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Summary
The highly directional and tightly regulated recombination reaction used to site-specifically excise
the bacteriophage λ chromosome out of its E. coli host chromosome requires the binding of six
sequence-specific proteins to a 99 bp segment of the phage att site. To gain structural insights into
this recombination pathway, we measured 27 FRET distances between eight points on the 99 bp
regulatory DNA bound with all six proteins. Triangulation of these distances using a metric matrix
distance-geometry algorithm provided coordinates for these eight points. The resulting path for the
protein-bound regulatory DNA, which fits well with the genetics, biochemistry, and X-ray crystal
structures describing the individual proteins and their interactions with DNA, provides a new
structural perspective into the molecular mechanism and regulation of the recombination reaction
and illustrates a design by which different families of higher-order complexes can be assembled from
different numbers and combinations of the same few proteins.

Introduction
The phage λ site-specific recombinase, Int, is responsible for integrating the viral genome into
the chromosome of its E. coli host when growth conditions and prospects for phage propagation
are poor and then excising the viral chromosome when growth conditions are more favorable
or when survival of the host is threatened (Campbell, 1962). It belongs to the Tyrosine
recombinase family, whose members participate in a wide variety of biological functions such
as chromosome segregation, chromosome copy number control, gene expression, conjugative
transposition, gene dissemination, and viral integration and excision (Azaro and Landy,
2002; Grainge and Jayaram, 1999; Hallet and Sherratt, 1997; Van Duyne, 2002).

The λ Int pathway differs fromthat ofmany other family members, such as Cre and Flp, in that
it is highly directional and tightly regulated by virtue of its response to three accessory DNA-
bending proteins: the phage-encoded Xis protein, which stimulates excisive and inhibits
integrative recombination; the host-encoded Fis protein, which stimulates excisive
recombination when Xis is limiting; and the host-encoded IHF protein, which is required for
both reactions but inhibits excision at high concentrations. The intracellular concentration of
Xis is tightly regulated by the elegant circuitry governing the switch between the lytic and
lysogenic pathways of thephage. Intracellular levels of IHFarehighestwhencells enter
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stationary phase while levels of Fis peak as cells emerge from stationary phase into logarithmic
growth. The host-encoded IHF and Fis proteins are both important global regulators of DNA
expression and replication, and it has been proposed that their intracellular levels signal
conditions that are more appropriate for recombination in one direction or the other (Ball et
al., 1992; Bushman et al., 1985; Nilsson et al., 1992; Thompson et al., 1987).

Integrative recombination between specific sites on the phage (attP) and bacterial (attB)
chromosomes generates an integrated prophage with hybrid sites at the left (attL) and right
(attR) phage-host DNA junctions. Excisive recombination between attL and attR regenerates
attP and attB on the respective disjoined chromosomes (Campbell, 1962) (see Figure 1). The
chemistry and mechanics of the DNA exchanges are similar for all Tyrosine recombinase
family members: two ordered pairs of transesterification reactions are executed by a tetrameric
complex of recombinases that first generate a four-way DNA junction (Holliday recombination
intermediate) and then resolve it to recombinant DNA products. This chemistry is executed at
four ‘‘core’’ Int-binding sites by the carboxy-terminal domain of Int, which corresponds to the
Cre and Flp proteins.

Int differs from family members Cre and Flp in having an additional (amino-terminal) domain
that binds with high affinity to five ‘‘arm’’ binding sites distributed throughout the att sites.
Int bridging between the two classes of sites is assisted by DNA bends induced by the accessory
proteins bound to specific sites located between arm and core sites (Figure 1). Two overlapping
subsets of the 16 protein binding sites are used for integrative and excisive recombination, and
this differential usage of protein binding sites confers directionality and regulation through the
formation of integration- or excision-specific higher-order ‘‘intasome’’ complexes (reviewed
in Azaro and Landy, [2002]).

Of the four att site arms, the P-arm in attR is the most complex. During excisive recombination,
this 99 bp segment is populated with Int and three types of accessory DNA-bending proteins:
one IHF, one Fis dimer, and, as will be shown here, three Xis protomers (Figure 1). Crystal
structures have been determined for IHF, Xis, and the amino-terminal domain of Int bound to
their cognate DNA sites and for unliganded Fis (Biswas et al., 2005;Kostrewa et al., 1991;Rice
et al., 1996;Sam et al., 2004;Yuan et al., 1991). However, despite the X-ray crystal structures,
genetics, and biochemistry describing the individual proteins and their interactions with DNA,
we still lack a global view of how they work in concert to shape the overall DNA path. This is
not surprising, since there are very few large multi-protein-DNA complexes for which the DNA
trajectory has been determined experimentally.

To determine the DNA path, we used a previously described mapping method based on the
triangulation of in-gel FRET measurements (TIF) (Radman-Livaja et al., 2005). Twenty-seven
FRET distances between eight points on the 99 bp P-arm DNA bound with the Int N domain
and all the accessory proteins were measured in gello. The triangulation of the measured
distances provided Cartesian coordinates for these eight points and consequently yielded a
unique path for the protein-bound regulatory DNA. The 3D contour of this complex curve,
which fits well with all of the relevant structures and biochemistry, is discussed in relation to
the mechanics and regulation of the recombination reaction.

