded by the first gene of the LEE1 operon. Although Ler
induces the expression of LEE2–5 by counteracting H-NS–
mediated silencing, it acts as a specific autorepressor of LEE1
transcription. The autoregulation limits the steady-state level
of Ler to concentrations that are just sufficient to counteract
H-NS–mediated silencing of the LEE promoters (16). It has been
reported that the lack of specific autorepression domain, but
having autocompensatory modulations for mutations, allows Ler
to restore its biological functions by alternative mechanisms (17).
The mechanism of Ler-mediated antisilencing has been ex-

tensively studied (14, 18–27). It was suggested that Ler coun-
teracts H-NS by displacing H-NS from specific promoter regions;
however, the mechanism of repression by Ler has not been
elucidated. In this study, the mechanism underlying Ler-medi-
ated repression of LEE1 P1 was investigated by using various
in vitro methods, including high-resolution atomic force micros-
copy (AFM). We report that the H-NS homolog Ler represses
transcription from LEE1 P1A and P1B (28) simultaneously
through DNA looping. The data suggest that oligomeric Ler (29)
acts on the two operator sites flanking LEE1 P1 promoters and
loops out the intervening DNA, in which RNAPs are trapped as
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an open promoter complex (RPO), as demonstrated by AFM and
other methods that dissect protein–DNA interactions. Interestingly,
we observed in vitro that in the absence of upstream operator,
downstream operator-bound Ler restores autorepression likely
by road-blocking the transcription elongation.

Results
Repression of LEE1 P1 by Ler. Expression of LEE1 in EPEC is
driven by two promoters separated by 10 bp, P1A and P1B (Fig.
1A) (28). To elucidate the mechanism underlying LEE1 P1
regulation by Ler, multiple-round in vitro transcription assays
using purified components, followed by analysis on 8% (wt/vol)
polyacrylamide DNA sequencing gels were used. LEE1 P1 DNA
from EPEC strain E2348/69 (−193 to +87) (Fig. 1A) was PCR-
amplified and cloned into pSA508 between the EcoR1 and Pst1
sites, located immediately upstream of the 54-bp Rho-independent
transcription terminator of the rpoC gene of E. coli (30, 31). [α-32P]
UTP was included in the reaction to detect nascent RNA. Multiple

transcripts were generated, with sizes ranging from ∼125–135 nt,
in addition to the 105-nt rna1 transcript from the origin of plasmid
replication (Fig. 1B) (31). It has been shown previously that the
transcripts are products of two P1 promoters, A+1 from P1A, and
A+8A+9A+10A+11 and A+13 from P1B (28). In the presence of
increasing concentrations of purified Ler, transcripts originating
from both P1A and P1B disappeared simultaneously. Mutant
LEE1 P1, lacking either one of the two promoters, was produced
by replacing critical A residues with G residues in the −10
hexamer of each promoter, generating P1A+/P1B− (A−2 to G)
and P1A−/P1B+ (A−12 to G) (28). Each mutant promoter gen-
erated transcripts from the respective functional promoter (first
lanes in each group of Fig. 1B). Addition of Ler resulted in
a reduction of the transcripts from the respective promoters, as
with intact wild-type LEE1 P1. Thus, Ler acts on the two pro-
moters simultaneously, which is unlikely to be the result of simple
steric exclusion (7).

Identification of Ler Action Sites. Promoter deletion analysis in vitro. To
identify the Ler action sites, LEE1 P1 DNA was serially deleted
from the 5′ end and assayed for Ler-mediated repression in vitro
(Fig. 2 A and B). Repression of P1A and P1B by Ler was nearly
the same with the constructs truncated at −193, −143, and −102:
over 90% repression was observed with 15 nM Ler, and at 30 nM
Ler full repression was seen (Fig. 2C). However, loss of re-
pression was observed at 15 and 30 nM of Ler in the construct
deleted to −82, which required an excessive of 60 nM Ler to
attain full repression. LEE1 P1 was then truncated from the 3′
end to +67 and +47, with the 5′ end remaining fixed at −193, and
assayed for Ler-mediated repression. Although transcripts from
P1A with the construct truncated at +67 partially overlapped
rna1, careful examination revealed that the repression was normal.
No repression was observed for the construct truncated at +47.
We concluded that Ler acted at both upstream (−143 and −82)
and downstream (+47 and +67) sites in LEE1 P1 and that re-
pression observed for the construct −82 to +87, with the highest
concentration of Ler, was mediated by the Ler bound to down-
stream action site (32).
Identification of operator sites in vivo.A recent NMR study suggested
that Ler recognizes a certain structural pattern in the DNA
minor groove associated with an AATT motif (33). Introduction
of TpA steps within the AATT motif has been shown to disrupt

Fig. 1. Regulatory effect of Ler on LEE1 P1. (A) Line scheme showing the
transcription start sites of P1A and P1B. P1A is assigned as +1. The positions
of two AATT Ler recognition sequences are shown (see below). (B) In vitro
transcription assays using LEE1 P1 DNA templates carrying wild-type pro-
moter or P1A−/P1B+ (A−12 to G) or P1A+/P1B− (A−2 to G) mutant promoter DNA,
were carried out in the absence or presence of 7,15, 30, and 60 nM Ler (lanes 1–
5 in each panel). Transcripts were separated on an 8% (wt/vol) denaturing gel.

Fig. 2. Promoter deletion analysis. (A) LEE1 P1 was truncated at the indicated upstream and downstream sites and cloned into pSA508. In vitro transcription
assays were carried out in the presence of 0, 15, 30, and 60 nM Ler (lanes 1–4 in each panel) and separated on an 8 M urea/8% (wt/vol) polyacrylamide gel. (B)
Schematic representation of LEE1 promoter deletion analysis shown in A. (C) The graph shows the amounts of P1A and P1B RNA in lanes 1–4 in A relative to
RNA generated in the absence of Ler. The RNA transcripts quantified by determining counts per minute (cpm) with a scanner were averaged and plotted as
a function of Ler concentration.
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Ler binding to their target sequences. Nucleotide sequence
analysis of LEE1 P1 DNA revealed a presence of AATT motifs,
centered at −111.5 on the coding strand (OR1) and at +65.5 on
the noncoding strand (OR2) of LEE1 P1 DNA. To determine Ler
action through OR1 and OR2, the LEE1 P1-carrying mutations
destroying AATT motifs at the operator sites (AATT→TTAA
substitution) were constructed and tested in vivo using a laboratory
strain of E. coli K-12 (MG1655). LEE1 P1 carrying AATT→TTAA
substitutions were cloned in pRS415 carrying promoterless lacZ
(34) and subsequently moved to construct respective λ lysogens
in the MG1655 test tube strain background (35). The ler cloned
under the arabinose-inducible araBAD promoter in pBAD33 (36)
were transformed into the above lysogenic strains and β-Galac-
tosidase activities were assessed during exponential growth of
bacteria in Luria-Bertani (LB) media in the presence or absence
of 0.2% L-arabinose (Table 1). The wild-type LEE1 P1 were re-
pressed about eightfold when promoter activities were compared
in the presence or absence of L-arabinose. The activities of the
LEE1 P1 promoter carrying TTAA substitutions were about the
same as the wild-type promoter in the absence of L-arabinose.
LEE1 P1 carrying the mutations at OR1 or OR2 were repressed
0.96-fold and 1.19-fold, respectively. Thus, the losses of repression
in the absence of OR1 or OR2 compared with that of the wild-type
construct suggested interdependency or cooperativity between the
operators (8). The repression in the absence of upstream operator
observed in vitro (Fig. 2) suggested that a different mechanism
predominates in vitro with purified components.
Independent binding of Ler to either of the operators. A gel mobility-
shift analysis was carried out to determine independent binding
of Ler to two operator sites in LEE1 P1. PCR amplified DNA
fragments (−193 to +1 and +27 to +87), each carrying either of
the operators (Fig. 3, panels A and B, respectively) and purified
Ler was used for the experiment. Migration of protein-bound
DNA to shifted positions on a 5% gel in the presence of in-
creasing amounts of Ler suggested that Ler binds to the two
operator sites independently of each other to repress the two
promoters simultaneously.

