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ABSTRACT The genome of the broad host range Strepto-
myces temperate phage, ¢C31, is known to integrate into the
host chromosome via an enzyme that is a member of the
resolvase/invertase family of site-specific recombinases. The
recombination properties of this novel integrase on the phage
and Streptomyces ambofaciens attachment sites, attP and a#tB,
respectively, were investigated in the heterologous host, Esch-
erichia coli, and in an in vitro assay by using purified integrase.
The products of attP /B recombination, i.e., attL and attR, were
identical to those obtained after integration of the prophage
in S. ambofaciens. In the in vitro assay only buffer, purified
integrase, and DNAs encoding attP and attB were required.
Recombination occurred irrespective of whether the sub-
strates were supercoiled or linear. A mutant integrase con-
taining an S12F mutation was completely defective in recom-
bination both in E. coli and in vitro. No recombination was
observed between attB/attB, attP/attP, attL /R, or any combi-
nation of a#tB or attP with attL or attR, suggesting that excision
of the prophage (aftL/R recombination) requires an addi-
tional phage- or Streptomyces-encoded factor. Recombination
could occur intramolecularly to cause deletion between ap-
propriately orientated at#tP and attB sites. The results show
that directionality in ¢C31 integrase is strictly controlled by
nonidentical recombination sites with no requirement to form
the topologically defined structures that are more typical of
the resolvases/invertases.

In site-specific recombination a recombinase interacts with a
specific site in the DNA, brings the sites together in a synapse,
and then catalyzes strand exchange so that the DNA is cleaved
and religated to opposite partners (1, 2). The reaction can
result in integration, inversion, or resolution/excision depend-
ing on the position and orientation of the recombination sites,
their interactions with recombinase, and the presence or
absence of accessory factors or sites. Site-specific recombi-
nases in bacteria fall into one of two very distinct families, the
A integrase-like enzymes and the resolvase/invertases, on the
basis of amino acid sequence similarities and their different
mechanisms of catalysis (1-3). Recombination by members of
the A integrase family (e.g., A integrase, P1 Cre-loxP) is well
understood and involves the formation and resolution of a
Holliday junction intermediate during which the DNA is
transiently attached to the enzyme through a phosphotyrosine
linkage (4-6). The resolvase/invertase family of enzymes (e.g.,
Tn3 or vy resolvases, Mu Gin invertase) act via a concerted,
four-strand staggered break and rejoining mechanism during
which a phosphoserine linkage is formed between the enzyme
and the DNA (2, 7). The crystal structure of y8 resolvase
bound to a cleavage site reveals a unique arrangement of the
catalytic and DNA-binding domains in that they bind to
different faces of the helix (8). Although two models have been
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proposed (9-11), the structure of the synapse and the changes
in the conformation of resolvase that bring about strand
exchange are still a mystery (12).

Recently a new subgroup of the resolvase/invertases has
been identified that have the resolvase/invertase catalytic
domain in their N-terminal regions but are much larger in
molecular mass (between 50.7 kDa and 82 kDa; refs. 13-20)
than, and extremely diverged from, the typical enzymes of the
family (=20 kDa; refs. 2 and 21). This subgroup includes
enzymes involved in excision of DNA during spore (13) or
heterocyst (14) development, excision of transposons (15, 16),
or integration and excision of bacteriophage genomes (17-20).
The ability of some of this group of enzymes to catalyze
integration, i.e., the integrases from the lactococcal phage
TP901-1, and actinophages R4 and ¢C31, is a significant
departure from the usual activities of the resolvase/invertases
(2).

