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In order to form the catalytic nucleoprotein complex called the invertasome in the Hin-mediated DNA in-
version reaction, interactions of the DNA-binding proteins Hin and Fis are required. Assays for these protein-
protein interactions have been exploited with protein cross-linkers in vitro. In this study, an in vivo assay sys-
tem that probes protein-protein interactions was developed. The formation of a DNA loop generated by protein
interactions resulted in transcriptional repression of an artificially designed operon, which in turn increased
the chance of survival of Escherichia coli host cells in a streptomycin-containing medium. Using this system, we
were able to assay the Hin-Hin interaction that results in the pairing of the two recombination sites and protein
interactions that result in the formation of the invertasome. This assay system also led us to find that an in-
dividual Hin dimer bound on a recombination site can form a stable complex with Fis bound on the recom-
binational enhancer; this finding has never been observed in in vitro studies. Possible pathways toward the
formation of the invertasome are discussed based on the assay results for a previously reported Hin mutant.

Hin invertase from Salmonella typhimurium belongs to the
recombinase family, which includes Gin invertase from phage
Mu, Cin invertase from phage P1, and resolvases from Tn3 and
the transposon vd (8). Hin promotes the inversion of a chro-
mosomal DNA segment of 996 bp that is flanked by the 26-bp
DNA sequences of hixL and hixR (19). Hin-mediated DNA
inversion in S. fyphimurium leads to the alternative expression
of the H1 and H2 flagellin genes known as phase variation. Hin
(21 kDa) exists in solution as a homodimer and binds to Aix
sites as a dimer (7). In addition to Hin and the two hix sites, a
cis-acting DNA sequence (recombinational enhancer) and its
binding protein (Fis, 11 kDa) are required for efficient inver-
sion in vitro (18).

The inversion reaction requires the interaction of DNA-
binding proteins at a distance. It has been generally accepted
that after DNA binding, a two-step pathway is used to assem-
ble a functional synaptic complex (Fig. 1) (15). The first step is
to bring distant Aix sites in close proximity through the inter-
action of hix-bound Hin proteins, forming a “paired-hix” struc-
ture (12). Negative supercoiling assists the Hin-Hin interaction
to promote the formation of the paired-hix structure (26). The
next step is to assemble the paired-hix structure with the Fis-
bound enhancer to make a nucleoprotein complex called an
invertasome (12). Negative supercoiling is essential for the
formation of the invertasome (12, 26). However, no experi-
mental data support the notion that the paired-Aix structure is
required for the formation of the invertasome.

This nucleoprotein complex has been suggested to form at a
branch point in negatively supercoiled DNA (21). It is in the
invertasome complex that Hin is able to cleave the middle hix
sites and exchange the cleaved DNA ends to bring the inter-
vening DNA to an inverted configuration (17). A current hy-
pothesis is that Fis interacting with Hin in the invertasome
triggers a conformational change(s) in the dimer interface to
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initiate DNA cleavage by Hin (11, 25). The region of Fis that
is responsible for triggering the change in Hin resides in the N
terminus (29) and contains a flexible B-hairpin structure (32).
Recently, it was suggested that Hin needs to separate (melt)
the two DNA strands at the hix sites after DNA cleavage to
perform strand exchange (24). After the strand exchange, the
DNA ends can be religated by Hin.

Protein interactions that result in Aix pairing and the forma-
tion of the invertasome have been assayed in vitro. By use of
protein cross-linkers, the paired-hix structure and the inverta-
some formed on a plasmid DNA were visualized by electron
microscopy (12). The same structures were also detected as
discrete bands by agarose gel electrophoresis (26). In this
study, we devised an in vivo assay system to study protein-
protein interactions on DNA at a distance. We were able to
show not only that the paired-hix structure and the inverta-
some are formed and stably maintained in vivo but also that an
individual Hin dimer bound on Aix can form a stable complex
with Fis bound on the enhancer; the latter finding has never
been observed in in vitro studies. With the in vivo assay system,
the hix-pairing and invertasome-forming activities of Hin mu-
tants, each with a single-amino-acid change in the dimer inter-
face, were analyzed. The consequences of the assay results are
discussed in the context of the protein-protein interactions
necessary to assemble the invertasome.