Ler-Binding Induced Changes in LEE1 Promoter DNA. DNase I pro-
tection was carried out to investigate changes in LEE1 promoter
DNA induced by Ler binding to two operator sites as well as
to verify the operator sites. LEE1 P1 DNA fragments were
incubated with increasing concentrations of Ler, followed by
DNase I treatment. A segment of ∼11 bp, from position −112 to
−102, was protected by Ler in the coding strand (Fig. 4 A and F),
whereas the region from +61 to +68 was protected in the non-
coding strand (Fig. 4 D and I); these sites containing the AATT
motif corresponded to the two operator sites, OR1 and OR2. In
addition to protection at the operator site, the coding strand
displayed a pattern of alternating enhanced and diminished
DNaseI-sensitive bands in the presence of Ler (Fig. 4A). One
example is a hypersensitive band at position −101 followed by
less-sensitive bands at positions −97 and −94. Relatively exten-
sive enhanced cleavage was observed from the band at −86 to
that at −69, separated by diminished cleavage at −77. Changes in
the DNase I sensitivity were more pronounced in the noncoding

strand. Upon Ler binding, simultaneous but periodic protected
regions followed by short regions of hypersensitivity were seen
starting from nucleotide position +29, which are situated 31 bp
away from the primary Ler binding site, OR2. Although Ler oc-
cupied OR1 weakly in the coding strand at a concentration of
60 nM, strong protection was seen in OR2 at 30 nM Ler. Further
increases in Ler concentration resulted in enhanced cleavage
by DNase I. A pattern of alternating enhanced and diminished
DNase I-sensitive bands between two primary binding sites sug-
gests DNA looping that are a typical to the DNA loops with
100–200 bp (7, 37–42). In a DNA loop, the enhanced cleavages
outside of the loop and diminished cleavages inside the loop can
be attributed to curvature of the DNA backbone. This pattern on
LEE1 P1 DNA could therefore display cooperative binding of
Ler to OR1 and OR2. However, the possibility that the multiple
periodic footprints were a result of extended Ler binding to
DNA at the primary binding sites could not be ruled out. Thus,
we examined the DNase I sensitivity pattern of LEE1 P1 DNA
lacking either of the two operators. The OR1-deleted coding
strand (−93 to +87) (Fig. 4 B and G) lacked the dark and light
bands that were present in Fig. 4A, whereas its noncoding
counterpart showed very weak binding of Ler to the OR2 and
lack of multiple protection and hypersensitive band pattern
reasserting the loss of cooperativity (Fig. 4 C and H). The abo-
lition of cooperativity and loss of consecutive enhanced and di-
minished band patterns in the mutant DNA further suggested
the occurrence of DNA looping (38). Interestingly, the OR2-
deleted DNA (−134 to +47 on the noncoding strand) (Fig. 4 E
and I) showed an altered band patterns compared with the wild-
type noncoding strand (Fig. 4D).
For example, a loss of protection at the first three bases (+29

to +26) compared with Fig. 4D, wherein a complete protection
was seen from position +29 to +18. The protection pattern was
gradual and weak from positions +26 to +18, +12 to +2, and −3
to −18, with increasing concentrations of Ler. The hypersensitive
bands at positions +31 and +32 disappeared but those at posi-
tions +14, +15, +16, and +17 were reduced in intensity even at
the highest concentration of Ler. Furthermore, new hypersen-
sitive bands appeared at positions −36, −45, and −46. Thus, the
change in the binding pattern and the degree of occupancy at the
above mentioned positions suggested an alternative mode of Ler
binding in the absence of OR2.

Effect of Phase Change on Ler–Mediated Repression. It is known that
short stretches of DNA resist torsional changes (43–45) and that
the proper angular orientation of two binding sites is necessary

Table 1. Effect of operator mutation on LEE1 P1 expression in
MG1655

Strain

Miller Unit

Ler− Ler+ Fold repression

AB5024 (wild-type) 327.2 40.7 8.0
AB5033 (OR1

−) 230.6 239.2 0.96
AB5034 (OR2

−) 250.3 209.4 1.19

Ler was supplied from pBAD33::ler; Miller unit = A420·min·mL/A600 × 1,000.

Fig. 3. Gel mobility-shift assay. Ler binding to LEE1 P1 DNA sequences −193
to +1 (A) and +27 to +87 (B). Ler was included in the preincubation mix at
a concentration of 0, 30, and 60 nM (lanes 1–3). Samples were analyzed by
electrophoresis in a 5% (vol/vol) native polyacrylamide gel.
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for the looping of a short DNA fragment by bound protein (7).
To explore the possibility that Ler proteins bound to the sites
centered at −111.5 and +65.5 associate to induce DNA looping,
mutant LEE1 P1 sequences, carrying a 5-bp insertion (a half
helical turn) or a 10-bp insertion (a full helical turn) at position
−63, were created and assayed in vitro (Fig. 5). With the 5-bp
insertion, the extent of repression of P1A and P1B transcripts by
Ler was significantly reduced. Partial repression could be at-
tributed to Ler bound to the downstream site, as observed with
the −82 to +87 construct in Fig. 2 (32). With the 10-bp insertion,
Ler-mediated repression of P1A and P1B transcripts was as ef-
ficient as that of wild-type LEE1 P1 DNA. These results are
consistent with the DNA looping model, which predicts that no
repression should occur when the angular orientation of the two
sites is shifted by the addition of a one-half DNA helical turn,
and full repression should occur when the orientation of two sites
is restored by the addition of a full helical turn. This mechanism
closely resembles that underlying the repression of gal promoters
in E. coli, where GalR bound to two operators flanking two
promoters induces DNA looping (7).

Visualization of DNA Looping. High-resolution AFM was used to
visualize Ler-bound LEE1 P1 DNA (−193 to +107). DNA was
prepared by PCR amplification using primers bound at −255 and
+561 relative to the +1 position of LEE1 P1, thereby adding ad-
ditional sequences to the upstream and downstream ends (Fig. S1).

