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Bacteriophage lambda integrase (Int) catalyzes at least four site-specific recombination pathways between
pairs of attachment (a#t) sites. Protein-protein contacts between monomers of Int are presumed to be important
for these site-specific recombination events for several reasons: Int binds to the atf sites cooperatively, catalytic
Int mutants can complement each other for strand cleavage, and crystal structures for two other recombinases
in the Int family (Cre from phage P1 and Int from Haemophilus influenzae phage HP1) show extensive protein-
protein contacts between monomers. We have begun to investigate interactions between Int monomers by three
approaches. First, using a genetic assay, we show that regions of protein-protein interactions occur throughout
Int, including in the amino-terminal domain. This domain was previously thought to be important only for
high-affinity protein-DNA interactions. Second, we have found that an amino-terminal His tag reduces coop-
erative binding to DNA. This disruption in cooperativity decreases the stable interaction of Int with core sites,
where catalysis occurs. Third, using protein-protein cross-linking to investigate the multimerization of Int dur-
ing recombination, we show that Int predominantly forms dimers, trimers, and tetramers. Moreover, we show
that the cysteine at position 25 is present at or near the interface between monomers that is involved in the
formation of dimers and tetramers. Our evidence indicates that the amino-terminal domain of Int is involved

in protein-protein interactions that are likely to be important for recombination.

Bacteriophage lambda integrase (Int) is a recombinase
which inserts and excises the phage genome into and out of the
Escherichia coli chromosome. It belongs to a large family of
tyrosine recombinases whose members carry out site-specific
recombination of phage, plasmid, and chromosomal sequences
(6, 29). Int mediates recombination via four distinct pathways
(summarized in Table 1), in which different protein-DNA com-
plexes are assembled by Int and its accessory factors on four
types of recombination target sites, known as attachment or att
sites (the structure of a#fL is shown in Fig. 3). In addition to the
catalytic domain, Int has two DNA binding domains: a rela-
tively high-affinity binding domain contacts the “arm” binding
sites, which are distal to the loci of strand exchange, while a
low-affinity binding domain contacts the “core” binding sites,
which directly flank the loci of strand exchange (32, 41).

Int cleaves and rejoins four phosphodiester bonds in the host
and phage DNAs via transient covalent intermediates between
itself and DNA. Presumably because abortive reactions would
be detrimental both to the phage and to the host, the recom-
binases have evolved to be very efficient, and very few abortive
products are seen (30). At worst, aborted recombination events
would generate breaks in both the bacterial and phage ge-
nomes; at best, integration or excision would be less efficient
due to unproductive rounds of strand cleavage and joining and
the lysogeny versus lysis decision of the phage would be im-
peded. Abortive recombination may be minimized by carrying
out strand exchange in the context of specific synaptic com-
plexes containing both of the DNA substrates and all of the
protein subunits necessary for the reaction. This indeed ap-
pears to be the case (1, 31, 35, 36). Moreover, the DNA strand
cleavage and ligation events in integrative and excisive recom-
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bination are highly concerted, for which interactions between
Int monomers are presumed to be important. Protein-protein
interactions appear to be a central feature of site-specific re-
combination reactions, including phase variation of flagellar
antigens in Salmonella enterica (12, 22), resolution of yd trans-
poson-generated cointegrate structures (14, 25), and 2u plas-
mid inversion mediated by Flp (reference 21 and references
therein).

The DNA binding and catalytic properties of Int, as well as
those of many protein-DNA intermediates assembled by Int in
conjunction with its accessory factors, have been studied ex-
tensively (reviewed in references 20 and 27). However, no
direct information is available on the interactions between Int
monomers occurring during recombination. Two major ob-
servations suggest that protein-protein contacts between Int
monomers are important. First, binding of Int to the att sites is
highly cooperative (16, 36). Second, different catalytic mutants
of the Int protein complement each other for strand cleavage
activity (10), suggesting intimate interactions between at least
two Int monomers. More recently, further information has
become available from several crystal structures of Int family
proteins. Four structures have been solved, namely, those of
the catalytic domain of Int (19), the catalytic domain of the
Haemophilus influenzae phage HP1 Int (13), the E. coli XerD
protein (39), and the cocrystal of the bacteriophage P1 Cre
protein bound to a Holliday junction (7, 9). The Int structure
and the XerD structure were solved as monomers and thus
provide information on protein-protein contacts only by ho-
mology alignments with the catalytic domains of HP1 Int,
solved as a dimer, and with the Cre structure, which was solved
as a pseudosymmetric tetramer (9). However, Int and the other
bacteriophage integrases share little or no recognizable homol-
ogy in the noncatalytic domains of their relatives (6). There-
fore, while the Cre and HP1 Int structures give insight into
protein-protein contacts lying within the catalytic domain,
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TABLE 1. Summary of the four pathways of bacteriophage \
site-specific recombination

Pathway®
Component(s)
Integration Excision Bent-L Straight-L

att substrates attP, attB attL, attR attL (tenP'1)*  attL
Int requirement Y Y Y Y
Bending protein  THF IHF or HU IHF Inhibitory

requirement
Xis requirement  Inhibitory Y N N
Supercoiling Y N N N

requirement
Efficiency” High High High Low

“ The bent-L pathway works equally well with wild-type attL and attL tenP'l
substrates in vivo but only with attL tenP’] substrates in vitro.

® High efficiency denotes >25% conversion of substrates to products. Low
efficiency denotes <10% (and usually <5%) conversion of substrates to prod-
ucts. Note that integration and excision are unidirectional pathways and often
convert 60 to 70% of substrates to products. In contrast, the bent-L pathway is
bidirectional and should convert no more than 50% of substrates to products
under normal circumstances.

Y, yes; N, no.

none of these structures is very informative about interactions
occurring in the N-terminal half of the Int protein.

In order to obtain more information about protein-protein
interactions necessary for Int’s function, we have investigated
interactions between Int molecules using several approaches.
First, we have used a genetic assay to localize the regions
where protein-protein contacts occur. Second, we have inves-
tigated cooperative interactions among Int monomers binding
to DNA. Third, we have used protein-protein cross-linking as
a physical assay to determine the predominant multimeric spe-
cies assembled by Int. We find that residues which contribute
to stable protein-protein contacts are spread throughout most
of the Int primary sequence. The genetic and physical assays
agree that Int’s N-terminal domain, previously thought to com-
prise only the DNA binding domain necessary for contacting
Int’s high-affinity arm binding sites, also provides an important
protein-protein interface between Int monomers. We show
that cooperative interactions at the N terminus of Int affect the
stable binding of Int to its core binding sites, the loci of strand
exchange. Last, we show that Int forms several types of mul-
timers and we test the effect on recombination of modifying
cysteines and tethering Int protomers to each other.

MATERIALS AND METHODS

Strains. The tester strain for examining the transcription-inducing activities of
Int-AraC fusion proteins was M8834, F~ A(araOC leu)1109 rpsL150 (Str") (gen-
erously provided by Malcom Casadaban). It was constructed such that araC was
deleted but a functional araBAD operon remained. Transcription of araBAD de-
pends on appropriate dimerization of the AraC DNA binding domains (AraCp,).
An hsdR deletion was introduced by P1 transduction to facilitate direct cloning
of PCR-generated ligation products into the M8834 strain. Mutations in lon and
clpP were introduced by transducing M8834 with c/pP::Tn)5 linked to a Alon allele
(donor strain was kindly provided by S. Gottesman). Phage P1 transductions
were performed according to standard protocols, and mucous Kan' transductants
were used as recipients of the cloned fusion proteins (lon mutations confer a
mucous phenotype). The clone expressing the His-tagged Int gene was the
generous gift of J. Gardner, while the clone expressing the IntC25S gene was the
generous gift of R. Tirumalai and A. Landy.