MATERIALS AND METHODS

Construction of plasmids. Plasmids with an artificial operon were constructed
as follows. The rpsL gene isolated on a 0.75-kb HindIlI-EcoRI fragment from
pHSG664 (9) was cloned into pBluescript II SK* (Stratagene) digested with
HindIII and EcoRI, creating pHL100. An EcoRI site was created in the middle
of the Pribnow box of the rpsL gene in pHL100 by changing the adenine residue
(base 78 upstream from the ATG start codon of the rpsL gene) (31) to guanine
by a site-directed mutagenesis method (23), creating pHL101. The small EcoRI
fragment (155 bp, from pHL101) generated as the result of site-directed mu-
tagenesis was replaced with a 341-bp EcoRI fragment containing the promoter
ant and the operator hixL-AT (Fig. 2) from pKH37 (K. T. Hughes, University of
Washington), creating pHL102. A BamHI fragment from pHL102 containing the
entire open reading frame of the rpsL gene, the promoter, and the operator was
filled in with the large fragment of E. coli DNA polymerase I (Klenow fragment;
Bethesda Research Laboratories) and cloned into the filled-in EcoRI site of
low-copy-number plasmid pLG339 (35) in the orientation opposite that of the
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FIG. 1. Schematic expression of the Hin-mediated inversion reaction. Negative supercoiling of the substrate plasmid is required for efficient inversion. Negative
supercoiling is not included in these drawings to show protein interactions more clearly. Hin binds to the two hix sites and Fis binds to the enhancer in a substrate
plasmid. Hin pairs the Aix sites, creating two DNA loops. All the necessary proteins and their DNA-binding sites are brought in close proximity to form the invertasome,
creating three DNA loops of different sizes. In the invertasome, Hin cleaves the middle of each #ix site and exchanges the cleaved DNA ends, followed by ligation. The

intervening DNA between the two hix sites is now inverted.

tetracycline resistance gene in pLG339. The plasmid generated was designated
pSingle. pDoublel was constructed by cloning a synthetic 33-bp DNA containing
the hixL-WT (Fig. 2) and Eagl sites on both ends into the Eagl site of pSingle.
This cloning placed the hixL-WT site about 1.1 kb away from hixL-AT and toward
ori of pSC101. pDouble2 was generated by replacing a 300-bp EcoRV DNA
fragment of pSingle with the synthetic DNA of hixL-WT containing blunt ends.
pTriple was generated by replacing a 300-bp EcoRV fragment of pDouble2 with
a synthetic 74-bp DNA containing the recombinational enhancer sequence.
DNA sequence analysis showed that the 300-bp EcoRV fragment removed from
pDouble2 does not have any functional determinants that are essential for the
purpose of this study. This cloning placed the enhancer and hixL-WT sites 200 bp
away from hixL-AT. pDouble3 was generated by removing the hixL-WT sequence
from pTriple by Eagl digestion and ligation. To make pDouble3’, a synthetic
32-bp DNA fragment containing the proximal half site of the enhancer (5'-
TCGGGTGTCAACAATTGACCAAAATATCGATT-3") was inserted into
the EcoRV site of pSingle. The nucleotide sequences of the recombined pro-
moter, operator, and rpsL structural gene regions of these plasmids were con-
firmed by a double-stranded DNA sequencing method (28).

A high-copy-number plasmid used to express the Hin protein (pHinWT) was
constructed as follows. A DNA fragment harboring both the wild-type hin gene
under the control of the fac promoter and the lacI4 gene was isolated by partial
digestion of pKH66 (14) with HindIII and EcoRI and ligated to HindIII- and
EcoRI-digested pBluescript IT SK™.