Closed circular DNA was used to avoid nonspecific binding
of Ler to DNA fragment ends. Closed circular DNA was pre-
pared by PCR amplification using 5′-biotin−derivatized primers,
which resulted in DNA biotinylation at both ends. Added
streptavidin bound to the biotin residues, circularized the DNA
strands, and provided a visual reference (Fig. 6A). LEE1 P1-Ler
complexes were formed under in vitro reaction conditions, de-
posited on mica and Ler-induced changes in DNA conformation
were observed by AFM (Materials and Methods). Fig. 6B shows
a representative picture on the mica: 14 molecules with DNA
loop and 14 molecules without DNA loop. Small loops (Fig. 6B,
green arrowheads) were observed approximately at a third po-
sition from the streptavidin molecules (Fig. 6B, yellow arrow-
heads) on the DNA circles, where LEE1 P1 should be located.
Looped DNA molecules were collected and the distance of DNA
arms from the knots at the entry of loops to the streptavidin was
determined (Fig. 6C). The average length of the short and long
arms was 45 nm and 140 nm, respectively. The average length of
each base pair, estimated from the length (259 nm) of the 816-bp
strand of closed circular DNA, was 0.317 nm. Thus, the short and
long arms would consist of 141 and 441 bp, respectively. The
positions located at −265 and +551 relative to the +1 position of
LEE1 P1 would correspond to −117 and +107. This estimate is
a close approximation of what is derived from the studies pre-
sented in Figs. 2 and 3 (i.e., −115.5 and +65.5). Taken together,
these data suggest that the multimeric Ler interacts with operator

Fig. 4. DNase I footprint analysis. The results of coding strands from −193 to +87 (A), −93 to +87 (B) and noncoding strands from −93 to +87 (C), −134 to +87
(D), and −134 to +47 (E) are presented. [γ-32P] ATP labeled PCR products were incubated with increasing concentrations of Ler followed by DNase I treatment.
The concentrations of Ler were 0 (lanes 1 and 6) and 7, 15, 30, and 60 nM in lanes 1–5. G/A sequencing markers are shown. OR1 and OR2 are the two primary
operator sites occupied by Ler. The data presented in A–E are aligned with the LEE1 P1 sequence in F–J, respectively. The AATT motifs in OR1 and OR2 are
boxed. Closed and open triangles represent enhanced and diminished bands, respectively. Asterisks represent disappeared band patterns that were present in
A or D and dashed open triangles represent loss of protections that were present in D. Arrows represent appearance of new bands.
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sites by recognizing AATT motifs on two opposite strands
of DNA simultaneously to induce DNA looping.

Repression of the Transcription Initiation Stage by Ler. A gel-shift
analysis of initiation complex.The conventional steric exclusion model
of transcription repression assumes that repressor binding pre-
vents occupation of the promoter by RNAP (6, 31). However, the
results described so far in this report have implicated DNA
looping as a primary mechanism underlying repression of LEE1
P1 by Ler. To determine whether RNAP was present on the Ler-
induced DNA loop in LEE1 P1, a gel-retardation assay was car-
ried out. Ler or RNAP were incubated with LEE1 P1 DNA (−193
to +87) for 10 min before loading onto a 5% (vol/vol) native gel
(Fig. 7). To distinguish between RNAPs binding to P1A and P1B,
mutants devoid of one of the two promoters were used; these
were P1A+/P1B− (A−2 to G in Fig. 7A) and P1A−/P1B+ (A−12 to G
in Fig. 7B). Ler (15 kDa) and RNAP (500 kDa) formed complexes
with LEE1 P1 DNA that migrated only slightly to the position
on the gel near the top (Fig. 7, lanes 2–4). The complexes
formed with LEE1 P1 DNA in the presence of both Ler and
RNAP produced a gel-migration pattern (Fig. 7, lanes 5 and 6)
that was indistinguishable from those of RNAP-DNA or Ler-
DNA binary complexes. In the gel-retardation experiments, loo-
ped DNA–protein complexes exhibit high retardation (42, 46, 47).
High retardation of this Ler–DNA complex contrasted clearly with
the mobility of Ler bound to the DNA containing either one of the
operators (Fig. 3). Furthermore, sharply shifted bands with no
smearing also indicated that the Ler–DNA complexes were highly
stable. When the Western blot analysis was carried out using anti-
bodies specific for Ler or the RNAP α-subunit, both antibodies
recognized the same band (black arrowheads with dashed lines).
There was no change in the intensity of the anti-RNAP antibody-
positive band with increasing Ler concentration, suggesting that Ler
did not destabilize the RNAP–LEE1 P1 complex at both promoters.
Bands (gray arrowheads in Fig. 7) below the major bands were
taken to be unbound RNAP. These data suggest that Ler does not

interfere with RNAP binding to either P1A or P1B, but forms
a ternary complex with RNAP.
Analysis of LEE1 P1 DNA-Ler-RNAP complex by DNase I footprinting.
DNase I protection assays were carried out with LEE1 P1 DNA
in the presence or absence of Ler and RNAP (Fig. 8). Distinct
patterns were observed on the noncoding strand in the presence
of RNAP or Ler or both. The DNA backbone adjacent to
nucleotides at positions +15, +11, +10, +2, +1, −13, −15, −16,
−24, −25, and −26 was much more sensitive to DNase I in the
presence of RNAP and Ler together, compared with either
protein alone. In contrast, the DNA backbone near nucleotides
at +24, +18, +17, +13, +3, −6, −8, −21, −50, and −51 was less
sensitive to DNase I in the presence of RNAP and Ler together
than in the presence of either protein alone. The pattern obtained
with RNAP and Ler was clearly different from that obtained with
Ler alone, which is not what would be expected if Ler binding
prevented RNAP binding. The experiment was repeated to visu-
alize downstream of +20 and the density plot was generated ac-
cordingly (Fig. S2). The results indicate that Ler and RNAP bind
simultaneously to LEE1 P1 DNA, suggesting that transcription
repression occurs at a step subsequent to RPC formation, such as
RPO formation or subsequent step in the initiation process (11).
Analysis of LEE1 P1 DNA-Ler-RNAP complex by KMnO4 footprinting. The
KMnO4 assay detects unpaired bases at the −10 region in RPO
(48–50), and was used to identify reactive bases generated by
RNAP in the absence and presence of increasing concentrations
of Ler (Fig. 9). We previously reported KMnO4-reactive bands
for P1A and P1B using mutants defective in either one of the two
promoters (Fig. 4) (28). Binding of RNAP induced the opening of
several base pairs in and around the promoter core: T−19, T−20,
and T−21 for P1A; T+4 and T+5 for P1B (Fig. 9, lane 2) compared
with the control containing no protein (Fig. 9, lane 1). These sites
are unique features of the RPO on each promoter; other sites,
including T−4, T−5, and T−6, are reactive in both promoters. The
intensities of the KMnO4-hypersensitive bands created by RNAP
were not decreased in the presence of increasing concentrations
of Ler (Fig. 9, lanes 3 and 4). These results indicate that Ler
does not prevent RNAP from forming an RPO at both LEE1 P1
promoters. Thus, DNA looping induced by Ler appears to block
a step subsequent to RPO formation at these promoters, but pre-
sumably before the first phosphodiester bond formation.

