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Phase variation of type 1 fimbriae of Escherichia coli requires the site-specific recombination of a short
invertible element. Inversion is catalyzed by FimB (switching in either direction) or FimE (inversion mainly
from on to off) and is influenced by auxiliary factors integration host factor (IHF) and leucine-responsive
regulatory protein (Lrp). These proteins bind to sites (IHF site II and Lrp sites 1 and 2) within the invertible
element to stimulate recombination, presumably by bending the DNA to enhance synapses. Interaction of Lrp
with a third site (site 3) cooperatively with sites 1 and 2 (termed complex 1) impedes recombination. Inversion
is stimulated by the branched-chain amino acids (particularly leucine) and alanine, and according to a current
model, the amino acids promote the selective loss of Lrp from site 3 (complex 2). Here we show that the central
portion of the fim invertible element, situated between Lrp site 3 and IHF site II, is dispensable for FimB
recombination but that this region is also required for full amino acid stimulation of inversion. Further work
reveals that the region is likely to contain multiple regulatory elements. Lrp site 3 is shown to bind the
regulatory protein with low affinity, and a mutation that enhances binding to this element is found both to
diminish the stimulatory effects of IVLA on FimB recombination and to inhibit recombination in the absence
of the amino acids. The results obtained emphasize the importance of Lrp site 3 as a control element but also
highlight the complexity of the regulatory system that affects this site.

Phase variation (the reversible on-to-off switching in gene
expression that produces a mixed population) is a common
mode of control among virulence factors such as adhesins. The
regulation of genes by phase variation is apparently a strategy
to maximize growth and survival in unpredictable environ-
ments (15). However, phase variation should nevertheless be
controlled in response to environmental cues that convey in-
formation about the likely advantages or disadvantages of pro-
ducing the factor concerned (8). We have shown previously
that the DNA inversion that controls the phase variation of
type 1 fimbriation in Escherichia coli (fim) is regulated in re-
sponse to temperature as well as the presence of the branched-
chain amino acids isoleucine (I), valine (V), and particularly
leucine (L) as well as alanine (A) (21). More recently, we have
shown that off-to-on phase switching of fim is suppressed spe-
cifically by sialic acid (N-acetylneuraminic acid [Neu5Ac]) and
by N-acetylglucosamine (17, 44).

Phase variation of fim involves the site-specific inversion of
a small (around 314-bp) element which contains the promoter
for fimA, the gene encoding the major structural subunit of the
fimbriae (1, 29). The recombination is catalyzed by FimB (on-
to-off and off-to-on inversion) or by FimE (on-to-off inversion
mainly), recombinase proteins which share 50% identity with

each other and which resemble the lambda integrase family of
site-specific recombinases (2, 14, 16, 30, 36). FimB and FimE
bind to half-sites on either side of sites of DNA cleavage and
strand exchange (inverted repeat right [IRR] and inverted
repeat left [IRL]) to catalyze inversion (19). By analogy with
other site-specific recombination systems, the juxtaposition of
these loci is likely to be required for DNA cleavage, strand
exchange, and rejoining (41). Inversion is also influenced by
the site-specific DNA binding proteins integration host factor
(IHF) (4, 14, 16, 31, 46) and leucine-responsive regulatory
protein (Lrp) (5, 48, 50). Whereas Lrp binds cooperatively to
three sites within the invertible region situated proximal to
IRR in the off orientation, IHF interacts with sites both adja-
cent to site I and within site II, the invertible region (Fig. 1)
(20, 40). Mutations in each of these binding sites, with the
exception of Lrp site 3, inhibit fim recombination. IHF and Lrp
both introduce sharp bends into DNA, and accordingly we
suppose that the combined interaction of these two proteins
with the invertible element facilitates recombination by bring-
ing IRR and IRL into a juxtaposition at synapses (4).

Lrp controls a regulon that comprises numerous genes in E.
coli, many of which are involved in amino acid biosynthesis,
transport, and degradation (10, 26, 38). In addition, Lrp is
involved in the regulation of several types of fimbriae, includ-
ing fim, pap, sfa, daa, fan, and clp (5, 9, 35, 47). In all of the
systems described to date, Lrp binds cooperatively to multiple
sites to bring about its regulatory functions. Lrp can act as
either a positive or a negative regulator, and its actions may be
intensified, reduced, or unaffected by the presence of exoge-
nous leucine and, in some cases, alanine. Leucine binds to Lrp
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in vitro to interact with both high- and low-affinity sites, and
the presence of the amino acid affects the association state of
the regulatory protein (11). In the absence of leucine, the
protein is found predominantly as a hexadecamer, but an oc-
tameric form is favored when the amino acid is present at mM
concentrations (11, 12). Notwithstanding the results described
above, leucine affects the association of Lrp with DNA, appar-
ently as the result of two opposing effects: it exerts (i) a neg-
ative effect on Lrp binding affinity for single sites but (ii) a
positive effect on the cooperativity for any Lrp bound to DNA
(18, 33, 39, 49, 50).