Measuring SF. Streptomycin-resistant E. coli HB101 (supE44 hsdS20 recA13
ara-14 proA2 lacY1 galK2 rpsL20 xyl-5 mtl-1) harboring both the rpsL operon-
containing plasmid and the Hin-producing plasmid was grown at 37°C for 12 h in
2 ml of Luria-Bertani (LB) medium supplemented with ampicillin (100 pg/ml),
kanamycin (50 pg/ml), and isopropyl-B-p-thiogalactopyranoside (IPTG) (20 nM).
Proper serial dilutions of the culture were made and plated on two different agar
plates. One contained kanamycin and ampicillin, and the other contained strep-
tomycin (100 wg/ml), kanamycin, and ampicillin. Both plates contained a 20 uM
concentration of IPTG. The plates were incubated at 37°C for 24 h. Colony
numbers were counted, and the survival frequency (SF) was calculated. SF was
defined as the ratio of Str" Amp" Kan" colonies per milliliter to Amp" Kan"
colonies per milliliter. Measuring the SF in a Fis-negative Str" strain, CSH50fis::
cat (34), was performed as described above. CSHS5(fis::cat is a fis derivative of
CSHS50 [ara A(pro-lac) thi rpsL].

Recombination on pTriple. Even though we used two different Aix operators to
prevent any recombination, it is possible that a small amount of inversion or
deletion between the hix operators in pTriple might have led to the streptomycin-
resistant phenotype of HB101/pTriple/pHinWT. Thus, we investigated if any
recombination occurred when pTriple (Kan") coexisted with pHinWT (Amp") in
HB101. First, fresh HB101 was transformed with plasmids isolated from an
overnight culture of HB101/pTriple/pHinWT, and transformants were plated on
solid media containing kanamycin to select ones that had pTriple. Five hundred
Kan" colonies were stabbed on two different solid media, one containing both
ampicillin and kanamycin (to look for those transformed with both pTriple and
pHinWT) and the other containing kanamycin and streptomycin. All the Kan"
but Amp® colonies (about 450) were Str. Thus, this experiment showed that
in vivo Hin could not perform either inversion or deletion on pTriple. If
either inversion or deletion had occurred on pTriple in HB101/pTriple/
pHinWT, fresh HB101 transformed with recombinant pTriple would have
been Str". The same experiment was performed with HB101/pDoublel/
pHinWT and HB101/pDouble2/pHinWT, and all the Kan" and Amp® colonies

were Str®. Again, Hin was not able to carry out any type of recombination on
pDoublel and pDouble2.

Western blot analysis. The amount of Hin produced in HB101 harboring the
Hin-producing plasmid with different concentrations of IPTG was measured by
Western blot analysis. Cells grown to an optical density at 600 nm of 0.2 in 20 ml
of LB medium with the proper antibiotics were pelleted and washed with 1 ml of
50 mM Tris-HCI (pH 7.5). Cells were resuspended in 50 pl of 1X sodium dodecyl
sulfate (SDS) gel loading buffer and boiled for 3 min. Samples were centrifuged
at 13,000 X g for 5 min, and 20 pl of supernatant was loaded on an SDS-12.5%
polyacrylamide gel. Hin protein bands were visualized with horseradish peroxi-
dase-conjugated secondary antibodies (Amersham).

RESULTS

Rationale for the in vivo assay of protein interactions oc-
curring at a distance. The initial idea for our in vivo assay
system to study protein interactions in the Hin-mediated in-
version reaction was based on the following observations. First,
for more efficient repression of a promoter, a prokaryotic gene
regulation apparatus frequently uses more than one operator.
Having more operators increases the local concentration of
repressors through protein-protein interactions (reviewed in
references 1 and 33). Such interactions often create a DNA
loop. In addition, it has been shown that the DNA loop itself
represses a promoter more efficiently than does the mere bind-
ing of repressors to operators. Second, Escherichia coli strains,
such as HB101, having a mutant allele of rpsL (rpsL20, coding
for ribosomal protein S12) in their chromosome are resistant
to the antibiotic streptomycin. Since the rpsL.20 allele is reces-
sive, a merozygotic strain that harbors the wild-type rpsL gene
on a plasmid becomes Str® (6, 30).

