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Abstract

The Recombination Directionality Factor, Xis, is a DNA bending protein that determines the
outcome of integrase-mediated site-specific recombination by redesign of higher-order protein-
DNA architectures. Although the attachment site DNA of Mycobacteriophage Pukovnik is likely
to contain four sites for Xis binding, Xis crystals contain five subunits in the asymmetric unit, four
of which align into a Xis filament, and a fifth that is generated by an unusual domain swap.
Extensive intersubunit contacts stabilize a bent filament-like arrangement with Xis monomers
aligned head-to-tail. The structure implies a DNA bend of ~120°, which is in agreement with
DNA bending measured in vitro. Formation of attR-containing intasomes requires only Int and
Xis, distinguishing Pukovnik from lambda. Therefore, we conclude that in Pukovnik, Xis-induced
DNA bending is sufficient to promote intramolecular Int-mediated bridges during intasome
formation.
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Introduction

Prophage establishment by temperate bacteriophages typically involves integrase-mediated
site-specific recombination between the phage attP and chromosomal attB site 1. Of the
large family of phage-encoded integrases of the tyrosine recombinase type that mediate
these events, phage lambda represents a well-studied prototype 1+ 2 3. In lambda, integration
requires integrase (Int), the host integration factor (IHF), a large (250 bp) attP site that
contains both core-type and arm-type integrase binding sites, and a smaller attB site (25 bp).
Strand exchange occurs within the shared common core sequence and proceeds through a
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Holliday Junction (HJ) intermediate 4 . Prophage excision, which occurs during induction
of lytic growth, is also catalyzed by Int, requires IHF, but is strongly dependent on the
Recombination Directionality Factor (RDF), Xis 6 7. These Int-mediated reactions are
strongly directional. In the absence of Xis, the only productive pair of substrates are attP and
attB, whereas in the presence of Xis, only attL and attR recombine; Xis is also a strong
inhibitor of integrative recombination 3.

The molecular basis of this directionality lies in the requirement for the formation of higher-
order protein-DNA architectures for synapsis and strand exchange to occur 6. Int is a
bivalent DNA binding protein that can bind simultaneously to core- and arm-type binding
sites forming intra- or inter-molecular protein bridges 8. Formation of recombinationally-
active complexes requires the introduction of DNA bends, and this is accomplished through
the binding of IHF 2 10 to the H1, H2 and H’ site in lambda attP, and the binding of Xis to
the X1, X’, and X2 binding sites in attP (and attR) 6 11: 12, The 72-residue Lambda Xis
bends DNA upon binding, and also contributes cooperative interactions through the binding
of its extreme C-terminus to the arm-type binding N-terminal domain of Int13: 14: 15,
Structural analysis of lambda Xis shows that it binds DNA through a winged-helix motif of
the MerR superfamily, using contacts between a central loop and the wing motif to mediate
interactions between Xis proteins when bound to DNA and presumably drive cooperative
binding and the formation of a micronucleoprotein filament with a modest bend 16: 17,

Mycobacteriophage L5 encodes a far distant relative of lambda Int, but shares many
common features 18, Its attP site contains arm- and core-type integrase binding sites,
although the specific arrangements of arm-type sites is different than in lambda attP 19, L5
also requires a host factor for both integration and excision although this mycobacterial
Integration Host Factor (mIHF) is unrelated at the sequence level to E. coli IHF and only
binds specifically to attP in the presence of L5 Int 20: 21, The L5 Xis (gp36) is a far distant
relative of Lambda Xis 22 23, but is also small (56 aa), and binds to four sites (X1-X4)
within attR to promote formation of an attR intasome in which Int forms protein bridges
between the core-type sites and the P1/P2 arm-type sites 24. It is not known if there are
direct interactions between L5 Xis and L5 Int, but L5 Xis lacks the C-terminal domain that
contributes this function to Lambda Xis.

Phage discovery and genomics has generated a large collection of sequenced
mycobacteriophages that can be grouped into clusters and subclusters according to their
overall nucleotide sequence similarities 2> 26, Phage L5 lies within Subcluster A2 along
with seven other closely related phages, six of which also encode tyrosine integrases 27. All
of these contain an attP core closely related to L5 attP and are predicted to integrate into the
same attB site 28, However, the sequence similarity outside of the core is generally much
lower, suggesting differences in the specificities of other components of the recombination
reactions. Pukovnik is one such phage.