Results
P-Arm Six-Protein Complex Assembly

As the first step toward determining the trajectory of the protein-bound P-arm DNA, it was
necessary to ascertain whether a unique and electrophoretically stable protein-DNA complex
could be assembled on the 99 bp DNA fragment containing the binding sites for all of the
excision-relevant proteins: IHF (H2), Fis (F), Xis (X1-X2), and the amino-terminal domain of
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λ Int (P2) (Figure 2A). An amino-terminal domain of Int, N75 (residues 1–75), has been used
for binding the P2 site in order to avoid artifacts arising from an intact Int with an unbound
carboxy-terminal DNA binding domain (Sarkar et al., 2001, 2002).

The same concentrations used in each of the single-protein binding reactions (lanes 1–5 of
Figure 2B) were used in all of the subsequent multiprotein binding reactions (lanes 6–16 of
Figure 2B). The DNA binding cooperativity between Xis and Int N domain and between Xis
and Fis is clearly evident in the two-protein binding reactions (lanes 6 and 7, respectively) and
even more dramatically for Xis, Fis, and Int N domain in the three-protein binding reactions
(lane 12) (Cho et al., 2002; Sarkar et al., 2002; Swalla et al., 2003; Warren et al., 2003).
However, the most important point of the gel-shift experiments is that the 99 bp P-arm DNA
forms an electrophoretically unique and stable complex that is dependent upon the presence
of all four accessory proteins (lane 16, Figure 2B), as confirmed by western blotting with
antibodies against each of the proteins (data not shown).

FRET Measurements
To determine the DNA path in the 99 bp P-arm DNA-protein complex (lane 16 of Figure 2B),
we used a previously developed in-gel FRET mapping method (TIF) based on the triangulation
of FRET-measured pairwise distances (Radman-Livaja et al., 2005). In the present work, the
pairwise distances were between eight points on the DNA substrate; the positions of donor
(Bodipy-Fl) and acceptor (TAMRA) dyes are shown in Figure 3A. To homogenize the
influence of the neighboring sequence on the spectral properties of the dyes (Nazarenko et al.,
2002), single base changes were introduced where necessary to provide the same ATA context
for each dye (except for the dye at fF, where the wild-type TTT sequence was retained) (see
Figure 3A and Experimental Procedures). In all cases, excisive recombination with substrates
containing dyes and the altered flanking bases was comparable to reactions using unmodified
wild-type DNA substrates (data not shown).

The efficiencies of energy transfer between donor and acceptor dyes at various positions were
determined from the extent of donor fluorescence quenching in complexes containing the
acceptor compared with donor fluorescence in complexes without acceptor. A radioactively
labeled P-arm with the donor dye attached to the bottom strand at one point and the acceptor
dye attached to the top strand at another point (Parm[ DA] in Figure 3B) was mixed with all
four proteins in the binding buffer. In a parallel reaction, a radioactively labeled P-arm carrying
only the donor dye (P-arm[D] in Figure 3B) was also mixed with the four bending proteins as
described in Experimental Procedures. After native PAGE, the fluorescence intensities of the
donor in the complexes with and without acceptor were obtained from a laser scan of the gel
using a 488 nm blue laser for excitation and a 520 nm emission filter. The total amount of
complex formed was determined by quantifying the radioactivity in a Phosphoimager scan of
the same gel (Figure 3B). The efficiencies of energy transfer and distances between each donor-
acceptor position in the P-arm DNA-six-protein complex were calculated as described in the
Experimental Procedures and Figure 3C and are summarized in Table 1.

Coordinate Determination
A metric matrix distance-geometry computer program, routinely employed for NMR structure
determination (Havel, 1990), was used with minor modifications to calculate the Cartesian
coordinates for the eight dye positions from the 27 distance ranges measured by FRET and
summarized in Table 1 (see Experimental Procedures). This procedure has been shown to
provide robust searching of all possible topologies with no bias or compaction of structures
(Havel, 1993). Therefore, we are confident that all structures consistent with the FRET data
have been generated. The program was run 1200 times, producing 86 conformations consistent
with the FRET data: 30 of one chirality and 56 of the opposite chirality. The chirality shown
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in Figure 4 was chosen based on its compatibility with the previously published X-ray
structures of the tetrameric Int-Holliday junction-arm DNA complexes (Biswas et al., 2005)
(see Figure 6B and Discussion).

Seven randomly chosen structures are shown super-imposed in Figure 4A. To illustrate the
DNA path, a DNA ‘‘tube’’ connecting eight dye positions from one of the structures was
generated using NAB (Macke and Case, 1998), which interpolates a point every 3.34 Å between
the dye positions (Figure 4B). The dye positions from the other 29 structures are shown
superimposed on the DNA tube in Figure 4B.