We constructed a series of plasmids that bear an artificial
rpsL operon on a low-copy-number plasmid, pLG339 (Kan')
(35), derived from pSC101 (5). The artificial operon was built
such that hix sites and the recombinational enhancer site
served as operators (Fig. 2A). To prevent recombination (de-
letion or inversion) between the Aix sites in the plasmids, we
used two hix sites that are different only in the central two
bases (hixL-WT for the second operator [O,] and hixL-AT for
the first operator [O,]) (Fig. 2B). Inversion between these two
hix sites is blocked because the central two bases become
noncomplementary after strand exchange (13). We confirmed
that, in vivo, Hin cannot perform either inversion or deletion
on the substrate plasmids (see Materials and Methods). The
original promoter for the rpsL structural gene was removed,
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FIG. 2. (A) Five rpsL operon-containing plasmids used to analyze protein interactions in vivo. All the plasmids have the wild-type rpsL gene under the control of
the ant promoter from phage P22. The common DNA sequence surrounding the ant promoter is given. RBS, ribosome binding site. The difference between the plasmids
is the number or the position of operators. pSingle has a single six operator, pDoublel, pDouble2, and pDouble3 have two operators, and pTriple has three operators.
(B) DNA sequences of the two hix sites used as operators. These two hix sequences differ only in the central 2 bp (bold), preventing inversion. (C) Schematic
representation of the Hin-producing plasmid pHinWT. This plasmid was derived from pBluescript II SK*.

and the ant promoter from phage P22 (2, 14) was inserted
instead. The Hin protein that served as a repressor in this
system was supplied from a high-copy-number plasmid,
pHinWT (Amp") (Fig. 2C), that was derived from pBlue-
script II SK™. These two plasmids were compatible in
E. coli. Another trans-acting protein, Fis, was provided from
the fis gene in the chromosome of the host HB101 (16, 22).
We hypothesized that the growth of HB101 harboring both
the Hin-producing plasmid pHinWT and one of the rpsL oper-
on-containing plasmids in the presence of streptomycin would
be dependent on how tightly transcription from the wild-type
rpsL gene is repressed. The state of repression would depend
on what kind of operators are present in the 7psL operon and
how they are organized. Therefore, we expected that we would
be able to analyze macromolecular interactions, such as those
of Hin-hix, Hin-Hin, and Hin-Fis, by measuring the numbers of

colonies of HB101 cells harboring both pHinWT and an rpsL
operon-containing plasmid on agar plates containing strepto-
mycin.

Assay for streptomycin sensitivity. First of all, the strepto-
mycin sensitivity of HB101 harboring the artificial 7psL operon
in a plasmid was tested when the hin gene was not present. A
single colony of HB101 having both pBluescript II SK™ (Amp")
and one of the rpsL operon-containing plasmids (Kan®) was
grown in 2 ml of LB medium containing ampicillin and kana-
mycin for 12 h. Cells were plated on agar plates containing
kanamycin and ampicillin and agar plates containing those
antibiotics plus streptomycin, and the SF in the presence of
streptomycin (ratio of Str" Amp* Kan" colonies per milliliter to
Amp* Kan® colonies per milliliter) was calculated. The SFs
of HB101 cells having both rpsL operon-containing plasmids
and pBluescript were within the range of 10~7 (Table 1), show-
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TABLE 1. SFs with different concentrations of IPTG*

SF of the following strain with the

1psL- indicated IPTG concn (uM)
containing -
plasmid HB101/pBluescript HB101/pHinWT
I SK* (0) o 10 20
pSingle 1077 4x107* 2x10°3 2x107?
pDoublel 1077 2X107%  5x1073 2x1072
pDouble2 1077 7x107° 5% 107 0.22
pDouble3 1077 5107 3x10°? 0.27
pTriple 1077 5%X107*  6x10°? 0.57

“The SFs are averages from three independent experiments.
> A Western blot (see Fig. 3) showed that a small amount of Hin could be
made without the gratuitous inducer.

ing that HB101, originally Str*, became Str* when it harbored
the wild-type rpsL gene in these plasmids. HB101 carrying the
promoterless rpsL gene in a plasmid was Str* (data not shown).
These results indicated that the inserted ant promoter success-
fully drives the transcription of the rpsL structural gene when
Hin, the repressor, is not present.