Here we describe the structure of Pukovnik Xis, in which there are five subunits in the
asymmetric unit, four of which are aligned for binding to the four Xis binding sites in
Pukovnik attR, but one of which is formed entirely by a domain-swap interaction. Xis
monomers pack together via multiple cooperative interactions to form a filament with left-
handed superhelical twist with a bending angle of 120°.This high degree of bending is in
agreement with DNA bending observed in vitro, suggesting the filament is consistent with
Xis-DNA architecture within an attR containing intasome. We observe that attR intasomes
can be formed by Int and Xis alone, bypassing the requirement for IHF found in other
systems. We predict that the extensive interactions formed in Pukovnik Xis filaments
stabilize a highly bent DNA conformation that facilitates the simultaneous binding of
integrase to both core and arm-type binding sites within attR.

J Mol Biol. Author manuscript; available in PMC 2015 January 23.
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Pukovnik Xis is required for prophage excision

Mycobacteriophage Pukovnik is a relative of phage L5, and both are grouped in Subcluster
A2 29 They share interrupted segments of nucleotide sequence similarity that together span
66% of the genome and range from 65% to 85% nucleotide identity. Pukovnik and L5
contain closely related attP common core sequences indicating they use the same attB site
for integration (Fig. S1), and the integrases share 81% amino acid sequence identity. The
organizations of Pukovnik and L5 attP sites are similar with two pairs of arm-type Int
binding sites (P1 and P2, P4 and P5) flanking the core, and a lone site (P3) between P2 and
the core; in L5, P3 is not required for either integration or excision and its role is not
known 19:24 |n L5, the host factor mIHF binds between the core and P4, but only forms
stable protein-DNA complexes in the presence of L5 Int 20, There are predicted to be four
Xis binding sites (X1 — X4) between P2 and P3 and are similarly positioned in L5 and
Pukovnik (Fig. S1). Pukovnik Xis binds cooperatively to attR DNA (see Fig. 5) but with
reduced cooperativity to a smaller (50 bp) fragment containing the X1-X4 sites (Fig. 1B), as
also reported for Lambda Xis 8. Binding is specific to the X1-X4 binding sequences as an
altered X1-X4 sequence does not support significant binding (Fig. 1B, S1). Pukovnik Xis
stimulates integrase-mediated excision (Fig. 1C) and inhibits integration as reported
previously for L5 22: 24, pukovnik Int by itself does not form electrophoretically stable
complexes with attR DNA, but addition of Xis results in generation of a new complex (Fig.
1D). This is reminiscent of protein binding to attR in the L5 system, in which Int alone fails
to form a complex with attR, but when both Xis and mIHF are added, an attR intasome is
formed in which Int is presumed to form a bridge between the core and arm-type sites.
Although the Pukovnik system differs in that formation of the attR-Int-Xis complex is
mlIHF-independent (Fig. 1D, E), it seems likely that it also includes a similar bridging
interaction, and a complex — an attR intasome — with overall similarity to the L5

Structure of the Pukovnik Xis

The structure of Pukovnik Xis was determined by X-ray crystallography. Phasing was
accomplished using the SAD method from crystals containing selenomethionine-substituted
protein and refined against native data at 2.35 A resolution to a free R value of 26.7% (see
Material and Methods and Table | for a complete description of the structure determination
process and statistics). The asymmetric unit contains five individual Xis subunits which
stack onto each other through an extensive array of protein-protein interactions forming a
filament with left-handed superhelical twist (Fig. 2A & B). Stacking within the filament is
quite regular with each monomer exhibiting a ~60° bending angle as well as a twist of 40°.
Within the asymmetric unit, four Xis protomers are contained within the filament region
with the fifth protomer being positioned adjacent to the filament and participating in
stacking with a symmetry-related filament. All protomers adopt a compact winged-helix
fold with very little structural variation between them (0.3 A r.m.s.d over all Ca, atoms).
Crystallization required the inclusion of either ammonium sulfate or ammonium phosphate,
many of which were well resolved particularly in the domain-swap interface (Fig. S2).
Despite limited sequence identity, Pukovnik Xis is also highly similar structurally to other
Xis proteins currently described in the structural database, including phage A Xis (1LX8)
(1.9 A r.m.s.d over 42 Ca atoms) 173031 The domain-swap Xis pair are formed by a
dramatic rearrangement within the loop connecting 1 and 2 (residues 36-39) allowing the
C-terminal residues 40-56 to interact with the N-terminal 35 residues of a neighboring Xis
monomer, reforming two Xis monomers (Fig. S2). The resulting domain-swap Xis proteins
retain the canonical fold but are linked together by their wing regions.

