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The excisive recombination reaction of bacteriophage lambda involves a specific and 
efficient juxtaposition of two distant higher order protein-DNA complexes on the chromo- 
some of Escherichia coli. These complexes, which mediate synapsis and strand exchange, 
consist of two DNA sequences, attL and attR, the bivalent DNA binding protein Int, and 
the sequence-specific DNA bending proteins, IHF, Xis, and Fis. The protein-protein and 
protein-DNA interactions within, and between, these complexes were studied by various 
biochemical techniques and the patterns of synergism among pairs of mutants with mar- 
ginally impaired recombination function were analyzed. The DNA bending proteins facil- 
itated long-range tethering of high- and low-affinity DNA sites by the bivalent Int protein, 
and a specific map is proposed forthe resulting Int bridges. These structural motifs provide 
a basis for postulating the mechanisms of site-specific recombination and may also be 
relevant to other pathways in which two distant chromosomal sites become associated. 

Higher  order protein-DNA structures are minal domain binds with high affinity to 
central features in the initiation of DNA "arm-woe" sites distant from the reeion of 
replication, the regulation of transcription, 
and many pathways of site-specific recom- 
bination (I). Although these reactions may 
differ chemically, they all have a high 
degree of specificity and complex regulatory 
elements. One example of such higher or- 
der structures is the site-specific recombina- 
tion pathway of bacteriophage lambda. We 
now present data and suggest a model for a 

, . " 
strand exchange; and (ii) the carboxyl- 
terminal domain, which also contains the 
DNA nicking activity, binds with low af- 
finity to "core-type" sites at the loci of 
strand exchange ( 6 4 ) .  

Three accessory proteins involved in the 
recombination reaction, IHF, Xis, and Fis, 
all bind specific sequences and induce dra- 
matic DNA bends (9-14). IHF is required 

synaptic complex, in which 270 base pairs for both integrative and excisive recombi- 
(bp) of DNA containing 15 protein binding nations whereas Xis stimulates only the 
sites interact with four different proteins to latter (1 5, 16). When Xis is limiting, as is 
make a recombinogenic structure, that in- the case in vivo, Fis substitutes for one of 
cludes two chromosomal sites separated by the two Xis protomers (1 3, 17). The sites 
more than 40,000 bp (40 kb). for these DNA bending proteins are located 

Excision of bacteriovhaee lambda DNA between the arm- and core-tvoe Int bindine 
L " 1 .  u 

from its Escherichia coli host chromosome sites (Fig. 1). This arrangement of binding 
depends on site-specific recombination be- sites has been explained by the finding that 
tween two specific DNA sequences called an IHF-induced bend in attL delivers Int 
prophage att sites (attL and attR). The bound at a distal high-affinity arm-type site 
products of this recombination, attP on the to a low-affinity core-type site (18). The 
excised phage chromosome and attB on the structural role of IHF was confirmed by 
bacterial chromosome, are themselves sub- demonstrating that one IHF binding site can 
strates for the integrative recombination be replaced either by the intrinsic curvature 
that generated the integrated provirus (2, of phased A-tract DNA or by another DNA 
3). During recombination, strand exchange bending protein (1 9). Although Fis was not 
is executed bv the ohaee-encoded vrotein. used in the studies described below. the . u 

integrase (1nt) , which is a type I toboisom: Xis-Fis pair is functionally equivalent to the 
erase with DNA nicking and closing activ- Xis-Xis pair in every aspect of the lambda 
ity (4, 5). Int has two autonomous DNA (A) recombination pathway that has been 
binding domains, and each recognizes dif- tested (9, 13, 17). 
ferent DNA sequences: (i) the amino-ter- Together, these proteins form specific 

higher order complexes with att DNA. 
The authors are in the Division of Biology and Medi- 
cine, Brown University, Providence, RI 02912. Their formation is optimized by supercoil- 

ing and sequence-determined intrinsic cur- 
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proteins that bind at adjacent and well- 
separated sites on the att DNA (1 8, 24-26). 
The protein-protein and protein-DNA in- 
teractions mediated by IHF-induced DNA 
bending have been mapped in attL, and a 
model for this attL higher order structure 
has been proposed (26). Insights regarding 
the nature of the interactions between re- 
combinogenic partners also comes from the 
findings (i) that attB does not appear to 
acauire Int from solution. but rather from a 
preformed attP complex and (ii) that attL 
complexes enhance Int cleavage and strand 
transfer at the core of attR (27-29). Al- 
though excision of a prophage from the host 
chromosome is an intramolecular reaction 
between two distant att sites, in this article 
we refer to interactions between attL and 
attR complexes as "intermolecular" since 
this reflects the most common experimental 
conditions. 