Generation of LacZ:Int::AraC chimeric genes. Fusion proteins were con-
structed by introducing portions of the Int gene, generated by PCR, upstream of
and in frame with the AraCp. Plasmid pKM19-C170 (from N. Lee via M.
Casadaban) is a modified pUC19 plasmid containing the AraCp, consisting of
amino acid residues 170 to 292 (23). Upstream of the truncated AraC protein are
the translation start sites and the first five amino acids of LacZ, all of which are
under the control of a ptac promoter. PCR primers were designed to introduce
restriction enzyme sites upstream (HindIII) and downstream (BamHI) of appro-
priate Int sequences to allow cloning upstream of and in frame with the AraCp,
in pKM19-C170. The sequences of the primers used are summarized in Table 2.
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The PCR products, generated with VENT polymerase (New England Biolabs
[NEB]) were purified with a Wizard PCR Preps kit (Promega), digested over-
night with BarmHI and HindIII (NEB), gel purified, and ligated to gel-purified,
digested vector DNA. The ligated plasmids were recovered in DH5a cells and
electroporated into M8834 or its relatives. Screens for araBAD activity were
carried out on MacConkey agar (Difco) containing 1% 1L-arabinose (Sigma).

Cell extracts. Extracts of cells expressing the fusion proteins were made by a
freeze-thaw lysozyme procedure, as follows. Overnight cultures of the tester
strain containing the fusion proteins were subcultured 1:10 into 40 ml of 1 X NCE
(4) supplemented with 1% casein digest (Sigma) and 1% arabinose with 100 p.g
of ampicillin (Sigma) per ml, grown at 37°C for 2.5 to 3 h to an optical density
at 650 nm of 0.7 to 0.8, and pelleted. Cell pellets were resuspended in a solution
containing 200 wl of 0.5 M Tris HCI (pH 7.4) and 10% sucrose (Sigma) and
frozen at —80°C. Pellets were thawed on ice, and the following concentrations of
protease inhibitors were added: 0.5 pl of leupeptin (5 mg/ml in H,O; Sigma),
0.25 pl of pepstatin (10 mg/ml in H,O; Sigma), 0.5 pl of soybean trypsin inhibitor
(100 mg/ml in H,O; Sigma), and 5 pl of phenylmethylsulfonyl fluoride (100 mM
in ethanol; Sigma). The cells were then lysed by incubating them on ice for 30
min with a 1/20 volume of 10-mg/ml lysozyme (in 10 mM Tris HCI [pH 7.4]). The
cellular debris was removed by centrifugation at 15,000 rpm in a Sorvall RCSC
centrifuge with an SA 600 rotor for 20 min. Total protein present in the extract
was measured by a modified Bradford protein assay (Bio-Rad). The extracts were
then frozen in a dry ice-ethyl alcohol bath and stored at —80°C.

Western blot analysis. Approximately 120 ng of cell extracts was mixed 1:1
with Laemmli loading buffer (Bio-Rad), boiled for 10 min, and electrophoresed
on 10 to 20% polyacrylamide gradient minigels (Novex). Electrophoresis was
carried out for 2.5 h at 120 V. The gels were transferred to nitrocellulose
(Bio-Rad) in a Novex Western Blot Module according to the manufacturer’s
instructions at 30 V for 2 h in transfer buffer. The nitrocellulose was probed with
antibody, washed, and treated with 10 ml of SuperSignal peroxide substrate
(Pierce) for 10 min before exposure to Kodak XAR film. For reprobing with a
different primary antibody, each blot was gently shaken in stripping solution (2%
sodium dodecyl sulfate [SDS; Sigma], 62.5 mM Tris-HCI [pH 6.8], 0.1 M B-mer-
captoethanol [Sigma]) at 65°C for 30 min and was rinsed several times before the
Western blot procedure described above was repeated.

Three primary antibodies were used. Int was detected with a polyclonal anti-
Int antibody obtained from Susan Bear via Howard Nash or with polyclonal
antibody obtained against gel-purified His-tagged Int whose tag had been
cleaved off with thrombin (the latter antibody was raised by BABCo). The
polyclonal antibody raised against the whole AraC protein does not detect the
AraCyp, (23). Therefore, an AraC peptide representing amino acids 176 to 193
was synthesized, conjugated to keyhole limpet hemocyanin, and injected into
rabbits. The peptide and the polyclonal antibody were made by Sigma Genosys.

Arabinose isomerase activity assay. In order to quantitate the activity of the
arabinose operon induced by the fusion proteins, arabinose isomerase (AraA)
activity assays were performed using published methods (3, 33). The colorimetric
assay measures the activity of the AraA gene at time zero and at several time
points thereafter. The zero time point served as the reference, and activities were
calculated from the linear part of the curve using the following equation: (2 X
10'%) (optical density at 550 nm)/(minutes of incubation)(number of cells in
assay).

Purification of His-tagged Int. E. coli BL21 (ADE3 pLysS) cells (250 ml)
carrying the Int gene cloned into the pET28a vector (Novagen) were grown in

TABLE 2. Oligomers used in this study’

Primer or P'1
oligonucleotide

Sequence (5’ to 3")

Primers
1-262 (HindIIl)........... CCGAAGCTTGATGGGAAGAAGGCGAAGT
1-262 (BamHI) .GCGGATCCTCGCATTTATCAAGTGTTTC
80-169 (HindIII) .CCAAGCTTGTCATGGCTTGATCGCTAC
80-169 (BamHI)........GCGGGATCCGCGAGTGGCAGCGCAATG
80-356 (BamHI)......... GCCGGATCCTTTGATTTCAATTTTGTCCC

Oligonucleotides
LP'1IT .AGAACAGGTCACTATTCTT

.CAAGAATAGTGACCTGTTC

¢ Primers were used in cloning Int::AraC fusions. Primers designated HindIIT
point towards the 3’ end of the Int sequence, while those designated BamHI
point towards the 5" end of the Int sequence. Combinations of these primers
were used to generate the five fusions depicted in Fig. 2. The restriction enzyme
sites are underlined. The oligonucleotides were used to assemble the P'1 arm
substrate used in the experiment whose results are shown in Fig. 3D. The LP'1T
and LP’1B oligonucleotides anneal over their whole length to form a duplex,
with the exception of a single protruding nucleotide at the 5" end, to increase
labeling efficiency with polynucleotide kinase. The central nine bases comprise
the P'1 arm binding site.
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Luria broth supplemented with neomycin sulfate (100 pg/ml; Sigma) at 37°C to
mid-log phase. Int expression was induced with 0.5 mM IPTG (isopropyl-B-p-
thiogalactopyranoside; Bachem) for 3 to 4 h; during induction, cultures were
shaken at room temperature. Cell pellets were resuspended in extraction buffer
(50 mM TrisCl [pH 8], 0.8 M KCl, 10% sucrose) after one freeze-thaw cycle.
Extracts were made by homogenization on ice in the presence of phenylmethyl-
sulfonyl fluoride, pepstatin A, leupeptin, and soybean trypsin inhibitor (concen-
trations of protease inhibitors were as for the previous cell extracts). The super-
natant was frozen at —80°C, and the pellet was reextracted in 400 wl of extraction
buffer. The supernatants were combined and mixed with 200 to 300 pl of Talon
metal-affinity resin (Clontech) which had been washed in binding buffer (50 mM
Tris-Cl [pH 8], 300 mM KClI, 10% glycerol, 10 mM B-mercaptoethanol). The
beads were rotated with the protein extracts for 2 h at 4°C and then washed five
times (30 min each) with 500 .l of extraction buffer. Two sequential elution steps
were performed, each with 150 pl of elution buffer (50 mM Tris-Cl [pH 8], 600
mM KCl, 10% glycerol, 0.6 M imidazole or histidine, 10 mM B-mercaptoetha-
nol). The resin was stripped with elution buffer containing 1 M imidazole.
Fractions showing the greatest activity were quantitated by Western blot analysis.