J Mol Biol. Author manuscript; available in PMC 2015 January 23.
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Subunit interactions as well as direct DNA contacts promote excision

While the overall fold of Pukovnik gp37 is similar to other Xis proteins, there are few
sequence motifs that are conserved between lambda and mycobacteriophage Xis proteins
from the A2 subcluster of mycobacteriophages (Fig. 3A). We therefore sought to determine
sequence elements responsible for DNA recognition. We began this exploration by
generating a mutant with substitutions at positions K19, R22, and N23 within the DNA
recognition helix and with substitutions at R34 and R38 within the wing, positions that
mediate direct contacts with DNA in lambda 16: 32, These putative DNA recognition mutants
were purified and tested for their ability to recognize attR X1-X4 DNA and as predicted all
show a strong reduction in the affinity for attR DNA (Fig. S3). We conclude that Pukovnik
and Lambda Xis proteins recognize DNA similarly.

We next sought to determine if the protein-protein interactions that are mediating filament
formation within our structure are also important for DNA recognition and phage excision.
These contacts are features that differentiate Pukovnik and A Xis. The most important of
these are residues 51-54 of Pukovnik Xis, which make extensive contacts with the wing of
the adjacent monomer. These contacts include several backbone hydrogen bonds, forming a
three stranded beta sheet with the Wing of an adjacent subunit (Fig. 3B). This interaction
provides a platform for cooperative interactions positioning Xis subunits in a head-to-tail
arrangement that drives filament formation. Deletion of the C-terminal tail through the
introduction of a stop codon after residue 50 greatly diminishes DNA binding affinity and
abolishes excision (Fig. 3C & 3D). Structures of lambda Xis (residues 1-55) in complex
with DNA 16, indicate that the equivalent tail sequences make only minimal contacts
between protein subunits, with subunit-subunit contacts being driven primarily by
electrostatic interactions between acidic residues in the wing (D37 and E40) and basic
residues on the adjacent subunit (R14, R16, and K49). We note however, the Lambda Xis
protein used for X-ray structure determination lacks the C-terminal 17 residues that are
involved in Xis — Int interactions 1%, and although this region is not required for cooperative
Xis binding 17, the deletion could influence the position of the extreme C-terminus in the X-
ray structure. In Pukovnik, this interaction surface is maintained as an additional contact that
drives filament formation, with L35 from the wing engaging the neighboring subunit
through numerous hydrophobic interactions (Fig. 3B). A L35A substitution interferes with
cooperative binding to attR DNA (Fig. 3C), indicating that the ability to form a Xis filament
is impaired even in the presence of the C-terminal tail. Surprisingly, the L35A substitution is
still capable of supporting excision (Fig. 3D), suggesting that the intersubunit interactions
provided by the C-terminal tail are sufficient to support a functionally viable conformation
even when DNA binding affinity is diminished. Taken together these results demonstrate
that DNA binding of Pukovnik Xis is mediated by direct interactions with the Wing and
DNA recognition helixes as expected but is also facilitated by an extensive series of
interactions that drive filament formation and thereby provide the physical basis for the
cooperativity observed in Xis binding.

Formation of attR intasomes

Since formation of attR intasomes in Pukovnik does not require mIHF, we predicted that
formation of this higher order structure would be strongly dependent on Xis filament
formation. To test this, we examined the ability of various Xis mutants to form an attR
intasomes, in the presence of Int (Fig. 4). In this assay, we find that Int alone is incapable of
binding attR, however the addition of small concentrations of Xis (14.6 nM) stimulates the
formation of a higher-order Int-Xis-DNA complex (Fig. 4). Xis mutants incapable of
binding a 365 bp attR fragment (A51-56, K19A/R22A/N23A, and R34A/R38A) are inactive
in attR intasome formation (Fig. 4), although a L35A mutant, which affects contacts
between Xis monomers, displays diminished capacity to stimulate attR intasome formation.