Xis and Fis Binding to the P-Arm
To resolve a long-standing dichotomy between the delineation of two Xis consensus
recognition sequences (see Figure 1) (Numrych et al., 1991;Yin et al., 1985) and the observation
of three Xis-dependent DNA complexes in gel shift experiments (Figure 2B) (Sam et al.,
2002;Thompson and Landy, 1988), it was necessary to investigate the stoichiometry and
patterns of Xis binding to the P-arm DNA. His-tagged Xis was incubated with a fluorescently
labeled 99 bp P-arm DNA fragment, and the three Xis complexes were separated by gel
electrophoresis. After quantifying the DNA in each band by laser scanning with an emission
filter at 520 nm, the gel was stained with a His-tag-specific dye and rescanned with a 580 nm
emission filter specific for the dye.

If the ratio of protein-stained and fluorescent DNA band intensities of the fastest migrating Xis
complex is assumed to correspond to an Xis/DNA ratio of 1:1, the Xis-to-DNA ratios for the
second and third higher-order Xis-DNA complexes are consistent with the binding of two and
three Xis molecules, respectively (Figure 5A).

The pattern of Xis site occupancy was further investigated using three different 47 bp fragments
of the P-arm containing only the Xis binding sites (we refer to the DNA sequence between X1
and X2 as X1.5): one oligonucleotide consisted of the wild-type sequence, and each of the
other two had either a mutated X1 site or a mutated X2 site (Figure 5B). Mutation of either X1
or X2 obliterates or greatly diminishes the formation of the slowest-migrating complex (lanes
2–4 and 6–8, Figure 5B), suggesting that in the wild-type the P-arm contains Xis protomers
bound to X1, X1.5, and X2.

When both X1 and X2 are mutated (data not shown) or deleted (Figure 5C), Xis binds to X1.5
only in the absence of carrier DNA (Figure 5C), suggesting that the X1.5 sequence is a weak
binding site to which Xis is ‘‘recruited’’ through cooperative interactions with the Xis
molecules bound specifically at sites X1 and/or X2. The virtual disappearance of the single
Xis complex in lane 11 of Figure 5B compared to lanes 4 and 8 suggests that optimal
cooperative binding of Xis to the P-arm involves binding to all three Xis sites. We propose
that the Xis bound to X1.5 is a protein-interaction ‘‘bridge’’ that stabilizes and promotes
binding of Xis to X1 and X2 and is responsible for the previously observed cooperativity of
binding at these two rather distantly spaced sites (Bushman et al., 1984; Sam et al., 2002).

The gel mobility shift patterns in Figure 2B suggest that, contrary to previous assumptions,
Xis and Fis bind simultaneously to the overlapping X2/F sites (compare lanes 3, 4, 7, 12, 13,
and 16). This was confirmed in a gel mobility shift experiment with a small, 39 bp DNA
fragment containing only the overlapping X2 and F sites (Figure 5D). The presence of the
unique band that is dependent on both Xis and Fis indicate that the two proteins bind to X2/F
simultaneously and cooperatively. Thus, the mechanism by which Fis promotes excision at
limiting Xis concentrations (Thompson et al., 1987) is not by stimulating Xis binding to X1
but probably through cooperative interactions with Xis bound to X2, which then promotes Xis
binding to X1.5 and X1.
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Taken together, the data in Figures 2B and 5 suggest that the complete P-arm DNA-protein
complex (lane 16, Figure 2B) contains three Xis molecules in addition to one Int N domain,
one IHF dimer, and one Fis dimer.

Xis and Fis DNA Bending in the P-Arm
To investigate the extent of Xis-induced P-arm bending, we used FRET to measure the distance
between points fX1 and fH2A (see Figure 3A) in P-arm DNA bound with one, two, or three
Xis molecules (Table 1). While there is no significant curvature detected for the singly bound
Xis, the doubly and triply bound complexes show increasing curvature of approximately 95°
and 115°, respectively. Likewise, when a single Xis is bound to a small DNA fragment, the
fX1-to-fX1.5 distance measured by FRET does not deviate significantly from linear DNA (the
calculated curvature of approximately 40° is indistinguishable from linear DNA). Thus, the
FRET data, in agreement with the cocrystal structure of Xis bound to an X2 site, indicate that
a single Xis does not induce a significant DNA bend (Sam et al., 2004). These data are
consistent with a model in which the DNA bending induced by multiple adjacently bound Xis
protomers is the result of protein-protein interactions that enhance the small DNA bends
introduced by individual Xis molecules bound to X1, X1.5, and X2. However, because of
caveats associated with both crystallography and FRET data on the singly bound Xis, we cannot
rule out the possibility that the overall curvature results only from an additive effect of small
individual bends induced by each of the bound Xis molecules.

Protein-protein interactions involving Xis are responsible for the bend induced between P2 and
X1 when bound by N75 and Xis, respectively. Since N75 bound to P2 does not bend the DNA
(Table 1 and Thompson and Landy, [1988]), the 55° increase in DNA curvature upon binding
N75 to an Xis-DNA complex (Table 1) is most likely due to the previously described
interactions between these two proteins (Cheng et al., 2000;Numrych et al., 1992;Sam et al.,
2002;Sarkar et al., 2002;Swalla et al., 2003;Warren et al., 2003).