Assay for Hin binding to kix sites. Our in vivo assay for Hin
binding to hix was performed with an rpsL operon-containing
plasmid, pSingle (Fig. 2A), that has a single hix operator (O,)
between the ant promoter and the wild-type rpsL structural
gene. We anticipated that the binding of Hin to Aix would re-
sult in the repression of transcription from the ant promoter,
which in turn would increase the SF of the host cells. Because
the wild-type hin gene in the plasmid pHinWT is under the
control of the tac promoter, the SF of HB101 harboring both
pHinWT and pSingle (HB101/pHinWT/pSingle) was investi-
gated with increasing amounts of the gratuitous inducer IPTG.
As the concentration of IPTG increased, the SF of HB101/
pSingle improved up to 10~ (Table 1). Western blot analysis
of HB101/pHinWT showed that as the IPTG concentration
increased from 0 to 40 wM, Hin production also increased
accordingly (Fig. 3). These results showed that the more Hin is
induced, the more the ant promoter is repressed; they also
showed that the binding of Hin to the Aix operator can increase
the SF of the host cells. These results indicated that the ex-
perimental design was valid.

Assay for hix-pairing activity of Hin. The next step in Hin-
mediated inversion is to bring the two hix sites close together
(hix pairing). This action was shown in vitro to be accomplished
by the interaction between the Hin dimers bound to each hix
site without the participation of Fis (12, 26). To assay the
hix-pairing activity of Hin, an additional Aix site was inserted in
pSingle as a second operator (O,) 1.1 kb away from O, gen-
erating pDoublel (Fig. 2A). In the chromosome of S. typhi-
murium, the two hix sites are separated by a 993-bp DNA seg-
ment. We hypothesized that the ant promoter in pDoublel would
be more efficiently repressed than that in pSingle because of the
DNA loop generated by the interaction between Hin dimers
bound to hix operators. Thus, a higher SF was expected for
HB101 harboring pDoublel. However, with the IPTG concen-
trations tested, the SFs of HB101/pHinWT/pDoublel were the
same as those of HB101/pHinWT/pSingle (Table 1), suggest-
ing that the expected cooperative effect between the two opera-
tors did not occur. Two possibilities were considered. One is that
the paired-hix structure in vivo is so transient (so is the DNA
loop) that it cannot repress the promoter more than the mere
binding of Hin to O,. The other possibility is that the paired-hix
structure is stable in vivo but that somehow the DNA loop is
not effective in transcriptional repression.

It has been demonstrated that the DNA loop per se in the
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galactose operon is important for more effective repression (3).
Choy et al. (4) showed that as the size of the DNA loop gen-
erated by the interactions of repressor proteins bound to dis-
tant operators increased from 114 to 614 bp, the gal promoters
were relieved from repression. Based on these observations,
we contemplated that the size of the DNA loop formed in
pDoublel (1.1 kb) might have been too large. Thus, we re-
duced the distance between the hix operators from 1.1 kb (in
pDoublel) to 200 bases and generated the plasmid pDouble2
(Fig. 2A). Indeed, the SF of HB101/pHinWT/pDouble2 with
20 uM IPTG was 10 times higher than that of HB101/pHinWT/
pDoublel or that of HB101/pHinWT/pSingle (Table 1). This
result demonstrated that the paired-hix structure is formed and
stably maintained in vivo. More importantly, this result sug-
gested that hix-pairing activity can be measured in vivo and was
consistent with the model that the inflexibility of the gal pro-
moters enclosed by the DNA loop impedes transcription ini-
tiation by preventing RNA polymerase from unwinding DNA
for open complex formation (4).

Assay for invertasome formation. Formation of the inverta-
some requires two proteins, Hin and Fis, and three DNA-bind-
ing sites in the same plasmid, two hix sites and one enhancer
site. The 65-bp enhancer is composed of two Fis-binding sites
separated by 48 bp (12). Presumably, a Fis dimer binds to each
binding site. After establishing that the DNA loop formed be-
tween cis-acting elements separated by at least 200 bp (as in
pDouble2) provides more effective repression of the ant pro-
moter, plasmid pTriple (Fig. 2A) was constructed to measure
invertasome formation in vivo. pTriple has the enhancer se-
quence inserted in pDoublel 200 bp away from the Aix oper-
ator O,. The relative locations of the three cis-acting DNA
sites in pTriple were almost identical to those found in the
H region of the Salmonella chromosome. Thus, if the inverta-
some is formed as shown by electron microscopy (12), we
hypothesize that the smaller DNA loop, established between
the enhancer and O,, would be the active component for tran-
scriptional repression. The other DNA loop, generated by the
enhancer and O,, would not participate in the repression, be-
cause the ant promoter is located in the smaller loop.

