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The FimB protein is a site-specific recombinase that inverts the fimS genetic switch in Escherichia coli. Based
on amino acid sequence analysis alone, FimB has been assigned to the integrase family of tyrosine recombi-
nases. We show that amino acid substitutions at positions R47, H141, R144, and Y176, corresponding to highly
conserved members of the catalytic motif of integrase proteins, render FimB incapable of inverting the fimS
element in vivo. The arginine substitutions reduced the ability of FimB to bind to fimS in vivo or in vitro, while
the substitution R144Q resulted in a protein unable to bind independently to the half sites located at the left
end of fimS in phase-on bacteria. These data confirm that FimB is an integrase and suggest that residue R144
has a role in binding to a specific component of the fim switch.

FimB protein is one of two site-specific recombinases that
invert the fim switch (fimS) in Escherichia coli (20, 24).
Inversion of the 314-bp switch is the basis of phase-variable
expression of type 1 fimbriae (1, 21). FimB can invert it in
either direction with approximately equal facility, whereas
FimE (the other recombinase) inverts the switch predomi-
nantly in the on-to-off direction (17, 26, 38). When expressed in
the same strain, FimE is completely dominant to FimB under
standard growth conditions (16).

The FimB and FimE proteins are closely related in amino
acid sequence (48% identical) and are encoded by tandemly
arranged genes on the chromosome located adjacent to the
switch (Fig. 1) (25). The fimS element harbors the fimAp pro-
moter for transcription of the fimA gene encoding the subunit
protein of type 1 fimbriae. When fimAp is directed toward
fimA, the bacteria are fimbriate (phase on); when it is directed
away, the bacteria are afimbriate (phase off) (Fig. 1). Both
FimB and FimE require the accessory proteins integration host
factor (IHF) and the leucine-responsive regulatory protein
(Lrp) for efficient inversion of the switch (7, 11, 14, 35). The
nucleoid-associated protein H-NS plays a poorly understood
inhibitory role, at least in FimB-promoted switching (10, 23,
24, 31, 37).

Inversion of fimS involves site-specific recombination be-
tween two 9-bp inverted repeats that border the switch (Fig.
1). Each repeat is flanked by two Fim recombinase binding
sites (known as half sites), each of which contains the essential
core dinucleotide 59-CA (17). Previous work has shown that
there are four binding sites for FimB (and FimE) at fimS (17).
These half sites flank the 9-bp inverted repeats and can be
designated IRL (left-hand inverted repeat)-outside, IRL-in-
side, IRR (right-hand inverted repeat)-outside, and IRR-in-
side. The IRL-outside and IRR-outside sites are constant in
phase-on and phase-off cells, while the inside sites vary as fimS

inverts (Fig. 1). This variation is important for the direction-
ality of the FimB- and FimE-promoted DNA inversion event
(26).

Integrases are usually associated with integration and exci-
sion events or the resolution of dimeric structures through
recombination between directly repeated copies of specific se-
quences. The Fim integrases are unusual in promoting an
inversion event, something that is more often associated with
members of the invertase family of site-specific recombinases.
The fim system is unusual in having two integrases. In other
cases where two are found (such as the Xer-dif system), the two
proteins cooperate to promote recombination (6). In the case
of fim, FimB and FimE operate independently of one another
(25). Finally, at approximately 200 amino acids, the Fim pro-
teins are the smallest members of the Int family (over 100
recombinases), making them an attractive subject for struc-
ture-function studies.

Based on their amino acid sequences, FimB and FimE have
been assigned to the integrase family of tyrosine site-specific
recombinases (11, 14). Although the family members display a
great deal of sequence heterogeneity, each integrase possesses
a catalytic motif of amino acids that are almost absolutely con-
served throughout the family. Originally, it was believed that
there were just four of these: two arginines, a histidine, and a
tyrosine that occurred in the order RHRY to form a catalytic
tetrad for DNA cleavage, strand exchange, and religation dur-
ing the recombination event (2, 3, 15, 18, 30, 39). Recently, a
fifth catalytic residue (a lysine) has been identified (8). In this
investigation, we sought to identify the four amino acids in
FimB that correspond to the RHRY members of the catalytic
domain by mutation and to study the interaction of wild-type
and mutant FimB proteins with the fimS element in vivo and in
vitro.