A potential Xis interaction that does not significantly increase DNA bending is that involving
Fis. A small DNA fragment containing the X2/F sites and bound by Fis shows only a marginal
(less than 10°) increase of curvature upon binding of Xis (Table 1), although their combined
action may modify the direction of the DNA path, as discussed further below.

Modeling the P-Arm Regulatory Complex
The NAB-generated DNA trajectory (Figure 4B) was used as the starting point for modeling
individual proteins into the P-arm DNA-protein regulatory complex in accord with data and
conclusions presented above. The PDB coordinates for the protein-DNA cocrystal structures
of IHF (Rice et al., 1996), Xis (Sam et al., 2004), and the amino-terminal domain of Int (bound
to a cognate arm site) (Biswas et al., 2005) were used along with the coordinates of a model
of the Fis-DNA complex (Hengen et al., 2003) based on the crystal structure of unliganded Fis
(Yuan et al., 1991). The DNAs in these structures were laid out along the NAB P-arm trajectory
in register with the locations of the dyes, and, where necessary, the DNA sequences in the
crystal structures were manually changed to the corresponding DNA sequence in P-arm DNA:
H′ to H2 for IHF, X2 to X1 and X1.5 for Xis, P′1 to P2 for the Int N domain, and a Fis consensus
sequence to F for Fis. The resulting P-arm DNA was then energy minimized in the presence
of the bound proteins using CNS (Brunger et al., 1998) (Figures 4C and 6A).

In the model, Arg63, which is present within the unstructured C-terminal region of Xis bound
to X1, is within reach of residue E47 of Int bound at P2, consistent with genetic analyses of
interactions between them (Cheng et al., 2000; Swalla et al., 2003; Warren et al., 2003). It is
interesting that, in the docking model (Figure 6B), Arg63 of Xis is also close to E47 of the Int
bound at P′2, although the importance of this is yet to be determined.
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The three Xis protomers lie along the inside face of a smooth curve that must be due in large
part to protein-protein interactions, because the binding of a single Xis induces only minimal
curvature (Sam et al., 2004) (Table 1). A candidate for one element in these interactions is an
arginine-rich patch at the interface of the protomers. This would be consistent with the finding
by Sam et al. (2004) that the single Xis mutants R11A, R13A, and R14A all have anomalous
electrophoretic mobilities, which we propose are due to deficiencies in DNA bending as a result
of defects in protein-protein interactions.

The modeling also readily accommodates our finding that Xis binds X2 at the same time that
Fis binds the overlapping F site (Figure 5D). The DNA segment between the F site and the H2
IHF site is incorporated as a relatively undistorted B form DNA. The only crystal structure that
could not be fit closely to the FRET-based DNA trajectory was IHF complexed with its H′
binding site (see Discussion).

From the X-ray crystal structure of tetrameric Int bridging four core sites and four arm sites,
the Int with an amino-terminal domain bound to P2 is predicted to have its carboxy-terminal
domain bound to the C core site during excision (Biswas et al., 2005). Docking of the P-arm
DNA-protein model to the X-ray crystal structure of the tetrameric Int complex accommodates
such a bridge, although the fit is not perfect (Figure 6B) (see Discussion).

Discussion
Many eukaryotic and prokaryotic DNA-bending proteins bind specifically to adjacent DNA
sequences and form defined protein-DNA complexes that effect the reactions performed by
DNA-processing enzymes such as polymerases, nucleases, and recombinases. Often, the same
DNA-bending protein is involved in several different cellular processes. For example, two of
the proteins studied here, IHF and Fis, have roles in DNA condensation, transcription, and
recombination (Johnson et al., 2005). The results reported here suggest how different multiples
of the same bending protein and/or different combinations of the same group of bending
proteins could be used to construct different nucleic acid trajectories with presumably different
properties.

Determining how protein interactions influence DNA shape is hampered by the fact that
traditional NMR and X-ray crystallographic approaches to studying DNA trajectories in very
large complexes are extremely difficult and often not feasible. Examples of a few recent studies
using alternative methods to model DNA trajectories are the following: cryo-EM combined
with electron spectroscopic imaging (ESI) of the Mu transpososome I (Yuan et al., 2005), site-
specific DNA-protein photocrosslinking of RNA polymerase II-transcription factors-promoter
complex (Forget et al., 2004), and site-directed mutagenesis of DNA-binding surfaces of PepA
(Reijns et al., 2005). In this study, we have used TIF distance measurements to determine the
3D path of the 99 bp λ phage P-arm DNA bound with six regulatory proteins. This approach,
which has a small initial investment, can be readily applied to a wide range of systems involving
large protein-nucleic acid complexes.

