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Bacteriophage � uses an elegantly regulated and highly directional

site-speci®c DNA-recombination reaction to integrate and excise its

genome. A critical regulator of this process is the phage-encoded

excisionase (Xis) protein, which dramatically stimulates excision by

orchestrating the assembly of a higher order nucleoprotein structure

that excises the prophage. The Xis protein stabilizes this recombina-

tion intermediate by substantially altering the trajectory of viral DNA

and by cooperatively interacting with the � integrase (Int) protein. In

an attempt to understand how Xis controls the directionality of

bacteriophage � recombination, co-crystals of the DNA-binding

domain of Xis in complex with its binding site within the P-arm of the

phage have been obtained using the hanging-drop vapor-diffusion

method. Using sodium acetate as a precipitating reagent, the

Xis±DNA complex crystallizes in space group C2, with unit-cell

parameters a = 80.2, b = 72.7, c = 38.8 AÊ , � = 104.1�. These crystals

diffract beyond 1.5 AÊ resolution and are well suited for structural

analysis using X-ray crystallography.
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1. Introduction

A highly regulated and precise site-speci®c

DNA-recombination reaction excises the

genome of bacteriophage � from the chromo-

some of its bacterial host (Azaro & Landy,

2002). The strand joining and cutting reactions

of excision are performed by the phage-

encoded integrase (Int) protein within the

context of a higher order nucleoprotein

complex called the excisive intasome. The

phage-encoded excisionase (Xis) protein plays

an essential role in regulating the directionality

of recombination, dramatically stimulating

phage excision while simultaneously inhibiting

viral integration (Bushman et al., 1984;

Thompson et al., 1987; Moitoso de Vargas &

Landy, 1991; Franz & Landy, 1995). Xis co-

operatively binds to two sites within the P-arm

of the phage (sites X1 and X2) and stimulates

excision by stabilizing distorted structures

within the excisive intasome. Speci®cally, gel-

electrophoresis studies are consistent with Xis

introducing bends of 45±90� when bound to

individual sites X1 and X2; bends in excess

of >140� have been observed when Xis is

bound to both sites (Thompson & Landy,

1988). In addition to its important architectural

role, Xis also cooperatively recruits the phage-

encoded Int and host-encoded Fis proteins

(Bushman et al., 1984; Thompson et al., 1987).

The combination of DNA bending and

protein±protein interactions is believed to

position the catalytic domain of Int appro-

priately for target capture and catalysis within

the fully assembled excisive intasome.

The Xis protein is the archetypal member of

a large superfamily of recombination direc-

tionality factors (RDFs; Lewis & Hatfull,

2001). At present, the only structural infor-

mation for any RDF comes from the recently

determined NMR structure of Xis solved in the

absence of DNA (Sam et al., 2002). Xis adopts

an unusual `winged'-helix DNA-binding fold

and is postulated to distort DNA through both

major- and minor-groove interactions. In

addition, the C-terminal tail of Xis (residues

56±72), which is required for cooperative

interactions with Int (Numrych et al., 1992; Cho

et al., 2002; Sarkar et al., 2002), is unstructured

in the absence of Int and DNA (Sam et al.,

2002). However, this work left unresolved the

molecular basis by which Xis recognizes and

dramatically distorts DNA, or how it co-

operatively recruits Int and Fis during phage

recombination. As a step towards answering

these remaining questions, we have obtained

crystals and performed a preliminary X-ray

crystallographic analysis of Xis in complex with

its cognate DNA-binding site.

2. Materials and methods

2.1. Purification of 1±55XisC28S and its cognate

DNA-binding site

The DNA-binding domain of the excisionase

protein containing a single amino-acid muta-

tion (1±55XisC28S; residues 1±55 of excisionase

with a Cys!Ser mutation at position 28) was

expressed and puri®ed for crystallization trials.