To our knowledge, the recombination of type 1 fimbriae
provides the only known example where Lrp is a positive reg-
ulator, and its effects are potentiated by leucine and alanine (5,
21). A mutation of Lrp site 3 (fimS21) that abolishes the
binding of the regulatory protein to its cognate site within the
fim invertible element in vitro results in a high level of recom-
bination in vivo in the absence of isoleucine, valine, leucine,
and alanine (IVLA) as well as a loss of stimulation of inversion
in their presence (40). Moreover, leucine promotes the selec-
tive loss of Lrp binding to site 3 in combination with sites 1 and
2 in vitro. Thus, IVLA could stimulate the fim inversion simply

by promoting the conversion of a nucleoprotein complex that
is less favorable for recombination (complex 1, containing Lrp
bound to sites 1 to 3) into one that facilitates the inversion
(complex 2, containing Lrp bound to sites 1 and 2 only). In
support of this model, we show here that a mutation that
increases binding of Lrp to site 3 in vitro (i) inhibits FimB
recombination in minimal medium and (ii) diminishes the
stimulatory effect of the branched-chain amino acids and ala-
nine. Further work shows that although the central portion of
the fim invertible element between Lrp site 3 and IHF site II is
dispensable for FimB recombination, it contains additional
sequences that play both positive and negative roles in the
amino acid control of the system. Thus, regulation of the fim
inversion in response to IVLA is complex and likely to be
affected by multiple environmental factors.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains used in this work are
listed in Table 1. All plasmids used for mutagenesis in this work were derivatives
of pIB445 (19). All bacterial strains are derivatives of E. coli K-12. Strain
AAEC189 (�fim) was used as the host strain for recombinant plasmids to ensure
that the invertible element was maintained in the on or off orientation and that

FIG. 1. The organization of the fim invertible element in the off orientation. Shown are characterized Lrp binding sites 1, 2, and 3 and potential
Lrp site 4 (dark circles); IHF binding sites I and II (light circles); and IRL, IRR, and the fimA promoter (pA). The thin arrow indicates the direction
of transcription. The Rm mutations constructed in this study (1 to 11) are listed, and the regions altered by these mutations are indicated by a line
in the upper portion of the diagram. Rm2 (dotted line) was constructed by replacing Lrp site 3 with site 2, whereas all of the other mutations
contain heterologous sequences. The wild-type nucleotide sequence, with Lrp site 3 and potential Lrp site 4 underlined, together with base changes
made in each mutant, are shown in the lower half of the figure. “4?” denotes that Lrp has not been shown to bind to the fourth potential binding
site.
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the DNA was suitably methylated to allow subsequent transformation of the
strain MG1655 (6).

Construction of strains. Allelic exchange to replace the wild-type fim sequence
was carried out as described previously (7). Intermediate strain BGEC144, con-
taining deletions of the switch region replaced by a sacB-Kanr cassette, was
transformed with fim derivatives of the temperature-sensitive plasmid pMAK705
(20, 25).

Media and growth conditions. The media included L broth (5 g of sodium
chloride, 5 g of yeast extract, and 10 g of tryptone per liter [Difco]) and L agar
(L broth with 1.5% agar [Difco]). Sucrose agar, used to select recombinant
bacteria (7), is L agar supplemented with 6% sucrose in the absence of sodium
chloride. Minimal MOPS [3-(N-morpholino)propanesulfonic acid] medium was
prepared as described by Neidhardt et al. (37) and supplemented with 10 �M
thiamine and 0.4% glucose. When required, the following amino acids were
added to the minimal medium (concentrations are indicated in parentheses):
isoleucine (0.4 mM), valine (0.6 mM), leucine (0.8 mM), and alanine (0.8 mM).
In addition, to minimize the lag-phase period upon dilution to very low cell
densities, NaHCO3 (1 mM) was added to minimal medium as described previ-
ously (37). Liquid cultures were grown aerobically at 37°C, and culture densities
were monitored spectrophotometrically at 420 or 600 nm. Lactose MacConkey
plates were used as an indicator medium to determine the proportion of
switch-on bacteria to switch-off bacteria.

Determination of inversion frequencies. Inversion of the fim switch was mea-
sured following growth in minimal MOPS medium with or without exogenous
IVLA as described previously (21). Inversion frequencies were measured by
inoculating 25 cultures with approximately 0.3 cell per tube. The ratio of on cells
to off cells was estimated by plating seven replicates onto lactose-MacConkey
indicator medium after approximately 22 generations of growth at 37°C with
rapid aeration.