Enhancement of Int binding at the low- 
affinity core sites of attR. The attR junc- 
tion contains a complex array of protein 
binding sites that are apportioned between 
the DNA bending proteins (IHF, Xis, and 
Fis) and the NH,- and COOH-terminal 
domains of Int (Fig. 1). Although we have 
alreadv described the interactions of Int 
protein at the high-affinity arm-type bind- 
ing sites of attR, we have not addressed the 
binding of Int at the low-affinity core-type 
sites, where strand exchange occurs. One 
sensitive and functionallv relevant assav of 
Int binding at the core-type sites is afforded 
by suicide substrates that were designed to 
trap the high-energy covalent Int-DNA 
intermediates generated when Int cleaves 
DNA at the sites of strand exchange (Fig. 
2, top) (1 8, 26, 30). With normal recom- 
bination substrates, these covalent interme- 
diates are transient and difficult to detect in 
that the phosphodiester bond between the 
active site tyrosine of Int and the 3' end of 
the cleaved strand is rapidly attacked by a 
nearby 5' hydroxyl, thus restoring the orig- 
inal cleavage site or creating a new junction 
with a strand from the recombination part- 
ner (28). This ligation step is blocked in 
the att suicide substrates, which contain a 
preexisting nick within the overlap region 
several bases away from the Int cleavage 
site. When this nicked att site is cleaved by 
Int, a small oligonucleotide is generated. 
Diffusion of the oligonucleotide removes 
the 5'-OH nucleophile, thereby trapping 
the otherwise transient covalent bond be- 
tween Int and the cleaved DNA strand. As 
shown earlier, the amount of Int delivered 
productively to the suicide core site is mon- 
itored as the amount of covalent Int-DNA 
complex accumulated during the reaction 
(18. 26. 30). Under the conditions used in ~. . , 

our experiments, top- and bottom-strand 
nicked substrates provided a measure of Int 
cleavage at the core sites for top- and 
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bottom-strand exchange, respectively (Fig. 
2, top). The attR suicide substrates with a 
nick either in the top or bottom strand were 
incubated with Int in the presence or ab- 
sence of IHF and Xis, and the effect of these 
proteins on Int cleavage at the two core 
sites was examined. Although IHF and Xis 
together stimulated Int cleavage at the core 
sites, neither protein alone had much effect 
(Fig. 2, bottom). 

In excisive recombination, the leftmost 
Int and IHF sites of attR (PI and H1) are 
not required (24, 3 1, 32), and the core site 
for bottom-strand exchange (B') is not 
required through synapsis and the first 
strand exchange (28). These observations 
simplify the analysis of the role of the P2 Int 
binding site and make it possible to use an 
attR suicide substrate that lacks DNA to the 
right of the overlap region. In such a 

Fig. 1. Protein binding sites in att L and att R. The an L and att R sites are separated by 40,000 bp 
and comprise the junctions between phage DNA (straight line) and bacterial DNA (wavy lines). 
Nucleotide 0 is placed within the 7-bp overlap region, and the coordinates have positive numbers 
to the right and negative numbers to the left (46). The arm-type sites (ovals), bound by the 
NH,-terminal domain of Int, are labeled PI and P2 in att R and P'l, P'2, and P'3 in an L. The 
core-type sites (large arrows), bound by the COOH-terminal domain of Int, are labeled C and B' in 
att R and B and C' in att L. Those Int binding sites required for excisive recombination are denoted 
by solid ovals and arrows; unfilled ovals denote arm-type Int sites used only for integrative 
recombination (24, 32.47). Binding sites for the DNA bending proteins are indicated by rectangles: 
the IHF binding sites (vertical lines) are H' in att L and HI and H2 in aft R, the HI site is used only 
for integrative recombination and its occupancy by, IHF inhibits excisive recombination (39, 48); the 
Xis binding sites (rising slashes) are XI and X2; the Fis binding site, F (falling slashes), overlaps the 
X2 site. Int binding at P2 is promoted by cooperative interactions with Xis at X1X2 (12, 24). The 
relative orientations of the DNA binding sites are indicated by arrows. 