Role of Protein-Protein Interactions in Shaping the P-Arm DNA Trajectory
The DNA path of the P-arm segment bound with the Int-N domain, Xis, Fis, and IHF consists
of three major bends: the bend between the P2 and X1 sites, the bend between X1 and X2/F
sites, and the bend at the H2 site (Figures 4 and 6). The data presented here and discussed below
indicate that the first of these bends results primarily from the interactions between DNAbound
proteins, the second could be due to proteinprotein interactions, and the third results from the
properties of an individual protein binding to its cognate site.
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The results in Figure 5 and Table 1 show that the P-arm DNA complex contains three Xis
molecules (binding at X1, X1.5, and X2) and not two, as previously thought (Sam et al.,
2002;Thompson and Landy, 1988). These results are consistent with genetic studies showing
that point mutants in what is now identified as the X1.5 site impaired Xis and Fis binding.
Additionally, the small amount of DNA curvature (20°–50°) measured by FRET for the singly
bound Xis is consistent with that observed in the cocrystal structure of Xis bound to an X2
oligonucleotide (approximately 25°).

In addition to the intermolecular interactions between Xis molecules, the Xis bound at X1 also
interacts and binds cooperatively with the amino-terminal domain of Int bound at the adjacent
P2 site (Cheng et al., 2000; Numrych et al., 1992; Sam et al., 2002; Sarkar et al., 2002; Swalla
et al., 2003; Warren et al., 2003). We propose that these Xis-Int interactions are responsible
for the bend between X1 and P2. This is based upon the fact that Xis (discussed above) or Int
(Table 1 and Thompson and Landy, [1988]) binding alone each generate only a minimal bend,
but when bound simultaneously (at X1 and P2) they generate approximately 95° of curvature
(Table 1). It is interesting that this is approximately the same amount of curvature generated
by two bound Xis protomers.

The unstructured C-terminal tail (residues 52–72) of Xis has been predicted to interact with
E47 and the α-helical residues 51–55 of Int (Bushman et al., 1985; Numrych et al., 1992; Sarkar
et al., 2002; Warren et al., 2003; Wu et al., 1998). E47 of Int and L52 of Xis (the last residue
in the crystal structure used for modeling [Sam et al., 2004]) are ~27 Å apart in our model.
This distance is compatible with the length of the unstructured C-terminal tail of Xis, assuming
that residues 59–65 adopt an α helix upon contacting Int, as has been proposed (Sam et al.,
2002; Wu et al., 1998).

Unlike the DNA bend-generating interactions between Xis protomers and between Xis and Int
protomers, Xis and Fis do not synergistically increase DNA curvature, although their combined
action may modify the direction of the DNA path. In contrast to earlier notions that Xis and
Fis compete for binding to the P-arm DNA (Thompson and Landy, 1988), we have shown here
that Xis and Fis bind simultaneously to the overlapping X2 and F sites (Figure 5D and Table
1). Since the directions of the Fis bend and the bend introduced by the three Xis on the full P-
arm DNA are out of phase, there is no significant difference in overall curvature between three
bound Xis molecules (approximately 113°) and the curvature of the X1-F region in the P-arm
model (approximately 103°) (Figure 6), consistent with gel retardation analyses of circularly
permuted DNAs (Thompson and Landy, 1988). A mutagenesis analysis has excluded
involvement of the Xis C-terminal tail in interactions with Fis, which is in agreement with the
Xis and Fis orientations in the model in Figure 6 (Numrych et al., 1992).

The third large bend in the P-arm DNA-protein complex is not due to protein-protein
interactions but rather to the intrinsic properties of IHF binding to DNA on its own. The contour
of the IHF-induced bend at H2 (approximately 130°), measured here in the context of the entire
regulatory P-arm DNA complex (Figure 6), is similar but not indentical to the IHF-induced
bend of H′ as seen in the cocrystal structure (160°) (Rice et al., 1996) and measured in solution
by FRET (145°–150°) (Lorenz et al., 1999). It will be interesting to determine whether the
observed difference in bending between the H2 and H′ complexes is due to the few differences
(Hales et al., 1996) between the two DNA sequences or to the difference between isolated
binding sites on short DNAs and binding sites in the context of a higher-order complex.

In summary, the model shown in Figure 6 suggests a mechanism for P-arm DNA folding: IHF
bends the DNA at the H2 site; at limiting Xis concentration, Fis bound to the F site recruits
Xis, which binds to the X2 site; the X2-bound Xis facilitates Xis binding to X1.5 and X1;
finally, the X1-bound Xis helps Int binding to the weak P2 site. This ensemble of six proteins
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—Fis, three Xis, Int, and IHF—shape the P-arm DNA through a combination of protein-protein
interactions and the intrinsic bending properties of individual proteins.