HB101/pHinWT/pTriple showed the highest SF (Table 1).
With 20 uM IPTG, 57% of cells were able to survive in the pres-
ence of streptomycin, whereas for HB101/pHinWT/pDouble2,
22% of cells survived. The SF of HB101/pHinWT/pTriple with
20 pM IPTG was identical to that of HB101/pHinWT harbor-
ing only the vector pLG339 (Kan" and no rpsL operon), sug-
gesting that the ant promoter in pTriple was so efficiently re-
pressed that hardly any transcripts of the rpsL gene were made.

Interaction between the Fis-enhancer complex and individ-
ual Hin-hix complexes. The results with pTriple raised the ques-
tion of whether or not Fis bound on the enhancer can interact
with Hin bound on the O, complex without the presence of the

S ISP U=

FIG. 3. Western blot analysis showing the amount of Hin expressed in
HB101/pTriple/pHinWT with no IPTG (lane 1), 5 pM IPTG (lane 2), 10 uM
IPTG (lane 3), 20 pM IPTG (lane 4), and 40 pM IPTG (lane 5). The arrow
indicates the Hin protein. A preliminary experiment indicated that overexpres-
sion of Hin even with 80 uM IPTG was detrimental to host cells (data not
shown). The unknown protein bands above Hin show that the same amounts of
total protein were loaded in all lanes.
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TABLE 2. SFs of dimer interface mutants of Hin®

SF in the presence of the following rpsL-containing plasmid:

Strain

pSingle pDouble2 pDouble3 pTriple
(hix binding) (hix pairing) (Hin-Fis) (invertasome)
Wild type 0.02 0.22 0.27 0.57
M101C 0.02 0.15 0.33 0.57
R103C 1x107* 0.06 0.22 0.07
F104C 2x1073 0.06 0.4 0.56
H107C 4x1077 0.01 3x 1078 0.09

“ The SFs are averages from three independent experiments.

Hin-O, complex. This question was tested by removing O,
from pTriple. The resulting plasmid, pDouble3, has only two
operators, the enhancer and O, (Fig. 2A). If there is a Fis-Hin
interaction, then SF of HB101/pHinWT/pDouble3 will be high-
er than that of HB101/pHinWT/pSingle. Indeed, with 20 uM
IPTG, the SF of the pDouble3-containing strain was 10 times
higher than that of the pSingle-containing strain, suggesting
that the Fis-enhancer complex can interact with individual Hin-
hix complexes without the formation of the paired-hix structure
and that the resulting nucleoprotein complex can be as stable
as the paired-hix structure in vivo.

Because there are two Fis-binding sites in the enhancer, we
tested whether both sites are necessary to make the stable
complex between Hin and Fis, as shown for pDouble3. One
of the Fis-binding sites in the enhancer was removed from
pDouble3, and the resulting plasmid (pDouble3") was assayed.
The SF of HB101 harboring pDouble3’ and pHinWT with 20
pM IPTG was almost the same as that of HB101/pHinWT/
pDouble3, suggesting that a Fis dimer bound on the half en-
hancer could make a stable complex with a Hin dimer bound
on the hix site.

As a control experiment, pDouble3, pDouble3’, and pTriple
were assayed in a Fis-negative Str" strain (CSH50fis::cat). The
SFs of CSHS5(0fis::cat/pHinWT harboring each of these plas-
mids were the same as that for Hin binding on O,, as in HB101/
pHinWT/pSingle. These results suggested not only that Fis spe-
cifically acts upon the enhancer sequence but also that it is Fis
that interacts with Hin.

Analysis of dimer interface mutants with the in vivo assay
system. With the established in vivo assay system, Hin mutants
that have been characterized in vitro were analyzed. Their
abilities for Aix binding, ix pairing, and invertasome formation
were analyzed with pSingle, pDouble2, and pTriple, respec-
tively. The interactions between individual Hin-hix and Fis-
enhancer complexes were measured with pDouble3. Previous-
ly, we substituted each amino acid residue from M101 to H107
with cysteine (25). These residues were shown to exist in a long
o helix that forms the dimer interface of Hin. Among the mu-
tants, M101C and H107C had 100 and 40% of the inver-
sion activity of the wild type, respectively. However, the DNA-
binding activity of H107C could not be measured (25).
R103C and F104C were binding competent but inversion
incompetent (25). All the assays were performed with 20
wM IPTG. The amounts of Hin proteins induced from these
mutants by 20 M IPTG were more or less the same (data not
shown). The results are summarized in Table 2.