Identification of four members of the FimB catalytic motif.
Amino acid sequence alignment with the integrase family was
used to identify candidates for the RHRY members of the
catalytic motif of FimB (11). These residues were R47, H141,
R144, and Y176. The substitutions R47A, H141A, R144Q,
and Y176F were made by site-directed mutagenesis using ei-
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ther the QuikChange kit (Stratagene) (R47A and H141A)
or the unique-site elimination method (Pharmacia Amer-
sham Biotech) (R144Q and Y176F). For unique-site elimi-
nation mutagenesis, a unique HindIII site was eliminated using
primer H3Nsi (Table 1). For mutagenesis of the fimB gene,
plasmids pSLD203 (FimB) and pSGS223 (maltose binding pro-
tein [MBP]-FimB fusion) (10 ng) (Table 2) were used as sub-
strates. The oligonucleotides (100 pmol each) used for mu-
tagenesis were obtained from MWG Biotech and are listed in
Table 1. Standard recombinant DNA techniques were em-
ployed throughout this work (36).

Each mutant FimB protein was compared with the wild type
in an in vivo recombination assay in which inversion of the fimS
element was measured on the chromosome by PCR as previ-

ously described (38). In this assay, cells that were phase on
gave rise to two DNA bands of 293 and 433 bp; phase-off cells
gave bands of 539 and 187 bp. Mixed populations of phase-on
and phase-off cells displayed bands of all four sizes. The in vivo
assay for FimB function involved complementation of a fimB
gene knockout mutation. Plasmids harboring wild-type or mu-
tant fimB genes were introduced to E. coli tester strains (4) in
which fimS was locked in either the on or the off orienta-
tion (CJD808 and CJD957, respectively) (Fig. 1). The bacterial
strains were grown as described previously (12, 38). CJD808
(on) and CJD957 (off) each had knockout insertion mutations
in both the fimB and fimE genes on their chromosomes. In the
locked-on strain, the fimA promoter was directed towards the

FIG. 1. The fimS invertible element and its surroundings. The relevant sec-
tion of the fim locus is shown in wild-type, CJD808 (fimS locked on), and CJD957
(fimS locked off) strains. The fimA promoter is represented by the angled arrow
labeled PfimA. In phase on, this arrow is directed towards fimA; in phase off, it
is directed the other way. The regulatory genes fimB and fimE are insertionally
inactivated in strains CJD808 and CJD957, locking the switch in those genetic
backgrounds. The converging arrowheads that bound the fimS element represent
the IRL and IRR. Below, the DNA sequences of the IRL and IRR are shown,
together with those of the half sites to which the Fim recombinases bind. The
9-bp inverted repeats are in boldface type, and the half sites (identified by Gally
et al. [17]) are underlined. For clarity, spaces have been introduced 59 and 39 to
the invariant CA dinucleotide motif within each half site. The asterisks indicate
the 4 bp (59-AATT-39) deleted in the IRL of strain CJD1353. The transcription
start site of fimA lies immediately to the left of the IRR and is represented by
“11” at the start of a horizontal arrow.

TABLE 1. PCR and DNA sequencing oligonucleotidesa

OL 4.................59-GACAGAACAACGATTGCCAG-39
OL 20...............59-CTTTAAGGAGTGATTCGATTTC-39
R47AF .............59-CATGGTTTCgcGGCGAGTGAAATTTGTCG-39
R47AR.............59-CGACAAATTTCACTCGCCgcGAAACCATG-39
H141AF ...........59-GAGATTCATCCGgcCATGTTACGCCATTC-39
H141AR...........59-GAATGGCGTAACATGgcCGGATGAATCTC-39
R144.................59-CACATGTTAcagCATTCGTG-39
Y176.................59-GTCTGGTtTACCGCCAGCAATG-39
H3Nsi ...............59-CAGGCATGCATGGCACTGGCCG-39
FimBR .............59-AACAGGATCCTGGTATCTCAAC-39
FimBL..............59-GGGAAAACATATGAAGAATAAGGCT-39

a The positions of nucleotide changes corresponding to amino acid substitu-
tions are indicated in lowercase. The positions of restriction sites (NsiI, BamHI,
and NdeI) within primers are indicated in boldface type.

