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The temperate mycobacteriophage L5 integrates site specifically into the genomes of Mycobacterium smeg-
matis, Mycobacterium tuberculosis, and Mycobacterium bovis bacillus Calmette-Guérin. This integrative recom-
bination event occurs between the phage L5 attP site and the mycobacterial attB site and requires the
phage-encoded integrase and mycobacterial-encoded integration host factor mIHF. Here we show that attP,
Int-L5, and mIHF assemble into a recombinationally active complex, the intasome, which is capable of attB
capture and formation of products. The arm-type integrase binding sites within a#P play specialized roles in
the formation of specific protein-DNA architectures; the intasome is constructed by the formation of intramo-
lecular integrase bridges between one pair of sites, P4-P5, and the a#tP core, while an additional pair of sites,

P1-P2, is required for interaction with attB.

Establishment of lysogeny by temperate bacteriophages in-
volves site-specific recombination between a phage attachment
site (a#tP) and an attachment site in the bacterial chromosome
(antB) (9, 24). Typically, the attP and attB sites have a short
segment of DNA sequence identity (the common core) within
which strand exchange occurs and which is also part of the
attachment junctions, attL. and attR, that flank the integrated
prophage. Prophage excision involves a second site-specific
recombination event between attL and a#fR to yield attP and
attB as products (9, 24). While the mechanism of strand ex-
change is the same for integrative and excisive recombination,
the directionality of these events must be carefully controlled
to be in concert with other aspects of the phage life cycle (14).

Site-specific recombinases can be grouped into two main
classes on the basis of amino acid similarities, the tyrosine
recombinases (including most of the phage integrases) and the
serine recombinases (including the resolvases-DNA inver-
tases) (1, 29). Most, but not all, bacteriophages utilize a mem-
ber of this first group of proteins to catalyze integration and
excision (8, 15). While both types of site-specific recombination
reactions are utilized across a broad range of biological sys-
tems, they must frequently satisfy the demands of directional-
ity, substrate choice, and timing (2, 14). The serine recombi-
nase family generally regulates these events through topological
specificity of the DNA substrates (5), while most phage systems
use complex DNA sites and additional proteins to control the
reactions (9). The complexity of the DNA substrates involved
in integrase-mediated recombination reflects the requirement
for the assembly of specific protein-DNA architectures within
which strand exchange can occur (10, 14).

Mycobacteriophage L5 is a temperate phage that infects
Mycobacterium smegmatis, Mycobacterium tuberculosis, and My-
cobacterium bovis bacillus Calmette-Guérin (BCG) and forms
stable lysogens in which the LS genome is integrated site spe-
cifically into the mycobacterial chromosome (4, 6, 12, 27).
Recombination occurs within a 43-bp sequence common to
attP and attB and is catalyzed by the phage-encoded integrase
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Int-L5 (11). The region of L5 phage DNA containing attP
includes multiple binding sites for Int-L5 that span a 413-bp
segment (19). These integrase binding sites fall into two cate-
gories of sequence identity: core-type sites, which overlap the
sites of strand exchange within the common core, and arm-type
sites (P1-P7), which flank the core (Fig. 1). However, a 246-bp
segment is fully active for integrative recombination and the P3
and P6-P7 sites are dispensable (19). While the a#P site of the
well-studied bacteriophage \ also contains arm- and core-type
Int binding sites, the specific locations, arrangements, and ori-
entations of the arm-type sites relative to those of the core are
quite different (23).

The LS integrase protein is a member of the family of pro-
karyotic tyrosine recombinases and contains the four catalytic
residues conserved throughout this group (11, 15). Although a
distant relative of Int-A, Int-L5 has a similar overall organiza-
tion, consisting of a small N-terminal domain (residues 1 to 58)
which binds sequence specifically to the arm-type sites and a
larger C-terminal domain (residues 59 to 371) which binds to
the core-type sites and contains the catalytic residues (19, 25).
The two domains of Int-L5 can bind to aftP DNA simulta-
neously, producing large complexes that fail to enter a non-
denaturing polyacrylamide gel (17). While Int-LS stimulates
recombination in vitro, it requires participation of the myco-
bacterial integration host factor (mIHF) (17). In contrast to
the Escherichia coli integration host factor (IHF) utilized in \
integration (13), the novel mIHF protein does not by itself
bind with any preference for atzP DNA sequences (17). How-
ever, when a#tP DNA is incubated in the presence of both
Int-L5 and mIHF, a tertiary complex (the intasome) is formed
which has a well-defined mobility in nondenaturing polyacryl-
amide gels (17).