The recombination sites acted on by this new subgroup also
differ fundamentally from the more typical resolvase/
invertases. In the latter, the two DNA sites involved in
recombination are identical for each system. In Tn3, the res
sites are 114 bp, and in Mu, the gix sites are 30 bp (2, 22). The
sequences are not symmetrical and therefore sites can be in
direct or inverse orientation. The reactions catalyzed by Tn3
resolvase and Gin, however, are topologically defined, with
precise arrangements of the components in the synaptic com-
plex and in the strand-exchange reaction itself (2, 9, 10, 22, 23).
Thus, in the resolvase system only res sites that are in direct
repeat recombine, and in the Gin system only inverted sites
recombine; recombination is totally blocked if a synapse with
the “wrong topology” is formed because of sites being in the
incorrect orientation. In the A integration system (5, 24), the
recombination sites have different sequences, i.e., the 25-bp
attB, chromosomal attachment site, and the 240-bp atP,
phage-encoded attachment site, and recombination results in
hybrid sites attL and attR. The sites have a 15-bp of “core”
sequence identity. Accessory factors are required for integra-
tion (integration host factor, or IHF) and excision (IHF, Fis,
and Xis), which also can be described as attP/B and attL /R
recombination, respectively. Crossover sites for the enzymes
belonging to the high molecular weight subgroup of the
resolvase/invertases lie within very short regions of identity
between substrate sites [3 bp for ¢C31 integrase (ref. 20; Fig.
1); 5 bp for CisA (13, 25); 5 bp for XisF (14); 12 bp for R4 Sre
(19); 2bp for Tn4451 TnpX (15, 16)]. These probably represent
core-like sequences from longer, nonidentical, recombination
sites. If this group of enzymes uses the same catalytic mech-
anisms as the typical resolvase/invertases, then, in theory, only
2 bp of sequence identity between the two sites is required.
Recent work by Crellin and Rood (16) showed that mutation
of the 2-bp GA sequence at the center of the recombination
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sites for TnpX confirmed the need for both sites to have the
same sequence where the proposed staggered break occurs.
Here we describe the properties of the ¢C31 integrase
expressed in Escherichia coli and acting on plasmid-encoded att
sites and in an in vitro reaction by using purified integrase. The
results show that directionality in ¢C31 integrase is strictly
controlled by nonidentical recombination sites with no re-
quirement to form the topologically defined structures that are
more typical of the resolvase/invertases. Furthermore, for
recombination between attP and attB, the enzyme does not
require any accessory proteins or supercoiled substrates. The
properties of this integrase are discussed in comparisons with
other, well studied, site-specific recombination systems.

MATERIALS AND METHODS

Strains and Plasmid Constructions. E. coli DH5«a [F'/
endAl hsdR17 (rx~ mg™") supE44 thi-1 recAl gyrA(NalR)
relA1A(lacIZYA-argF) U169 deoR ($80dlacA(lacZ)M15); ref.
26] was used routinely as a host for plasmid constructions,
transformations, and plasmid preparations (27). E. coli
BL21(DE3) [F~ ompT (lon) hsdSg (rg~ mg~) DE3 lysogen; a
A prophage carrying the T7 RNA polymerase gene; ref. 28] was
used as a host for overproduction of wild-type and mutant
integrases. Plasmids used are listed in Table 1. Detailed
information on their construction can be obtained from the
communicating author. The crossover site in the 0.5-kbp
attB-containing fragment in pHS21, pHS23, pHS34, and
pHS44 is approximately in the middle of the fragment whereas
the crossover site in the 0.5-kbp a#tP-containing fragment in
pHS20, pHS22, pHS33, and pHS44 is 112 bp from the EcoRI
site shown in Fig. 1. pHS282 was constructed by insertion into
pGEM?7 of an 84-bp amplification product obtained by PCR
using oligonucleotides HS3 (5'-AGGTCTCGAGAAGCGG-
TTTTCGG) and HS4 (5'-CGCCCTAGGTGTCATGTCGG-
CGACCC) designed by using the published attP site (20). The
overexpression plasmid, pHS62, containing the int gene in-
serted downstream of the T7 promoter was constructed as
follows: A 2-kbp BsrI-Tth1111 fragment containing int was
inserted into pT7-7 (31) to form pHS61. Primers were de-
signed by using the int sequence (20) for PCR amplification of
the N-terminal region to place the start codon downstream of
the ribosome-binding site for maximal expression in pT7-7.
The primers used were HS1, 5'-AGGTCATATGGACACG-
TACGCGGGTGC-3'; and HS2, 5'-CCGGCCCCCGTCGC-
GCTCGA-3'. Amplification yielded a 148-bp fragment that
was cut with Ndel and EcoRI, and a 55-bp fragment was used
to replace the Ndel-EcoRI fragment from pHS61 to give
pHS62. The S12F mutation in the int gene (in pHS63) was
generated by using a mutagenic primer, HS11 (5'-AGGCAT-
ATGGACACGTACGCGGGTGCTTACGACCGTCAGTT-
CCGCGAG) in place of HS1, and the resulting amplification
product was used to replace the Ndel-EcoRI fragment in
pHS61 to give pHS63. The PCR-derived fragments were
sequenced to ensure that the correct sequences were present.