This protein is biologically active and was
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made based on two important ®ndings: (i)

only the N-terminal 55 residues of Xis are

required for DNA binding (Numrych et al.,

1992; Sam et al., 2002) and (ii) at high

concentrations of Xis, artifactual disul®de-

linked dimers of the protein are formed

through its single cysteine residue (data not

shown). The plasmid pRJ1709 (Sam et al.,

2002) encoding 1±55XisC28S was transformed

into Escherichia coli strain BL21(DE3)

(Novagen). Cells were then grown in 6 l of

M9 minimal media containing 15N-enriched

ammonium chloride as the sole nitrogen

source to an OD600 of 0.3. The cells were

then induced with 1 mM IPTG for a period

of 1 h, harvested, lysed and the Xis protein

precipitated from the clear cell extract by

the addition of ammonium sulfate to 45%

saturation (273 K). The ammonium sulfate

pellets were resuspended in 3 ml of buffer

(2 M urea, 0.3 M NaCl and 50 mM NaPO4

pH 6.0), solubilized and applied to a

Sephacryl-S100 (Pharmacia Biotechnology)

size-exclusion column. Fractions containing
1±55XisC28S were pooled and dialyzed into a

low-salt buffer (50 mM NaCl and 50 mM

NaOAc pH 5.5) and applied to a Resource-S

cation-exchange column (Pharmacia

Biotech). 1±55XisC28S was then eluted with a

linear gradient (0.05±1 M) of NaCl. The

pooled fractions from the Resource-S

column were free from contaminants when

analyzed by SDS±PAGE. NMR spectra of

uniformly 15N-enriched 1±55XisC28S were also

recorded to assess the purity and structural

integrity of the protein prior to crystal-

lization trials.

DNA oligonucleotides used for crystal

screening were purchased from Biosource

International and were subjected to a two-

step puri®cation procedure. First, each

individual single-stranded oligonucleotide

was puri®ed by application to a 1 ml MonoQ

column under denaturing conditions (6 M

urea and 50 mM Tris±HCl pH 7.0) using a

linear salt gradient (0.15±0.45 M NaCl). The

appropriate ssDNA oligonucleotides were

then annealed by heating and slow cooling

and the resulting dsDNA was separated

from excess ssDNA by re-application to the

MonoQ column (0.15±0.45 M NaCl gradient

in 50 mM Tris pH 7.0 and 1 mM EDTA).

2.2. Complex formation

A series of 1±55XisC28S±DNA complexes

were screened for crystal growth using a

variety of oligonucleotides that all contained

the nucleotide sequence of the X2 binding

site (50-TATGTAGTCTGTT). However,

these screened oligonuclotides differed in

overall length (by the addition of one or two

base pairs ¯anking the X2 binding site).

Furthermore, these oligonucleotides were

either blunt-ended or contained an A or a T

base overhang, a technique commonly used

to crystallize protein±DNA complexes.

Complexes were formed under high-salt

conditions (200 mM NaCl and 50 mM

NaOAc pH 5.0) with the DNA and protein

components at 100 mM. The complexes were

then buffer-exchanged to remove NaCl

(using a Centriprep-YM3; Amicon) and

concentrated to approximately 12 mg mlÿ1

(using a Microcon-YM3; Millipore). Before

crystal screening, an NMR 1H±15N HSQC

spectrum was recorded to ensure that a

distinct and speci®c complex had formed. It

is worth noting that although the NMR

spectra of the 1±55XisC28S±DNA complex

suggest that it is monodisperse (as judged by

resolved amide cross-peaks in the HSQC

spectrum), nearly one third of the cross-

peaks are broadened, suggesting that a high-

resolution structure determination by NMR

would be problematic, if not impossible.