It has previously been shown that LS integrative recombina-
tion is strongly stimulated in vitro when the a#fP substrate is
supercoiled (11, 18). Since the intasome complex described
above contains linear a#tP DNA, the question arises as to
whether this complex is competent for recombination. Here we
demonstrate that the L5 intasome is a noncovalently-associ-
ated recombination intermediate and is capable of interaction
with attB and strand exchange. We also show that the arm-type
sites play highly specialized roles in integration: the P4-P5 pair
is required for assembly of the intasome, while the P1-P2 pair
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FIG. 1. Attachment sites in L5 integrative recombination. The arrangements
of arm-type (black and white boxes) and core-type (shaded boxes) integrase
binding sites in LS attP and M. smegmatis attB and in the resulting attachment
sites attL and attR are shown. The relative orientations of the arm-type sites are
indicated by arrowheads. The P1-P2 (spanning coordinates —115 to —135, where
the central base pair of the overlap region between the sites of strand exchange
is defined as 0) and P4-P5 (coordinates +90 to +110) pairs of sites are required
for integrative recombination (black boxes), whereas P3 and the P6-P7 pair are
dispensable (white boxes).

is required for association with the recombinational partner,
attB.

MATERIALS AND METHODS

DNA fragments. DNA fragments containing wild-type a#tP (including sites P1
through P7) were generated by cutting plasmid pMH94 (12) either with BamHI
and Sall or with just BamHI to give 612- and 624-bp fragments, respectively, or
by cutting plasmid pCP7 (19) with BamHI and EcoRI to give a 634-bp fragment.
DNA fragments (all 624 bp) containing substituted arm-type sites were gener-
ated by cutting the following plasmids with BamHI: pCP30, pCP31, pCP32,
pCP33, pCP34, and pCP35, which have multiple substitutions (at least 8 of 10 bp)
in arm-type sites P1, P2, P3, P4, P5, and P4-P5, respectively (19). DNA fragments
containing sites P1 to P5 (379 bp) or P3 to P5 (353 bp) were generated by cutting
plasmid pCPAL1 (19) with BamHI and Xcml and plasmid pCPAL3 (19) with
HindIII and Xcml, respectively. attB DNA fragments were generated by anneal-
ing pairs of oligonucleotides (to give 29- and 45-bp fragments) as described
previously (20) or cut from plasmid pMH12.2 (a pUC119 derivative containing a
1.7-kb Sall attB fragment from M. smegmatis) (12) with Avall and Msel to give
a 126-bp fragment. DNA fragments were radiolabeled on both ends (unless
otherwise indicated), as needed, either by phosphorylation or by end-fill with
Klenow as described previously (19).

In vitro integrative recombination reactions. Recombination assays were sim-
ilar to those described previously (11). Reactions with supercoiled attP substrates
were performed in a total volume of 20 pl and contained approximately 0.005 to
0.05 pmol (unless otherwise noted) of supercoiled plasmid containing attP, 0.06
pmol of attB, 0.07 to 0.23 pmol of purified Int-L5, and 3.6 to 12.0 pmol of purified
mIHF. Reaction mixtures were incubated for 10 or 30 min (as indicated in Fig.
5C) at 37°C, the reactions were stopped by adding sodium dodecyl sulfate (SDS)
to a final concentration of 0.1%, and the mixtures were electrophoresed through
a 0.8% agarose gel.

Integrative recombination assays with linear attP DNAs contained the same
components as described above, with the exceptions that approximately 0.024
pmol of attP was provided as a short, linear DNA fragment, 1 pg of salmon
sperm DNA was added to each reaction, and the total reaction volume was 10 pl.
The attP DNA was preincubated with Int-LS and mIHF for 15 to 30 min either
at room temperature or on ice, attB was added, and the entire reaction mixture
was incubated at room temperature for 1 to 2 h (unless otherwise noted).
Reaction mixtures were electrophoresed through a 5% polyacrylamide gel in 1X
TBE (100 mM Tris-84 mM borate-1 mM EDTA), and products were visualized
by autoradiography. Where indicated, reaction mixtures were treated either by
the addition of SDS (final concentration, 0.5%) or proteinase K (final concen-
tration, 1 mg/ml, followed by a 10-min incubation at 55°C) or by heating at 80°C
for 10 min.