In Vitro Recombination. Integrase was purified from E. coli
BL21(DE3) containing either pHS62 or pHS63 by ammonium
sulfate precipitation, ion exchange chromatography, and hep-
arin agarose affinity chromatography (H.M.T., S. E. Wilson,
and M.C.M.S., unpublished data). Approximately 1 ug each of
substrate DNAs was mixed with 1 pg of approximately 90%
pure integrase in a volume of 100 ul. Final reaction conditions
were 20 mM Tris, pH 7.5/100 mM NaCl/1% glycerol /0.1 mM
EDTA, incubated at 30°C. The reactions were stopped by
phenol extraction and ethanol precipitation, and the pellets
were resuspended in 50 ul of 1X restriction buffer (27). After
restriction, 10 wl of the reaction products was separated by
electrophoresis on 0.8% 1X TBE (90 mM Tris/64.6 mM boric
acid/2.5 mM EDTA, pH 8.3) agarose gels. DNA for use in the
recombination reactions was purified by alkaline/lysis and
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Table 1. Plasmids used

Plasmid Comments Ref.
pGem-7fZ(—) Vector, resistant to ampicillin Promega
PZMR100 Defective A vector, resistant to 30
kanamycin

pSP72 Vector, resistant to ampicillin Promega

pT7-7 Expression vector, resistant to 31
ampicillin

pKC796 Clal-Kpnl fragment (3.9 kbp) from 29
¢C31 encoding attP-int, resistant
to apramycin

pKC1034 Kpnl fragment (4 kbp) from S. S. Kuhstoss,
ambofaciens encoding attB Eli Lilly

pMS211 BamHI fragment (1.5 kbp) from 37
¢C31 repressor region in pUC19

p$pC183 Sau3A-EcoRI fragment (0.5 kbp) M. Brawner,
encoding aftP in an E. SmithKline
coli-Streptomyces shuttle plasmid Beecham

pHS15 pZMR100 containing 2-kbp This work
Bsrl-Tthlll fragment encoding
$C31 int expressed from the fac
promoter

pHS21 Kpnl-Sall attB fragment (0.5 kbp) This work
from pKC1034 in pGEM7

pHS23 attB fragment (0.5 kbp) in pSP72 This work

pHS20 Bglll-EcoR1I attP fragment (0.5 kbp)  This work
from p¢pC183 in pGEM7

pHS22 attP fragment (0.5 kbp) in pSP72 This work

pHS282 attP fragment (84 bp) in pPGEM7 This work

pHS33 attP fragment from pHS22 in pHS15  This work

pHS34 attB fragment from pHS23 in pHS15  This work

pHS44 attP and attB in pGEM?7 in direct This work
(POP'-BOB’) orientation

pHS50 EcoRI fragment (0.4 kbp) encoding ~ This work
attL. in pGEM?7

pHS52 Aatll-Sall fragment (0.4 kbp) This work
encoding attR in pGEM7

pHSS55 attL and attR in pGEM7 in This work
orientation BOP'-POB’

pHS61 pT7-7 containing int

pHS62 pT7-7 containing int for maximal This work
expression

pHS63 pHS63 encoding mutant S12F This work
integrase

polyethylene glycol precipitation (27). To prepare linearized
substrates, plasmids were cleaved with Scal and the linear
DNA was purified after electrophoresis in a 0.8% 1X TBE
agarose gel.