In a comparison with the SFs of the wild type, M101C
showed no impairment of Aix binding, hix pairing, and inver-
tasome formation. R103C showed an SF for binding of 10~
which is 2 orders of magnitude lower than that of the wild type,
suggesting that the DNA-binding activity of R103C was imper-
fect. So was the hix-pairing activity of R103C. The SF for in-
vertasome formation by R103C was 0.07, significantly lower
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than that of the wild type. Thus, the inversion-incompetent phe-
notype of R103C was partly due to a defect in protein inter-
actions. However, R103C could make a stable contact with the
Fis-enhancer complex. Although the SF for the DNA-binding
activity of F104C was 10% of that of the wild type, invertasome
formation by this mutant was shown to be as efficient as that of
the wild type. These results suggested that F104C was defective
in one of the steps after invertasome formation.

The SF of H107C with pSingle (4 X 10~ 7) suggested that it
was completely defective in DNA binding, but the SF for hix
pairing (0.01) indicated that H107C was able to make the paired-
hix structure, albeit less efficiently. Thus, the defect in DNA
binding seemed to be corrected by hix-pairing activity. H107C
was shown to exist as a homodimer in solution (25). Thus, it is
likely that interactions between H107C dimers during their
brief stay on hix stabilized DNA binding. The SF of H107C
with pDouble3 was 3 X 10™%, suggesting that the unstable DNA
binding of H107C dimers, however, could not be stabilized by
the Fis-enhancer complex. The SF of H107 with pTriple was
0.09. Taken together, these results suggested that HI07C was
able to make the invertasome with less stability (see Discus-
sion); therefore, the lower inversion activity of H107C (25) was
a result of the unstable invertasome structure. The difference
between R103C and H107C, both of which showed the same
SFs with pTriple, seemed to be that the invertasome formed by
R103C was defective in inversion but that the invertasome
formed by H107C was able to make the inverted product.

DISCUSSION

SF measures the relative stabilities of nucleoprotein struc-
tures. The increase in the SF from 1077 to 10~ for HB101/
pSingle when Hin was induced with 20 pM IPTG showed that
the binding of Hin to O, was certainly effective in transcrip-
tional repression of the ant promoter. The assay results for the
four dimer interface mutants with pSingle were consistent with
our previous results (25) and showed subtle differences in the
binding stability of the Hin mutants. Thus, hix-binding activity
can be quantitatively measured with pSingle. The same idea of
using hix as an operator has been used to measure the hix-
binding activity of Hin in an in vivo assay system called chal-
lenge phage (14). A further 10-fold increase in the SF for
HB101/pDouble2 indicated synergy between the two hix oper-
ators as a result of a Hin-Hin interaction. Based on the differ-
ences in SF between pDoublel and pDouble2, which are dif-
ferent only in the distance between the hix operators, we
concluded that the size of the DNA loop is important in tran-
scriptional repression. Furthermore, the structural difference
between pDoublel and pDouble2 eliminates the possibility
that the synergistic effect shown for pDouble2 was caused by
Hin binding to quasi-binding sites somewhere in pDouble2.

The addition of the third operator (O, the enhancer) to
pDouble2 increased the SF of host cells from 0.22 (pDouble2)
to 0.57 (pTriple). We believe that the difference in SF is
the consequence of how stable the nucleoprotein structures
formed on pDouble2 (paired-hix structure) and pTriple (inver-
tasome) are, because the positions and sizes of the DNA loops
engaged in transcriptional repression in pDouble2 and pTriple
are the same. Therefore, the twofold difference in SF between
pTriple (0.57) and pDouble3 (0.27) is also the result of a dif-
ference in the stability of the nucleoprotein structures of the
invertasome and the Fis-Hin complex. Differences in stabil-
ity between the nucleoprotein structures of the invertasome
and the Fis-enhancer and Hin-kix complexes became evi-
dent when the Hin mutants were analyzed. For example, the
SF of pHinR103C/pTriple was 0.07, and that of pHinR103C/
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pDouble3 was 0.22. Thus, it can be suggested that, unlike the
wild type, R103C forms an invertasome that is less stable than
the Fis-Hin complex.