Two-dimensional gel analysis. Protein-DNA complexes produced by poly-
acrylamide gel electrophoresis were denatured by excising the desired lane from
a wet gel and soaking it in 0.5% SDS for 10 min. The SDS-treated lane was then
laid horizontally across the top of and electrophoresed through a 5% polyacryl-
amide-0.05% SDS gel in 1X TBE.

In situ DNase I footprinting. In situ DNase I footprinting was performed as
described previously (7). The complexes were formed in reactions identical to

PROTEIN-DNA COMPLEXES IN PHAGE L5 INTEGRATION 455

those used for linear astP-containing integrative recombination by using a 379-bp
P1 to P5 attP DNA 3’ radiolabeled at the P1-proximal end, and mixtures were
incubated for 15 min with a 45-bp attB DNA where appropriate. Complexes were
separated by electrophoresis through a 1X TBE-5% polyacrylamide gel and
visualized by autoradiography; gel slices containing individual complexes were
excised and chopped into small pieces. To each footprinting reaction 30 pl of a
solution containing 0.5-pg/ml DNase I in 10 mM Tris-0.5-mg/ml bovine serum
albumin-2 mM dithiothreitol was added, and the reaction mixtures were incu-
bated for 45 min. The cleavage reaction was started by the addition of 18 pl of
50 mM MgCl,—50 mM CaCl,, and the mixture was incubated for 4 min. The
reaction was stopped by adding 30 wl of 0.5 M EDTA, incubating the mixture for
20 min, and then adding 30 ul of 1% SDS. All incubations were at room
temperature. The digested DNA was electroeluted from the gel slices, ethanol
precipitated, and electrophoresed through a 6 or 10% sequencing gel. Results
were visualized by autoradiography and quantified by using NIH Image software
(http://rsb.info.nih.gov/nih-image).

Construction of attP insertion mutants. A set of mutants containing insertions
in the attP region of the 7,763-bp plasmid pGL1 (19) was constructed as de-
scribed previously (19) by using the Muta-Gene Phagemid In Vitro Mutagenesis
system (Bio-Rad). The mutagenic oligonucleotides were designed to insert 5 bp
(to make plasmid pMK10), 7 bp (to make pMK?7), or 13 bp (to make pMK9)
between attP positions +50 and +51 (between the core and P4), introducing the
unique restriction site Ncol (in the +5 and +7 bp insertions) or Miul (in the +13
bp insertion). In order to generate further insertion mutants, plasmids pMK10
and pMK7 were digested with Ncol, 3’ filled to generate blunt ends, and reli-
gated, resulting in total insertions of +9 (plasmid pMK15) and +11 bp (pMKS),
respectively.

Integrative transformation assays. In vivo integrative transformation assays
were performed as described previously (19). Approximately 0.1 pg (0.025 pmol)
of attP-containing plasmid (which also contains L5 int and lacks an origin of
replication for mycobacteria) was electroporated into M. smegmatis mc*155 (27,
28) and recovered at 37°C, dilutions were plated on 7H10/ADC plates containing
0.5 pg of tetracycline (a#tP mutant plasmids pMK?7, pMKS, pMK9, pMK10, and
pMKI15)/ml or 20 pg of kanamycin (wild-type attP plasmid pMH94)/ml, and
transformants were scored after a 4- to 5-day incubation at 37°C.

RESULTS

Recombinogenic potential of the L5 intasome. In order to
test the recombinogenic potential of the intasome complex,
intasomes were formed with radiolabeled attP DNA, Int-L5,
and mIHF; a#B DNA was added; and the products were an-
alyzed by polyacrylamide gel electrophoresis (Fig. 2A). Use of
a 29-bp attB DNA (the minimal functional a#tB) (20) resulted
in the appearance of several new bands, one of the strongest of
which had the mobility predicted for a free a#tR product. The
identity of this band as the a#fR product was confirmed by using
attB DNAs of different sizes (45 and 126 bp); as the size of attB
increased, the mobility of the putative a#fR product changed as
predicted. This experiment demonstrates that integrative re-
combination occurs under these conditions.