DNA manipulations. DNA manipulations were carried out using standard
protocols (3). Plasmid DNA was isolated using Mini or Midi Prep kits (Promega
or QIAGEN). Restriction enzymes and DNA ligase were purchased from either
Promega or New England Biolabs. DNA sequencing was performed using the
dideoxy chain termination technique (with a Sequitherm EXCEL sequencing kit
from Epicenter Technologies or by the Advanced Biotechnology Centre, Impe-
rial College, United Kingdom). Oligonucleotide synthesis was performed in the
DNA Synthesis Core Laboratory of the Cancer Center of Wake Forest Univer-
sity School of Medicine, by MWG-Biotech AG, or by QIAGEN. For electro-
phoretic mobility shift assays (EMSAs), DNA was amplified by PCR using Pwo
polymerase (Boehringer Mannheim) as described previously (4). PCRs and
radiolabeling of PCR products were carried out as described previously (40).
PCR12 was carried out using primers 2774 (5�-CCTCCGCTATATGTAAAGC
TAACGTTTC) and 2629-Xba (5�-GGGGGTCTAGATAAATACAAGACAAT
TGGGGC).

The replacement of Lrp binding site 3 with Lrp binding site 2 (Rm2), together
with other small single and double replacement mutations (Rm3 to -11), was
constructed using the PCR-based method of overlap extension as previously
described (40). The 59-bp heterologous replacement of the fim switch (Rm1) was

constructed using a similar approach. The replaced region corresponds to nu-
cleotides 4540362 to 4540420 of the MG1655 genome, with the fim switch in the
off orientation (Fig. 1). The replacement corresponds to sequences 3961 to 3999
of the vector pBR322 (45) and is flanked by PstI (IRL proximal end) and SalI
(IRR proximal end) restriction endonuclease sites.

EMSA and methidiumpropyl-EDTA (MPE)-Fe(II) radical footprinting. Re-
action conditions were as described previously (40). The DNA fragment used
(PCR12, encompassing all 3 Lrp binding sites) was as that described previously
(Fig. 1 in reference 40). Gels were quantitated on an Ambis radioanalytic scan-
ner (Ambis Systems). Complex formation was measured as the loss of free DNA,
and dissociation constants were determined as the Lrp concentrations which
resulted in 50% loss of free DNA.

Lrp binding affinity to each of the individual sites within the fim switch and site
3 replaced with site 2 was measured relative to the central portion (29/50 bp) of
a control fragment described by Cui et al. in 1995 (13). Oligonucleotides for
these experiments were purified by polyacrylamide gel electrophoresis. Each
binding site was constructed by annealing a 5�-end-labeled oligonucleotide (29
bp) with its complement (3). The Lrp binding sites were positioned in the centers
of the oligonucleotides, with 7 bp of adjacent sequence extending on either side.
The EMSA was carried out as described previously (40), except that the reaction
mixtures contained 5 nM annealed DNA and 30 nM Lrp and were fractionated
by electrophoresis through 8% (wt/vol) polyacrylamide (40:1 acrylamide/bisac-
rylamide). Binding affinity was calculated as the ratio of protein-bound DNA to
free DNA. Relative binding was determined by dividing the binding affinity for
a particular construct by the binding affinity for the control fragment determined
in the same experiment and multiplying by 100. MPE-Fe(II) footprinting was
carried out as described previously (40).

RESULTS

The central portion of the fim invertible element is dispens-
able for FimB recombination but is required for control in
response to IVLA. According to our current model, IHF bound
to site II and Lrp occupying sites 1 and 2 (complex 2) stimulate
the fim inversion, whereas Lrp complex 1 (Lrp bound to sites
1 to 3) produces a nucleoprotein structure that is less favorable
for recombination (4, 40). We suppose that the branched-chain
amino acids (leucine in particular) and alanine stimulate in-
version because they promote the selective loss of Lrp binding
to site 3 (40). An assumption implicit in this model is that IHF
and Lrp alone are required for high levels of FimB recombi-
nation and that Lrp sites 1 to 3 are sufficient for full control in
response to IVLA. To test these hypotheses further, we re-
placed the central portion of the fim invertible element (de-

TABLE 1. Strains used in this study

Strain Relevant characteristics Source or reference

MG1655 K-12 wild type; �� F� Fim� E. coli Genetic Stock Center; 24
AAEC189 YMC9 (�� F� supE44 hsdR17 mcrA mcrB endA1 thi-1 �argF–lac-205)