RESULTS

The ¢C31 Integrase Catalyzes the Integration Reaction in
E. coli. Integrase expressed from the fac promoter in pHS33,
a derivative of the autonomously replicating defective A vector,
PZMR100 (30), catalyzed recombination between an attP site
inserted downstream of the int gene in pHS33 and the a#tB site
on a compatible plasmid (pHS21) in E. coli DH5« (Fig. 2).
Fragments (approximately 0.4 kbp) containing the products of
the attP/B recombination, i.e., attL and attR, were inserted into
pGEM?7 vectors to form pHS50 and pHSS52, respectively, and
sequenced to confirm that the recombination in E. coli yielded
the same products as is normally obtained in Streptomyces
ambofaciens (20). The int gene carrying a frameshift mutation
at the unique Ncol site failed to yield recombinants, indicating
the dependence of the recombination on the expression of
¢C31 integrase (data not shown). The ability of integrase to
catalyze attP/B recombination in E. coli demonstrated that no
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FiG. 1. Organization of the region encoding int in ¢C31 and its comparison with the attB sequence from S. ambofaciens (adapted from ref. 20).
(a) Organization of attP and int from ¢$C31 and restriction sites relevant to this study. The black box represents the int ORF reading left to right,
and the green, vertical arrowhead represents the position of a#tP. The stem-loop icon shows the position of a putative rho-independent transcription
terminator. (b) The sequences of the artP and the N-terminal region of int (green) and a#tB (blue). The crossover occurs within the boxed nucleotides
(20). The extent of the 84-bp artP site used in recombination in E. coli (Fig. 2) is shown in bold. Underlined sequences in a#tP/int show the positions
of the Bsrl and EcoRI restriction sites. Horizontal arrows indicate the positions of inverted repeats in attP and attB. In the attP/int sequence, the
start of translation, the N-terminal 18 residues and the position of the S12F mutation are indicated. The attL and attR sequences are shown in yellow
and pink, respectively.

other Streptomyces-encoded accessory proteins were required. binants (Fig. 2), confirming that the location of the a#P site
Constructs in which the a#tP site from pHS33 and the a#tB site with respect to the int gene did not affect its activity. Although
from pHS21 had been switched (i.e., pHS34 and pHS20) and the precise extent of DNA required for recombination at the
when introduced together into E. coli also gave rise to recom- attP site has not been determined, a plasmid, pHS282, con-
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F16.2. Recombination by ¢C31 integrase between attP and attB sites in E. coli DH5a recA~. (a) Restriction maps of plasmids used and expected
recombinant products. E. coli containing pHS33 and pHS34 encode attP and attB, respectively, and express the ¢C31 int gene from the tac promoter
located within the vector sequences; the vector in each case is a A defective plasmid, pZMR100. The a#tB (i) and attP (ii) sites have been placed
on compatible plasmids. (b) Restriction analysis by Sphl of parental and recombinant products after extraction of plasmid DNA from E. coli. Bands
containing recombination products attL and attR are indicated by arrows. In lane 6 the recombinant fragments migrate close together but can be
resolved after a longer electrophoresis. In lane 8 the aftL recombinant product and linearized pHS34 comigrate. Molecular weight markers (M)
are provided by 0.5 pg of 1-kbp ladder (Life Technologies).
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taining 84 bp of DNA encoding the attP crossover site (located
centrally within the insert) was recombinationally active in E.
coli containing pHS34 (Fig. 2).