The Role of the P-Arm Complex in Excisive Recombination
Recent crystal structures of the Int tetramer bound to its cognate core and arm sites, one of a
HJ intermediate and the other of a poststrand exchange intermediate, have provided critical
views of how Int recognizes and bridges two different binding sites via its amino- and carboxy-
terminal DNA-binding domains (Biswas et al., 2005). However, these extremely informative
structures came with two caveats based on the experimental limitations. The first was that two
copies of the P-arm Int-binding sites had to be used, instead of one copy each of P- and P′-arm
sequences. The second was that the arm-type Int-binding sites had to be added in trans, as short
oligonucleotides, disconnected from the core-type Int sites and lacking the intervening DNA
and accessory DNA-bending proteins. The experiments presented here provide the missing
critical view of the regulatory P-arm DNA bound by the accessory DNAbending proteins.

To dock the P-arm model to the Int tetramer crystal structure, the DNA at the junction between
the H2 site and the C core site on the HJ has to be distorted (Figure 6). This may be related to,
but is not entirely explained by, the earlier finding that the region between the H2 and C sites
is not in a B-DNA form and has intrinsic curvature (Snyder et al., 1989a,1989b;Thompson and
Landy, 1988;Thompson et al., 1988). One particularly interesting explanation for the imperfect
docking of the P-arm complex to the crystal structure is that the trajectory of P2-arm DNA
determined here and the approximately square planar tetrameric Int-DNA complexes
determined from the crystal structures reflect different intermediates along the reaction
pathway.

Topological tangle analysis of lambda recombination reactions predicts that the synaptic
complex and the product complex adopt a crossed X shape, rather than a parallel planar one
(Crisona et al., 1999). The same study also proposes that the HJ intermediate switches from
an X-shape nonplanar conformation to a square planar one (seen in all of the crystal structures
of Int family members thus far) (Guo et al., 1997; Chen et al., 2000). Nonplanar HJ/Int
complexes have also been observed in a FRET study of HJ recombination intermediates
(Radman-Livaja et al., 2005). Very similar observations and arguments have been made for
the topology and geometry of Flp and Cre recombination intermediates (Vetcher et al., 2006).

Incorporation of the P-arm DNA regulatory complex into a complete intasome, along with its
multiple arm-core Int bridges, could either drive the synaptic and HJ intermediates into a
nonplanar conformation or could drive some other conformational change associated with
progress of the reaction. In either case, the implied conformational changes required for perfect
docking suggest that the P-arm DNA regulatory complex affords a mechanical device for
propelling recombination in one direction in an Xis/Fis-dependent (regulated) pathway.
Beyond its role in the λ recombination reaction, the architecture of the P-arm DNA regulatory
complex highlights how a small number of bending proteins, which induce DNA bends of
varying magnitude depending on the number of bound protomers, could be combinatorally
assembled to make a large number of different complexes whose features and functions would
be expected to vary widely.

Experimental Procedures
Protein and Oligonucleotide Preparation

Proteins Int-N75 (the amino-terminal domain of λ Int, residues spanning 1–75), Xis, Fis, and
IHF were purified as described previously (Lynch et al., 2003; Pan et al., 1996; Sarkar et al.,
2002; Warren et al., 2005). Oligonucleotides were synthesized and PAGE or HPLC purified
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by Operon Technologies (Alameda, California) (for sequences, see Table S1 in the
Supplemental Data available with this article online). The donor dye Bodipy-Fl was attached
to the DNA phosphate backbone at the indicated positions of the bottom strand via a 5C linker.
The acceptor dye TAMRA was attached to C5 of thymine at indicated positions of the top
strand via a 6C linker. The same bottom strand, containing the donor dye and radioactively
labeled at the 5′ terminus with 32P (using T4 polynucleotide Kinase [New England Biosciences,
Massachusetts]), was used to make both donor only or donor plus acceptor DNAs, thus ensuring
the same specific activity of 32P-labeling in the two substrates.

In-Gel FRET
Reaction mix for the full P-arm complex contained Int-N75 (0.11 μM), Xis (0.82 μM), Fis
(0.10 μM), and IHF (0.30 μM) in buffer A (10mMTris-HCl [pH 7.5], 50mMNaCl, 1 mg/ml
BSA, 2.5mMDTT, 0.1 mg/ml herring sperm DNA, 1 mM EDTA). When present alone, Xis
was at 0.82 μM. For complexes with the 39 bp X2F DNA, Xis and/or Fis was present at 3.1
μM and 1.1 μM, respectively. For complexes with the 40 bp P2X1 DNA, N75 and/or Xis was
present at 0.5 μM and 6.2 μM, respectively. All reactions contained donor only or donor plus
acceptor DNA at 12 nM and were incubated at 25° for 20 min prior to electrophoresis on a 7%
polyacrylamide gel at 10 V/cm. Fluorescence intensities of the donor in the complexes with
and without acceptor were obtained from a laser scan of the gel using a 488 nm blue laser for
excitation and a 520 nm emission filter (Typhoon, Amersham Biosciences). The amount of
radiolabeled complex in each band was determined from a Phosphorimager (Fuji BAS-2500)
analysis of the same gel after drying.