�fimB-H �recA
6

BGEC144 MG1655, �lacZYA ��fimE-fimA��(sacB-Kanr) fimE�(Am)18 fimA�-lacZYA 20
BGEC378 MG1655, �lacZYA fimA�-RNase III cleavage site-lacZYA fimE-(Am)18 19
BGEC560 BGEC378 fimS21 40
BGEC771 BGEC378 Rm2 This study
KCEC047 BGEC378 Rm3 This study
KCEC049 BGEC378 Rm1 This study
KCEC261 BGEC378 fimS21 Rm1 This study
KCEC300 BGEC378 Rm6 This study
KCEC302 BGEC378 Rm7 This study
KCEC304 BGEC378 Rm8 This study
KCEC306 BGEC378 Rm9 This study
KCEC308 BGEC378 Rm4 This study
KCEC310 BGEC378 Rm5 This study
KCEC312 BGEC378 Rm10 This study
KCEC314 BGEC378 Rm11 This study
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fined as the sequences between IHF site II and Lrp site 3) (Fig.
1) with heterologous sequences of identical length (Rm1; part
of the coding region of the ampicillin resistance gene of
pBR322; strain KCEC049), and the effect of the mutation on
FimB recombination was characterized. The replacement mu-
tation, which is 59 bp in length, extends to a position 8 bp from
Lrp site 3 (40).

The results of this experiment showed that the central por-
tion of the fim invertible element can be replaced without the
loss of FimB recombination (Table 2). However, as was ob-
served for an Lrp site 3 null allele (fimS21) (40), the frequency
of FimB recombination was enhanced markedly (8.3-fold; Ta-
ble 2) in the Rm1 mutant background in the absence of exog-
enous amino acids but was far less responsive (1.5-fold; Table
2) to stimulation by their inclusion. In an additional control
experiment, it was found that, as expected, the fimS21 muta-
tion had much less of an effect on FimB recombination in the
absence of IVLA in the Rm1 background than it did in the
wild-type background (1.8-fold compared to 6.4-fold; Table 2).

In addition to the effect noted above, the elevation of FimB
recombination in the Rm1 background (KCEC049) was
slightly but reproducibly higher than that in the fimS21 mutant
(BGEC560), irrespective of the presence of amino acids (Table
2). Thus, the region of the fim invertible element replaced in
the Rm1 allele may also include an additional element or
elements that repress FimB recombination but do not play a
role in amino acid control.

Taken together, these results support a revised model in
which the central portion of the fim invertible element, al-
though dispensable for the inversion, nevertheless contains
sequences that repress FimB recombination and affect its con-
trol in response to IVLA.

Lrp binding to sites 1, 2, and 3 in vitro. We supposed that a
regulatory site(s) within the central portion of the fim invert-
ible element could suppress FimB recombination in the ab-
sence of IVLA directly, with Lrp sites 1 to 3 playing an auxil-
iary role in this process. Alternatively, it seemed to us that this
region stabilizes the interaction of Lrp with site 3 to play a
potentially regulatory role in the system. In order to investigate
these alternative hypotheses in more detail, we first carried out

additional experiments designed to investigate the reason why
leucine affects the interaction of Lrp with site 3 specifically.

Since leucine promotes the selective dissociation of Lrp
from site 3 yet has almost no effect on Lrp’s affinity for sites 1
and 2 (40), we supposed that the protein binds to site 3 with an
affinity lower than those for the other two sites. To test this
hypothesis, we measured the interaction of the regulatory pro-
tein with each of the sites individually (the 15-bp consensus
sequence with 7 bp of adjacent sequence on either side) (Fig.
2). However, even with high concentrations of Lrp (60 nM), a
50% loss of free DNA could not be attained, and thus a Kd

could not be determined. Therefore, the binding affinity for
each of the individual Lrp sites was measured relative to a
control Lrp binding site used by Cui et al. as described previ-
ously (13) (Fig. 2). These data show that, as expected from its
poor fit (9/15 bp) to the consensus for Lrp binding proposed by
Cui et al. (13), Lrp does indeed bind to site 3 with affinity lower
than that for either site 1 or site 2. However, we note also that
although site 2 resembles the consensus for Lrp binding pro-
posed by Cui et al. more than site 1 does (11/15 bp and 13/15
bp, respectively), site 1 actually binds the protein with higher
affinity.

Replacement of Lrp binding site 3 with Lrp binding site 2.
The analysis of individual binding site affinities described
above suggested that it would be possible to prevent Lrp dis-
sociation from site 3 by increasing the binding affinity of this
site. To test this idea, we replaced Lrp site 3 with site 2 and
characterized the interaction of Lrp with the mutant DNA in
vitro in the absence and presence of IVLA.