Top strand nlcked Bottom strand nlcked 

-- 
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xis . - + + - - -  + + ~ n t - a ~ 1  
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Fig. 2. IHF and Xis dependence of Int cleavage at the core sites of att R. (Top) Diagram of how the 
att R suicide substrates lead to formation of covalent Int-DNA complexes after Int cleavage at the 
C core site (topstrand nicked substrate) or at the B' core site (bottom-strand nicked substrate). The 
5' terminus of the nicked strand was labeled with 32P (49). (Bottom) Gel electrophoresis of the 
reactions of top- or bottom-strand nicked suicide substrate in the presence (+) or absence (-) of 
indicated proteins (49). The gel mobility of covalent complex (Int-aft R) and aft R suicide substrates 
is shown in the right margin. DNA fragments generated during the preparation of the suicide 
substrates are indicated as con. 

"half-attR" substrate, the top-strand core 
site (C) is located a few base pairs from the 
end of the fragment. Int cleavage at the C 
site generates a small diffusible oligonucle- 
otide that traps the covalent intermediate 
in a manner similar to a top-strand nicked 
substrate (1 8, 26, 28). These substrates also 
lack the superfluous P1 and H1 sites, and 
thus correspond to the minimal attR recom- 
bination partner. 

When the minimal half-attR was incu- 
bated with Int under the conditions used to 
assay formation of the covalent complex, 
there was ethcient Int cleavage at the core 
site, and this cleavage depended on the 
presence of IHF and Xis (Fig. 3, left). 
Complex formation was abolished by dele- 
tion of the P2 Int binding site (Fig. 3, left) 
or by inactivating the P2 site with multiple 
base substitutions (33). These results sug- 
gest that the stimulation observed with IHF 
and Xis requires the P2 site. 

To establish the relevance of these as- 
says to the recombination pathway, we 
monitored the ability of the minimal half- 
attR substrate to undergo synapsis with attL 
and to execute top-strand transfer. The 
nonspecific carrier DNA in the cleavage 
assays was replaced by homologous attL 
recombination partner, and top-strand 
transfer was measured in the presence of 
Int, IHF, and Xis. As was expected, the 
minimal half-attR substrate was an efficient 
strand transfer partner and this reaction 
also depended on the P2 site (Fig. 3, right), 
an indication that the observed P2-IHF- 
Xis-dependent Int binding (cleavage) at the 
core site does correspond to an early step in 
excisive recombination. 

Higher order structure of the attR com- 
plex. There are two classes of models for the 
P2 enhancement of Int cleavage at the attR 
core sites. In the first model, DNA bending 
by IHF and Xis mediates direct delivery of 
Int from the P2 site to one of the core sites; 
the same Int molecule binds to P2 with its 
NH2-terminal domain and to a core site 
with its COOH-terminal domain. At the 
second core site an Int is recruited from 
solution and its binding is likely to be 
facilitated by protein-protein interactions. 
According to this model, there would be 
two Int molecules in the attR complex: one 
doubly bound at P2 and the corresponding 
core site and one singly bound at the other 
core site. In the second model, the Int 
bound at P2 does not itself bind to the attR 
core sites; rather, two additional Int mole- 
cules are recruited from solution and stabi- 
lized at the two core sites by protein-protein 
interactions. In this model, the attR com- 
plex would contain three Int molecules, 
each of which is singly bound to its respec- 
tive site. 