TABLE 2. Bacterial strains and plasmids

Strain or
plasmid Relevant details Reference

or source

Strains
CJD808 VL386; fimB::Kanr; phase locked on 12
CJD931 VL386; fimB::Kanr ihf::cml lrp::Tn10 12
CJD957 VL386; fimB::Kanr; phase locked off 38
CJD1353 CJD808; recD::Tn10; 4-bp deletion

in IRL
This work

DPB271 recD::Tn10D16D17 5
VL386 F(fimA-lacZ)lpL(209) fimE::IS1 1
VL386recD VL386; recD::Tn10D16D17 38
XL-1 Blue recA1 endA1 gyrA96 thi-1 hsdR17

supE44 relA1 lac[F9 proAB lacIqZ
M15 Tn10 (Tetr)]

Stratagene

Plasmids
pACYC184 p15A replicon; Cmr Tetr New England

Biolabs
pLSB110 pSLD203(R47A) This work
pLSB111 pSLD203(H141A) This work
pLSB121 pSGS501; phase on This work
pLSB122 pLSB121; 4-bp deletion in IRL This work
pLSB201 pSGS223(R144Q) This work
pLSB202 pSGS223(R47A) This work
pLSB203 pSGS223(H141A) This work
pMalc-2 Vector for creation of gene fusions

to malE
New England

Biolabs
pSGS223 Plasmid encoding MBP-FimB

protein fusion
This work

pSGS224 pSGS223(Y176F) This work
pSGS226 pSLD203(Y176F) This work
pSGS227 pSLD203(R144Q) This work
pSGS411 fimE cloned in pUC18 38
pSGS501 fimB::Kanr fimE::IS1 F(fimA-lacZ)

in pACYC184 fimS; phase off
38

pSLD203 fimB gene cloned in pUC18; Apr 12
pUC18 ColE1 replicon; Apr 40
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fimA-lacZ reporter gene fusion, and this strain produced red
colonies on MacConkey lactose indicator plates. In the locked-
off strain, the fimA promoter was directed away from the fimA-
lacZ reporter gene fusion, and this strain produced white
colonies on the indicator plates. When incoming plasmids
expressed functional FimB protein, they complemented the
fimB knockout mutation and restored phase-variable fimA-
lacZ expression, giving rise to sectored colonies on the Mac-
Conkey lactose plates. The data obtained showed that while
the plasmid with the wild-type fimB gene could reactivate in-
version in both the phase-on and the phase-off fimB fimE tester
strains, the plasmids with the mutant fimB gene copies could
not (Fig. 2). These data confirmed that the four residues that
had been substituted were indeed critical for the DNA inver-
sion activity of the FimB recombinase. Since it was possible
that the amino acid substitutions had disabled the DNA bind-
ing activity of the mutants, it was necessary to examine them in
more detail in order to distinguish between defects in DNA
binding and catalytic defects which, while permitting binding,
prevented site-specific recombination from proceeding.

Binding of FimB proteins to the IRR in vivo. In previous
work it was found that when FimB was expressed from a
multicopy plasmid it could repress transcription from the
fimAp promoter by a promoter occlusion mechanism, and this
binding could be demonstrated by in vivo footprinting (13). In
other words, in phase-on bacteria, the binding of FimB to the
IRR on the chromosome resulted in repression of the fimA
promoter. This offered a method for assessing the binding of
FimB to the IRR in vivo, since binding of the protein to this
sequence simultaneously placed the protein directly on the
transcription start site for the fimA gene in a phase-on strain
(Fig. 1) and the effect on beta-galactosidase expression from
the fimA-lacZ reporter gene fusion could be assayed readily.
Furthermore, recent work with the FimE recombinase showed
that a similar effect could be achieved with that protein in vivo,
a result that has been validated by in vitro binding studies (38).
Beta-galactosidase activity was assayed by the method of Miller
(29).

The wild-type FimB protein repressed expression of the
fimA-lacZ fusion by 90% in the phase-on tester strain CJD808
(Fig. 3). Transcription repression was also seen with the mu-
tant proteins with the H141A or Y176F substitution; little
repression was seen with the proteins with the R47A or the
R144Q substitution (Fig. 3). Assays were repeated at least
three times. These data suggested that two of the catalytic-
motif substitutions (R47A and R144Q) had significantly al-
tered the ability of FimB to bind to the IRR in vivo. Therefore,
it was decided to test the interactions of the wild-type and
mutant proteins with both the left (IRL) and the right (IRR)
repeats in vitro.