Site-directed mutagenesis was used to change the nucleotide
sequence of site 3 from 5�-GAGAGAAGAATGAGG to 5�-T
GGCTTAATATTCTA (changes are underlined). The effect
of this mutation, Rm2, on Lrp binding to the fim switch DNA
was examined by EMSA (Fig. 3) and MPE-Fe(II) footprinting
(data not shown). The relative affinity of Lrp binding to site 3
replaced with site 2 (including the adjacent 7 bp on either side
of site 3) was measured as described above. The relative affinity
was slightly stronger than that of site 2 in its normal context,
which suggests the possible involvement of sequences adjacent
to the binding site in overall binding affinity (Fig. 2). In

FIG. 2. Quantitation of Lrp binding to each individual site in the
fim switch and for site 3 replaced with site 2 (2 at 3). Binding affinity
is relative to a 29-bp control fragment described in Materials and
Methods. Values shown are the averages of four experiments.

TABLE 2. FimB recombination in Rm mutants 1 to 3, fimS21, and
a fimS21 double mutant grown to exponential phase in minimal
MOPS glucose medium in the absence and presence of IVLA

Mutation(s) IVLA Inversion frequency
(104)a

Ratio of mutant
to wild type

Rm1 � 82.2 8.4
� 121.0 2.2

Rm2 � 1.0 0.1
� 2.9 0.05

Rm3 � 3.3 0.3
� 5.0 0.09

fimS21 � 56.3 6.4
� 97.0 1.2

fimS21, Rm1 � 104.0 11.7
� 156.0 2.0

a Per cell per generation for inversion from the off-to-on orientation. Ninety-
five-percent confidence limits, determined from at least seven values, lie within
10% of the mean.
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EMSAs, using a 200-bp DNA fragment that encompasses Lrp
binding sites 1, 2, and 3 (PCR12, as described in reference 40)
with concentrations of 5.5 nM to 30 nM Lrp, the complexes
formed with the mutant template appeared virtually identical
to those formed with the wild-type template (Fig. 3). However,
upon the addition of 5 mM and 25 mM leucine (30 nM Lrp),
the mutant template did not exhibit the pronounced enhance-
ment of the second, more slowly migrating complex that was
seen with the wild-type template. The Kd of Lrp binding to the
mutant template was decreased less than twofold relative to
that seen with the wild type (data not shown). MPE-Fe(II)
footprinting analysis demonstrated that Lrp remained bound
to site 3 even in the presence of 20 mM leucine (data not
shown). While we do not understand why the loss of Lrp from
binding to site 3 to form a complex with sites 1 and 2 alone
produces a decrease in mobility in EMSA (40), these results
show that mutation Rm2 enhances the binding of the protein
to site 3 in the presence of leucine, as expected.

The effects of the Rm2 allele on FimB recombination in vivo.
The availability of the Rm2 mutation allowed us to address
several key questions about the control of FimB recombination
and to test and refine our current model. According to our
model, the loss of Lrp binding to Lrp site 3 in the presence of
IVLA, rather than other changes in Lrp induced by the amino
acids, accounts for their stimulatory effects on FimB recombi-
nation. To test this hypothesis, the frequency of FimB recom-
bination was measured in a mutant containing the Rm2
(BGEC771) mutation (Table 2), and, as expected, a sharp
decrease in responsiveness to the amino acids (2.9-fold versus
5.7-fold) was observed. However, strain BGEC771 did retain a
degree of sensitivity to IVLA stimulation, and we therefore
cannot exclude the possibility that alterations in the interaction
of Lrp with site 3 in the presence of the amino acids other than
complete loss of binding to the element also stimulate FimB
recombination.

To probe the function of the central portion of the fim

invertible element, an additional mutant (KCEC047) that con-
tains the replacement of this region (Rm1) together with the
Lrp site 3-enhanced Lrp binding allele (Rm2) was constructed
and characterized (Table 2). In this double mutant background
(Rm3), the stimulatory effect of the Rm1 mutation was dimin-
ished in the absence of the amino acids (from 8.4-fold to
3.3-fold) considerably more than in their presence (from 2.2-
fold to 1.7-fold). Thus, the central portion of the fim invertible
element apparently plays a regulatory role in the response of
FimB recombination to exogenous IVLA. However, this effect
can be largely overcome by increasing the binding affinity of
Lrp for site 3.

In addition to the results described above, a particularly
interesting effect of the Rm2 mutation was that it substantially
inhibited FimB recombination relative to that of the wild type
(approximately 10-fold in the absence of the amino acids)
(Table 2). Thus, even in the absence of exogenous IVLA, FimB
recombination is likely to be restricted to cells in which Lrp site
3 is unbound by the regulator.

Analysis of a potential Lrp binding site in the central por-
tion of the fim invertible element. The results described above
prompted us to reconsider the possibility that Lrp binds to an
additional element or elements within the central portion of
the fim invertible element to repress FimB recombination. The
sequence was searched for potential Lrp binding sites that
resemble the consensus 5�-YAGHAWATTWTDCTR (13),
and the results of this analysis highlighted a possible site (5�-
AAGCTAACGTTTCTG) which matches the consensus well
(at the 11 positions underlined) and which lies at the same
distance from Lrp site 3 as do site 3 from site 1 and site 1 from
site 2 (Fig. 1).