In Vitro Recombination Catalyzed by ¢C31 Integrase. From
the experiments above it seemed highly likely that the recom-
bination reaction would occur in vitro without any additional
proteins other than integrase. The int gene was overexpressed
and purified by ion-exchange and heparin agarose affinity
chromatography (H.M.T., S. E. Wilson, and M.C.M.S., un-
published data). A purified extract containing approximately
90% integrase in 20 mM Tris, pH 8.0/1 M NaCl/1 mM EDTA
was obtained that contained little or no DNases. Standard
conditions for recombination involved mixing substrate attP
and attB DNA with integrase in Tris buffer, pH 7.5, and
incubation at 30°C. A time course of the in vitro reaction
suggested that as much as 50% of the initial substrate DNA
recombined to form a#L and a#tR after 10-16 hr incubation
(Fig. 3b). Addition of 10 mM MgCl, did not stimulate or inhibit
recombination as measured after 16 hr of incubation (Fig. 3¢),
and addition of 10 mM EDTA had no apparent inhibitory
effect (not shown). Both supercoiled and linearized DNAs
were suitable substrates for recombination between attP and
attB (Fig. 3d).

During strand exchange a recombinase belonging to the
resolvase/invertase family transiently forms a phosphoserine
linkage between the enzyme and the 5’ end of a cleaved DNA
substrate at the crossover site. The active site serine residues
are found very close to the N-terminal end and are surrounded
by other well conserved residues (21). In the ¢C31 integrase,
Ser-12 is most likely to be the active-site serine (21). A
mutation was introduced in the int gene to change Ser-12 to a
phenylalanine (S12F). The mutant protein, encoded by pHS63,
could not catalyze recombination between attP and attB sites
either in E. coli or in the in vitro reaction by using purified
protein obtained via the same procedure as the wild-type
protein (Fig. 3¢), although binding of S12F integrase to attP
and a#tB was unaffected (not shown).

In the Absence of Other Factors ¢»C31 Integrase Only Cata-
lyzes Recombination Between a#tP and a#tB. Could the ¢$C31
integrase catalyze excision, i.e., the reaction between attL. and
attR? We use here the same system to describe the organization
of the attP, B, L, and R sites as is used for the A attachment sites
(5,24). The antB site therefore is BOB', a#tP is POP’, where B and
B’ and P and P’ describe the left and right arms at each site and
O describes the homologous core. After recombination attL
therefore is BOP' and a#fR is POB'. The attL and attR sites were
isolated from the products of a#tP/attB recombination in E. coli
as approximately 400-bp fragments containing 112 and 196 bp of
phage DNA, respectively. The attL- and attR-containing frag-
ments were inserted into pGEM?7 to produce pHSS55 in the
orientation BOP'-POB’, i.e., as they would occur in the inte-
grated prophage. To prevent any constraints on recombination
because of a#tL. and attR located too close, pHS55 contained a
1.5-kbp fragment derived from the region encoding the repressor
in ¢C31. No recombination was observed between the a#fL. and
R sites in pHS55 either in E. coli containing a compatible plasmid
expressing integrase (pHS15; not shown) or in vitro (Fig. 4).
Similarly, no recombination was detected in E. coli or in vitro
between aftl. and attR when located on different plasmids, or
between attP or attB and attL or attR (Fig. 4). Using plasmids of
different sizes to facilitate detection of the recombinant form, no
recombination was detected between two a#tP sites or between
two attB sites (Fig. 4).