J Mol Biol. Author manuscript; available in PMC 2015 January 23.
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Together these data are consistent with the interpretation that both direct DNA binding
interactions intersubunit interactions promote filament formation that stabilize the attR
intasome in a cooperative manner.

The Xis filament and its implications for DNA bending

DNA architecture within the synaptic complex is a critical feature that distinguishes the
ability of integrase to promote integrative or excision recombination. The arrangement of
Xis subunits observed within the filament segment of our crystal implies that Xis imparts a
substantial bend upon binding to DNA. From the stacking of subunits within the filament
(Fig. 2B), we estimate this bend to be approximately 120°, or about 30° for each subunit,
assuming that all four sites are occupied. We note that three protomers of lambda Xis exert
an overall bend of 72° 16 — in agreement with the 45-90° estimated from A Xis-DNA
complex mobility studies 12 — or about 24° per protomer. The extent of DNA bending
introduced is thus similar for the Pukovnik and A Xis proteins — consistent with the overall
DNA contact patterns being similar — although the overall degree of bending in Pukovnik
attR is greater than in ) attR because of the greater number of bound protomers.

To ascertain the extent to which Pukovnik Xis facilitates DNA bending, we inserted Xis
binding sites X1-X4 into the plasmid pBend2 33. Digestion of this plasmid with various
restriction enzymes releases linear fragments of equal size containing the Xis binding
cassette at different positions within the fragment (Fig. 5). Xis complexes formed with these
DNA fragments were analyzed by native PAGE and the relative differences in mobility
observed between a centrally or terminally located binding cassette was used to calculate the
degree of DNA bending (Fig. 5) 33. Using this system we observed an overall bend of 106.4
+ 3.0 degrees, in good agreement with the 120° predicted from the structural studies.

Discussion

Bacteriophage tyrosine integrase-mediated site-specific recombination events present
excellent models for understanding regulation of biological processes through modulation of
higher order macromolecular architectures. Moreover, the huge genetic diversity of the
phage population provides a plethora of informative variations providing mechanistic
insights. The structural and molecular analysis of the Pukovnik Xis described here presents a
new view of how DNA binding and bending can modulate the action of a tyrosine integrase
in the absence of host factor.

Although the Pukovnik and lambda Xis proteins adopt a similar overall fold with similar
DNA contacts, there are many functional distinctions between them. First, the lambda Xis
protein is longer than Pukovnik Xis (and other closely related Xis proteins) due to an
extended C-terminal tail. The C-terminal 17 residues of lambda Xis and the related HK022
Xis are poorly defined in NMR analyses 17: 30, and are excluded from the crystallographic
analysis 16. The extreme C-terminus of Pukovnik Xis is, however, critical for interaction
with adjacent Xis protomers within filament-like structures, and is thus required for normal
Xis function.

A second difference is in the unusual domain-swap interaction in the Pukovnik Xis filament
for which there is no counterpart in lambda Xis. Although structures for three other
functionally related proteins have been described [HK022 30, transposon Tn916 31 and the
prophage excise Torl 34], all of these were determined by NMR spectroscopy in the absence
of DNA, and neither filament-like organizations nor domain-swaps are apparent.

Lastly, we generated a model of a DNA-bound Pukovnik Xis filament to examine the
constraints such a filament might place on intasome architecture. To do this, we removed the

J Mol Biol. Author manuscript; available in PMC 2015 January 23.
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domain swap protomer that bridges filaments within the crystal (residues 1-35 of the yellow
subunit and 36-56 of the cyan subunit in Fig. 2B), noting that the remaining swapped
protomer is nearly identical to the canonical fold (Fig. S2B). We then modeled DNA onto
the Pukovnik filament through superposition of individual Pukovnik protomers with the
structure of a lambda Xis-DNA complex (PDB 2IEF, chain B). In the resulting model, the
attR DNA sequence leading towards core sequence C is separated from the beginning of the
X1 site by ~75 A (Fig. 6A). The model indicates that bending is not constrained within a
plane as was observed for the IHF-DNA complex 3®, or the lambda Xis-DNA complex 16,
but instead is twisted out of the plane by ~60°. We compared our model, with the structure
of the lambda Xis-DNA complex (PDBid 2IEF, containing Xis proteins bound at X1, X1.5,
and X2 positions) via superposition of Xis proteins at the X1 site (Fig. 6B). The resulting
model clearly suggests that Xis binding places a different set of constraints on DNA
architecture than in lambda. As stated previously, this model of the Pukovnik nucleoprotein
filament predicts a 120° bend in the DNA which is close to the 106° bend we observe in
vitro, however at ~30° of bend per monomer, our in vitro results suggest that 3.5 monomers
are binding per attR DNA fragment. The difference in bending angle could suggest that four
Xis monomers bind but that some degree of relaxation within the DNA bound filament is
not described in this simple model. Alternatively, it could suggest that only three Xis
proteins are binding. This is supported by the observation that there is somewhat lower
sequence conservation between L5 and Pukovnik attR DNA sequences at their X1 sites (Fig.
S1C). Our data cannot distinguish between these possibilities.