Purification of non-His-tagged Int. E. coli BL21 (\DE3 pLysS) or HN1463
(IHF"HU ") cells (500 ml) carrying the Int gene cloned into a pT7 vector (41) or in
a pLex 5B vector (5) were grown in Luria broth supplemented with ampicillin
(100 pg/ml; Sigma) at 37°C to mid-log phase. Int expression was induced with 0.5
mM IPTG (Bachem), and cultures were shaken at room temperature for 4 h.
Cell extracts were prepared as described above for His-tagged Int purification.
Int was isolated from these extracts by mixing 200 pl of phosphocellulose equil-
ibrated in buffer X (50 mM Tris-Cl [pH 8], 400 mM KCI, 1 mM EDTA, 10%
glycerol, 10 mM B-mercaptoethanol) with 800 wl of cell extract. After being
rotated for 2 h at 4°C, the resin was pelleted gently, the supernatant containing
unbound proteins was removed, and the resin was washed with 400 wl of buffer
X for 30 min. Two sequential elution steps were performed with 100 wl of buffer
X. The first elution step was performed with buffer containing 600 mM KClI,
while the second elution step was performed with buffer containing 1 M KCI.

Gel mobility shift and in vitro recombination assays. Linear substrates con-
taining the attL or attL tenP'1 (27) sequence were end labeled using T4 polynu-
cleotide kinase (NEB) and [y->’P]ATP (NEN). All recombination and binding
reactions were performed in 20-pl total volumes. Recombination reaction mix-
tures contained 1 nM labeled att site (179 bp long) and 4 nM unlabeled att site
(496 bp long), while binding reaction mixtures generally contained 1 to 4 nM
labeled att site, as specified in figure legends. Each reaction mixture contained
0.1to 1 pg of sonicated salmon sperm DNA, 44 mM Tris-CI (pH 8), 60 mM KCl,
0.05 mg of bovine serum albumin per ml, 11 mM Tris-borate (pH 8.9), 1 mM
EDTA, 13.6% (vol/vol) glycerol, and 5 mM spermidine. Int and integration host
factor (IHF) were present at 50 and 35 nM, respectively. Recombination reac-
tions were stopped by the addition of 5 pl of 2% SDS-containing bromophenol
blue and heated at 65°C for 5 min. These samples were loaded onto 5% poly-
acrylamide Tris—=SDS gels and electrophoresed in Tris-Tricine-SDS buffer at a
100-mA constant current. For the bent-L pathway, reaction mixtures were incu-
bated at 30°C for 90 min. For the straight-L pathway, reaction mixtures were
incubated at room temperature for 90 min. Gel mobility shift reactions were
assembled as described above and were layered without loading dye directly onto
5% native polyacrylamide-0.5X Tris-borate-EDTA gels (29:1 acrylamide-bisac-
rylamide). Gels were run at 165 V at 4°C. Band shift assays using the oligomeric
substrate coding for the individual P'1 arm site were loaded onto 10% native
polyacrylamide gels, and reactions were carried out as described above but
without nonspecific DNA competitor. All gels were dried and analyzed with a
Molecular Dynamics PhosphorImager.

Reaction mixtures contained an excess of Int relative to specific att site DNA
for several reasons. First, we do not know the fraction of active Int in the
preparation. Second, the actual number of Int monomers required for proper
assembly of intermediates and for catalysis for each recombination pathway is
not known; although four Int monomers are expected to be required for catalysis
(1,7, 9), additional monomers may be recruited to serve an architectural role (36;
L. Jessop and A. Segall, unpublished results). Third, since we used nonspecific
DNA in our reaction mixtures to minimize nonspecific aggregation of Int, some
Int molecules almost certainly bound to this DNA rather than to the atf sites.

Protein-protein cross-linking assays. Reaction mixtures for gel mobility shift
assays were assembled as described above except that the concentration of the att
site was 4 nM. After 0 to 30 min of incubation at room temperature, bismale-
imidohexane (BMH; Pierce) was added to 0.3 mg/ml, disuccinimidyl glutarate
(DSG; Pierce) was added to 0.25 mg/ml, or dithio-bis-maleimidoethane (DTME;
Pierce) was added to 0.3 mg/ml. All cross-linkers were resuspended in dimethyl
sulfoxide (Sigma). The reaction mixtures were incubated for an additional 10 to
30 min at room temperature (no difference in extents of cross-linking was seen
over this time period). To quench the cross-linkers, dithiothreitol (DTT; Sigma)
was added to a final concentration of 20 mM for BMH-containing reaction
mixtures or Tris (pH 8) was added to a final concentration of 150 mM for DSG
reactions. The DTME tether was cleaved by adding 20 mM DTT. Laemmli’s
sample buffer (Bio-Rad) was added to the samples, which were then boiled for
10 min (Int multimers are very stable and are dependent on cross-linker only
when reaction mixtures are boiled for 10 min in the presence of a reducing agent
[data not shown]). Cross-linking products were separated on a 4 to 12% Tris—
glycine gel (Novex) at 125 V for approximately 2 h. Proteins were electroblotted
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FIG. 1. Identification of Int regions involved in protein-protein contacts us-
ing the activation of paraBAD as an assay. The araC gene together with the
upstream araC binding sites are deleted in the M8834 strain, and thus the
repression loop cannot form. (A) Efficient transcription initiation of paraBAD
requires the presence of an AraC dimer bound at the I, and I, sites. AraC
protein consists of two domains linked by a flexible tether; one binds to DNA,
and the other mediates protein-protein contacts between two AraC monomers.
(B) The AraCp, cannot bind to DNA stably in the absence of the multimerization
domain, resulting in poor activation of the operon. (C) Fusion of heterologous
multimerization domains to the AraCp, results in efficient activation of the
operon. (D) Fusion of proteins or protein fragments which mediate weak or
inappropriate interactions between two monomers do not activate the operon.

to nitrocellulose (Bio-Rad) using a Novex blot module, and Int was detected with
polyclonal Int antibody and horseradish peroxidase-conjugated goat anti-rabbit
secondary antibody (Jackson Laboratories). SuperSignal or Super Signal West
Dura substrates (Pierce) were used to develop the blot.

‘When we were looking at the effect of DSG on recombination, HEPES buffer
was used. Although this buffer system is suboptimal for recombination and the
formation of the synaptic intermediate, Tris buffer could not be used because it
contains primary amines that interfere with efficient DSG cross-linking.

Assaying the effect of cross-linking on rec tion and protein-DNA inter-
mediates. Reaction mixtures were assembled as for the in vitro recombination
assays described above. Cross-linker was added either when the reaction mix-
tures were assembled, after 45 min of incubation at room temperature, or as
specified in the figure legends. Following a total incubation time of 90 min,
reaction mixtures were loaded onto a 5% polyacrylamide-Tris-Tricine-SDS gel
to assay for recombination or a 5% native polyacrylamide gel to assay the
formation of protein-DNA complexes. Samples assayed for recombination re-
ceived 5 pl of 2% SDS plus dye and were heated at 65°C prior to electrophoresis.