Interaction of wild-type and mutant FimB proteins with IRL
and IRR in both orientations in vitro. Sufficient quantities of
FimB to perform electrophoretic mobility shift assays were not
obtainable from lysates of strains expressing multicopy FimB.
Instead, FimB was found to be expressed better as an MBP
fusion. Therefore, the in vitro binding assay was carried out
with MBP fusions to the wild-type and mutant FimB pro-
teins. First, the fimB open reading frame was amplified with

FIG. 2. Inversion of the fimS element by FimB and its mutant derivatives.
Inversion of fimS was detected by a PCR assay. The structures of the phase-on
and phase-off substrates are summarized at the top, together with details of the

oligonucleotide primers used to amplify the inversion products. Gels with the
PCR products obtained with phase-on and phase-off substrates are shown below.
The positions to which PCR products diagnostic of phase-on or phase-off
switches migrate are indicated to the right of each gel. Inversion of fimS is seen
only in the case of the wild-type FimB protein (third lane from the left). DNA
size markers are shown in the first lane; pUC18 is the vector-only control.
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primers FimBR and FimBL (Table 1) and then inserted be-
tween the XmnI and BamHI sites of pMalC2, resulting in plas-
mid pSGS223. In this construct, the fimB open reading frame
was inserted downstream and in frame with the malE gene to
create an MBP-FimB fusion protein. This protein could be
overexpressed and was soluble (see below). In vivo, the MBP-
FimB hybrid had full wild-type FimB activity (data not shown).
The expression of wild-type and mutant FimB proteins was
confirmed by Western blotting using an anti-FimB antibody
from New Zealand White rabbits immunized with a multiple-
antigen peptide (Research Genetics) (Fig. 4). This peptide
(PLLNKEVQALKNWLS) corresponded to amino acids 80 to
94 of FimB, and the procedure used for raising antibodies and
performing Western immunoblot analyses was essentially iden-
tical to that described previously for FimE (38).

The strain CJD931, which is deficient in the fimS-binding
proteins FimB, FimE, IHF, and Lrp (Table 2), was trans-

formed with plasmids expressing wild-type or mutant MBP-
FimB protein fusions. Lysates were prepared and used in elec-
trophoretic mobility shift assays (38) with radiolabeled DNA
fragments consisting of the IRL or IRR sequence amplified
from fimS in the on or off orientation. The wild-type FimB

FIG. 3. Indirect measurement by a promoter occlusion test of FimB binding
to the IRR. The data shown are beta-galactosidase activities for cultures har-
boring plasmids expressing no recombinase (pUC18), wild-type FimB, or mutant
derivatives of FimB. These experiments were repeated on three separate occa-
sions; typical data are shown. The error bars indicate standard deviations.

FIG. 4. Detection of hybrid MBP-FimB protein by Western blotting. Poly-
peptides expressed from multicopy recombinant plasmids were detected by an-
tibody against FimB (A) or MBP (B). The MBP-FimE fusion protein is included
as a negative control in panel A (third lane from the left). The positions of native
MBP (44 kDa) and MBP fusions (66 kDa) are indicated.

FIG. 5. Electrophoretic mobility shift analysis of FimB-containing lysate in-
teractions with IRR or IRL sequences from fimS. Data are shown for the IRR
and IRL amplified from phase-on or phase-off fimS elements. Lanes 1, no added
protein; lanes 2, MBP alone; lanes 3, MBP-FimB; lanes 4, MBP-FimB R47A;
lanes 5, MBP-FimB H141A; lanes 6, MBP-FimB R144Q; lanes 7, MBP-FimB
Y176F. Species corresponding to complexes with two bound protein protomers
(DS) and a single bound protomer (SS) are shown. Also indicated are an
unknown complex (UC) that migrated near the top of all lanes and the unbound
radiolabeled probe (P). The IRL DNA fragment was 111 bp, while the IRR
DNA fragment was 205 bp.
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protein shifted the mobilities of all four DNA fragments, pro-
ducing two shifted species called SS and DS (Fig. 5). The MBP
protein alone did not affect the mobilities of the fimS DNA
fragments. The upper band (DS) was consistent with occupa-
tion of both half sites at each inverted repeat (Fig. 1), while the
lower band (SS) represented occupation of just one half site.
These results were consistent with previous work showing that
two shifted complexes arise when the Fim recombinases inter-
act with fimS in vitro (17, 38). In the IRL-on experiment, the
SS species ran as a doublet, perhaps reflecting the previously
described ability of integrases to bend their DNA substrates
(20). In agreement with the in vivo data from the fimAp pro-
moter occlusion experiments (see above), the amino acid sub-
stitutions R47A and R144Q each altered the ability of FimB to
bind to IRR-on in vitro (compare Fig. 3 and 5). However, while
R47A could still bind to IRR-off, R144Q could not. Therefore,
R144Q could not bind to IRR in either the on or the off
orientation.