Discussion
We have shown that Ler represses simultaneously both P1A and
P1B promoters, which are separated by one helical turn (10 bp)
(28), by binding to two primary operator sites positioned at
−111.5 and +65.5. Mutation of either of the operator sites led to
complete loss of Ler-mediated repression in vivo, suggesting
cooperativity between the two operator sites (Table 1). The
observed cooperativity was tested in vitro and verified by AFM
analysis, which encouraged us to propose DNA looping as the
notable cause of repression. We have seen that Ler represses
completely at a concentration of 30 nM in the constructs con-
taining intact upstream and downstream operators, whereas the
construct deleted of OR1 demanded up to 60 nM Ler to achieve
full repression (Fig. 2). Moreover the DNase I footprinting using
DNA fragments deleted of OR1 showed weak binding of Ler to
OR2 and lack of periodic hypersensitive/diminished band pattern
(Fig. 4 B and C), suggesting loss of cooperativity (8). However,
near full-length repression was observed in vitro under OR1-
lacking condition, as exemplified by the construct deleted to
−102 (Fig. 2). We speculate that this could be a result of the
“road-block” effect of Ler-bound downstream operator (OR2),
which may be predominant in vitro (11, 32, 51, 52). The construct
deleted of OR2 (−193 ∼ +47) showed complete loss of repression
in the Fig. 2 even at highest Ler concentration, yet a weak and
diminished band pattern was seen in the Fig. 4E. The altered
band pattern observed only at highest concentration of Ler

Fig. 5. Effect of operator site spatial registration on Ler-mediated repression
of LEE1 P1. Ler was titrated in vitro using wild-type DNA and mutant DNA
carrying either a 5-bp (ACTAA) or a 10-bp (ACTAATATGT) insertion at −63.
The results of in vitro transcription in the presence of 0, 15, 30, and 60 nM
Ler (lanes 1–4), followed by electrophoresis in an 8% (wt/vol) denaturing gel,
are shown in A. (B) The amounts of P1A and P1B RNA in lanes 1–4 relative to
RNA generated in the absence of Ler.
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(Fig. 4E and Results) could be because of the binding of multiple
Ler molecules that stretches toward the core promoter region. If
repression involved a protein–protein interaction and steric exclu-
sion, it is unlikely that the deletions would have affected the two
promoters in the same way. Further support for the involvement of
DNA looping in the repression of the two promoters by Ler is
provided by the observation that Ler action sites at approximate
positions −111.5 and +65.5 are located at too great a distance to
exert a direct effect on RNAP at the two promoters.
We propose herein that the C-terminal domain of Ler interacts

with AATT motifs on two opposite strands of DNA (33) and that
the N-terminal domains of two Ler molecules associate to form a
dimer (17, 18). A recent NMR study of the DNA-binding domain
of Ler (residues 70–116) suggests that Ler recognizes a preexisting
structural pattern in the DNA minor groove formed by two con-
secutive regions that are narrower and wider, respectively, than
standard B-DNA (33). The compressed region associated with an
AATT motif is sensed by the side chain of Arg90 of Ler and the
expanded groove allows the approach of the loop in which Arg90
is located. Arg90 is present in the DNA-binding motif sequence
TWSGVGRQP. Consistently, we observed AATT motifs centered
at position −111.5 in the coding strand and +65.5 in the noncoding
strand of LEE1 P1, suggesting that dimeric Ler binds to these sites
in a parallel orientation. Interruption of the AATT motif by in-
troducing TpA steps has been shown to affect the stability of
CT-Ler–DNA complex, and TpG step is preferred over TpA

for the stability of the complex (33). By mutating AATT→TTAA,
we have introduced T−111pA−110 in OR1 and T+64pA+65 in OR2 and
observed a complete loss of repression by Ler (Table 1). Taken
together, these data suggest that dimeric Ler binds to AATT on
opposite strands, with rotation of intervening DNA bringing the
two binding sites facing each other in space to interact. Looping
of short (177 bp) segments of DNA should require significant
curvature of the sugar-phosphate backbone in the intervening
DNA; this was shown by the results of the DNase I protection
assay (Fig. 4), where alternating DNase I-sensitive sites occurred
at periodical intervals (38–40). Taking the results of this study
into account, we interpret the periodic DNase I protection pat-
tern as evidence of DNA looping rather than binding of multiple
Ler molecules.
Repression of LEE1 P1 by a mechanism involving DNA

looping is both similar to and distinct from the mechanism un-
derlying repression of hdeABp by H-NS in E. coli (53). It has
been suggested that the DNA looping created by association of
H-NS bound to upstream and downstream sites of hdeABp DNA
requires the presence of RNAP at the promoter. In this context,
RNAP binding results in crossing over of the DNA arms that are
sealed off by H-NS molecules. In contrast, in the case of LEE1
P1, DNA-looping by Ler takes place in the absence of other
factors, such as RNAP (Fig. 6). It has been reported that cir-
cularization of DNA segments of less than 500 bp with cohesive
ends by T4 DNA ligase requires proper helical orientation of the

Fig. 6. Analysis of DNA looping by AFM. (A) An AFM image of closed circular DNA created upon addition of streptavidin to biotinylated DNA. (B) DNA loop
(green arrowheads) formed upon addition of Ler to closed circular DNA carrying lerP. Yellow arrowheads indicate streptavidin molecules. (C) Representative
image and a drawing showing short (b) and long (c) arms relative to the reference strepatividin molecule (oval). Histograms show total length (a) and the
lengths of the short (b) and long (c) arms estimated from 30 molecules with the DNA loop.
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two ends because of torsional inflexibility of the DNA (7, 54). If
the number of base pairs in the DNA fragment is not an integral
multiple of the helix repeat, the need to twist the DNA helix to
make the ends meet reduces the probability of circularization.
This finding is consistent with our observation that addition of
one half helical turn between the two binding sites of Ler reduces
its repressive effect on transcription (Fig. 5).
In general, a DNA segment smaller than 150 bp is virtually

impossible to circularize (55) in the absence of another factor,
such as negative supercoiling or a protein with DNA-bending
capability. DNA looping by GalR requires HU (7, 9) and the
looping of hdeABp DNA by H-NS requires RNAP (Esigma70)
(53). Despite the high cost in free energy, however, Ler circu-
larizes LEE P1 DNA in the absence of other factors, as observed
with LacI (7). In the case of LacI, the tetrameric protein binds,
with apparent KD of 10−13 M, to a bipartite operator, OR1 and
OR2, on lacP separated by nine helical turns on supercoiled DNA
(46, 56). It therefore is intriguing to observe DNA looping by
Ler, a homolog of H-NS that binds to DNA rather weakly, ap-
parent KD ranging from 10−8 to 10−7M depending on the binding
sequences (57, 58), even though distance between the bipartite
operators is 177 bp, slightly longer than the persistence length of
DNA, 150 bp (55). It is conjectured that the intervening se-
quence contains highly bendable DNA motifs (59). Circulariza-
tion of DNA results in a perturbation of the DNA helix (60).
Perturbation of DNA structure within the promoter region
would create a kinetic or energetic barrier for the conformation
change that accompanies RNAP–promoter complex formation
during transcription initiation. Apparently, the modes of DNA-
looping of LEE1 P1 by Ler and of hdeABp by H-NS are distinct.
However, in both cases, RNAP remains bound to the promoters
as an open promoter complex (RPO) (Figs. 7–9), which should
most readily transform into productive initiation complex (1). It
is possible that the DNA loop commonly forms an energetic
barrier to the RNAP–promoter complex, resulting in failure
to form the first phosphodiester bond. Alternatively, the open

complexes, formed in the presence of Ler, may be too stable to
process into the elongation mode (61).
Autoregulation of LEE1 P1 has been proposed as a critical

factor for maintaining a balance between two apparently opposed
processes (i.e., maximizing bacterial colonization via increases in
the expression of virulence genes and minimizing the immune
responses of the host by limiting the expression of LEE-encoded
genes) (16). In this study, we demonstrated that Ler regulates its
own expression through DNA looping. This function of Ler must
be separate from its function as a transcription antisilencer,
achieved by displacing H-NS. Autorepression is frequently ob-
served with transcription activators belonging to the AraC-XylS
family, which often bind to multiple DNA sites (62). It is gen-
erally presumed that the autorepression occurs by a steric-
exclusion mechanism, whereby the activator binds to a site near
or overlapping its own promoter, resulting in transcription re-
pression (5). In the case of crp autoregulation, the cAMP–CRP
complex stimulates binding of a RNAP to a partially overlapping
divergent promoter and this binding of RNAP interferes the
occupation of RNAP at the crp promoter (63). The fnr is auto-
regulated by FNR binding to −7 to +7, which blocks RNAP from
binding to its own promoter (64). Autorepression by DNA-looping
has been reported with araPC by AraC, which regulates the ex-
pression of the nine genes arranged in five operons required for
the uptake and catabolism of the sugar L-arabinose (65). Although