RESULTS

Fusion assay for localizing intermonomer contacts among
Int molecules. The fusion assay, developed by Malcolm Casa-
daban (unpublished results), takes advantage of properties of
the transcriptional activator AraC (Fig. 1). This activator must
bind two sites, aral, and aral,, upstream of the paraBAD pro-
moter in order to activate transcription from this promoter
(reviewed in reference 34). The AraC activator consists of two
independent domains, a dimerization domain and a DNA
binding domain, connected by a hinge. The DNA binding do-
main by itself is sufficient to bind the aral sites and weakly
activate paraBAD in the absence of arabinose (23). However,
efficient activation of the natural promoter occurs only if a
dimer of an AraCp, contacts aral. This is accomplished in the
wild-type AraC protein via protein-protein contacts mediated
by the dimerization domain. The natural dimerization domain
has been successfully replaced by heterologous multimeriza-
tion domains such as leucine zippers (2) or by entire proteins
which can dimerize (M. Casadaban, unpublished data).

Our first goal was to identify the regions of Int involved in
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protein-protein contacts. Therefore, we constructed a series of
fusion proteins between fragments of the Int protein and the
AraCp,. Those regions of Int which can fold appropriately and
interact stably as a homodimer (or possibly higher species)
should increase the transcriptional activity of the paraBAD
promoter. This interaction will be productive only if the fusion
proteins maintain the appropriate geometry of the AraCp, with
respect to the aral sites. Note that the endogenous araC gene
and both araO sites are deleted and thus that the repression
loop cannot be formed. Fusion proteins between Int fragments
and the C-terminal 122 amino acids of AraC were expressed
from the ptac promoter, using the translational start site and
first five amino acids of LacZ. The constructs, diagrammed in
Fig. 2B, were designed to cover overlapping portions of Int.
The boundaries of the Int fragments were placed such that they
did not interrupt highly conserved regions between the A Int
protein and its closest relative to date, the phage HK022 Int
protein (26); we reasoned that these highly conserved regions
would be part of a folding domain (the fusions predated the
crystal structures). In addition, we took into account that
amino acids in the central region of Int affected cooperative
binding to atf sites and were thus postulated to affect protein-
protein contacts (11). The current model for the domain struc-
ture of Int, proposed by Landy and colleagues, is shown in Fig.
2A (40). The 169-amino-acid fragment of Int which we fused to
the AraCp, (Fig. 2B) coincides almost exactly with the bound-
ary between the C-terminal catalytic domain of Int and the
N-terminal half of the protein. Previous proteolysis studies
showed that a small N-terminal domain corresponding to the
first 65 amino acids of Int was generated (32). Since the num-
ber of identities between N\ Int and HK022 Int decreased sub-
stantially between amino acids 60 and 80, we reasoned that a
less conserved linker region might connect this domain to the
rest of the Int protein and thus make the initial fusion break-
point towards the end of the putative linker. Finally, the break-
point at amino acid 262 is located near the end of alpha helix
D of the Int catalytic domain (19, 29).

The activities of the fusion proteins were screened on Mac-
Conkey agar plates containing 1% L-arabinose and were then
quantitated using an assay for arabinose isomerase (AraA)
activity (3, 33). These data are presented in Fig. 2B. The fusion
protein containing Int amino acids 1 through 262 was very
positive on MacConkey agar plates, and another, containing
amino acids 1 to 169, was weakly positive (the phenotype on
MacConkey agar is represented by different patterns for the
fusion proteins in Fig. 2B). Among the fusion proteins that
were negative on MacConkey agar plates, two had AraA ac-
tivities that were reproducibly above the background level con-
ferred by the vector itself (the vector contained the AraCp,).
Comparison of the AraA activities of Int,_,4::AraCp and
Intgy_60::AraCp, suggested that amino acids 80 to 169 are
sufficient to confer significant dimerization. However, compar-
ison of the activities of the fusion protein Intg, ,¢,::AraCp, to
Int, ,4,::AraCp, showed that the presence of the N-terminal
80 amino acids confers significantly greater dimerization. Al-
though it is formally possible that the breakpoint at amino acid
80 induces misfolding of the fusion protein Intgy ,4,::AraCp,
this is unlikely based on the activity shown by the Intg, ;40
AraCp, fusion. Thus, the amino terminus of Int contributes to
protein-protein contacts, although by itself it does not suffice to
dimerize the AraCp, fragment.

Extracts of strains expressing the fusion proteins were tested
by Western blot analysis using two polyclonal antibodies, one
made against an AraCp, peptide (amino acids 176 to 193) (see
Materials and Methods) and one made against the whole Int
protein. Two of the fusion proteins, Intg, ,4,::AraCp and
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FIG. 2. (A) Domain organization of the bacteriophage N\ Int protein. The
figure depicts the regions of the protein responsible for contacting the arm-type
sites of the att recombination targets, for contacting the core-type sites which
flank the points of strand exchange, or for catalytic activity (refer to Fig. 3A for
the structure of the a#L site). The numbers above the diagram refer to the amino
acids in the protein. (B) Structures of eight fusion proteins between fragments of
Int (rounded rectangles) and the AraCp, (oval). The numbers above the proteins
refer to the Int amino acids included in the fusion protein. The darker the Int
portion, the darker the color on MacConkey agar plates of colonies carrying the
fusion protein: the fusion represented by white hatching on a black background
turned colonies bright red, the fusion represented by black hatching on a white
background conferred a light pink color, while the fusions represented in white
conferred no color. On the right is listed the activity of the AraA protein in units
per cell (see Materials and Methods); the averages of triplicate measurements
from one representative experiment are shown (all fusions were tested at least
three independent times). In this assay, the activity of the wild-type AraC protein
was 923 U. “none” refers to AraA activity in a strain which did not contain any
part of the AraC protein. nd, not determined. (C) Western blot of selected
strains with anti-Int polyclonal antibody. Lane 1 shows a purified Int protein
control. Lane 2 shows an extract of the tester strain M8834, containing the
araBAD operon and the araC deletion (see Materials and Methods), which was
used to express all the fusion proteins. Lane 3 shows M8834 with the pKM19-
C170 plasmid, which expresses only the AraCp, on a multicopy plasmid. Lanes 4,
5, and 6 show extracts of M8834 expressing Int-AraCp, fusion proteins containing
the Int amino acids depicted above the figure.
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Intg 356::AraCp, gave strong signals with both antibodies, de-
spite being negative in the transcription activation assays (Fig.
2C). Neither of the two most positive fusion proteins were seen
on Western blots (data not shown). This result is not entirely
surprising since few molecules of wild-type AraC are present in
the cell even under conditions of maximal expression of the
araBAD operon (18). One of the transcriptionally negative
fusion proteins, Intg,_;49::AraCp, was also invisible by Western
blot analysis and thus may either be very unstable or, like the
active fusion proteins, be made in amounts too small to detect.
We expressed the fusion proteins in a strain deficient for both
the Lon and ClpP proteins (encoding major proteases or pro-
tease subunits) but detected no additional paraBAD activity
(data not shown). Nevertheless, other E. coli proteases may be
responsible for degradation of some of the fusion proteins.

Fusion proteins that are expressed and stable but do not
activate paraBAD may be negative for two reasons: they may
not make sufficiently strong contacts between two monomers,
or they may mediate contacts which confer the wrong geometry
onto the AraCp, thus precluding activation of paraBAD. Given
the crystallographic data obtained with the Haemophilus phage
HP1 integrase and the E. coli phage P1 Cre protein, we ex-
pected the catalytic domain of Int, encoded in the carboxy-
terminal half of the protein, to form fairly extensive protein-
protein contacts (7, 9, 13). However, the Intg, 554::AraCp
fusion protein activated paraBAD less than the AraC, alone,
although the fusion protein was expressed at the highest level
with respect to those of the other fusion proteins. We specu-
lated that this fusion protein may confer the wrong geometry
for promoter activation but that it may dimerize stably and
tested whether the fusion proteins convey contacts with wild-
type Int protein. However, we saw no evidence of negative
complementation of Int in vivo in a lysogeny assay and the
Intg 356::AraCp, fusion protein was not detected in a pull-
down assay when it was coexpressed with a His-tagged Int
protein (data not shown). We thus have no strong evidence
either for or against stable protein-protein interactions in this
fragment of Int.