While the predicted a#fR product DNAs are readily identi-
fiable in this experiment, the corresponding att. DNA frag-
ments are not seen. A simple explanation for this is that the
majority of attl. DNA remains associated with proteins after
strand exchange has occurred. This was confirmed by SDS
denaturation of the protein-DNA complexes, which yielded
equivalent amounts of attL and a#tR DNA (Fig. 2B). Since no
DNA fragments other than a#tP, attL, and attR are detected
following these treatments, none of the reaction products are
likely to be either covalent protein-DNA associations or cova-
lent intermediates in the process of strand exchange (although
we cannot rule out the possibility that all treatments could have
promoted rapid reversal of any reaction intermediates). By
subjecting a sample equivalent to the untreated reaction as
shown in Fig. 2B, lane 3, to two-dimensional gel electrophore-
sis, we determined that the attL protein-DNA complex mi-
grates in a position similar to that of the free attP DNA frag-
ment (Fig. 2C). In addition, small amounts of a#tR and attP
DNAs are seen to dissociate from weak smears and bands
elsewhere in the lane (see also Fig. 3A). This experiment also
demonstrates that the complex migrating slightly slower than
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FIG. 2. Intasome complexes are active in recombination. (A) Polyacrylamide
gel analysis of the products of integrative recombination. Reaction mixtures
containing a radiolabeled 612-bp fragment of attP DNA, purified Int-L5 (as
indicated), and mIHF were incubated for 30 min, followed by addition of a#B
DNAs of different sizes (29, 45, or 126 bp, as indicated) and incubation at room
temperature for 2 h. The mixtures were then loaded onto a polyacrylamide gel.
The predicted sizes for the a#tR products produced with the 29-, 45-, and 126-bp
attB DNAs are 232, 244, and 266 bp, respectively; those for the attL products are
409, 413, and 472 bp, respectively. Size markers are indicated in base pairs. O,
origin of electrophoresis. (B) Dissociation of protein-DNA complexes. A radio-
labeled 45-bp attB DNA was added to intasome complexes formed with a 624-bp
radiolabeled attP DNA, Int-L5 (as indicated), and mIHF as described for panel
A. Reactions were either left untreated or were treated with SDS, heat (80°C for
10 min), or proteinase K (protK) as indicated. The predicted sizes for the a#tR
and artL products are 244 and 425 bp, respectively. The positions of free DNAs,
the intasome, and complex 1 are shown. M, a radiolabeled 1-kb DNA marker
with sizes in bp as follows (from bottom up): 201, 220, 298, 344, 396, 506, 517,
1018, 1636, 2036, and 3054. (C) Two-dimensional gel analysis of recombination
products. Reaction products were separated by gel electrophoresis as shown for
the untreated sample in panel B. A vertical slice of gel was excised, soaked in
SDS, and applied to a polyacrylamide gel containing SDS for the second dimen-
sion. The positions of DNAs and complexes in the first dimension are indicated
along the top, and the positions of DNAs in the second dimension are indicated
on the left. Radiolabeled 1-kb marker fragments are shown at the left. (D) Time
course of integrative recombination. Intasomes were formed as described for
panel A by using a 634-bp radiolabeled attP DNA. A 126-bp attB DNA was
added for different amounts of time (as indicated at top), and products were
separated by electrophoresis. Size markers are indicated in base pairs.

the intasome (complex 1) contains a#zP DNA but not attL or
attR DNA.

Incubation of intasomes with at#tB DNA for various times
shows the progression of the integration reaction (Fig. 2D). At
early times (5 min after addition of a#zB DNA) there is an
increase in the amount of the intasome band (and the slower-
moving complex 1 is clearly visible) even though only small
amounts of recombinant products are generated (it is not clear
why the increase in the intasome band is seen at early times,
although other experiments suggest that this intasome band is
not qualitatively different from that seen in the absence of a#tB;
see below). After further incubation, the intasome band dimin-
ishes and the amount of product increases. The course of this
reaction is consistent with the intasome being a component on
the pathway to recombination rather than being an inactive
by-product. Quantification of the data shown in Fig. 2D sup-
ports this, since the rate of substrate decrease (intasome and
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FIG. 3. attB is a component of complex 1. (A) Products of recombination were separated by two-dimensional gel electrophoresis as described for Fig. 2C. Both the
624-bp attP and the 45-bp attB DNAs were radiolabeled. The positions of the DNAs and complexes as they ran in the first dimension are indicated along the top. The
positions as they ran in the second dimension are indicated on the left. (B) Gel analysis of recombination products formed with a radiolabeled 45-bp attB DNA and
increasing amounts (0, 0.012, 0.024, 0.048, and 0.073 pmol) of nonradiolabeled 624-bp attP DNA, Int-L5, and mIHF. At least one of the bands migrating between
complex 1 and the a#tL complex is an a#tR complex. Size markers are indicated in base pairs.