The substantial differences in DNA bending between Pukovnik and lambda may be result of
the need to perform excision from attR sites with different organizations (Fig. S4). For
example, we note that there are two IHF binding sites within Lambda attR. In contrast,
Pukovnik attR does not contain IHF binding sites. Finally, in lambda attR there are only
three Xis binding site (X1, X1 5, and X5) rather than the four Xis binding sites in Pukovnik
and related phages. The overall distances between the core sites and the outermost arm-type
binding site (110-120 bp) are similar in lambda and Pukovnik attR, and we presume that
similar DNA bending is required to form Int-mediated intramolecular bridges. However,
Lambda accomplishes this through the combined action of Xis and IHF, whereas Pukovnik
does this by Xis alone.

An attractive scenario explaining the evolutionary relationships of the Lambda and
Pukovnik integration systems is one in which the Pukovnik system is more similar to the
ancestral state from which Lambda was derived. For example, loss of one of the Xis binding
sites from the precursor state could have arisen through the acquisition of FIS binding sites
that provide dependence on FIS at low Xis concentrations 36 37, The reduction in Xis-
associated DNA bending might have provided the selective pressure for the gain of IHF
binding sites.

Material and Methods

Plasmids and DNA substrates

Plasmid pMH57 (pattB) has been described 38. DNA fragments (546 bp) containing attP site
was amplified from the Pukovnik genomic DNA and cloned into the EcoR1 and BamH1 site
of the pUC19 plasmid to obtain pSS19. DNA fragments of 490 bp and 345 bp containing
attL and attR were amplified by PCR from the product of in vitro integration (between
pPMH57 and pSS19) reactions and cloned into the Hindlll and Ndel site of pMOS Blue to
obtain pSS21 and pSS22, respectively.

J Mol Biol. Author manuscript; available in PMC 2015 January 23.
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Preparation of radiolabeled DNA

The digestion of plasmid pSS21 with Hindlll and Ndel generated a 490 bp DNA fragment
containing the attL site. A 365 bp DNA fragment containing the attR site was generated by
PCR amplification from the plasmid pSS22. These DNA fragments containing the attL (490
bp) and attR (365 bp) site were gel extracted and labeled by end-labeling with T4
polynucleotide kinase.

In vitro recombination assay

In vitro integrative recombination was carried out between pSS19 (attP) and pMH57 (attB)
in a recombination buffer containing 20mM Tris (pH-7.5), 25mM NaCl, 10mM EDTA,
10mM Spermidine and 1mM DTT in final volume of 10ul. Wherever needed, pMH57 was
cut by Scal to make linear attB substrate for reactions. Reactions using super coiled or
linear double stranded attB DNA containing 0.03pmol of pMH57 and super coiled attP
DNA added in ratio indicated in each experiment.

In vitro excision assays were performed between pSS21 (attL) and pSS22 (attR) in a
recombination buffer containing 10mM Tris (pH-7.5), 25mM NaCl, 5mM EDTA, 10mM
Spermidine, ImM DTT and 0.2mg/ml BSA in final volume of 10ul. Wherever needed,
pSS21was cut by Scal to make linear attL substrate for reactions. Reactions using super
coiled or linear double stranded attL DNA containing pSS21 and super coiled attR DNA
added in indicated ratio.

Both the integration and excision reaction were incubated at 37°C for up to 4h and product
were treated with 1mg/ml proteinase K and 0.5% of SDS at 60°C for 10-15 min. The
products were separated on 0.8% agarose gel in 1x TBE running buffer and visualized by
ethidium bromide staining.