We wanted to test the relationship between the transcrip-
tional activation potential of the fusion proteins and the ability
of the Int protein to carry out recombination. We introduced
two point mutations which are known to confer a recombina-
tion defect into the most transcriptionally active fusion protein,
Int, ,4,::AraCp. The R212Q mutation affects an active site
residue and does not appear to affect protein folding or pro-
tein-protein interactions in several in vivo (11) and in vitro
assays (J. Boldt and A. Segall, unpublished results). On the
other hand, the T2361 mutation is known to affect the forma-
tion of intermediates that depend on cooperative interactions
between Int monomers in vitro (see below and Fig. 3B; T.
Bankhead and A. Segall, unpublished results). Int,_,¢,::AraCp,
fusion proteins carrying these two mutations were introduced
into the tester strain and plated on MacConkey media. The
R212Q mutation did not affect the phenotype on MacConkey
agar, and it did not decrease the paraBAD promoter activity
measured by AraA activity (Fig. 2B). In contrast, the T2361
mutation rendered the fusion protein-carrying strain white on
MacConkey agar and significantly decreased AraA activity.
These data suggest that the property presented by the fusion
proteins, namely, the ability of specific Int fragments to confer
dimerization, is related to properties important during recom-
bination. To summarize our fusion protein data, residues
throughout the first 262 amino acids of Int contribute to mul-
timerization contacts, although a smaller fragment comprising
amino acids 80 to 169 can stimulate multimerization of the
AraCp,.
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An N-terminal six-His tag confers a cooperativity defect.
Because we wanted to examine the properties of many Int
mutant proteins and to perform pull-down assays, we investi-
gated in detail the recombination and DNA binding activities
of an N-terminal six-His-tagged Int protein. The N terminus
of Int contacts the arm binding sites present outside the core
region of three out of four att sites (32), and thus we were
interested in how the His tag affects interactions of Int with
DNA. Landy and colleagues have shown, using DNA foot-
printing, that the three arm binding sites on the attL site (Fig.
3A) are filled cooperatively and that Int forms a protein-DNA
intermediate called an intasome consisting of IHF and several
Int protomers (16). Comparison of the His-tagged wild-type
Int protein with the non-His-tagged protein showed that the
His tag itself decreased cooperative interactions of Int with the
wild-type attL site in the presence of IHF (Fig. 3B). We tested
the cooperativity of the two proteins in a more stringent assay.
In bandshift assays with a DNA substrate comprising only the
arm sites, wild-type Int formed three complexes, correspond-
ing to the filling of each arm site (Fig. 3C, lane 1). This binding
was cooperative. We compared the cooperativities of the two
proteins using a mutant DNA substrate in which one arm site,
P'1, was wild type and the two neighboring arm sites were
defective for Int binding due to triple substitutions, known as
ten mutations, within the arm site consensus sequence (the ten
mutations were shown to prevent Int binding [28]). The wild-
type Int protein made a very prominent complex correspond-
ing to the filling of two arm sites rather than one, and even
showed a small amount of a complex containing three filled
arm sites (Fig. 3C, lane 2). In contrast, the His-tagged Int
shifted at least 50% of the substrate, mostly to the position
corresponding to a single Int protomer bound to the DNA
substrate (Fig. 3C, lane 3). Thus, the His-tagged Int binds
DNA but is very defective in cooperative interactions. In order
to more definitively separate the ability of the His-tagged Int to
bind DNA from its ability to mediate cooperative interactions,
we compared the extents of DNA binding of the wild-type and
His-tagged Int proteins to a short DNA duplex containing a
single arm binding site, P'1, and found that the two proteins
shifted this DNA substrate to comparable extents (Fig. 3D,
lane 4 versus lane 5). This binding was very sensitive to non-
specific DNA competitor in the cases of both proteins, and the
reactions in panel D were performed without any competitor.
We thus tested the specificity of Int interactions with the short
probe by comparing the levels of binding of IHF and HU (the
latter is a well-known nonspecific DNA binding protein) to the
same fragment. While both these proteins clearly bound to the
fragment, they did so to a lesser extent and formed different
complexes than either of the two Int proteins (compare Fig.
3D, lanes 2 and 3 with lanes 4 and 5). We conclude that the His
tag has little or no effect on DNA interactions but that it
predominantly affects cooperative binding to the arm sites.
This conclusion supports our genetic evidence that the N-
terminal domain of the Int protein is involved in protein-
protein interactions in addition to protein-DNA interactions.

We further tested the effect of the His tag on two protein-
DNA recombination intermediates which depend on cooper-
ative interactions between Int monomers. Integrase mediates
recombination through four distinct pathways, all of which
have been detected in vivo as well as in vitro; the pathways are
compared in Table 1 (38). The first of the intermediates we
tested was the synaptic intermediate in the straight-L pathway
of recombination, in which Int pairs a#tL sites in a stable,
noncovalent complex known as the bimolecular complex
(BMC). Assembly of this intermediate depends on cooperative
binding of Int to the attL site (36). Figure 3E, lanes 2 and 5,
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shows that formation of the BMC was reduced drastically when
His-tagged Int was used in place of wild-type Int. The second
of the intermediates was the aftL intasome, an intermediate in
excisive recombination which can be assembled with IHF or, if
interactions of Int with the core sites are stable, with the
nonspecific DNA bending homolog of IHF, HU (37). Interac-
tions of Int with the core were most stable when multiple Int
molecules were bound to the arm sites. Both wild-type Int and
His-tagged Int assembled similar levels of IHF-containing in-
tasomes (Fig. 3B and 3E, lane 3 versus lane 6), although the
His-tagged Int assembled a complex that corresponded to the
faster of the two complexes assembled by wild-type Int (these
two complexes probably differ by one Int monomer held in the
complex via cooperative interactions [16]). The ability of His-
tagged Int to assemble HU-containing intasomes is greatly
reduced in comparison to that of the wild type (Fig. 3B and D,
lane 4 versus lane 7). Thus, cooperativity defects of the His-
tagged protein affect intermediate formation. These defects
also correlate with defects in recombination: in our hands, the
His-tagged Int protein was essentially unable to carry out ei-
ther integration or the straight-L pathway, was down at least
threefold in the bent-L pathway, and had only 50 to 70% of the
activity of the wild-type protein in excision. Moreover, the
effects of the His tag overshadowed the effects of several point
mutations within the body of the protein (Table 3). For exam-
ple, some mutations were more deleterious in the context of
the His-tagged protein (e.g., K93E, S282F, and L331F) while
another was less deleterious (T236I). We do not yet under-
stand the basis for the differences in the effects of the His tag
on these mutant proteins. The His tag has been shown to
improve the nonspecific DNA binding properties of binding-
defective human immunodeficiency virus type 1 integrase do-
mains (13a), which may account for the effect on IntT236I.
Cleavage of the His-tagged protein with thrombin to remove
the tag does not restore wild-type recombination or binding
activity (data not shown; G. Cassell and A. Segall, unpublished
results). Polyacrylamide gel electrophoresis (PAGE) analysis
showed that the tag was removed, although we cannot guar-
antee 100% cleavage. More to the point, perhaps, is the fact
that the recombinant protein retained three new amino acids
(Gly, Ser, and His) at the N terminus that are not present in