free attP DNA) is the same as the rate of product formation
(the sum of attL and attR DNAs and their complexes; note that
both ends of attP DNA are labeled but that one end, the one
that gives rise to attL, has twice as much *?P as the other end).
Furthermore, when a gel lane containing products of a reaction
with a#tP, Int, and mIHF (i.e., without a#B) was excised,
soaked in a solution containing a#tB DNA and electrophoresed
in a second dimension, only the part of the gel containing
intasomes gave rise to reaction products, albeit weakly (data
not shown). Taken together, these experiments suggest that the
intasome complex observed is indeed a noncovalently associated
recombinational intermediate, even though the reaction is some-
what slower and less efficient than with supercoiled substrates.

Characterization of an attB-containing complex. Addition of
attB DNA to intasomes promotes the formation of a complex
(complex 1) that migrates slightly slower than the intasome
(Fig. 2). The mobility of this complex changes with the use of
differently sized a#tB DNAs (Fig. 2A). Since this complex does
not contain recombinant products or covalent intermediates
(Fig. 2C), complex 1 could represent a quaternary complex
containing both a#tB and attP DNAs (in addition to Int and
mIHF). The presence of a#tB DNA in this complex was con-
firmed by radiolabeling both DNAs and examining the reaction
products by two-dimensional gel electrophoresis (Fig. 3A). Ad-
ditional support for the presence of a#tB in this complex and
for identification of the recombinant products is provided by
analysis of recombination reactions using radiolabeled a#tB
and a nonradiolabeled attP DNA (Fig. 3B). Labeled products
migrate in the positions of complex 1, the attL. complex, and
free attR DNA. These data confirm that complex 1 contains
both attP and attB and show that its components are associated
through noncovalent interactions. However, this quaternary
complex does not behave kinetically as an intermediate in
recombination, since it neither significantly accumulates nor
decays during the course of the reaction (Fig. 2D).

Arm-type Int binding sites involved in complex formation.
The role of the arm-type Int binding sites in formation of the
intasome and complex 1 was investigated by using a series of
attP mutants containing multiple substitutions in individual
arm-type sites (19). Interestingly, while both the P1 and the P2
mutants fail to undergo recombination, both are fully compe-
tent for intasome formation (Fig. 4A); the mobilities of the
resulting intasomes are the same as with wild-type a#tP DNA,
suggesting they have the same stoichiometry (Fig. 4A). In fact,
both P1 and P2 can be completely removed without affecting
intasome assembly (Fig. 4B). Not only are the P1-P2 sites
dispensable for intasome formation, but in situ DNase I foot-
printing of the intasome demonstrates that they are unoccu-
pied in this complex (Fig. 4C). The P4 site clearly is required
for assembly of the intasome, and while the PS5 mutant forms
an intasome (Fig. 4A), it does not appear to be recombino-
genic. The three arm-type sites P3, P6, and P7, which were
previously shown to be dispensable for integration both in vivo
and in vitro (using supercoiled DNA substrates) (19), are not
required for the formation of any of the complexes or products
shown in Fig. 4A and B.