FRET Calculations
The efficiency of energy transfer (E) was determined from the extent of donor fluorescence
quenching in doubly labeled (donor and acceptor) P-arm DNA bound with six proteins
compared with donor-only-labeled P-arm bound with six proteins. The determinations of the
efficiency of energy transfer E and FRET calculations were performed as described previously
(Radman-Livaja et al., 2005) and in Supplemental Data. R0, the distance between the donor
and acceptor that gives 50% FRET (the Förster distance), was measured (Wu and Brand,
1994) as described in Supplemental Data, and the values for each donor-acceptor pair can be
found in Table S2. Steady-state anisotropies (r) were measured for all donor-labeled and
acceptor-labeled P-arms unbound and in the context of the P-arm-protein complex (see
Supplemental Data).

Coordinate Determination and Structure Modeling
As the last step in TIF, structures are generated by a metric matrix distance-geometry program
(written by D.F.M.) incorporating the method of random metrization of Havel (Havel, 1993).
The upper and lower distances from the FRET measurements were placed into an 8 × 8 matrix.
An atom pair (i, j) was selected randomly and a distance between the upper and lower values
randomly chosen. The remaining distances were then adjusted to this distance employing
triangular inequality, a procedure called bound smoothing. The next atom pair was randomly
chosen and the procedure repeated until the matrix was complete. One thousand two hundred
trials produced 86 structures: 30 of one and 56 of the other chirality. The small number of
successful structures derives from the lack of constraints on the initial distances chosen (not
required to be consistent with all other distances). The Cartesian coordinates were calculated
from the three Eigenvectors with the largest Eigenvalues and then optimized by using a
steepest-descent algorithm against the distance matrix. A unique structure is determined with
27 out of 28 possible distances.
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Excision and Gel Retardation Assays
Excision assays were performed as described previously and typically contained 36 nM
unlabeled attL site (128 bp) and 12 nM labeled attR site (145 bp) (DNA sequences of the
excision substrates can be found in Table S1). Gel retardation assays were carried out as
described previously (Sarkar et al., 2002).