These two models were tested in a gel 
mobility shift assay with a minimal attR 
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(lacking the P1 and H1 sites) that moni- 
tored the formation of Int-IHF-Xis-attR 
complexes (Fig. 4). The DNA bending 
induced by IHF binding at HI, or Xis 
binding at X1 and X2, resulted in complex- 
es with greatly retarded gel mobility (la- 
beled RH and RX, respectively) (9, 1 1, 12, 
31). When IHF and Xis simultaneously 
bound attR DNA, the mobility of the com- 
plex (RHX) was more retarded than with 
either protein alone. Addition of Int to 
RHX produced three new major bands, 
labeled RHX1-RHX3 in order of decreasing 
gel mobility. The transition from the faster- 
to the slower-moving complexes occurred 
with increasing amounts of Int in the same 
range that produced increasing recombina- 
tion efficiencies, and formation of RHX3 
was abolished by deletion of the Br core site 
(33). These results suggest that complexes 
RHX'1-RHX3 resulted from the sequential 
binding of Int. 

Immunoblotting of Int, when used to 
determine the relative number of Int mol- 

Fig. 3. P2 dependence of Int 
cleavage and topstrand 
transfer. (A) Gel electropho- 
resis of covalent Int-DNA 
complexes at the C site of a 
half-att R with a wild-type 
(P2+) or P2-deleted (P2A) 

ecules in each complex, confirmed that the 
ratios of Int to DNA in complexes RHX1-3 
are 1: 2:3. The relative ratios of Int to DNA 
were normalized to a ratio of 2 for complex 
RHX2 because this complex was produced 
over the entire range of Int concentrations 
used in these experiments. In four different 
experiments, the relative ratios of Int to 
DNA (average + SD) was 0.9 + 0.4 for 
complex RHXl and 3.0 + 0.6 for complex 
RHX3 (34). These results support the sec- 
ond model; that is, within the IHF-Xis-Int- 
attR higher order complex, the P2-bound 
Int does not interact directly with the attR 
core sites, but instead facilitates the binding 
of other Int molecules at the core sites via 
protein-protein interactions. 

Functional linkages between arm and 
core sites during recombination. There are 
three unsatisfied DNA binding domains in 
the proposed attR higher order structure. 
Specifically, the P2-bound Int has a free 
COOH-terminal domain that is available 
to bind a core-type site, a d t h e  core-bound 

I * +  + + +  + + 
IHF - + - +  + + 
xis - + - + + + 

arm-type site, in the pres- 
ence (+), or absence (-), of 
indicated proteins (49). The 
mobilities of the half-attR 
and Int-DNA complexes are 
indicated in the left margin. 
(B) Gel electrophoresis of a ~nt-am 
top-strand transfer assay for cornpiex - 
the P2+, or the P2-deleted, 
half-att R (32P-labeled) with 
wild-type att L. The product PT half-stlR m 0 
of topstrand transfer is indi- P2A 

cated in the right margin 
(rec) and its structure is 
shown (28). These reactions 
contain 0.1 pmol of attL DNA instead of the pBR322 carrier DNA (49). 

Fig. 4. Gel retardation 
of attR higher order 
complexes. An attR 
(extending from the 
P2 site to the B' core 
site) was incubated 
with the indicated 
proteins to generate 
complexes contain- 
ing IHF (RH), Xis (RX), 
and IHF plus Xis 
(RHX). Complexes 
RHXI-RHX3 were 
generated by the ad- 
dition of the indicated 
amounts of Int to 
complex RHX (50). 

IHF - + +  + + + + + +  
xis - - + +  + + + + + +  
lrn - - - - 0.06 0.12 0.25 0.50 1 2 unit 

RHX .-) 

Ints each have an NH2-terminal domain 
that is available to bind arm-type sites. 
Each of these unsatisfied DNA binding 
domains affords a potential source of inter- 
molecular (synaptic) interactions with the 
attL complex, which also has a set of unsat- 
isfied DNA binding domains (26). The - . , 

higher order structures now proposed for 
attR and previously for attL lead to specific 
predictions about the map of intermolecular 
Int bridges that comprise the attR-attL syn- 
aptic complex. One intermolecular Int 
bridge is predicted between the attR P2 arm 
site and a core site of attL. whereas another 
is predicted between the a t t ~  Pr2 arm site 
and a core site of attR (see below). 