At IRL, only R144Q was affected in its ability to bind. At
IRL-off, R144Q produced little electrophoretic mobility shift
(Fig. 5), while at IRL-on it created the shifted species that was
consistent with occupation of both half sites (DS) but not the
species indicative of single-half-site occupancy (SS) (Fig. 5).
This interaction with IRL-on was investigated in greater detail
by comparing the abilities of wild-type FimB and R144Q to
bind as their concentrations were increased (Fig. 6). While the
wild-type protein produced two electrophoretically shifted spe-
cies indicative of single-half-site and dual-half-site occupancy
at IRL-on, the R144Q mutant protein could only produce the
species indicative of binding to the two IRL-on half sites, and
much more of the mutant protein was needed to form this
complex. This was examined in more detail by mutagenizing
one of the half sites at IRL-on.

A 4-bp deletion was engineered in the outside half site at

IRL-on. This was done with plasmid pSGS501 (38), which
contains an 8.5-kb fragment that includes inactive copies of the
fimB and fimE genes (interrupted by a kanamycin resistance
cassette and IS1 insertion element, respectively) and fimS in
the off orientation, inserted into the EcoRV site of pACYC184
(Table 2). This plasmid was cotransformed into strain CH1483
with multicopy fimB (pSLD203) to invert fimS in plasmid
pSGS501 to the on orientation. Transformants were screened
using the PCR switch assay (38), and plasmid DNA was iso-
lated from one transformant that contained fimS in the on
orientation. This DNA was digested with SacI and KpnI, which
cut within plasmid pSLD203 but not within plasmid pSGS501.
The digested DNA was transformed into the IHF-deficient
strain CH1483. DNA from one transformant was isolated
(pLSB121), and analysis by PCR switch assay showed that it
contained fimS in the on orientation. (All plasmid constructs
were maintained in the strain CH1483, as the absence of IHF
was found to prevent random DNA rearrangements.) Plasmid
pLSB121 was digested with MfeI, which cuts only once in
plasmid pLSB121, within the IRL. The digested DNA was
treated with mung bean nuclease to remove the 4-bp over-
hang resulting from MfeI digestion, ligated, and transformed
into CH1483. Plasmid DNA (pLSB122) was isolated and
sequenced (MWG Biotech) to confirm that it contained a
4-bp deletion within the IRL and that fimS was locked in the
on orientation (Fig. 1).

The mutant IRL was crossed onto the chromosome of a
strain lacking a functional fimE gene (VL386recD). Plasmid
pLSB122 was digested with EcoRV, and an 8.5-kb fragment,
encompassing DNA upstream of the fimB gene (interrupted by
a kanamycin resistance gene cassette) through to the lacZ
gene, was isolated from a gel. Approximately 2 mg of this
fragment was electroporated into strain VL386recD (38), and
transformants were selected on MacConkey lactose agar con-

FIG. 6. Comparison of wild-type and mutant R144Q binding to IRL-on in vitro. Shown is an electrophoretic mobility shift assay in which increasing concentrations
of lysates containing MBP, wild-type MBP-FimB, and the MBP-FimB mutant R144Q were incubated with radiolabeled DNA amplified from the IRL component of
fimS. Species corresponding to complexes with two bound recombinase protomers (DS) and a single bound protomer (SS) are shown. P is the unbound DNA probe
(111 bp).
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taining kanamycin (25 mg ml21). Candidate allele replacement
mutants were then screened to confirm that they did not con-
tain plasmid DNA. PCR was used to confirm that they were
phase on, and it was confirmed that the mutant IRL sequence
could not be cleaved with MfeI. Finally, the 4-bp deletion
within the IRL and the integrity of the rest of fimS were
confirmed by sequencing. Site-specific inversion of fimS medi-
ated by either FimE or FimB could not be detected in this
background (Fig. 7). Plasmids expressing the four mutant
FimB derivatives were introduced, and the strains were tested
for inversion of fimS by the PCR assay. The results obtained
showed that in no case could any of the mutant FimB proteins
invert fimS (Fig. 7).