To determine the stoichiometry of Xis binding, (His-tagged) Xis (0.82 μM) was incubated with
Bodipy-Fl-labeled P-arm DNA (99 bp). Following electrophoresis, the gel was scanned twice,
first using a 488 nm laser for excitation and a 520 nm emission filter to quantify the DNA, and
then, after staining with Invision His-tag In-gel Stain (Invitrogen), by using a 532 nm green
laser for excitation and a 580 nM emission filter to quantify the Xis in each band.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Pathways of Integrative and Excisive Recombination Catalyzed by λ Int
Recombination between attP on the phage chromosome and attB on the bacterial chromosome
generates an integrated prophage bounded by the hybrid sites attL and attR (top row).
Recombination between attL and attR regenerates the two chromosomes (bottom row, right to
left). Both reactions proceed via a single-strand-exchange Holliday junction intermediate
(center panels) and use different but overlapping sets of protein binding sites (filled symbols).
DNA cleavage and ligation reactions are carried out on each DNA strand (at the site of the
small black circles) by the carboxy-terminal domain of Int bound at inverted repeat core sites
(lavender arrows) flanking 7 bp regions of homology. The amino-terminal domain of Int binds
at arm sites (blue arrows), P1, P′2, and P′3 for integration and P2, P′1, and P′2 for excision.
Binding sites for the host-encoded accessory protein IHF (gray triangles) are H1, H2, and H′
for integration and at H2 and H′ for excision. Additional accessory proteins for excision are
the phage-encoded Xis, which binds at X1-X2 (red hexagons), and the host-encoded Fis
protein, which binds at F (green oval).
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Figure 2. P-Arm DNA-Six-Protein Complex Assembly
(A) Diagram of the 99 bp P-arm DNA and six-protein binding sites. N75 is the amino-terminal
domain of Int (residues 1–75), and the X2 and F sites overlap. The bases that have been changed
to As are shown in bold type.
(B) Gel retardation assay in 7% polyacrylamide of 32P-labeled 99 bp regulatory P-arm DNA
bound by N75 (0.11μM), Xis (0.82 μM), Fis (0.10 μM), and/or IHF (0.30 μM), as indicated
(see Experimental Procedures). The schematic representation of the proteins present in each
gel band (bottom panel) is color coded in accord with the top panel (see also Figure 5 and text).
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Figure 3. FRET Measurements in the P-Arm DNA-Six-Protein Complex
(A) Map and labels of the fluorescent dye positions. An acceptor dye, TAMRA, was attached
to C5 of the indicated top-strand thymines (lavender hexagons). A donor dye, Bodipy-Fl, was
attached to the DNA phosphate backbone of the 32P-labeled bottom strand at the indicated
positions (green ovals) (see Experimental Procedures). Short-hand labels for each of the dye
positions are shown in the bottom row. The donor (fP2)-acceptor (fH2A) pair used for the
example in (B) is connected by an arrow.
(B) Example of FRET data collection using measurement of the distance between positions
fP2 and fH2A (see [A]). Protein-DNA complexes were formed with DNA containing either
donor-only at position fP2 (D) or donor + acceptor at positions fP2 and fH2A, respectively
(DA). Following separation by gel electrophoresis, the six-protein complex (lane 16, Figure
2B) was analyzed in a Typhoon laser scanner to quantify the fluorescence (right panel) and
then dried to quantify the 32P-labeled DNA in a phosphorimager (left panel) (see Experimental
Procedures).
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(C) A plot showing the correlation between the donor fluorescence intensity (IDA) of the donor-
plus acceptor-labeled P-arm(y axis) and the donor fluorescence intensity (ID) of the donor-
only-labeled P-arm(x axis). The IDA values shown on the y axis have been corrected for
differences in the amounts of donor-only and donor + acceptor complexes by multiplying by
[complex]D/[complex]DA, as determined from the radioactivity scans. All of the values in the
plot have been normalized to 1 by dividing by the highest donor intensity of donor-only
complex bands. Each experimental point on the graph represents the average of five corrected
IDA values, and the bars show the standard deviation. The line was constructed from data
collected in at least three independent experiments. The correlation between IDA and ID is
described by the equation shown above the table where E is the efficiency of energy transfer
and r is the fraction of acceptor-labeled P-arm DNA (r for fP2H2A = 0.65). The distance
between the donor and the acceptor dyes, R, for fP2fH2A was calculated using R0 = 57.9 Å
(see Experimental Procedures, Table 1, and Table S2).
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Figure 4. The P-Arm DNA Trajectory Calculated from 27 FRET-Determined Distances by Using
a Metric Matrix Distance Geometry Algorithm
(A) Superposition of seven DNA paths randomly chosen from the 30 paths generated by the
distance geometry program using the data from Table 1. The coordinates (spheres) of seven
different computer-generated paths (each a different color) have been connected by straight
lines. Labels refer to the dye positions shown in Figure 3.
(B) The 30 sets of coordinates generated from 1200 iterations of the distance geometry program
are superimposed on the NAB-generated path of one set. The tight clustering of 30 points for
each dye coordinate illustrates the power of triangularization.
(C) The DNA path from the model in Figure 6A is shown without the proteins but with the
dye coordinates (magenta spheres) for comparison to the NAB-generated path in Figure 6B.
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The black spheres represent the positions of the dyes in the DNA sequence. The coordinates
of the structure used to generate the NAB DNA tube are shown as yellow spheres.
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Figure 5. Xis and Fis Binding to the P-Arm
(A) Stoichiometry of Xis binding to the P-arm DNA. Xis was incubated with Bodipy-Fl
labeled-P-arm DNA (99 bp) and electrophoresed on a native polyacrylamide gel. The gel was
scanned in a Typhoon imager with an emission filter for 520 nm to quantify the DNA in each
band (left panel) and then processed with a His-tag-specific stain followed by a second Typhoon
scan with an emission filter for 580 nm (middle panel) to quantify the amount of Xis. The
DNA/Xis ratios in the two slower-migrating bands were normalized to the ratio for the fastest-
migrating band (right panel).
(B) Gel-retardation assays of Xis binding to three minimized 47 bp Xis-binding DNA
fragments containing either wild-type sequences (X1X1.5X2), a scrambled X1 (X1X1.5X2),
or a scrambled X2 (X1X1.5X2) site (the DNA sequences can be found in Table S1). Bottom
panel is a schematic representation of the proteins in each gel band.
(C) Xis binding, in the absence of carrier herring sperm DNA, to a 19 bp DNA fragment
containing only X1.5 DNA.
(D) Simultaneous binding of Xis and Fis (1.1 μM) to a minimized 39 bp DNA fragment
containing the X2 and F sites.
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Figure 6. Models of the P-Arm DNA-Six-Protein Regulatory Complex and the Tetrameric Int-
Holliday Junction Excisive Recombination Intermediate
(A) A model of the P-arm DNA bound to the N domain of integrase (N75, purple) and accessory
factors Xis (Xis1 or Xis2 [red] and Xis1.5 [pink]), Fis (green), and IHF (gray). The model was
built by fitting the protein-DNA cocrystal structures of IHF (Rice et al., 1996), Xis (Sam et al.,
2004), and Int (Biswas et al., 2005) and a model of the Fis crystal structure bound to DNA
(Kostrewa et al., 1991; Yuan et al., 1991) to the 99 bp P-arm DNA path from Figure 4. The
sequences between the protein-binding sites were created using the Insight II program. The
final P-arm DNA was energy minimized using the program CNS to fix the backbone breaks
and base planarity.
(B) The model in (A) was docked on the crystal structure of the tetrameric lambda integrase
bound to a Holliday junction recombination intermediate and oligonucleotides encoding the P
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′1 and P′2 arm-type Int-binding sites (Biswas et al., 2005) to create a model of the excisive
recombination complex. The Int bound to the P2 site (purple) bridges and binds to the C core
site of the Holliday junction DNA (olive). Its partner (purple) bridges the P′1 arm and B core
sites. The other pair of partner Ints (wheat) also bridge arm- and core-type sites. The P′ arm is
not included in this figure, and the C′ core site is not visible in this view (see Figure 1 and
Biswas et al., [2005]).
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