While the P1-P2 sites are not involved in intasome forma-
tion, they are required for the assembly of complex 1 as shown
with radiolabeled a#tP DNA (Fig. 4A and B) or with radiola-
beled attB DNA (data not shown). Moreover, in situ DNase I
footprinting of complex 1 shows at least partial protection of
P1 and P2 (Fig. 4C), with 50% inhibition of DNase I cutting in
this region (as determined by quantification of the lanes in Fig.
4C). It is unclear why less-than-full protection of these sites is
seen, since both P1 and P2 are needed for formation of com-
plex 1 (Fig. 4A and B) and the core and P4-P5 sites are fully
protected (Fig. 4C). It is possible that this particular interac-
tion is uniquely sensitive to the DNase I cleavage conditions or
that simultaneous binding of Int to P1 and P2 is unfavorable in
these reactions.
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FIG. 4. Int binding site requirements for intasome and quaternary complex formation. (A) Formation of protein-DNA complexes with mutant a#tP DNAs.
Reactions were performed as described for Fig. 2A, adding Int-L5 (as indicated), mIHF, a 45-bp attB DNA (as indicated), and attP DNAs (either wild type [wt] or with
multiple substitutions in one or more arm-type sites, as indicated), followed by the addition of SDS (as indicated). Since we have shown previously that P3 is dispensable
for recombination, it is not surprising that the P3 mutant substrate behaves like wild-type aftP in these assays. (B) Formation of the intasome with a P1-P2 deletion
in attP. Reactions were performed as described for Fig. 2A with Int-L5 (as indicated), mIHF, an a#tP DNA (radiolabeled at the left end only) containing either P1 to
P5 (a 379-bp fragment) or P3 to P5 (a 353-bp fragment), and a 45-bp a#tB, as indicated. Size markers are indicated in base pairs. (C) In situ DNase I footprinting assay
of attP DNA present in the intasome and complex 1. The intasome and complex 1 were separated by electrophoresis, excised, and treated with DNase I in situ. Use
of a relatively small a#tP fragment provided sufficient separation between the complexes to allow excision with minimal cross-contamination. Lanes 1 and 4, free attP
(also excised from the gel); lanes 2 and 5, the intasome; lanes 3 and 6; complex 1. Lanes 1 to 3, electrophoresis through a 10% sequencing gel; lanes 4 to 6,
electrophoresis through a 6% sequencing gel. The positions of arm-type and core-type Int binding sites within a#tP are indicated. 0, the central base pair of the strand
exchange overlap region. Lanes were scanned and the intensities of individual bands were measured by using NIH Image software. Enhancements specific to complex
1 are indicated by arrowheads.

The P4-P5 sites, the core region, and the DNA segment sites. The sequence of the DNA between the core and the P4
between P4 and the core are occupied in both the intasome site may not be important for integration but the size and
(consistent with previous observations [17]) and in complex 1 resulting phasing may be critical if the two types of sites par-
(Fig. 4C). In addition, both complexes show protection, and an ticipate in Int-mediated protein bridges. This was confirmed by
accompanying enhancement of DNase I cleavage (which is the the analysis of a series of a#tP mutant derivatives in which the
most prominent band in Fig. 4C), of the region immediately to spacing was changed between the core and the P4-P5 pair of
the left of the core (see Fig. 1). This suggests that a protein, sites. Insertions were made between positions +50 and +51 in
presumably mIHF, is bound there. Since mIHF does not bind a region that is approximately midway between the P4 site and
specifically to a#tP, and Int is not bound to the left of the core the crossover point (Fig. 5A) and is poorly protected in DNase
in the intasome (Fig. 4C), mIHF probably binds there through I footprinting experiments (17). Five plasmids were generated

direct interactions with the Int promoters bound at the core. in which the core-P4 spacing was increased by 5, 7, 9, 11, or 13
Although the remainder of the region between P2 and the core bp.

is not protected in either the intasome or in complex 1, there Plasmids containing altered at#tP DNAs were tested as re-
are a number of DNase I enhancements in this region that are combination substrates both in vivo and in vitro (Fig. 5B and

specific to complex 1 (Fig. 4C). These enhancements are C). In both assays, insertion of either 5 or 9 bp reduced re-
spaced approximately 10 bp apart, suggesting that the DNA is combination significantly but addition of 7 bp eliminated the
bent in this region. recombinational potential completely. In contrast, insertion of

Recombination requires correct phasing of the core and either 11 or 13 bp had little or no effect on integration. Thus
P4-P5 sites. Formation of the atP intasome requires only the the actual spacing of the core and P4-P5 sites does not appear
Int binding sites at the core and at the P4-P5 pair of arm-type to be important provided that the appropriate phasing of the
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sites is maintained. Presumably, the core and P4-P5 sites must
be appropriately phased for formation of Int-mediated in-
tramolecular bridges between these sites.