To study the functionally critical Int 
interactions that comprise the unstable syn- 
aptic complex, we developed a genetic ap- 
proach. Individual arm and core sites were 
altered by sitedirected mutations, each of 
which depressed recombination only par- 

Table 1. Mutants of an L and att R used for the 
pairwise test for synergism. Mutant core sites 
are indicated as underlined lowercase letters 
and mutant arm sites are denoted by a super- 
script minus. Wild-type (WT) attR was from 
pPH202 (41). Wild-type att L was from pSN55, 
which was derived from pPH201 (41) by intro- 
ducing an Eco RI site at +13 and filling in the 
Eco RI site of pBR327 (42). Base substitution 
mutants in the core- and arm-type Int binding 
sites were constructed with synthetic oligonu- 
cleotides that were inserted into the appropri- 
ate plasmids (43). All of the core mutants 
contained a C substitution at the third position 
of the consensus recognition sequence to give 
the following for each mutant core site in the 
indicated plasmids: B, CTQ3ll7l (pSK4, 
pSK22, pSK25); C', CAcClTAGT (pSK9, 
pSK23, pSK26); C, CACClll lT (pSK13, 
pSK15); B', CACGlTAGT (pSK14, pSK16). The 
P'1 and P'2 arm mutants each contained two 
base substitutions to give the following se- 
quences for each mutant in the indicated plas- 
mids: P'l, AGCTCAGTAT (pSK24, pSK25, 
pSK26); P'2. CAgCA-WT (pSK21, pSK22, 
PSK23). The P2 arm mutation has been de- 
scribed (24). 

Arm Core Plasmid 

att L 
WT WT pSN55' 
WT - bOC' pSK4 
WT BOc' pSK9 
P'2- WT- pSK21 
P'2- - bOC' pSK22 
P'2- BOc' pSK23 
P'1 - WT- pSK24 
P'1 - - bOC' pSK25 
P'1 - BOG' pSK26 

att R 
WT WT pPH202t 
WT - COB' pSK13 
WT Cob' pSK14 
~ 2 -  WT- pJT33$ 
P2- - COB' pSK15 
P2- COF pSK16 

' ( 42 ) .  t ( 4 1 ) .  $(24). 
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tially (Table 1). If each Int within the 
synaptic complex is held by one arm-type 
and one core-type binding site, its retention 
within the complex is likely to be relatively 
resistant to small reductions in affinity at 
only one of its two binding sites. Reduced 
affinity at both binding sites of a particular 
Int is more likely to result in its loss from 
the synaptic complex. Therefore, a pair of 
arm and core mutations that affect binding 
of the same Int are likely to be synergistic; 
that is, they should depress recombination 
more than a pair of mutations affecting the 
arm site of one Int and the core site of 
another Int. Two conditions are necessary 
for this approach. First, mutations or reac- 
tion conditions must be such that each 
mutant site, by itself, produces only a mod- 
est impairment of recombination. Second, 
all possible painvise combinations of mutant 
arm and core sites must be tested to ensure a 
self-consistent matrix of results. The first 
condition was satisfied by the appropriate 
choice of consensus sequence changes and 
reaction conditions (Table 1). The second 
condition was satisfied by the matrices of 
recombination crosses shown in Tables 2 to 
4 and involving all of the arm-type sites 
required for excisive recombination (Fig. 1). 

The P2 Int binding site was altered such 
that the recombination efficiency of this 
attR was approximately 25 percent less than 
that of a wild-type attR under these recom- 
bination conditions (Table 2, top row). 
The attR containing this impaired P2 site 
was then used in a series of four recombi- 
nation reactions in which one core site at a 
time contained a mutation resulting in mild 

Table 2. Pairwise test for synergism between 
a mutant P2 (arm-type) Int binding site and 
each of the four mutant core-type Int binding 
sites. In each recombination reaction, one, or 
none, of the four core sites (B, B', C, and C') is 
mutant (designated by an underlined lower- 
case letter). A wild-type core is designated WT. 
The mutant core site is either in the att L or att R 
partner. For each configuration of core sites 
there are two recombination reactions: in one 
the attR has a wild-type (P2+) arm site, in the 
other it has a mutated (P2-) arm site (Table 1). 
The recombination with each att R partner (P2+ 
and P2-) has been normalized to 100 percent 
for the reaction with all wild-type sites (the 
absolute level of recombination for the wild- 
type reaction was greater than 70 percent) 
(45). 