Each of the half sites at the IRL (and IRR) probably binds
one Fim recombinase protomer. It is possible that the R144Q
mutation has altered the way that FimB binds to the IRL half
sites, making binding at one site contingent on occupation of
the other. This could account for the lack of single-half-site
occupation demonstrated for the R144Q mutant at the IRL.
Thus, the R144Q mutant would be unable to produce the SS
mobility-shifted species. The requirement for two half sites at
IRL-on for R144Q to bind was confirmed when mobility shift
assays were performed with the mutant IRL. The wild type and
mutants R47A, H141A, and Y176F could all form the SS
shifted species with the mutated IRL sequence (Fig. 8). This
showed that these proteins did not require both halves of the
IRL site in order to bind. In contrast, mutant FimB R144Q
could not bind to this mutant IRL at all, showing that it re-
quired both halves to be intact in order for it to bind to the
IRL.

Although the integrase family of tyrosine site-specific re-
combinases contains over 100 members, only a small number
have been examined in detail by site-directed mutagenesis.
These proteins bind to distinct sequences and recombine short
repeated motifs that are unique to each integrase (30). Most of
the mutations made in these proteins affect catalytic-motif
residues, making the data interesting to compare with those
obtained in this study of FimB. When the first arginine of the
lambda integrase catalytic motif is converted to a glutamine
(R212Q), the protein retains partial DNA binding activity but
loses DNA recombination activity (28), a situation similar to
that of R47A in FimB. Substituting glutamate for the corre-
sponding arginine in the Flp recombinase in Saccharomyces
cerevisiae leaves DNA binding activity intact while abolishing

recombination (9). When the first arginine of the catalytic
motif in the integron Intl1 was converted to an isoleucine,
valine, or glutamate, all DNA binding activity and recombi-
nation activity was lost (19). These data show that, in addi-
tion to its role in recombination, the first arginine of the
motif also contributes to DNA binding activity in at least
some integrases.

Converting the second catalytic-motif arginine of the yeast
Flp protein to glycine disrupted recombination but only weak-
ened rather than abolished DNA binding activity (33). In con-
trast, the corresponding substitution in the integron Intl1 in-
tegrase abolished both DNA binding and recombination (19).
Thus, different members of the integrase family show different
responses to an equivalent substitution within the motif. In the
case of FimB, the R144Q substitution had a very precise effect
on the activity of the protein: it altered its interaction with a
particular component of the DNA substrate and abolished
DNA recombination activity.

The tyrosine residue of the catalytic motif forms a covalent
bond with the cleaved DNA at the recombination site, making
it an essential amino acid for recombination. Substituting the
related aromatic amino acid phenylalanine for this tyrosine
abolished recombinase activity in the lambda, the integron
Intl1, and the Flp integrases (19, 28, 32, 34). The Y176F sub-
stitution in FimB resulted in an equivalent phenotype. In com-
mon with other well-characterized integrases, FimB was not
impaired in DNA binding by mutagenesis of this tyrosine res-
idue.

The results obtained in vitro with the R144Q mutant of
FimB suggest that this integrase interacts with itself, at least at
IRL-on, and that this is a DNA-dependent interaction. This
specific DNA dependence may explain why we have been un-
able to demonstrate FimB-FimB protein-protein interactions
(or FimE-FimE or FimB-FimE interactions) using the yeast
two-hybrid system (S. G. J. Smith and C. J. Dorman, unpub-
lished data). To date, the crystal structures of four integrases
have been solved. These are HP1 (22), Cre (20), XerD (39),

FIG. 7. The mutant fimS element is not invertible. Shown is a DNA inversion
assay in which the fimS derivative with a 4-bp deletion in the outer half site at
IRL-on is amplified by PCR from cells expressing wild-type and mutant FimB
proteins. pUC18 is the vector-only control; FimE is wild-type FimE recombinase,
a protein that inverts the multicopy wild-type switch rapidly from the on to the
off phase. The switch remained in the on orientation in all samples.

FIG. 8. Binding of wild-type and mutant MBP-FimB fusion proteins to the
mutated fimS element. Shown is an electrophoretic mobility shift assay of inter-
actions of lysates containing FimB and its mutant derivatives with a radiolabeled
IRL sequence with a 4-bp deletion in the outer half site. The first two lanes are
negative controls. SS is the shifted species that corresponds to IRL with one half
site occupied by a FimB protomer. UC and P are an unknown complex found in
all lanes and the unbound radiolabeled probe, respectively. The IRL DNA
fragment was 107 bp.
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and Int (27). At least for XerD, the implied interactions for the
XerC-XerD heterodimer bound at the dif site are consistent
with DNA-dependent protein-protein interactions. Perhaps
significantly, XerC and XerD are the integrases most closely
related to FimB (and FimE) (15). Further work is in progress
to elucidate in more detail the relation of structure to function
in the FimB recombinase.
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