Intramolecular Recombination Between a#tP and attB. Al-
though in nature the location of the a#tP and attB sites on the
same DNA molecule is unlikely to occur, we looked for any
constraint on recombination under these conditions that might
be indicative of a topological influence on formation of the
synapse. A substrate containing the a#tP and attB sites in
so-called direct orientation (BOB’:POP’) was constructed
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F1G. 3. Recombination by ¢C31 integrase between attP and attB
sites in vitro. (a) Restriction maps of plasmids used and expected
recombinant products. Detection of the recombination products in b—d
was by restriction with EcoR1I followed by agarose gel electrophoresis.
Parental and recombinant products are indicated. (b) A time course
of recombination in vitro. (c) No effect on recombination by MgCl, and
abolition of activity by the S12F mutation. Recombination reactions
were incubated at 30°C for 16 hr before analysis. The smear of
degraded DNA in the presence of the SI12F mutant integrase is
probably because of contaminating nucleases. (d) Recombination
between linear substrates. Linearized pHS20 and pHS23 were pre-
pared by cleaving with Scal, and the fragments were purified before
use as substrates in in vitro recombination. Recombination reactions
were incubated for 16 hr before analysis. Molecular weight markers
(M) are as in Fig. 2.

(pHS44) and recombination was observed in E. coli (also
containing pHS15) and in vitro. Recombination between the
attP and attB sites in the same molecule is expected to give two
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FiG. 4. ¢C31 integrase only catalyzes astP/B recombination. Plas-
mids encoding attP (pHS20 or pHS22), attB (pHS21 or pHS23), attL
(pHS50), or attR (pHSS52) or attL and attR together (pHS55) were used
as substrates for recombination with ¢C31 integrase in vitro. Recom-
binant products were obtained only in lane 2 that contained attP and
attB as substrates, and the reaction is the same as that shown in Fig.
3. If recombination had occurred, the predicted recombinant products
between attP/attP (lane 3) and attB/attB (lane 4) cut with NsiI and Pst1
and between atB/attL (lane 7) and attB/attR (lane 8) cut with BamHI
would have been 6 kbp and 0.4 kbp, respectively. For attP/attL (lane
5) and for attP/attR (lane 6) recombination, the predicted products
would have been 6.4 kbp and 0.4 kbp when cut with Xhol and Apal,
respectively. For attL /attR (lane 9) on different plasmids, the predicted
product would have been 3.6 kbp when cut with Sphl and Smal, and
when attL-attR (lane 10) were on the same plasmid the predicted
recombinant product would have been 0.4 kbp detected by restriction
with Kpnl. Note that pHS52 cut with Sphl and Smal (lane 9) yielded
a parental band of a size (3.4 kbp) similar to the predicted recombinant
product in the pHS50/pHS52 reaction, but still no recombinant could
be detected in gels that had undergone electrophoresis for a longer
period. Note also that the 0.4-kbp Sphl-Smal fragment in pHS50 is a
parentally derived fragment. Molecular weight markers (M) are as in
Fig. 2.

circular molecules, only one of which contains a replication
origin (attR). In E. coli the attL-containing recombination
product is lost (Fig. 5b, lanes 1-3). In vitro circles were detected
after restricting the products of recombination, by using pHS44
as a substrate, with an enzyme (BamHI) that does not digest
the artR-containing product (Fig. 5b, lane 5). The circles then
were cleaved with Scal to give the expected linear fragments
containing attR (Fig. 5b, lane 7). The migration properties of
the circles suggests that they are relaxed monomers, dimers,
trimers, and higher multimers of the a#tR-containing DNA. We
presume that the multimers form by recombination between
attP and attB on different plasmids before deletion events
occurring by intramolecular recombination. Resolution of two
directly repeated res sites by resolvase results in singly linked
(catenated) supercoiled circular products (9, 10). Curiously,
little if any of the aftR circles obtained by recombination
between attP and attB in pHS44 (Fig. 5b) appeared to be
supercoiled, although this may be an artifact because of
nuclease contamination of the integrase preparation.