DNA-binding assays

Approximately 4ng of labeled DNA was incubated with the indicated amounts of Int, mIHF
and Xis (wild-type and mutants) in a buffer containing 10mM Tris (pH-7.5), 25mM NacCl,
5mM EDTA, 10mM Spermidine, ImM DTT, 0.2mg/ml BSA and 1ug Calf Thymus DNA,
in a total volume of 10ul. The reactions were incubated at 37°C for one hour and the
protein-DNA complexes were separated from the free DNA on a non-denaturing 4% (unless
otherwise stated) polyacrylamide gel at 4°C.

Xis purification

The complete coding sequence for mycobacteriophage Pukovnik excise (Xis) was PCR
amplified from isolated genomic DNA and inserted into the bacterial expression vector
pLC3 (a kind gift of Dr. Jim Sacchettini) using tradition cloning techniques. The resulting
plasmid coded for an N-terminal Hisg-MBP fusion tag which is removable via digestion
with TEV protease, leaving the sequence GDITH attached to the N-terminus of the protein.
The Hisg-MBP-Xis protein was expressed using ZY autoinduction media3® and the bacterial
strain BL21 DE3 Codon-Plus (RIPL). Cells were harvested by centrifugation and lysed in 25
mM Tris pH 8.0, 500 mM NaCl, 10% glycerol, 5 mM Imidazole, 1 mM B-mercaptoethanol,
plus protease inhibitors. Lysate was cleared by centrifugation at 30,000 x g, and Xis was
purified by nickel affinity chromatography using Ni-NTA resin (Qiagen). The Hisg-MBP-
tag was removed via overnight digestion with TEV protease digestion, followed by a second
round of nickel affinity chromatography to remove TEV and other contaminants. The
resulting sample was further purified using cation exchange chromatography and peak
fractions were subjected to gel filtration using a Sephacryl S-200 (GE Healthcare). Purified
Xis was then dialyzed into 100 mM NaCl, 10 mM Hepes pH 7.5, and 1 mM f3-
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mercaptoethanol and concentrated to ~25 mg/mL using a Vivaspin concentrator (Millipore)
prior to crystallization trials. Final protein purity was >99% as verified by SDS-PAGE.
Selenomethionine Xis was expressed using PASM media 39, and the purification was similar
to the native protein with addition of 5 mM B-mercaptoethanol in all the buffers. The final
selenomethionine Xis protein concentration was 20.4 mg/mL in 25 mM NaCl and 10 mM
Hepes pH 7.5.

To enhance the yield of Xis protein, the coding sequence for Xis was amplified and cloned
into the bacterial expression vector pMCSG7 (which contains a TEV cleavable N-terminal
polyhistidine tag but no MBP tag) via ligation independent cloning. Single, double, and
triple amino acid mutations were introduced into Xis using the QuickChange protocol
(Stratagene) utilizing pMCSG7-Xis plasmid as a template. The A51-56 C-terminal
truncation was also cloned into the pMCSG7 vector as with the wild-type. Expression and
purification of the Xis mutants were performed in a similar manner as wild type.

Integrase and Integration Host Factor Purification

The coding regions for Pukovnik integrase (pInt) and Mycobacterium smegmatis integration
host factor (mIHF) were PCR amplified and cloned into pMCSG?7 to express N-terminal
His-tagged fusions cleavable by TEV protease. IHF was expressed using ZY autoinduction
media as with Xis while pInt was expressed via IPTG induction in LB. Both proteins were
purified using nickel and heparin affinity chromatography, and protein purity was judge at
>99% by SDS-PAGE.

Xis crystallization and structure determination

Crystals were initially obtained using the sitting drop vapor diffusion method at 20 °C
against a reservoir solution containing 0.2 M ammonium sulfate and 20% polyethylene
glycol 3350. Single crystals measuring approximately 0.2 x 0.2 x 0.05 mm form over the
period of two weeks from drops containing 0.8 pL of protein and 1.0 pL of well solution
(100 mM ammonium sulfate and 13.5% PEG 3350). Crystals were cryoprotected by a
stepwise transition into well solution supplemental with 30% MPD and 15% PEG 3350.
Selenomethionine crystals were grown in the same manner.