To test the hypothesis that the loss of an interaction of Lrp
with this element can explain the effect of the Rm1 mutation
on the amino acid regulation of FimB recombination, the se-
quence was mutated by site-directed mutagenesis and its ef-
fects were characterized. The proposed element was altered at
the positions underlined to 5�-ATACTAACGGACGAT
(Rm4) to decrease the match from consensus by eight. When
the mutation was transferred into the genome at fim by allelic
exchange, it stimulated off-to-on recombination in the absence
but not in the presence of the amino acids, as expected. How-
ever, the effect observed was modest (1.4- to 2.0-fold increase
in recombination) (Table 3). In order to reduce the possibility
that Rm4 simply failed to inhibit Lrp binding to the site by
chance, a second mutation (Rm5; 5�-AAGCTAACGTTTCTG
to 5�-AAGGATCCCAAAGAC) that also alters the sequence
substantially was constructed and characterized. As with Rm4,
Rm5 stimulated FimB recombination in the absence but not in
the presence of IVLA (Table 3), but again it produced only a
small (1.4- to 2.3-fold) effect.

The results described above indicate that Lrp may bind to
the additional element identified here, even though this seems
unlikely to account fully for the effect that the Rm1 mutation
has on the amino acid regulation of FimB recombination. In
previous studies, EMSAs were used to examine Lrp binding to
sites 1, 2, and 3 together, and it was determined that the Kd for
purified Lrp binding (determined as the Lrp concentration that
resulted in a 50% loss of free DNA) to these sites was 2.4 � 0.3
nM (40). We note that we were unable to demonstrate an
interaction of Lrp with the region replaced in Rm1 in vitro

FIG. 3. Electrophoretic mobility shift assay of Lrp binding to the
wild type and to the Rm2 invertible element. The radiolabeled PCR
products, encompassing all four known or potential Lrp binding sites
(with flanking sequences extending to 17 bp beyond potential binding
site 4 and 77 bp beyond binding site 1), were incubated with the
specified amounts of purified Lrp and 5 mM and 25 mM leucine where
indicated. Samples were separated into free (F) and bound species by
polyacrylamide gel electrophoresis.
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previously (21, 40). Furthermore, the Rm5 mutation had no
detectable effect on the interaction of Lrp with a PCR product
in EMSA (PCR12 [40]) that contains the putative binding site
together with Lrp sites 1 to 3 either in the presence or in the
absence of IVLA (data not shown). Thus, if Lrp does bind to
the potential novel site identified here, the interaction is likely
to be of a low affinity and is not readily detected in vitro.

Scanning and additional replacement mutagenesis of the
central portion of the fim invertible element. To search for the
additional sequence or sequences within the central portion of
the fim invertible element involved in controlling FimB recom-
bination, four smaller adjacent replacement mutations (Rm6
to -9) that collectively span the sequences replaced in the 59-bp
Rm1 mutation were constructed and characterized (Fig. 1 and
Table 3).

In agreement with the results obtained from the directed
mutagenesis of the potential Lrp binding site described above,
both the Rm8 and Rm9 mutations mostly produced a specific
effect on FimB recombination in the absence of IVLA. How-
ever, the effect produced was again relatively small. Surpris-
ingly, Rm8 (and to a lesser extent, Rm7) actually decreased
FimB recombination specifically in the absence of the amino
acids. Thus, in the Rm8 mutant strain, the stimulatory effect of
IVLA on recombination was increased substantially (from 4.7-
fold to over 15-fold).

To define the regions within the replacements that control
FimB recombination in more detail, an additional mutation
(Rm10) that spans the junction between Rm7 and Rm8 (5�-T
ATATGT to 5�-ATAGGCA) was constructed and analyzed.
The results of this experiment showed that the mutation pro-
duced an effect comparable to that of Rm7, resulting in an
inhibition of FimB recombination that was more pronounced
in the absence of IVLA (Table 3). We note that although
mutation Rm7 does extend into the near-consensus sequence
for Lrp binding described above, Rm10 does not.

To account for the results described above, we suggest that

the Lrp site 3-proximal half of the central portion of the fim
invertible element contains multiple elements that participate
in the response of FimB to IVLA. According to this hypothe-
sis, two or more alternative negative and functionally redun-
dant elements (possibly including the putative fourth Lrp site)
act in concert with Lrp site 3 to inhibit recombination, and a
positive element (mutation in Rm7 and Rm10) antagonizes
this effect partially under the conditions studied. In support of
this concept, it was found that the inhibitory effect of Rm10 on
FimB recombination in the absence of IVLA was suppressed
completely when this mutation was combined with Rm5
(Rm11) (Table 3).