DISCUSSION

Analysis of attP mutants lacking arm-type sites and foot-
printing analysis of the intasome strongly suggest that the
P1-P2 pair of arm-type sites are neither required for nor oc-
cupied within the intasome structure. This was somewhat un-
expected since the sites required for intasome formation, the
core and P4-P5 arm-type sites, are the same as those present in
the attachment junction attL. Thus, one of the substrate com-
plexes, the attP intasome, appears to be identical to one of the
product complexes, the attl. intasome, which is a likely sub-
strate for excision. Moreover, the attP intasome structure ap-
pears to be quite stable and remains essentially intact (as an
attL. complex) following recombination in vitro.

The intasome has two notable aspects to its structure. First,
Int-L5 forms intramolecular bridges between the P4-P5 arm-
type sites and the core, with mIHF stabilizing a sharp bend in
the DNA between these sites (Fig. 6). Support for this struc-
ture is provided by the pattern of DNase I protection and the
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properties of mIHF (17). Further support for the formation of
intramolecular protein bridges between the core and P4-P5
during the course of recombination is provided by the observed
disruption of recombination upon the insertion of nonintegral
numbers of helical turns between the core and P4-P5, while the
insertion of approximately one helical turn restores recombi-
nation (Fig. 5).

Integrative recombination requires both the P4 and P5 arm-
type sites, and DNase I footprinting of the intasome shows that
both sites are occupied. However, the P4- and P5-mutant sub-
strates behave differently in intasome formation; the P4 site is
required for intasome formation, but the mutant lacking P5 is
able to form both the intasome and complex 1 even though no
recombination is observed. The difference in the ability to form
intasomes could perhaps be accounted for by differences in the
affinity of Int for the individual P4 and P5 arm-type sites, or
mutant sites, coupled with cooperative interactions between
Int subunits. It is possible that the PS-mutant complexes fail to
undergo recombination because they lack a critical protein
bridge between the P5 site and one-half of the a#tP core (Fig.
6), although we note that the complexes have mobilities which
are identical to those of complexes formed with wild-type a#tP
and there is evidence that Int binds cooperatively to pairs of
arm-type sites (19). An alternative explanation is that both P4
and PS5 in the P5-mutant are occupied by Int (through coop-
erative interactions) but that specific interactions with the
DNA are necessary, perhaps to ensure proper contacts be-
tween Int subunits.

The second feature of the intasome is that the P1-P2 sites
are unoccupied. This is rather unusual, since Int-L5 will bind to
these sites in the absence of mIHF when used at equivalent
concentrations (16, 17). This could be explained by a possible
requirement for Int-L5 to bind arm- and core-type sites simul-
taneously to form stable interactions, perhaps via allosteric
communication between the two functional domains (indeed,
in mobility shift assays Int-L5 cannot bind either a#zB DNA or
P1-P2 DNA alone but can weakly form bimolecular complexes
in an mIHF-independent manner; data not shown). Thus, one
consequence of the participation of mIHF in promoting the
intramolecular bridge shown in Fig. 5 is the exclusion of core-
type sites from bridging with P1 and P2. We also note that the
majority of a#tR, which contains the core and P1-P2 sites, is
released as free DNA following recombination in vitro. The
inability of attR to form a stable tertiary complex (equivalent to
the attL complex shown in Fig. 6) may reflect the phasing of
the binding sites, which would position Int protomers bound at
the P4-P5 and P1-P2 sites on opposite faces of the DNA helix.

The P1-P2 sites are required for formation of a quaternary
attP-attB-containing complex and are at least partially occu-
pied in the structure, indicating that they play a key role in the
interaction with a#tB. One plausible explanation is that an
intermolecular Int-L5 bridge is formed between these sites; as
with the intasome, we prefer the simple model that both pro-
tomers of Int-L5 bound to a#tB also contact P1 and P2, al-
though other configurations cannot be excluded. The 50%
occupancy of P1 and P2 is somewhat puzzling, but raises the
intriguing possibility that the lack of coordinate binding of Int
to both P1 and P2 could explain the apparent inability of this
complex to proceed in the recombination pathway.