Core 

attL attR 

WT WT 
bOC' wr - 
BOc' WT 
wr- GOB' 
wr Cob' 

Percent re- 
combination Ratio 

(P2-/P2+) 
P2' p2- 

imvairment of the reaction. Each of the 
four core site mutations was also tested in a 
recombination reaction with attR contain- 
ing a wild-type P2 site. The combination of 
either core mutation in attR with the P2 
arm mutation did not depress recombination 
efficiencies relative to the P2+ attR (Table 
2). However, the core mutations in attL 
were synergistic with the P2 arm mutation in 
attR. These results are consistent with the 
data presented above, suggesting that Int 
bound at the P2 arm site is held in the 
synaptic complex by an intermolecular bridge 
with a core site of attL. The observed de~res- 
sion of recombination with both attL core 
sites is consistent with previous results indi- 
cating that Int binding at the B core site is 
stabilized by protein-protein interactions with 
the Int bound at the C'  core site (7, 26). 

In a similar experiment with the PI2 arm 
site of attL (Table 3 ) ,  alteration of the 
consensus sequence reduced the recombina- 
tion efficiency of the impaired attL approxi- 
mately 15 percent relative to wild-type attL. 
Whereas the combination of the core muta- 
tions in attL with the P'2 arm mutation did 
not depress recombination efficiencies rela- 
tive to the P12+ attL, the core mutations in 
attR were synergistic with the P'2 arm mu- 
tation in attL. Here also the results are 
consistent with the predictions, suggesting 
that the P'2 site of attL forms an intermo- 
lecular bridge with a core site of attR. 

The analysis of the arm site mutants 
points to participation in intermolecular Int 
bridges for the P2 and P'2 sites. Although 
this result is consistent with the biochemi- 
cal data, it is important to show that the 
intermolecular synergism is not an artifact 
of this experimental strategy. Fortunately, 
the third arm site involved in excisive 
recombination, P ' l ,  affords a good control 
for this concern since it participates with 
the C '  core site in an intramolecular Int 
bridge that is particularly critical for the 
attL structure (26). Indeed, the same con- 
sensus sequence change used to impair the 
P'2 arm site has a greater effect on recom- 
bination when it is introduced into the P'1 
site (Table 4, top row). Analysis of the 
combined effects of the P' l  arm mutation 
and each of the core site mutations show 
that the intramolecular combination with 
C' produced the most severe inhibition of 
recombination, as predicted. 

The relative patterns of pairwise syner- 
gism among all of the arm and core mutants 
remain the same when the recombination 
reactions are performed with different 
amounts of Int or at different salt concen- 
trations (although the absolute levels of 
recombination may vary). Thus, the pair- 
wise effects of mutant arm and core Int 
binding sites on excisive recombination 
efficiency are consistent with all of the 
biochemical experiments and suggest that 

Int molecules bound at the P2 and P'2 
arm-type sites participate in intermolecular 
bridges with their partners' core sites, while 
the Int bound at the P'1 arm site mediates 
an intramolecular bridge with the C'  core 
site. All of the genetic and biochemical 
results described above are consistent with 
previous findings: Int is held relatively 
weakly at the core sites of the attR complex 
(24, 29); attL stimulates Int binding to the 
core sites of attR (28, 29); Int bound to the 
P'2 site of attL has an unsatisfied COOH- 
terminal DNA binding domain; and P'1 
and P'2 play a critical role in synapsis and 
the first strand exchange (26). 