In contrast to the effects described above, mutation Rm6
showed a small but reproducible increase in FimB inversion
irrespective of the presence of IVLA. Thus, it appears that the
IHF site II-proximal part of the region, replaced in Rm1,
contains sequences that repress FimB recombination irrespec-
tive of the presence of IVLA. We note that the loss of this
region would explain why the replacement of the entire central
portion of the fim invertible element also increases FimB re-
combination in the presence of IVLA.

DISCUSSION

Recombination of the fim invertible element is inhibited in
an lrp mutant (5). Lrp binds with high affinity (Kd of 2.4 � 0.3
nM) to the invertible region in vitro (20), and mutations that
diminish binding to two sites within this region (sites 1 and 2)
produce a parallel decrease in recombination in vivo (20).
Leucine decreases Lrp’s affinity for DNA (18, 33, 39, 50), but,
as expected, it has little effect on the Kd of Lrp binding to fim
(40). Despite this, the branched-chain amino acids (particu-
larly leucine) and alanine stimulate the fim inversions (21).
Further work reveals that Lrp binds cooperatively to a third
site within the invertible region (site 3, forming complex 1) and
that leucine promotes the selective loss of the protein from this
element in vitro (forming complex 2 [40]). Since a mutation
(fimS21) that blocks binding to site 3 leads both to a loss of
IVLA stimulation of recombination and to a high constitutive
level of recombination in the absence of the amino acids, it was
proposed that the dissociation of Lrp from site 3 in vivo ex-
plains how the amino acids stimulate the fim inversion (40).

It was suggested previously that Lrp and IHF bound within
the fim invertible element serve together to loop the DNA to
bring the sites of recombination into a juxtaposition to favor
productive synapses (4). Within the confines of the invertible
region of only approximately 314 bp in length, the protein-
induced bends should impose a tight topological constraint on
the system. In line with this model, we suppose that Lrp bound
to sites 1 and 2 (complex 2) forms a nucleoprotein structure
that promotes recombination, whereas interaction of the pro-
tein with all three sites (complex 1) is less favorable for inver-
sion.

A significant finding of this study is that the replacement of
the entire central portion of the invertible element (a 59-bp
region between Lrp site 3 and IHF site II) with heterologous
DNA still permits high levels of FimB recombination. How-
ever, the replacement mutation leads to an almost complete
loss of IVLA stimulation of FimB recombination, indicating to
us that either (i) Lrp complex 1 is necessary but not sufficient

TABLE 3. FimB recombination in Rm mutants 4 to 11 grown to
exponential phase in minimal MOPS glucose medium in the

absence and presence of IVLAa

Mutation IVLA Inversion frequency
(104)b

Ratio of mutant
to wild typeb

Rm4 � 36.3–42.1 1.4–2.0
� 59.0–61.0 0.8–1.1

Rm5 � 25.4–29.7 1.4–2.3
� 83.1–90.7 0.7–0.9

Rm6 � 36.8–39.2 1.2–1.4
� 114.0–137.0 1.4–1.7

Rm7 � 18.5–25.1 0.7–0.9
� 78.8–131.0 1.1–1.3

Rm8 � 5.5–10.8 0.2–0.4
� 62.5–97.7 0.9–1.0

Rm9 � 27.0–40.7 1.4
� 52.0–122.0 1.0–1.6

Rm10 � 5.8–8.26 0.3–0.5
� 77.2–88.4 0.9–0.7

Rm11 � 31.5–45.3 1.9–2.2
� 149–210 1.5

a Values obtained in a duplicate experiment are shown.
b Per cell per generation for inversion from the off-to-on orientation. Ninety-

five-percent confidence limits, determined from at least seven independent cul-
tures, lie within 10% of the mean.
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for the inhibition of inversion in the absence of the amino acids
or (ii) the central portion of the fim invertible element contains
sequences that enhance the interaction of Lrp with site 3
within complex 1.

An unresolved question addressed here is why leucine
should exert a specific effect on Lrp bound to site 3. All of the
Lrp binding sites at fim are separated from their neighbors by
an identical spacing of around two helical turns (20, 40), and
although leucine decreases binding to individual sites, it in-
creases cooperativity between sites. Two lines of evidence pre-
sented in this study suggest that the effect of leucine on Lrp
bound to site 3 can be attributed simply to the low affinity of
this site for the DNA binding protein. First, when the relative
binding affinities for the individual sites were measured, it was
found that site 3 was the weakest of the three. Second, replac-
ing Lrp site 3 with site 2 (Rm2) inhibited the ability of leucine
to promote the selective dissociation of Lrp from site 3 in vitro.