Fig. 7. Gel mobility-shift and Western analysis of simultaneous binding
of Ler and RNAP to LEE1 P1 DNA (−193 to +87). Mobility shift assays were
carried out with the 2-nM mutant promoter P1A+/P1B− (A) or P1A−/P1B+

(B) in the presence of 0 (lanes 1 and 4), 30 (lanes 2 and 5), and 60 nM
(lanes 3 and 6) Ler. LEE1 P1 DNA was incubated with Ler and 20 nM RNAP
for 10 min. Panels show an image of a 5% (vol/vol) native PAGE gel (Left)
and the corresponding PVDF membranes probed with antibody against Ler
(Center) or RNAP α-subunit (Right). Bound antibodies were detected by
enhanced chemiluminescence. The dark arrowheads with dashed lines
indicate ternary complexes of DNA, RNAP, and Ler. The gray arrowheads
indicate unbound RNAP.

Fig. 8. DNase I protection assay with RNAP in the presence or absence of
Ler on the LEE1 P1 noncoding strand as determined by primer extension.
[γ-32P] ATP-labeled PCR products (−134 to +87) were treated with DNase I in
the presence of 20 nM RNAP or 60 nM Ler or Ler plus RNAP, or no protein as
indicated above each lane. Sequencing marker lane is indicated. The density
plot on the right shows the pattern in the presence of no protein (red), Ler
(green), RNAP (blue), and Ler plus RNAP (magenta).
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AraC binds to multiple sites flanking araPc, the promoter-down-
stream site (O2) is essential for araC autoregulation (66). It has
been suggested that AraC binds to different promoter-upstream
high-affinity sites depending on the presence or absence of arab-
inose, which allows cooperative binding of AraC to the low-affinity

araO2, resulting in a DNA looping. The autorepression could be
from the AraC or the DNA loop interfering with RNAP binding
or AraC bound to araO2 blocking the RNAP elongation (67, 68).
In this regard, Ler is unique in that it regulates its own expression
via DNA looping, in which the RNAP trapped in the DNA loop
would act as a repressor.

Materials and Methods
Strains and Plasmids. The primers and plasmids used in this study are listed in
Table S1 and Table 2, respectively. Cultures of E. coli or EPEC 2348/69 were
grown in LB medium or DMEM, respectively, with appropriate antibiotics
(ampicillin 100 μg/mL−1, chloramphenicol 35 μg/mL−1). LEE1 P1 DNA was
obtained by PCR amplification of EPEC strain E2348/69 chromosomal DNA
(69). Single-copy lacZ fusion promoter constructs under the MG1655 strain
background were obtained by cloning LEE1 P1 fragments into pRS415 and
subsequent homologous recombination with bacteriophage λRS45 (34). The
lysogen constructs were transformed with pBAD33::ler.

Promoter Constructions. The promoter constructs used for in vitro assays were
obtained by cloning LEE1 P1 DNA fragments between the EcoR1 and Pst1
sites of the transcriptional vector pSA508 (31). LEE1 P1 fragment from −193
to +152 was PCR amplified and inserted between EcoR1 and BamH1 sites of
pRS415. Mutant promoters P1A+/P1B− (A−2 to G) and P1A−/P1B+ (A−12 to G)
were generated by cloning the synthetic DNA oligomers as in ref. 28. Pro-
moters carrying 5-bp or 10-bp insertions or AATT to TTAA substitutions were
generated by oligo-directed mutagenesis followed by overlapping PCR
(Table S2). pBAD33::ler and 10lys-ler-6his were constructed by inserting PCR
amplified ler gene into the EcoR1 and Kpn1 sites of pBAD33 and pBAD24,
respectively.

β-Galactosidase Assay. Briefly, λ lysogens under the MG1655 strain back-
ground were transformed with pBAD33::ler and the cultures were grown in
LB medium supplemented with appropriate antibiotics in aeration condition
and in presence or absence of 0.2% L-arabinose at 37 °C. Cultures were
sampled at OD600 and β-Galactosidase assay was performed as described in
ref. 69. Assays were performed in triplicates and the values (in Miller units)
were expressed in mean ± SD.

In Vitro Transcription Assay. Transcription reactions were carried out as de-
scribed in ref. 31. Briefly, 2 nMDNA template, 1 mMATP, 0.1 mMGTP, 0.1 mM

Fig. 9. Ler blocks the step subsequent to RPO formation on LEE1 P1. LEE1 P1
DNA (−193 to +87) was end-labeled with [γ-32P] ATP and reacted with
20 nM RNAP in the absence (lane 2) or presence of 30 nM (lane 3) or
60 nM (lane 4) Ler. The DNA-protein complex was probed with KMnO4.
Lane 1 is a protein-free control. The DNA sequencing ladder is shown
on the left. KMnO4-hyperreactive bases of P1A and P1B in RPO are
indicated.

Table 2. Plasmids and strains used in this study

Plasmids or strains Description Source

Plasmids
pSA508* Transcriptional vector, Amp r (27)
pAB528 LEE1 P1 (−193 to +87) in pSA508 Present work
pAB517 LEE1 P1 (−193 to +67) in pSA508 Present work
pAB518 LEE1 P1 (−193 to +47) in pSA508 Present work
pAB524 LEE1 P1 (−82 to +87) in pSA508 Present work
pHJ75 LEE1 P1 (−143 to +87) in pSA508 Present work
pAB529 LEE1 P1 (−102 to +87) in pSA508 Present work
pHJ76 LEE1 P1 (−93 to +87) in pSA508 Present work
pAB530 ∇5bp at −63 in pAB528 Present work
pAB531 ∇10bp at −63 in pAB528 Present work
pHJ77 LEE1 P1 (-193 to +87) A−2 substituted by G in pSA508 (24)
pHJ78 LEE1 P1 (-193 to +87) A−12 substituted by G in pSA508 (24)
pAB543 LEE1 P1 (−193 to +152) in pRS415 Present work
pAB547 AATT substituted by TTAA at −112 in pAB543 Present work
pAB548 AATT substituted by TTAA at +62 in pAB543 Present work
pBAD33 araC-PBAD promoter low copy vector system, Cm r (32)
pBAD33::ler Ler ORF in pBAD33 Present work