A model for synaptic interactions be- 
tween attL and attR. The unsatisfied DNA 
binding domains of the Int proteins bound 
to attR, along with those in the previously 
studied attL structure (26), afford a poten- 
tial bridging mechanism to promote synap- 
sis. These bridges are most likely formed by 
monomeric Int, since Int is a monomer in 
solution and has also been shown to bind to 
att site DNA as a monomer (35-37). The 
intermolecular bridge formed by Int bound 

Table 3. Pairwise test for synergism between 
a mutant P'2 (arm-type) Int binding site and 
each of the four mutant core-type Int binding 
sites. The core sites are identical to those in 
Table 2. For each configuration of core sites 
there are two recombination reactions: in one, 
the att L partner has a wild-type (Pf2+) arm site, 
and in the other it has a mutated (P'2-) arm 
site. See also the Table 2 legend. 

Core Percent re- 
combination Ratio 

(P'2-/Pf2+) 
attL attR Pf2+ P'2- 

WT WT 100 84 0.84 
bOC' wr - 16 16 1 .OO 
BOc' WT 26 30 1.15 
W T  GOB' 49 23 0.47 
WT Cob' 65 28 0.43 

Table 4. Pairwise test for synergism between 
a mutant P'1 (arm-type) Int binding site and 
each of the four mutant core-type Int binding 
sites. The core sites are identical to those 
described in Table 2. For each configuration of 
core sites there are two recombination reac- 
tions: in one the attL partner has a wild-type 
(Pfl+) arm site, and in the other it has a mutated 
(P'l-) arm site. See also the Table 2 legend. 

Core Percent re- 
combination 

attL attR P'l + P'l- 

WT WT 100 63 
bOC' WT - 79 11 
BOc' WT 8 1 1 
W- GOB' 82 46 
WT Cob' 109 67 

Ratio 
(P'l -/pll +) 
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to the P2 arm site must be with the B site of 
attL since the other attL core site (C') was 
previously shown to be involved in an 
intramolecular bridge with P'1 (26). The 
intermolecular bridge formed by Int bound 
to the P'2 arm site is most likely with the C 
site of attR, since the B' site is not required 
for synapsis or top-strand exchange and the 
P'2 site and C sites are both required for 
these early steps of recombination (26,28). 
Accordingly, the B' site would recruit an 
Int from solution; this is an Int that is not 
"delivered" by a high-afKnity arm site and 
could even join the complex at a later stage 
of the reaction. 

The basic motif of the proposed map of 
arm-core interactions (Fig. 5) is that pro- 
tein-induced bends enable bivalent Int mol- 
ecules to bridge appropriate pairs of high- 
and low-&ty sites. The path of the DNA 
and the relative orientations of attL and attR 
are not specifically addressed in this model 
and have been drawn to illustrate the pro- 
posed protein-DNA and protein-protein in- 
teractions of the bivalent Int protein. For 
clarity in a planar diagram, the attL and attR 
partners have been aligned in the most ' 
extreme version of the "antiparaUel" orien- 
tation pro+ by Stark et al. (38). There 
are several pathways by which the two part- 
ners could assemble. For instance, Int could 
bind the two DNA5 without preference, or 
one partner that is devoid of Int could 
synapse with the Intcontaining higher order 
complex of the other partner. It is also 
possible that the temporal order of some 
steps leading to synapsis is not precisely 
determined. Since these particular experi- 
ments did not include Fis protein it is not 
shown in Fig. 5. However, numerous in 
vim and in vivo experiments have shown 
that the Xis-Xis bmdmg at X1X2 is function- 
ally equivalent in every respect tested to 
Xis-Fis binding at XI-F (Fig. 1) (1 3, 17). 

Flg. 5. A rnodel for the Int- 
mediated synaptic interac- 
tions between the arm and 
core sites of aff  L and aff  R 
during excisive recombi- 
nation. Bends in the aff  R 
(blue) and aff  L (orange) 
DNA are induced by IHF 
and Xis. The bivalent Int 
protein (green) forms intra- 
and intermolecular bridges: 
binding to the high-affinity 
arm sites (P I ,  P'2, and P2) 
is via the smaller NH2-ter- 

1 mind domain (small circle) 
and binding to the low-af- 
finity core sites (B. B', C, 
and C') is via the larger - 
COOH-terminal domain 
(large circle), which also 
contains the topoisomerase function. The relative positions of proteins and DNA in space and the 
relative order of interactions in time are not in the model. 