The availability of the Rm2 mutation allowed us to test
further our current model for how IVLA controls the fim
recombination. As expected, we found that the mutation lead
to a decrease in amino acid stimulation of the inversion. How-
ever, the recombination reaction was still affected by IVLA in
the mutant background, and we therefore cannot rule out the
possibility that changes in the activity of Lrp bound to site 3, in
addition to a loss of binding to the element, contribute to the
control. We note that leucine alters the oligomeric state of Lrp,
and changes in the activity of the regulator other than DNA
binding have been implicated in the control of the dadAX
operon in response to alanine and leucine (11, 12, 51).

In addition to the results discussed above, we found that the
effect of replacing the central portion of the fim invertible
element on FimB recombination can be largely suppressed by
the Rm2 mutation. These data support the hypothesis that the
region between IHF site II and Lrp site 3 participates in the
regulation of recombination in response to IVLA in an auxil-
iary role, presumably enhancing Lrp binding to site 3 rather
than being an indispensable component of a nucleoprotein
complex that inhibits recombination. However, further work to
map and characterize the control elements within the central
portion of the fim invertible region, although showing that the
IRL-proximal (Lrp site 3-proximal) half is involved in the re-
sponse of FimB to IVLA, highlights the apparent complexity of
the system. We first considered the idea that the interaction of
Lrp with a fourth binding site (5�-AAGCTAACGTTTCTG)
accounts fully for the effects of the larger replacement muta-
tion on FimB recombination. However, although most of the
mutations in this sequence did affect FimB recombination as
expected, the effects observed were always comparatively mod-
est. Moreover, it remains unclear whether Lrp interacts with
this sequence or not, as we have been unable to show binding
to the putative fourth site in vitro, either alone or in a complex
with sites 1 to 3 (21, 40; also data not shown). Thus, it seems
unlikely to us that an interaction of Lrp with the potential
fourth site studied here accounts fully for the effects that the
larger Rm1 mutation has on the control of FimB recombina-
tion in response to IVLA. We suggest instead that the region
contains at least two alternative control elements that function
in concert with Lrp site 3 to repress FimB recombination.

A surprising result of this study was that mutations near the
center of the invertible region (mutations Rm8 and Rm10) and

over 30 bp from Lrp site 3 inhibit FimB recombination specif-
ically in the absence of the amino acids. As Rm8 alters the
putative fourth Lrp site, we suppose that, by chance, it could
increase the Lrp binding to this element. Likewise, we have not
ruled out the possibility that Rm10 has a similar effect, even
though it does not alter the putative consensuslike sequence
itself. However, these possibilities seem unlikely to us, and to
account for the results obtained we suggest that the action of
one (or more) negative control element(s) is antagonized par-
tially under the conditions studied by an additional regulatory
site mutated in both Rm8 and Rm10.

From results published previously, we were unable to tell
whether recombination in the absence of the exogenous amino
acids utilizes complex 1 (Lrp bound to sites 1 to 3) or 2 (Lrp
bound to sites 1 and 2 alone) (40). An important finding re-
ported here is that the mutation that enhances Lrp binding to
site 3 (Rm2) decreased FimB recombination substantially (10-
fold) even in the absence of exogenous IVLA. Thus, FimB
recombination is likely to be restricted mostly to cells in which
Lrp site 3 is unbound by the regulator even in the absence of
exogenous IVLA. lrp expression is increased under less-favor-
able growth conditions (32), and thus our results lead us to
predict that Lrp site 3 and IVLA will have a more substantial
effect on the fim inversion at growth rates lower than those
tested here (glucose minimal MOPS medium [37]). Further-
more, starvation for IVLA should increase occupancy of site 3
and hence inhibit FimB recombination.

The interaction of Lrp with the GATCdist binding sites in the
papBA control region is stimulated by PapI (28). The results
presented here raise the possibility that the activity of Lrp as a
repressor of recombination in complex 1 could also be con-
trolled by one or more additional factors that interact with the
adjacent portion of the fim invertible region. Thus, the effects
of IVLA on fim phase variation may themselves be regulated in
response to additional environmental conditions. Although the
physiological function of the regulation of fim phase variation
by IVLA is unknown, it was proposed recently that the control
of FimB by sialic acid and by N-acetylglucosamine decreases
the expression of the adhesin in response to the activation of
host defenses (17, 44). Type 1 fimbriae mediate proinflamma-
tory effects by stimulating the release of interleukin-6, inter-
leukin-8, and tumor necrosis factor alpha and act synergistic-
ally with other bacterial products, such as Lps and formylated
peptides (22, 23, 34, 42, 43) The biosynthesis of the branched-
chain amino acids is severely restricted by the superoxide an-
ion, since dihydroxyacid dehydratase is inhibited by this agent
(27). Thus, the control of fim phase variation in response to
low levels of the branched-chain amino acids could limit the
adhesins’ expression in the course of inflammation to help to
maintain a balanced interaction between E. coli and its hosts.
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