DISCUSSION

The ¢C31 integrase is a member of a new subfamily of
resolvase/invertases that have, on the basis of amino acid
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F1G. 5. Intramolecular recombination between attP and attB. (a)
Restriction maps of pHS44 and the expected recombinant products.
(b) Restriction analysis of parental and recombinant products after
extraction of plasmid DNA from E. coli (lanes 1-3) or after recom-
bination assays in vitro (lanes 4-7). BamHI and Scal were used to
analyze the plasmids from E. coli (lanes 1-3) and after in vitro
recombination (lanes 7 and 8). In E. coli the recombinant product
containing attL. was barely visible (even though a#fR is abundant)
because it does not contain an origin of replication and is lost. To
detect the aftR-containing circles obtained after recombination in
vitro, BamHI alone was used (lanes 4 and 5), and this cut both the
parental DNA and the aftL-containing product. Molecular weight
markers (M) are as in Fig. 2.

sequence comparisons, the resolvase/invertase catalytic do-
main at their N termini but that are much larger than the
typical members of the family (13-20). Consistent with this
classification is the observation that mutation of the putative
nucleophile, Ser-12, of ¢C31 integrase completely abolished
recombination both in vivo and in vitro (Fig. 3c) whereas
previously mutation of Tyr-174 and Tyr-181 (chosen because
tyrosine is the nucleophile in enzymes belonging to the A
integrase family of recombinases) had no effect on recombi-
nation (20). Similar data were obtained after mutation of
Ser-15 of TnpX, which prevented excision of Tn4451, but
mutation of tyrosines thought to form part of a A integrase-like
catalytic domain had no effect on excision (16). ¢C31 integrase
displays unusual properties for a recombinase of the resolvase/
invertase family. First, it does not display a strong preference
for the position or orientation of recombination sites because
it caused integration and deletion depending on the positions
of the a#tP and attB sites (Figs. 2-5). Second, the reaction does
not depend on supercoiling because linear substrates recom-
bined in vitro (Fig. 3). These properties are reminiscent of
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certain mutants of Gin invertase that, although selected to be
Fis-independent, simultaneously gained the ability to integrate
and delete DNA between appropriately placed gix sites (32,
33). The Fis-independent Gin mutants demonstrated that
strand exchange is not dependent on the topologically defined
complex of wild-type Gin.

Whereas the resolvase/invertases have evolved to control
the direction of recombination via topologically defined nu-
cleoprotein structures, ¢C31 integration is strictly controlled
by nonidentical recombination sites (Fig. 4; refs. 20 and 34).
This aspect of ¢pC31 site-specific recombination is reminiscent
of A recombination but with significant differences that prob-
ably reflect the formation of very different synaptic structures.
In A, the minimal a#P sequence is 240 bp in length and an
accessory factor, IHF, is required for recombination (5, 24). At
the A attP site, which must be supercoiled, integrase and IHF
bind to sites on the arms of attP (arm-type binding sites) at
some distance from the core sequence (the site of crossing
over). A integrase, which has two DNA-binding motifs, then
can contact the low-affinity, core-type binding sites immedi-
ately flanking the core sequence (5, 24). The synapse is formed
when this attP-integrase—IHF complex or “intasome” com-
bines with the much shorter (25-bp) a#tB site (5, 24). In the
¢C31 system we envisage that (like -y and Tn3 resolvase, Gin,
etc.) integrase binds the imperfect inverted repeats that flank
the crossover sites in attP and attB (refs. 20 and 34; Fig. 1). This
model accounts for the smaller a#tP site (which can be equal
to or less than 84 bp) and the lack of accessory factors required
for attP/B recombination. Asymmetries in integrase binding to
att sites would determine the directionality because only
integrase bound to the a#tP/B combination of sites could form
a productive synapse. We currently are studying these inter-
actions and other features of the atf sites that might contribute
to the control of directionality in this system. We expect that
the excision reaction catalyzed by ¢C31 integrase (i.e., attL and
attR recombination) will require accessory proteins, probably
phage-encoded, thus resembling excision catalyzed by XisF in
Anabeana (35) or plasmid pSM19035 monomerization by the
B protein (36). The structure and activities of $C31 and other
members of this new group of recombinases show that the
resolvase/invertase family is much more diverse than originally
thought (2).
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