Examination of the a#P sites of several other phages sug-
gests that the organization of the L5 integration structures
which utilize two pairs of directly repeated arm-type sites (one
pair on either side of the core region, in the same relative
orientation), may be a common motif. The a#tP sites of phages
P2 (30) and ¢$Rv2 (21) contain only four arm-type binding
sites, placed in this arrangement. The attP site of phage P22
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(26) contains five arm-type sites, four arranged in pairs (anal-
ogous to the P1-P2 and P4-P5 pairs of sites in LS) and one
individual site (with similar placement to the disposable P3 site
of L5). This raises the question as to whether all of these
phages form similar intasome structures. In contrast, the a#tP
sites of phages A (9) and HP1 (3) are more complex, containing
arm-type sites arranged as both pairs and as individual sites, as
direct and indirect repeats, and, in the case of HP1, with
multiple core-type binding sites; their corresponding integra-
tion complexes may differ from the LS5 structures.

Designing a model for L5 intasome function raises further
differences between LS and N. During A integration the attB
site is not bound by Int-\ independently but instead is captured
as naked DNA by integrase molecules which are bound into a
preformed intasome via their N-terminal domains and yet con-
tain unsatisfied core-binding domains (22). In contrast, the L5
intasome identified by gel analysis does not appear to contain
integrase molecules with unsatisfied binding domains available

Intasome

attP attB
Products P5 P4
pir2 + Quaternary
complex 1
P5P4
attR attL

FIG. 6. Models for the intasome and quaternary complex structures. The
figure shows schematic representations of the intasome, recombination products,
and quaternary complex 1. Arm-type Int binding sites are represented as black
boxes, and core-type sites are shown as white (a#tP) or shaded (a#tB) boxes with
a black dot indicating bp 0 (central base pair with respect to the sites of strand
exchange). Bivalent Int-L5 binding is represented by double-headed arrows, and
mIHF binding areas are shaded.
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FIG. 5. Disruption of recombination by insertion of nonintegral numbers of
helical turns into the core-P4-P5 region of attP. (A) Location and sequences of
insertion mutants. Insertions were made between bp +50 and bp +51 within a#tP
(the central base pair within the 7-bp strand exchange overlap is designated 0,
and the P4-P5 sites span +90 through +110). (B) Integrative transformation
assay with attP insertion mutants. Relative frequencies with which the various
attP insertion mutant plasmids are able to transform M. smegmatis are shown.
The transformation frequency of the wild-type attP plasmid pMH94 is defined as
100%. (C) In vitro recombination assay with a#tP insertion mutants. Reaction
mixtures containing a supercoiled a#tP plasmid (with insertions as indicated), a
short, linear atB DNA, Int, and mIHF were incubated at 37°C for 0, 10, or 30
min as indicated above each lane, stopped by the addition of SDS, and electro-
phoresed through a 0.8% agarose gel. The positions of the supercoiled attP
plasmid (sc atP) and the linear recombination products (sizes ranging from 7,808
to 7,821 bp) are indicated. The slowly migrating band in each lane corresponds
to relaxed plasmid DNA. The supercoiled a#tP band which appears to migrate
more slowly in the central lanes is due to a gel artifact (note that Int-L5 does not
display topoisomerase activity [18]). Size markers (M) are indicated in kilobases.

for the capture of attB (unless they are held in place solely by
protein-protein interactions and therefore undetectable by
DNase I footprinting assays). Moreover, since Int-L5 does not
appear to bind stably to either a#B alone or P1-P2 alone,
binding of Int-L5 to arm- and core-type sites must be unstable
unless both binding domains of Int-L5 are satisfied concur-
rently, and a#B must join the intasome complex by simulta-
neous binding of Int-L5 to both a#B and P1-P2.

Formation of these intasome and quaternary complex struc-
tures requires an unusual division of labor among the arm-type
integrase binding sites. While little is known about excision of
the L5 prophage, these structures allow us to consider possible
models for the action of L5 excisionase. For example, excisio-
nase might bind to the region between P2 and the core sites,
promoting the formation of an a#R tertiary complex which can
synapse with an artL intasome (which may be identical to the
attl. complex identified here as a product of integration and
essentially the same as that formed with artP). Alternatively, an
excisionase may promote the formation of other protein-DNA
complexes utilizing additional Int arm-type binding sites (such
as P3 and P6-P7). An excisionase may also function to inhibit
integrative recombination by similarly binding to aftP DNA,
promoting the formation of intramolecular bridges between
P1-P2 and core and excluding the necessary P4-P5 interaction.
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