Crystals of Pukovnik Xis belong to space group C222; with a=89.5, b=130.5, and c=92.2 A.
Diffraction data from crystals of selenomethionine substituted Xis were collected at
beamline X25 at the National Synchrotron Light Source. Integration, scaling, and merging
of diffraction data was performed using HKL2000 0. Phases were determined
experimentally via single-wavelength anomalous dispersion (SAD) using crystals containing
selenomethionine substituted protein. Phases were calculated using the AutoSOL routine
within PHENIX 41 and a starting model built into the resulting electron density. This initial
model was then refined against native data collected in house using a FR-E rotating anode
with VariMax optics and a Saturn944 CCD detector. The integration, scaling and merging of
diffraction data was performed using HKL2000. The initial model was refined within
PHENIX using positional refinement, simulated annealing, isotropic B-factor refinement,
and TLS refinement. Model quality was analyzed using MolProbity 42 and the final model
contains no Ramachandran outliers.

Permutation Assay

DNA sequence containing the Xis binding cassette (sites X1-X4) from Pukovnik attR was
inserted into the pBend2 plasmid#3. Digesting the resulting plasmid with EcoRV, Mlul, or
the other indicated restriction enzymes resulted in DNA fragments of equal length but with
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X1-X4 either centrally or terminally located. Complexes of these oligonucleotides with Xis
were formed with 25 ng of the indicated DNA fragment, using 0.25 pM Xis and separated
by native gel electrophoresis. The location of Xis-DNA complexes were determined by
staining with SybrGreen and mobilities for the various DNA fragments were measured

d
n

irectly using ImageJ software. The DNA bending angle was determined by the equation
M/LE = cos(a/2) where pp/ig is the relative mobility of the centrally bound to the

terminally bound oligonucleotide and o is the angle of DNA bending 33.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Pukovnik Xis promotes integrase-mediated excisive recombination

A) Organization of mycobacteriophage attachment sites. The phage and bacterial attachment
sites, attP and attB respectively, each contain core-type integrase binding sites (C and C’ in
attP, B and B* in attB) flanking the sites of strand exchange; attP also contains arm-type
integrase binding sites P1 — P5 (grey) and a region to which mycobacterial integration host
(mIHF) is predicted to bind (light grey). Integrase (Int) mediates both integrative- and
excisive-recombination, and both reactions typically require mIHF. Excision requires excise
(Xis), which also inhibits integration. The Xis binding sequence is indicated with
crosshatched box. B) Xis-DNA complexes were formed using a 50 bp attR fragment
containing X1-X4 sites or an equivalent fragment with mutations within the X1-X4 sites,
and separated using native gel electrophoresis. The Xis protein concentrations were 0, 0.125,
0.25,0.5, 1, 2, 4, 8, 16, 32 uM. C) Pukovnik gp37 is a functional Xis. Int, mIHF, and Xis
were mixed with linear attL (0.12 pmol) and plasmid attR (0.03 pmol) DNA substrates. The
formation of a linear Product is separated on 0.8% agarose gel in 1x TBE running buffer and
visualized by ethidium bromide staining. D) Xis promotes Int binding. Int (250 nM) and Xis
(100 nM) were mixed with a 365 bp attR fragment as indicated and the resulting complexes
separated by native gel electrophoresis. E) Xis but not IHF is required for attR intasome
formation. Xis (100 nM), mIHF (25 nM) and Int were mixed with attR DNA and separated
as in D. Int concentrations were 0, 0.3, 0.9, 2.7, 8.1, 24, 74, 220, 670, 2000, and 6000 nM.
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Figure 2. Structure of Pukovnik Xis

A) Xis protomer packing within the crystal forms left-handed superhelical filaments.

Page 14

Surface representation of Xis protomers (Green, Red, Blue, Yellow and Cyan) which pack
together to form an Xis filament. Adjacent filaments are bridged by canonical packing of a
domain swapped protomer (*), while the white protomer is a domain swapped Xis from an
adjacent filament. B) Cartoon representation of the asymmetric unit. The positions of the

four filament forming Xis protomers are indicated, as are the positions of the DNA
recognition helices and the C-terminal tail which packs next to the wing, providing a
platform for Xis-Xis interactions that drives cooperative DNA binding.
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Figure 3. Predicted DNA binding residues and observed Xis protomer contacts are both
important for DNA binding and excision