FIG. 3. Comparison of cooperative interactions and intermediate assembly
by His-tagged and non-His-tagged wild-type Int. (A) Structure of the attL site.
Triangles represent the low-affinity core-type binding sites for Int which flank the
points of strand exchange. The diamond labeled H denotes the IHF binding site.
The black arrows denote the higher-affinity arm-type Int binding sites. (B) Per-
centages of total counts found as intasome complexes at different Int concen-
trations. These complexes contain one to several Int monomers as well as a
bending protein (IHF or HU). (C) Ability of His-tagged and non-His-tagged Int
proteins to bind to the arm sites of attL. The attL fragments comprised coordi-
nates +12 to +110 on attL, with either wild-type (wt) arm binding sites or a
wild-type P'1 arm site and mutated P'2 and P’3 sites. Reaction mixtures con-
tained 3 nM labeled DNA fragment, 100 ng of salmon sperm DNA, and 120 nM
Int. Bands representing arm sites occupied by one, two, or three Int monomers
are depicted in the cartoons shown to the left (the cartoons refer strictly to the
stoichiometry rather than the actual position occupied by Int monomers). (D)
Ability of His-tagged and non-His-tagged Int proteins to bind to an individual
arm site, the P'1 sequence (coordinates +54 to +63 of attL plus five flanking
residues). All reaction mixtures contained 1 nM labeled DNA (nonspecific DNA
was omitted). Lanes 2 and 3 show control reaction mixtures containing 37 nM
IHF or HU, respectively. Lanes 4 and 5 show reaction mixtures containing a 7.5
nM concentration of the specified Int protein. (E) Formation of intasome and
BMC complexes by wild-type or His-tagged Int. All reaction mixtures contained
1 nM labeled full-length a#tL. (coordinates —69 to +110) and 1 pg of salmon
sperm DNA. Lane 1 contains labeled attL and THF only. Lanes 2 to 4 contain
non-His-tagged wild-type Int. Lanes 5 to 7 contain His-tagged Int in the absence
or presence of the specified bending protein. Reaction mixtures contained, when
specified, IHF or HU at 37 nM and either of the Int proteins at 100 nM.
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TABLE 3. Summary of the differences between His-tagged
and non His-tagged proteins®

Test result in pathway:

. . . Arm Core

Protein Excision Bent-L Straight-L binding binding
—HT +HT —-HT +HT —-HT +HT —-HT +HT -HT +HT

Wild type + + + + + + + + +++ +

K93E + + + - o+ - 4+ 4+ 4= -
R293Q + + + + + + + + 4= +/-

S282F + - + - + - + + +/- -
T2361 - + + + - + + + - +/—

L331F - - + - - - + + +/- -

“ Integration was not tested for the His-tagged mutant proteins. The His tag is
denoted HT. Arm binding was tested using the same assay as that whose results
are shown in Fig. 3C, while core binding was tested by comparing the abilities of
the proteins to form BMCs or attL intasomes in the presence of HU rather than
IHF, as shown in Fig. 3E. Core binding values were assigned plus or minus signs
representing differences in binding. Boldface symbols highlight situations in
which the His tag significantly affected the behavior of the protein. +, binding; —,
no binding; ++ +, strong binding; +/—, intermediate binding; +/— —, very weak
binding.

wild-type Int; these amino acids may be sufficient to impair the
activity of the protein.

Determination of Int’s multimeric state during recombina-
tion. We directly investigated the multimeric state of Int us-
ing several homobifunctional cross-linking reagents which re-
act either with primary amines or with cysteines. The primary
amine-reactive compound which gave the greatest extent of
cross-linking was DSG, a nonreversible cross-linking agent
with a 7.7-A tether between reactive groups. The most effective
sulthydryl-reactive compound was BMH, also a nonreversible
agent but with a 16.1-A tether between reactive groups. We
have obtained very similar results by oxidizing Int with gluta-
thione (data not shown).

Int C25S

'5 6 7 8I

- tetramer/
%

— trimer/ _~

dimer*
— dimer =~
— monomer —
attL + + - - + + - - att
ns DNA + + o+ - + + + - ns
time 15 30 30 30 15 30 30 30 IHF
XIis
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Recombination reaction mixtures were assembled and pro-
tein-DNA intermediates were allowed to form. Cross-linkers
were then added, and the reactions were subjected to PAGE
followed by Western blot analysis to determine the sizes of the
cross-linked products. Based on the molecular weights of the
multimeric species, Int appears to assemble predominantly
dimers, trimers, and tetramers in the presence of either DSG
or BMH (Fig. 4; however, see below). If the cross-linking re-
action mixtures lacked DNA, the same multimers formed but
to a far lesser extent (Fig. 4). The addition of nonspecific DNA
increased the amounts of these multimers, but the presence of
a specific att site generally led to the greatest extent of mul-
timerization. The fact that Int multimerizes to a significant
extent in solutions which do not contain specific DNA indi-
cates that preformed Int multimers may serve as a scaffold for
the assembly of the DNA-containing recombination complex.

The extent of protein-protein cross-linking is far from com-
plete. We estimate at best 50% cross-linking efficiency, and this
changes relatively little when cross-linking is carried out for
times between 15 min and 1 h. We assume that intramolecular
cross-links compete significantly with intermolecular cross-
links. In particular, the Int crystal structure shows that the
cysteines at positions 197 and 262 are very close to each other
(19) and that an intramolecular disulfide bridge or BMH-
mediated bridge between these two residues could form easily.
Alternatively, since we do not know the fraction of recombi-
nation-active Int in the reaction, some of the monomeric as
well as some of the tethered Int may not have participated in
recombination.

Int assembles different higher-order complexes depending
on the att substrates and the accessory proteins necessary for
each of the four different recombination pathways (Table 1).
Therefore, we tested if the multimerization state of Int changes
in the presence of different att substrates and accessory factors
involved in three of the four recombination pathways (integra-
tive recombination intermediates were not tested). We found

Int C25S
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FIG. 4. BMH and DSG cross-linking of wild-type Int and IntC25S. (A) Effect of specific a#t. DNA on multimerization as assayed by BMH cross-linking. Reaction
mixtures were treated with 0.3 mg of BMH per ml for the number of minutes indicated and were then quenched with excess B-mercaptoethanol. Lanes 1 to 4 show
reaction mixtures containing wild-type (wt) Int (see Materials and Methods). Lanes 5 to 8 show reaction mixtures containing IntC25S. At least one of the “trimer”
species is in fact a dimer with slower mobility (refer to the text). ns DNA, nonspecific DNA (i.e., salmon sperm DNA). (B) Multimers formed in different recombination
pathways as assayed by DSG cross-linking. Each reaction mixture was treated with 0.5 mg of DSG per ml for 10 min. Cross-linking was stopped by addition of excess
Tris, pH 8. Lanes 1 to 6 show reaction mixtures containing wild-type Int, while lanes 7 to 12 show reaction mixtures containing IntC25S.
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that the tetramer forms regardless of the presence or absence
of IHF or the identity of the a#f sites in the reaction mixture.
Figure 4B, lane 1, represents conditions for excisive recombi-
nation, while lane 6 represents conditions for the assembly of
the artL intasome, one of the two substrates in excision. Figure
4B, lane 2, represents recombination conditions for the bent-L
pathway (Table 1) (38). Figure 4B, lane 5, represents recom-
bination conditions optimal for the straight-L pathway, the
simplest but least efficient of the reactions carried out by Int
(36).