Strains
MG1655 E. coli wild-type Waterborne Virus Bank (Seoul, Korea)
2348/69 Wild-type EPEC O127:H6 (63)
CH1018 MG1655, [argF-lac]Δ (73)
AB5027 CH1018, ΦLee1 P1 (-193 ∼ +152)::lacZYA Present work
AB5033 CH1018, ΦLee1 P1 (−193 ∼ +152, AATT substituted by TTAA at -112)::lacZYA Present work
AB5034 CH1018, ΦLee1 P1 (−193 ∼ +152, AATT substituted by TTAA at +62)::lacZYA Present work
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CTP, 0.01 mM UTP, and 10–20 μCi of [α-32P] UTP were preincubated in 20 mM
Tris·acetate, pH 7.8, containing 10 mM magnesium acetate, 200 mM potas-
sium glutamate at 37 °C for 10 min. Different concentrations of Ler were
added and incubated further for 5 min. Transcription was initiated by the
addition of 20 nM RNA polymerase in a total volume of 10 μL and termi-
nated after 10 min at 37 °C by the addition of an equal volume of RNA
loading buffer consisting of 80% (vol/vol) deionized formamide, 1× TBE
(89 mM Tris, 89 mM boric acid, 2 mM EDTA), 0.025% bromophenol blue,
and 0.025% xylene cyanole. The mixture was separated by electrophoresis
in an 8 M urea/8% (wt/vol) polyacrylamide sequencing gel (40 cm × 0.4 mm).
RNA polymerase holoenzyme from strain BL21 was purchased from Epi-
centre. The RNA transcripts were quantified by determining cpm with a β-
scanner (FLA3000, Fuji Instrument).

DNase I Footprint Analysis. The experiments were performed as described in
ref. 70. The reaction conditions (10 μL total volume) were same as in in vitro
transcription assay except that nucleotides were omitted. Next, 2–3 nM
[γ-32P]ATP labeled PCR DNA was preincubated along with buffer containing
20 mM Tris·acetate, pH 7.8, containing 10 mM magnesium acetate, 200 mM
potassium glutamate, and BSA (200 μg/μL) at 37 °C for 10 min. DNase I (1 ng/μL)
was then added and incubated for 20 s. The reaction was stopped by adding
stop buffer containing 0.5 M sodium acetate, pH 5.2, 50 mM EDTA and tRNA
(100 μg/μL). Modified bases were analyzed by primer extension analysis (see
main text). The primers were annealed to upstream (−193-CGGAATTCCAG-
CTTGGTTTTTATTCTG; −93-CGGAATTCTAACGAGATGGTTTTCTTCT; −134-CG-
CTTAACTAAATGGAAATGC) and downstream (+87-CGGGATCCGAGATAAC-
GTTTAT CTATC; +47-GGTT CTGCAGCATCAAACAACCACCTTA). The band
intensities were quantified by determining cpm with a β-scanner (FLA3000).

Primer Extension Analysis. Primer extension analysis used the alkaline de-
naturation procedure described by ref. 50. Sequencing analysis was done
using AccuPower and Top DNA Sequencing Kit, Bioneer.

KMnO4 Assay. LEE1 P1 DNA (−193 to +87) was amplified by PCR with the 27-
mer primers 5′-CGGAATTCCAGCTTGGTTTTTATTCTG-3′, 5′-CGGGATCCGA-
GATAACGTTTATCTATC-3′ and labeled using [γ-32P]ATP. KMnO4 reactions
were carried out as described in ref. 50. The reaction conditions were the
same as for the in vitro transcription reactions except that nucleotides were
omitted. Bases modified by KMnO4 were analyzed by sequencing.

Gel Mobility-Shift Assay. Gel mobility-shift assays were carried out as de-
scribed in ref. 71. Assays were performed using various PCR fragments of the
Ler promoter that were end-labeled with [γ-32P]ATP using T4 polynucleotide
kinase (Promega). Reaction mixtures contained 2 nM end-labeled LEE1 P1
DNA fragments in transcription buffer and different concentrations of Ler or
RNAP. The mixture was incubated for 10 min at 37 °C and then separated in
a 5% (vol/vol) native polyacrylamide gel (50:1) at 100 V for 1.5 h.

Western Analysis. DNA–protein complexes were transferred from the native
polyacrylamide gel to a nitrocellulose membrane and probed with mono-
clonal antibody against the α-subunit of RNAP (Neoclone) and anti-Ler an-
tibody prepared from mouse serum. Secondary antibody conjugated to
alkaline phosphatase was used for visualization and was detected using
BCIP/NBT (Sigma-Aldrich).

Expression and Purification of Ler. Wild-type E. coli MG1655 cells expressing
the plasmid were grown in LB medium in the presence of 0.2% arabinose to
induce ler. The bacterial cultures were centrifuged at 26,817 × g for 30 min
and the pellet was resuspended in sample buffer containing 20 mM pH 7.5
Tris and 500 mM NaCl. Cells were lysed using a FRENCH pressure cell press
(Thermo Electron) and the lysate was passed through His Akta Prime Plus
(Amersham Biosciences). Proteins were eluted with 20 mM Tris, pH 7.5,
containing 500 mM NaCl and 500 mM imidazole. Fractions containing Ler
were identified by electrophoresis of each fraction followed by Western
analysis with anti-Ler antibody. Ler-containing fractions were concentrated
using a 10,000 molecular weight cut-off CENTRICON filter (Millipore). Pro-
tein concentration was estimated by the Bradford assay (Sigma-Aldrich).

AFM Analysis. The biotinylated DNA fragment containing LEE1 P1 was pre-
pared by PCR amplification using 5′-biotin-derivatized primers of vector
sequence as described in ref. 72. The DNA product was mixed with 10 ng
streptavidin and incubated in transcription buffer at 37 °C for 30 min. The
DNA–protein complex was prepared by incubating 3 ng Ler and 2 nM bio-
tinylated DNA fragment coupled to streptavidin in buffer containing 20 mM
Tris·acetate, pH 7.8, 10 mM magnesium acetate, and 200 mM potassium
glutamate at 37 °C for 10 min in a total volume of 10 μL. The whole reaction
mixtures were deposited onto freshly cleaved mica and incubated at room
temperature for 15 min. The mica disk was rinsed with distilled water and
dried under nitrogen gas. AFM images of DNA-protein complexes were
obtained under air with a NanoscopeIIIa or IV (Digital Instruments) in tap-
ping mode with the cantilever (OMCL-AC160TS-W2, Olympus). The cantile-
ver used was 129 μm in length with spring constant of 33–62 N/m. The
microscope was equipped with a type E scanner. Images (512 × 512 pixels)
were collected with a scan size of 2 mm at a scan rate of one scan line per
second. Images were processed for analysis with Femtoscan software (Ad-
vanced Technologies Center).

ACKNOWLEDGMENTS. We thank Dr. Seok-Yong Choi (Chonnam National
University Medical School) for critical reading of the manuscript and K.T.
for providing necessary tools for the atomic force microscope imagery.
This work was supported by National Research Foundation of Korea (2012-
0006073) and a Korean Research Foundation postdoctoral fellowship (to M.S.).

1. Nierman WC, Chamberlin MJ (1979) Studies of RNA chain initiation by Escherichia coli
RNA polymerase bound to T7 DNA. Direct analysis of the kinetics and extent of RNA
chain initiation at T7 promoter A1. J Biol Chem 254(16):7921–7926.