A) Observed secondary structure for Xis protomers with either the canonical or domain
swapped fold. Multiple sequence alignment for related Xis proteins and lambda. Residues
mediating Xis-Xis contacts in both Pukovnik and Lambda are indicated (green squares), as
are the residues with base specific (red) and phosphate backbone (orange) DNA contacts. B)
Xis-Xis contacts in Pukovnik Xis are formed by packing of the C-terminal tail against the
DNA recognition Wing as well as a series of hydrophobic interactions centered around L35.
C) Xis-DNA complexes were formed using a 365 bp attR fragment and the indicated Xis
mutant predicted to impair Xis-Xis contacts. Complexes were separated using native gel
electrophoresis. The Xis protein concentrations were 0, 1.6 nM, 4.8 nM, 14.6 nM, 43 nM,
131 nM, 390 nM, 1.2 uM, 3.5 pM, 10.6 pM, and 32 M. D) DNA recognition residues and
the C-terminal tail are each required for excision. The indicated Xis mutants were mixed
with mIHF, Int, linear attL and plasmid attR as in Fig 1. Reaction products are separated
using 0.8% agarose in 1X TBE running buffer and visualized using ethidium bromide
staining.
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Figure 4. DNA recognition and filament formation contributeto attR intasome assembly

Int (100 nM) and mIHF (25 nM) were mixed with a 365 bp attR DNA fragment and the
indicated Xis variant. The Xis protein concentrations were 0, 1.6 nM, 4.8 nM, 14.6 nM, 43
nM, 131 nM, 390 nM, 1.2 pM, 3.5 uM, 10.6 pM, and 32 pM. The formation of an attR
intasome containing attR, Int, and Xis was monitored using native gel electrophoresis.
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Figure5. Pukovnik Xis-mediated bending in X1-X4

Top) Diagram of DNA binding substrates used in the permutation assay. Substrates are
liberated from the pPBEND2 plasmid via digestion with the indicated restriction enzyme and
contain the same length of DNA with differentially positioned X1-X4 binding cassette.
Bottom) Measuring Xis-mediated DNA bending in vitro. 25 ng of DNA substrates of equal
length are liberated from the pBEND2 plasmid via digestion with the indicated restriction
enzyme, mixed with 10 ng of an unrelated non-specific DNA control and Xis (2 uM) and
complexes separated by native gel electrophoresis and detected by SybrGreen. Differential
migration of the resulting complex was used to calculate the bending angle as described 33.
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Figure 6. Model of a Pukovnik Xis nucleofilament

A) Insight into filament architecture. A model of Pukovnik Xis-DNA filament was
constructed by removing the bridging domain-swapped Xis protomer to obtain a Pukovnik
Xis protein filament to which DNA was added by superposition with the Lambda Xis-DNA
complex (2IEF, Chain B and the DNA associated with chain B). Pukovnik Xis monomers
are colored as in Figure 2, as is the direction of P2 and C DNA sequences within attR. B)
The Pukovnik Xis-DNA model was structurally aligned to the Lambda Xis-DNA complex
via the proximal Xis protomer (X1, PDB 2IEF, chain C). Lambda Xis proteins are colored
dark blue and their positions X1, X1.5, and X2 indicated. DNA from the Lambda Xis-DNA
complex is colored white, while DNA from the Pukovnik Xis-DNA model is colored
orange.
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Table 1

Crystallographic Data collection and Refinement statistics

SeMet Xis Native Xis
Data collection
Space group C222 C222;
Cell dimensions

a, b, c(A) 89.66, 130.67, 92.23 89.42,129.99, 92.34
Resolution (&) 90 - 2.30 (2.34-2.30) 90 - 2.35 (2.39-2.35)

R merge 0.092 (0.500) 0.065 (0.697)

I/ ol 28.63 (2.17) 22.72 (2.48)
Completeness (%) 90.1 (58.1) 99.77 (88.8)
Redundancy 6.0 (5.3) 5.8(4.2)

Refinement
Resolution (A) 36.86 - 2.35 (2.44-2.35)
Reflections 22,795
Ryork / Reree 0.2257/0.2670
Number of. atoms

Protein 2121

Ligand/ion 35

Water 144
B-factors

Protein 54.53

Ligand/ion 75.54

Water 55.85
R.m.s. deviations

Bond lengths (A) 0.007

Bond angles (°) 0.984

*Values in parentheses are for highest-resolution shell.
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