The N-terminal domain is involved in multimerization. In
order to test directly the involvement of the N-terminal do-
main in multimerization, we compared the cross-linking pat-
terns of wild-type Int with those of a mutant protein, IntC25S.
The IntC25S mutation, constructed in the Landy lab, was
shown not to affect recombination via the integrative or exci-
sive pathways (41). When the IntC258S protein was cross-linked
with DSG, it yielded the same multimerization pattern as the
wild-type protein (Fig. 4B). However, when the protein was
cross-linked with BMH, the predominant cross-linked species
migrated as a trimer (Fig. 4A). Although it migrates more
slowly than expected, this trimer is in fact a dimer, since sulf-
hydryl-reactive cross-linkers tether this species in the cases of
two Int proteins which contain a single cysteine each (IntC25S-
C197A-C217A and IntC25S-C217A-C262A) (L. Jessop, J. Boldt,
and A. Segall, unpublished data). Because IntC25S forms the
same multimers as wild-type Int but BMH fails to tether some
of them, the cysteine at position 25 must be at or near the
interface involved in the formation of tetramers. These results
provide further evidence that the N-terminal domain of Int is
involved in protein-protein interactions.

Effect of cross-linking on Int activity. How does tethering
Int monomers to each other affect the assembly of recombina-
tion intermediates and recombination? Bent-L recombination
reaction mixtures containing Int or IntC25S were assembled,
and cross-linking reagents were added. The extent of recom-
bination was determined by PAGE. Similar amounts of recom-
bination products were obtained after 90 min from reaction
mixtures with either wild-type Int or IntC25S (Fig. 5B, lanes 2
and 7; quantitation data are shown in Fig. 5C). When BMH
was added to reaction mixtures containing either wild-type Int
or IntC25S, recombination was inhibited significantly whether
cross-linkers were quenched after 15 min (Fig. 5B, compare
lane 2 with lane 3 and lane 7 with lane 8) or were active
throughout the 90-min incubation (Fig. 5B, lanes 4 and 9).
Experiments carried out with DSG gave similar results (data
not shown).

In order to analyze how cross-linking affected the formation
of protein-DNA intermediates, parallel reactions with and
without BMH treatment were compared by native PAGE. The
bent-L pathway proceeds via the successive assembly of two
unimolecular complexes known as UMC1 and UMC2 (35).
Both of these complexes contain a single a#tL site with Int
bound at the P'2 and P’3 arm sites and at the B core site (see
Fig. 3A for the structure of a#tL). In addition, the C' core site
is unstably occupied in UMC2 (35). UMC?2 is the direct pre-
cursor of the synaptic intermediate, the bent-L. bimolecular
complex (BL-BMC), which is a more stable intermediate than
UMC?2 (35). Because BL-BMC contains two att sites, two BL-
BMC:s are visible on native gels (Fig. 5A) (35, 36); the faster
one contains two short labeled att sites, while the slower one
contains one labeled atf site and one longer, unlabeled att site
(in Fig. SA, this larger BMC did not enter the gel completely).
When the att sites in the reaction are efficiently assembled into
UMC and BMC species, no free att DNA and few if any
att-THF complexes are seen (Fig. SA, lane 2). Int treated with
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FIG. 5. Effect of cross-linking on bent-L recombination and formation of
pathway intermediates. Reaction mixtures in lanes 2 to 6 contain wild-type Int,
while reaction mixtures in lanes 7 to 11 contain IntC25S. Cross-linkers in DMSO
were added at time zero to the reaction mixtures in lanes 3 to 6 and 8 to 11. After
the specified time, DTT was added to a final concentration of 20 mM to quench
the cross-linkers. All reaction mixtures were incubated a total of 90 min at room
temperature. (A) Separation of recombination intermediates on a native poly-
acrylamide gel in the presence or absence of cross-linking reagents. (B) Conver-
sion of substrate DNA to recombinant products on a Tris-Tricine-SDS gel (see
Materials and Methods). (C) Quantitation of the bands of the gel shown in panel
B; percent recombination values were normalized such that the amount of
recombination products (Rec Pdts) seen in the absence of cross-linker was 100%.
Solid black bars represent reaction mixtures in lanes 2 and 7 (DMSO only);
vertically striped bars represent reaction mixtures in lanes 3 and 8 (15-min BMH
treatment); horizontally striped bars represent reaction mixtures in lanes 4 and
9 (90-min BMH treatment); open bars represent reaction mixtures in lanes 5 and
10 (15-min DTME treatment followed by breakage of the tether); and stippled
bars represent reaction mixtures in lanes 6 and 11 (90-min DTME treatment
followed by breakage of the tether). The actual values of recombination were as
follows: lane 1, 0.4%; lane 2, 21.2%; lane 3, 7.3%; lane 4, 7.4%; lane 5, 9.2%; lane
6, 3.0%; lane 7, 15.7%; lane 8, 7.4%; lane 9, 4.8%:; lane 10, 7.0%; and lane 11,
3.9%. This experiment is representative of 10 repetitions.

BMH formed UMCI but not UMC2 and less of BMC (Fig. 5A,
lanes 3 to 7). This was the case whether reaction mixtures were
assembled with wild-type Int, under which condition BMH
captures dimers and tetramers, or with IntC25S, under which
condition BMH captures predominantly the slower dimer (Fig.
4A). The decreased formation of UMC2 and BL-BMC is con-
comitant with an increase of the att-IHF complexes and free att
sites, which fits with the proposed pathway of intermediate
assembly (35). (We obtained similar results for excision reac-
tions: treatment with BMH allowed formation of the lower
UMC but blocked formation of the upper UMC [data not
shown]. However, excision synaptic intermediates were not
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seen; thus, the effect of cross-linkers on their formation cannot
be assessed under these conditions.) The results described
show that cross-linking either wild-type Int or IntC25S through
cysteines blocks formation of one intermediate (UMC?2), de-
creases the level of another (BL-BMC), and decreases recom-
bination levels by 70% or more.

Why does BMH inhibit recombination? One possibility we
considered was that BMH treatment mimics the effect of N-
ethyl maleimide (NEM) modification of Int. Treatment of
wild-type Int with NEM, also a sulfhydryl-reactive compound,
blocks Int-mediated recombination (15) by interfering with Int
binding at the arm sites (24). Landy and colleagues showed
that C25 was the only residue modified by NEM and that
IntC25S-mediated recombination was immune to the effect of
NEM (41). However, IntC25S was clearly not immune from
inhibition by BMH (Fig. 5), despite the fact that treatment with
sulfhydryl-reactive cross-linkers inhibited arm binding for wild-
type Int but not for IntC25S (data not shown). Therefore,
BMH must inhibit recombination mediated by IntC25S due to
modification of one of the remaining cysteines. Unlike NEM,
BMH (and its relative DTME; see below) must react with
several cysteines in Int, as seen by the ability of these cross-
linkers to capture multimers even when C25 is not present
(Fig. 4). This difference in reactivity may be due to the hydro-
phobic tether present in BMH, which may allow these mole-
cules to reach protein interfaces or pockets that are less acces-
sible to NEM.

BMH cross-linking entails both addition of a chemical group
to cysteine residues and tethering of Int protomers, and thus
the block in recombination may be due to restricting move-
ment within the Int multimer or to modification of cysteines
within Int (or both). To separate these two factors, we com-
pared BMH to a second sulfhydryl-reactive cross-linker,
DTME; this cross-linker has a disulfide bridge in the middle of
a hydrophobic 13.3-A tether which is cleavable by addition of
DTT or B-mercaptoethanol. When the tether is cleaved, the
protein remains modified at the position of the original cross-
link. The pattern of cross-linked proteins is the same with
DTME treatment as with BMH treatment (data not shown).
Like BMH, DTME blocked recombination and assembly of
the UMC2 complex for both Int and IntC25S (Fig. 5, lanes 6
and 11). Cleaving the tether of DTME after 15 min did not
increase the amount of recombination products recovered, and
it did not permit assembly of UMC2 (Fig. 5, lanes 5 and 10).
Modification of the remaining cysteines in the IntC25S protein
must interfere either with protein-protein or with protein-
DNA contacts in the C-terminal half of the protein. Because
cleaving the DTME tether did not restore normal Int activity,
we could not ascertain the necessity of movement during re-
combination.