Protein-protein interactions are also an 
important feature of the proposed map. In 
the attL complex, Int binding at one core 
site is stabilized by an Int bound at the 
other core site (7,26). This was reflected in 
the weak discrimination between B and C' 
of attL and between C and B' of attR in the 
genetic test for synergism. Our results also 
indicate that the P2-bound Int of attR, 
which is delivered directly to the B site of 
attL in trans, facilitates the binding of 
additional Ints to its core sites in cis. 
Similarly, the P'2-bound Int of attL, which 
is delivered directly to the C site of attR in 
trans, also facilitates binding of another Int 
to its core sites in cis (26, 28, 29). 

Despite the reciprocality of shared Int 
bridges at synapsis there are sigdcant dif- 
ferences between the attR and attL partners. 
In the attR complex, IHF-Xis-enhanced Int 
binding at the core sites did not give a 
strong signal in nuclease protection and 
heteroduplex cleavage assays (24, 29) and 
could only be quantitated with the more 
sensitive suicide substrate assay. This con- 
trasts with the attL complex, where IHF- 
dependent Int binding to the core sites in 
attL was not only observed by the suicide 
Int cleavage assay, but also by other meth- 
ods (18, 26, 29). These daerences imply 
that the attR complex promoted by IHF and 
Xis may be less stable than the attL complex 
induced with IHF alone. It is interesting 
that Xis, along with Int and IHF, does 
make a very stable complex with attP (25). 
Perhaps the relative instability of the attR 
complex facilitates its reactivity with aaL, 
and the stability of the attP reaction prod- 
uct enhances the directionality of excisive 
recombination. 

In addition to its greater stability, the 
attL complex also appears to be the domi- 
nant partner in excisive recombination. 
The single base change in either of the attL 

core sites decreased recombination more 
than the equivalent mutations in attR (Ta- 
bles 2 to 4). Furthennore, the PP1-CP pair 
of mutants in attL exhibited the greatest 
synergism. This result, which is consistent 
with earlier studies (29), points to the im- 
portance of the only Int bridge that is 
intramolecular. Thus, as noted previously, 
there appears to be a functional disparity 
between recombination partners in exci- 
sion, but it is less extreme than the disparity 
between attP and attB in integration (27). 
It is interesting that those protein binding 
sites capable of modulating recombination 
all occur on the attR arm: IHF inhibition of 
excision at HI, Xis inhibition of integra- 
tion at XlX2, and Fis stimulation of exci- 
sion at F (13, 25, 39). It seems that the 
primary structures of recombination are lo- 
cated on the attL arm and the modulating 
structures are located on the attR arm. 

The incorporation of sequence-specific 
DNA bending proteins and the utilization 
of a bivalent DNA binding protein afford a 
framework for bringing two distant, or un- 
linked, DNA sites together. However, the 
intricacy of these higher order complexes 
cannot be entirely ascribed to the mecha- 
nistic demands of rearranging DNA since 
similar complexes are not observed in all 
site-specific recombination reactions. Even 
some other members of the Int family, such 
as Cre and FLP, that appear to use the same 
chemistry as A Int for strand exchange do 
not exhibit this level of complexity (40). 
Why then the complexity? It ,has been 
suggested that higher order protein-nucleic 
acid complexes have evolved to meet the 
requirements for efficiency and precision 
(I). To this we would add the role of 
regulation, which may be an equally, if not 
more, important function of these complex- 
es. We have discussed earlier how the 
incorporation of host-ended proteins, 
such as IHF and Fis, affords a potential 
regulatory linkage between the recombina- 
tion reactions and the physiology of the 
host (2, 3). Other nucleic acid transac- 
tions, such as transcription regulation, 
DNA replication, and RNA splicing, also 
make use of com~lex hieher order struc- 
tures. Some of thise alsokce the problem 
of accurately bringing distant nucleic acid 
sites together and may make use of struc- 
tural elements similar to those described for 
the A recombination system. 
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