Transcriptional repression in pTriple. In reactions with sub-
strate plasmids containing hixL-WT, hixL-AT, and the enhanc-
er (as in pTriple), Hin made extensive knots instead of an in-
verted product (13). It was proposed that in the invertasome
formed in these plasmids, multiple rounds of strand exchange,
each of which occurred through a 180° clockwise rotation of
one set of Hin subunits, resulted in the generation of extensive
knots. One might argue that the most efficient repression in
pTriple might have been accomplished by the DNA knots gen-
erated in the invertasome rather than the invertasome struc-
ture itself formed on pTriple. However, the assay results for
F104C with pTriple argue against this possibility. Purified
F104C protein showed no DNA cleavage activity (data not
shown), suggesting that there could not be any strand exchange
or formation of DNA knots in the invertasome formed by
F104C. The SF of pHinF104C/pTriple was the same as that of
pHinWT/pTriple, suggesting that the invertasome formed by
F104C was as stable as that formed by the wild type. Therefore,
these arguments support the notion that the stable DNA loop
formed between O and O, as a result of invertasome forma-
tion is solely responsible for the repression in pTriple. It is
likely that the formation of an O5-O, DNA loop of about 200
bp is aided by the HU protein, as shown in vitro (10). These
data also suggest, contrary to the proposal by Kanaar et al.
(20), that Fis should stay in the invertasome after DNA cleav-
age and even during the multiple strand exchange in pTriple to
maintain repression.

Protein interactions at a distance for assembly of the inver-
tasome. It was surprising that individual Hin-kix complexes
could make a stable complex with the Fis-enhancer complex,
because a protein-protein interaction between Hin and Fis has
never been observed. This result raised the possibility that the
invertasome can be formed by assembly of each Hin-hix com-
plex onto the Fis-enhancer complex, bypassing the formation
of the paired-hix structure. However, the assay results for
H107C argue against this possibility. The SF of H107C with
pDouble3 is 3 X 105, suggesting that a DNA loop between O,
and O, cannot be formed. (This result does not necessarily
imply that H107C has lost its ability to enter into a stable
interaction with Fis but rather that the interaction is transient
due to the unstable hix-binding activity of H107C.) However,
considering that the transcriptional repression on pTriple is
achieved by the small DNA loop formed between O5 and O,,
the O5-O, DNA loop must have been assembled in the inver-
tasome formed by H107C in order to acquire the SF of 0.09 for
pTriple. Otherwise, the SF of pHinH107C/pTriple would have
been that for binding, which is 10”7 or less. Thus, the 05-O,
DNA loop, which cannot be made on pDouble3 in H107C, can
be made passively during the process of invertasome forma-
tion. These results strongly suggest that the invertasome can be
assembled without a preformed O;-O; DNA loop.

There remain two other routes toward the assembly of the
invertasome. One is that, as generally accepted so far without
any experimental data, the formation of the paired-hix struc-
ture precedes the formation of the invertasome. The other is
the simultaneous joining of all three cis-acting elements (the
two hix sites and the enhancer). If a binding-positive but pair-
ing-negative mutant were isolated, the invertasome formation
assay of the mutant with pTriple would provide evidence for
the first route. In fact, such a mutant has been isolated. The mu-
tant was not a protein but a Hin-binding site called hixC that
has 13-bp perfect symmetry. Wild-type Hin bound to hixC as
well as to wild-type hix. However, in reactions with AixC sites,
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Hin showed a 16-fold-lower rate of inversion, and in vitro
studies showed that Hin bound on hixC sites had difficulty
forming the paired-hix structure (27).

Interactions between DNA-binding proteins at a distance
have been a core mechanism for explaining site-specific recom-
bination and transcription. So far, these interactions have been
analyzed in vitro with purified proteins. The in vivo assay sys-
tem reported in this study could provide a simple way to probe
these interactions under many different conditions and could
have the potential to be applicable to a wide variety of biolog-
ical systems.
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