2. Chamberlin MJ (1974) The selectivity of transcription. Annu Rev Biochem 43(0):
721–775.

3. Krakow JS, Rhodes G, Jovin TM (1976) in RNA Ploymerase, eds Losick R, Chamberlin M
(Cold Spring Harbor Lab Press, Cold Spring Harbor, NY) pp 127–157.

4. McClure WR (1980) Rate-limiting steps in RNA chain initiation. Proc Natl Acad Sci USA
77(10):5634–5638.

5. Choy HE, Adhya S (1996) in Cellular and Molecular Biology, ed Neidhardt F (ASM Press,
Washington, D.C), pp 1287–1299.

6. Record MTJ, Reznikoff WS, Craig ML, McQuade KL, Schlax PJ (1996) Escherichia coli
RNA polymerase (Eσ70) promoters and the kinetics of the steps of transcription ini-
tiation. In Escherichia Coli and Salmonella: Cellular and Molecular Biology, ed
Neidhardt FC (American Society for Microbiology, Washington, DC), pp 792–820.

7. Choy HE, Park SW, Parrack P, Adhya S (1995) Transcription regulation by inflexibility
of promoter DNA in a looped complex. Proc Natl Acad Sci USA 92(16):7327–7331.

8. Cournac A, Plumbridge J (2013) DNA looping in prokaryotes: Experimental and the-
oretical approaches. J Bacteriol 195(6):1109–1119.

9. Aki T, Choy HE, Adhya S (1996) Histone-like protein HU as a specific transcriptional
regulator: Co-factor role in repression of gal transcription by GAL repressor. Genes
Cells 1(2):179–188.

10. Roy S, et al. (2005) Gal repressor-operator-HU ternary complex: Pathway of repress-
osome formation. Biochemistry 44(14):5373–5380.

11. Choy HE, et al. (1995) Repression and activation of transcription by Gal and Lac re-
pressors: Involvement of alpha subunit of RNA polymerase. EMBO J 14(18):4523–4529.

12. Monsalve M, Mencía M, Salas M, Rojo F (1996) Protein p4 represses phage phi 29 A2c
promoter by interacting with the alpha subunit of Bacillus subtilis RNA polymerase.
Proc Natl Acad Sci USA 93(17):8913–8918.

13. Bustamante VH, Santana FJ, Calva E, Puente JL (2001) Transcriptional regulation of
type III secretion genes in enteropathogenic Escherichia coli: Ler antagonizes H-NS-
dependent repression. Mol Microbiol 39(3):664–678.

14. Haack KR, Robinson CL, Miller KJ, Fowlkes JW, Mellies JL (2003) Interaction of Ler at
the LEE5 (tir) operon of enteropathogenic Escherichia coli. Infect Immun 71(1):
384–392.

15. Umanski T, Rosenshine I, Friedberg D (2002) Thermoregulated expression of virulence
genes in enteropathogenic Escherichia coli. Microbiology 148(Pt 9):2735–2744.

16. Berdichevsky T, et al. (2005) Ler is a negative autoregulator of the LEE1 operon in
enteropathogenic Escherichia coli. J Bacteriol 187(1):349–357.

17. Yerushalmi G, Nadler C, Berdichevski T, Rosenshine I (2008) Mutational analysis of the
locus of enterocyte effacement-encoded regulator (Ler) of enteropathogenic Es-
cherichia coli. J Bacteriol 190(23):7808–7818.

18. Mellies JL, Elliott SJ, Sperandio V, Donnenberg MS, Kaper JB (1999) The Per regulon of
enteropathogenic Escherichia coli: Identification of a regulatory cascade and a novel
transcriptional activator, the locus of enterocyte effacement (LEE)-encoded regulator
(Ler). Mol Microbiol 33(2):296–306.

19. Li M, et al. (2004) Comparative proteomic analysis of extracellular proteins of en-
terohemorrhagic and enteropathogenic Escherichia coli strains and their ihf and ler
mutants. Appl Environ Microbiol 70(9):5274–5282.

20. Sánchez-SanMartín C, Bustamante VH, Calva E, Puente JL (2001) Transcriptional
regulation of the orf19 gene and the tir-cesT-eae operon of enteropathogenic Es-
cherichia coli. J Bacteriol 183(9):2823–2833.

21. Torres AG, et al. (2007) Ler and H-NS, regulators controlling expression of the long
polar fimbriae of Escherichia coli O157:H7. J Bacteriol 189(16):5916–5928.

22. Tauschek M, et al. (2010) Transcriptional analysis of the grlRA virulence operon from
Citrobacter rodentium. J Bacteriol 192(14):3722–3734.

23. Rojas-López M, et al. (2011) Regulatory control of the Escherichia coli O157:H7 lpf1
operon by H-NS and Ler. J Bacteriol 193(7):1622–1632.

E2594 | www.pnas.org/cgi/doi/10.1073/pnas.1322033111 Bhat et al.

www.pnas.org/cgi/doi/10.1073/pnas.1322033111


24. Barba J, et al. (2005) A positive regulatory loop controls expression of the locus of
enterocyte effacement-encoded regulators Ler and GrlA. J Bacteriol 187(23):7918–7930.

25. Schwidder M, Hensel M, Schmidt H (2011) Regulation of nleA in Shiga toxin-pro-
ducing Escherichia coli O84:H4 strain 4795/97. J Bacteriol 193(4):832–841.

26. Elliott SJ, et al. (2000) The locus of enterocyte effacement (LEE)-encoded regulator
controls expression of both LEE- and non-LEE-encoded virulence factors in entero-
pathogenic and enterohemorrhagic Escherichia coli. Infect Immun 68(11):6115–6126.

27. Mellies JL, Barron AMS, Carmona AM (2007) Enteropathogenic and enterohemorrhagic
Escherichia coli virulence gene regulation. Infect Immun 75(9):4199–4210.

28. Jeong J-H, et al. (2012) An unusual feature associated with LEE1 P1 promoters in
enteropathogenic Escherichia coli (EPEC). Mol Microbiol 83(3):612–622.

29. Mellies JL, et al. (2011) Ler of pathogenic Escherichia coli forms toroidal protein-DNA
complexes. Microbiology 157(Pt 4):1123–1133.

30. Squires C, Krainer A, Barry G, Shen W-F, Squires CL (1981) Nucleotide sequence at the
end of the gene for the RNA polymerase β’ subunit (rpoC). Nucleic Acids Res 9(24):
6827–6840.

31. Choy HE, Adhya S (1993) RNA polymerase idling and clearance in gal promoters: use
of supercoiled minicircle DNA template made in vivo. Proc Natl Acad Sci USA 90(2):
472–476.

32. Lewis DEA, Komissarova N, Le P, Kashlev M, Adhya S (2008) DNA sequences in gal
operon override transcription elongation blocks. J Mol Biol 382(4):843–858.

33. Cordeiro TN, et al. (2011) Indirect DNA readout by an H-NS related protein: Structure
of the DNA complex of the C-terminal domain of Ler. PLoS Pathog 7(11):e1002380.

34. Simons RW, Houman F, Kleckner N (1987) Improved single and multicopy lac-based
cloning vectors for protein and operon fusions 53(1):85–96.

35. Barnard AML, Green J, Busby SJW (2003) Transcription regulation by tandem-bound
FNR at Escherichia coli promoters. J Bacteriol 185(20):5993–6004.