DISCUSSION

We have described a series of experiments that begin to
localize the regions of Int involved in protein-protein contacts
and directly address the nature of the multimers assembled by
Int during recombination. Taken together, our results from a
genetic protein fusion assay, from biochemical assays of an Int
protein modified at the N terminus, and from physical cross-
linking assays show that the amino terminus of Int is involved
in protein-protein interactions between Int monomers in ad-
dition to mediating protein-DNA interactions.

The genetic protein fusion assay identified amino acids 80
through 169 as the minimal region of Int (among the Int
segments tested) that confers detectable protein-protein con-
tacts. However, addition of the N-terminal 80 amino acids (Int
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fragment 1 to 169) improves the activity of the fusion protein,
and comparison of the activities of the Int, ,4,::AraCp, and
Intg, »4-::AraCp, fusion proteins confirms that the N terminus
is involved in protein-protein contacts. Although we have not
yet identified mutations in the N-terminal region of Int that
affect multimerization, we have found that addition of a six-His
tag (total of 20 amino acids) or even three new amino acids
(Gly, Ser, and His) at the N terminus markedly impairs coop-
erative interactions between Int monomers without signifi-
cantly affecting interactions between Int and DNA. Amino acid
residues 169 to 262 also contribute to multimerization proper-
ties (compare the activities of fusions Int,_;4::AraCp, and Int,_
262::AraCp,). Within this segment of Int, we have identified one
mutation, T236l, that decreases the activity of the Int, ,,:
AraCyp, protein to background level and decreases cooperative
interactions between Int monomers in vitro. This mutation was
isolated in a screen for recombination-defective Int proteins,
although it remains catalytically active (11, 38). In contrast, a
mutation that affects the active site of Int, R212Q, has no effect
on the activity of the Int,_,4,::AraCy, protein. These data sug-
gest that protein-protein contacts are spread over at least two-
thirds of the Int polypeptide.

Although the amino-terminal domain appears to mediate
multimerization properties in vivo and in vitro, it is not essen-
tial for multimerization of Int in vitro. The His-tagged protein,
although it has lost significant DNA binding cooperativity, can
still multimerize as assayed by either DSG or BMH cross-
linking (data not shown). It is not surprising that the N-termi-
nal intermonomer contacts can be dispensable, since the fusion
assay shows that amino acid residues throughout a large frac-
tion of Int contribute to protein-protein contacts. Differences
between the in vivo and in vitro effects of the N terminus on
multimerization may be due to less stable folding on the part of
the fusion proteins, lower concentration of the protein in vivo,
or differences in the ionic environment in vivo versus in vitro.
We are currently looking for mutations in the N terminus that
affect multimerization. Crystallographic analysis of Int-related
proteins shows that large protein-protein interfaces also exist
in the catalytic domain (9, 13). Because the catalytic domains
of the tyrosine recombinases are the most highly conserved (6,
29), these strong protein-protein interactions probably exist in
Int as well (Fig. 2B and L. Jessop, J. Boldt, and A. Segall, un-
published data). (Fig. 2B).

Strong cooperativity at the arm sites is correlated with Int’s
ability to mediate strong contacts with the core sites and to
assemble high levels of synaptic complexes (Fig. 3); both of
these properties are necessary to carry out efficient recombi-
nation. Although the His-tagged protein can bind to arm sites,
this binding is much less cooperative than that of the non-His-
tagged protein and results in assembly of fewer Int-DNA com-
plexes. In turn, cooperative interactions between the N termini
of Int monomers bound at the arm sites of attL stabilize inter-
actions of the catalytic domain with the core sites, near the loci
of strand exchange. When these cooperative interactions are
weakened, Int’s recombination activity is compromised.

Cross-linking assays with the wild-type Int and IntC25S mu-
tant proteins showed that Int assembles predominantly dimers,
“trimers,” and tetramers during the recombination process
(Fig. 4). At least one (and perhaps all) of the apparent trimers
is in fact a dimer with slower mobility, based on the fact that
proteins lacking all but Cys 197 (or all but Cys 262) can form
this species (L. Jessop, J. Boldt, and A. Segall, unpublished
data). Although multimerization is not triggered by DNA, att
sites in particular and nonspecific DNA to a lesser extent do
increase the extent of multimerization. The fact that the C25S
mutation changes the observed cross-linking pattern—specifi-
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cally, only one type of dimer and few if any tetramers are
trapped with BMH—shows that this residue is found at an
interface required to form a subset of Int dimers and that the
amino terminus is involved in protein-protein interactions.

The phenotype of cross-linking the wild-type Int at C25 is in
some ways similar to that caused by modification of the protein
by NEM, which has been reported to occur exclusively at this
N-terminal cysteine (41). Indeed, BMH and DTME treatments
of wild-type Int strongly inhibit interactions between the arm
binding domain of Int and the DNA, and the IntC25S protein
becomes immune to the adverse effects of cross-linkers on arm
binding (data not shown). Nevertheless, IntC25S is inactivated
for recombination by either BMH or DTME; this loss of re-
combination activity must result from modification of one or
more of the remaining three cysteines (C197, C217, and C262).
We are currently investigating where this modification occurs
and whether it depresses protein-protein and/or protein-DNA
interactions.

Our results indicate that cross-linking IntC25S blocks re-
combination by preventing the assembly of UMC2 (Fig. 5).
The UMC2 complex is formed by addition of an unstably
bound Int monomer to the UMC1 intermediate (35), and we
hypothesize that this Int is held in place by low-affinity protein-
DNA interactions at the C' core site and by protein-protein
interactions. It is possible that modification of one or more of
the three cysteines in the catalytic domain interferes with pro-
tein-protein interactions important for loading this incoming
Int. While these interactions may be dispensable for coopera-
tive binding to the arm sites, they might be essential for for-
mation of UMC2 and for recombination. Alternatively, cross-
linking may immobilize multimers, preventing rearrangements
important for assembly of UMC2. A similar situation, in which
tethering protein multimers resulted in destabilized DNA
binding, was found in the case of the Hin recombinase (22).
We disfavor this interpretation, however, because cleavage of
the tether in DTME does not restore UMC2 formation.

Multimerization is an integral part of the mechanism of
site-specific recombination (8, 12, 14, 21 [and references there-
in], 22, 25, 42). The coordination of catalytic events may in-
volve communication between different protomers in the syn-
aptic complex. This appears to be the case for the Cre protein,
where the two monomers that have carried out cleavage oc-
cupy a similar position with respect to the complex but differ
from the two monomers which have not carried out catalysis
(9). Catalysis by individual Int protomers is less concerted in
bent-L recombination than in excisive or integrative recombi-
nation (G. Cassell and A. Segall, unpublished data; 17). This
may be due to subtle differences among the pathways in pro-
tein-DNA contacts, protein-protein contacts, or both. We are
investigating these differences by fine-mapping the interfaces
between Int protomers in different pathways of A recombina-
tion. We hope that understanding differences in the conforma-
tions of intermediate complexes among the four pathways and
the relationship between the geometry of intermediates and
catalytic events will lead to an understanding of the molecular
events that trigger catalysis. In turn, this will lead us to a more
complete understanding of how the efficiency of site-specific
recombination is achieved.
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