36. Guzman LM, Belin D, Carson MJ, Beckwith J (1995) Tight regulation, modulation, and
high-level expression by vectors containing the arabinose PBAD promoter. J Bacteriol
177(14):4121–4130.

37. Brenowitz M, Mandal N, Pickar A, Jamison E, Adhya S (1991) DNA-binding properties
of a lac repressor mutant incapable of forming tetramers. J Biol Chem 266(2):
1281–1288.

38. Hochschild A, Ptashne M (1986) Cooperative binding of lambda repressors to sites
separated by integral turns of the DNA helix. Cell 44(5):681–687.

39. Krämer H, Amouyal M, Nordheim A, Müller-Hill B (1988) DNA supercoiling changes
the spacing requirement of two lac operators for DNA loop formation with lac re-
pressor. EMBO J 7(2):547–556.

40. Borowiec JA, Zhang L, Sasse-Dwight S, Gralla JD (1987) DNA supercoiling promotes
formation of a bent repression loop in lac DNA. J Mol Biol 196(1):101–111.

41. Plumbridge J, Kolb A (1991) CAP and Nag repressor binding to the regulatory regions
of the nagE-B and manX genes of Escherichia coli. J Mol Biol 217(4):661–679.

42. Krämer H, et al. (1987) lac repressor forms loops with linear DNA carrying two suitably
spaced lac operators. EMBO J 6(5):1481–1491.

43. Cloutier TE, Widom J (2004) Spontaneous sharp bending of double-stranded DNA.
Mol Cell 14(3):355–362.

44. Du Q, Smith C, Shiffeldrim N, Vologodskaia M, Vologodskii A (2005) Cyclization of
short DNA fragments and bending fluctuations of the double helix. Proc Natl Acad Sci
USA 102(15):5397–5402.

45. Shore D, Baldwin RL (1983) Energetics of DNA twisting. I. Relation between twist and
cyclization probability. J Mol Biol 170(4):957–981.

46. Oehler S, Eismann ER, Krämer H, Müller-Hill B (1990) The three operators of the lac
operon cooperate in repression. EMBO J 9(4):973–979.

47. Plumbridge J, Kolb A (1998) DNA bending and expression of the divergent nagE-B
operons. Nucleic Acids Res 26(5):1254–1260.

48. Hayatsu H, Takeishi K-I, Ukita T (1966) The modification of nucleosides and nucleo-
tides. 3. A selective modification of cytidine with semicarbazide. Biochim Biophys Acta
123(3):445–457.

49. Sasse-Dwight S, Gralla JD (1989) KMnO4 as a probe for lac promoter DNAmelting and
mechanism in vivo. J Biol Chem 264(14):8074–8081.

50. Rostoks N, Park S, Choy HE (2000) Reiterative transcription initiation from galP2
promoter of Escherichia coli. Biochim Biophys Acta 1491(1–3):185–195.

51. Deuschle U, Gentz R, Bujard H (1986) lac Repressor blocks transcribing RNA poly-
merase and terminates transcription. Proc Natl Acad Sci USA 83(12):4134–4137.

52. Sellitti MA, Pavco PA, Steege DA (1987) lac repressor blocks in vivo transcription of lac
control region DNA. Proc Natl Acad Sci USA 84(10):3199–3203.

53. Shin M, et al. (2005) DNA looping-mediated repression by histone-like protein H-NS:
specific requirement of Esigma70 as a cofactor for looping. Genes Dev 19(19):
2388–2398.

54. Shore D, Langowski J, Baldwin RL (1981) DNA flexibility studied by covalent closure of
short fragments into circles. Proc Natl Acad Sci USA 78(8):4833–4837.

55. Hagerman PJ (1981) Investigation of the flexibility of DNA using transient electric
birefringence. Biopolymers 20(7):1503–1535.

56. Riggs AD, Suzuki H, Bourgeois S (1970) Lac repressor-operator interaction. I. Equi-
librium studies. J Mol Biol 48(1):67–83.

57. Azam TA, Ishihama A (1999) Twelve species of the nucleoid-associated protein from
Escherichia coli. Sequence recognition specificity and DNA binding affinity. J Biol
Chem 274(46):33105–33113.

58. Bouffartigues E, Buckle M, Badaut C, Travers A, Rimsky S (2007) H-NS cooperative
binding to high-affinity sites in a regulatory element results in transcriptional si-
lencing. Nat Struct Mol Biol 14(5):441–448.

59. Vafabakhsh R, Ha T (2012) Extreme bendability of DNA less than 100 base pairs long
revealed by single-molecule cyclization. Science 337(6098):1097–1101.

60. Le Bret M (1979) Catastrophic variation of twist and writhing of circular DNAs with
constraint? Biopolymers 18(7):1709–1725.

61. Schröder O, Wagner R (2000) The bacterial DNA-binding protein H-NS represses ri-
bosomal RNA transcription by trapping RNA polymerase in the initiation complex.
J Mol Biol 298(5):737–748.

62. Gallegos MT, Schleif R, Bairoch A, Hofmann K, Ramos JL (1997) Arac/XylS family of
transcriptional regulators. Microbiol Mol Biol Rev 61(4):393–410.

63. Hanamura A, Aiba H (1991) Molecular mechanism of negative autoregulation of
Escherichia coli crp gene. Nucleic Acids Res 19(16):4413–4419.

64. Mettert EL, Kiley PJ (2007) Contributions of [4Fe-4S]-FNR and integration host factor
to fnr transcriptional regulation. J Bacteriol 189(8):3036–3043.

65. Schleif R (1996) in Escherichia coli and Salmonella: Cellular and Molecular Biology, ed
Niedhardt FC (ASM Press, Washington, DC), pp 1300–1309. Second.

66. Hamilton EP, Lee N (1988) Three binding sites for AraC protein are required for au-
toregulation of araC in Escherichia coli. Proc Natl Acad Sci USA 85(6):1749–1753.

67. Huo L, Martin KJ, Schleif R (1988) Alternative DNA loops regulate the arabinose
operon in Escherichia coli. Proc Natl Acad Sci USA 85(15):5444–5448.

68. Levin JR, Krummel B, Chamberlin MJ (1987) Isolation and properties of transcribing
ternary complexes of Escherichia coli RNA polymerase positioned at a single template
base. J Mol Biol 196(1):85–100.

69. Miller JH (1972) Experiments in Molecular Genetics (Cold Spring Harbor Lab Press,
Cold Spring Harbor, NY).

70. Brenowitz M, Senear DFSMAAG, Shea MA, Ackers GK (1986) Quantitative DNase
footprint titration: a method for studying protein-DNA interactions. Methods Enzy-
mol 130:132–181.

71. Shin M, et al. (2001) Repression of deoP2 in Escherichia coli by CytR: Conversion of
a transcription activator into a repressor. EMBO J 20(19):5392–5399.

72. Shin M, et al. (2012) Gene silencing by H-NS from distal DNA site. Mol Microbiol 86(3):
707–719.

73. Kim EY, Shin MS, Rhee JH, Choy HE (2004) Factors influencing preferential utilization of
RNA polymerase containing sigma-38 in stationary-phase gene expression in Escherichia
coli. J Microbiol 42:103–110.

Bhat et al. PNAS | Published online June 11, 2014 | E2595

M
IC
RO

BI
O
LO

G
Y

PN
A
S
PL

U
S