3. Results

3.1. Crystallization of 1±55XisC28S±DNA

complex

Hampton Research Crystal Screen kits I

and II were used to determine the crystal-

lization conditions. Co-crystals were

screened at 291 K using the hanging-drop

vapor-diffusion method, in which 1 ml of the
1±55XisC28S±DNA complex solution was

mixed with 1 ml of the well solution and

allowed to equilibrate against 1 ml of the

well solution. Reproducible high-quality

crystals were observed with 1±55XisC28S±

DNA complexes containing the blunt-

ended sequence 50-CTATGTAGTCTGTTG/

50-CAACAGACTACATAG. The Hampton

kits resulted in several potential crystal-

lization leads and each lead was further

investigated to determine the optimal

conditions for crystal growth. Each lead was

systematically screened by varying every

component within the crystallization condi-

tion, including the concentration of the

complex. The best crystals diffracted beyond

1.5 AÊ and were grown using 1 M NaOAc,

0.1 M imidazole pH 6.5 and 10 mg mlÿ1

protein±DNA complex. Nucleation of

crystal seeds was generally observed within

the ®rst week and crystals typically grew to

0.50� 0.15� 0.10 mm in approximately one

month (Fig. 1a). To ensure that these crystals

consist of both components of the complex,

single crystals were isolated, washed and

analyzed using a 15% native polyacrylamide

gel (Figs. 1b and 1c). The gel analysis

revealed a slower migrating band that

stained for both DNA and protein (Figs. 1b

and 1c; lane 4), thus con®rming the presence

of the 1±55XisC28S±DNA complex in the

crystals.

3.2. Data collection and processing

Crystals were mounted in a nylon loop

and cryoprotected by the addition of 25%

glycerol to the mother liquor. Crystals were

cryocooled under a nitrogen stream at home

and transferred to the Brookhaven National

Synchrotron Light Source (NSLS) Labora-

tory, where a complete native data set was

collected at beamline X8C. X-ray diffraction

data were collected at a crystal-to-detector

distance of 100 mm with a 1� oscillation

angle per image. A typical oscillation image

showing Bragg re¯ections extending beyond

1.5 AÊ is shown in Fig. 2.

Diffraction data were processed with the

HKL package (Otwinowski & Minor, 1997).

The re¯ection intensities were integrated

with the program DENZO and then merged

and scaled using the program SCALE-

Figure 1
(a) Typical crystals of the 1±55XisC28S±DNA complex grown in 1 M NaOAc, 0.1 M imidazole pH 6.5 and
10 mg mlÿ1 complex. The crystal grew to dimensions of 0.5 � 0.15 � 0.1 mm in approximately one month. (b)
15% polyacrylamide native gel stained to selectively visualize only the DNA (SYBR-Gold nucleic acid gel stain;
Molecular Probes). Lane 1, control 15-mer duplex DNA (1 mg); lane 2, control 15-mer duplex DNA (0.1 mg); lane
3, solution recovered from the crystal-washing procedure; lane 4, DNA in dissolved crystal. (c) The same gel as
shown in (b), but stained for protein with Coomassie blue. Comparing the retarded band in lane 4, Figs. 1(b) and
1(c) show that the crystal does in fact contain the 1±55XisC28S±DNA complex.
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PACK. These crystals belong to the

C-centered space group C2, with unit-cell

parameters a = 80.2, b = 72.7, c = 38.8 AÊ ,

� = 104.1�. The processed and scaled data is

93% complete, with a redundancy of 3.8 and

an overall Rsym of 5.0% (37% in the highest

resolution shell, 1.55±1.5 AÊ ; see Table 1 for

complete statistics). Based on the Laue

symmetry, this particular space group and

unit-cell parameters, the calculated

Matthews coef®cient VM (Matthews, 1968) is

3.43 AÊ 3 Daÿ1 for one 1±55XisC28S±DNA

complex per asymmetric unit. This corre-

sponds to an estimated solvent content of

64%, which is within the typical range

observed for protein and/or DNA macro-

molecules.

Attempts to solve the structure of the

protein±DNA complex by molecular repla-

cement using the solution structure of the
1±55XisC28S protein (Sam et al., 2002) as a

search model and the programs EPMR

(Kissinger et al., 1999) and AMoRe (Navaza,

1994) have proven unsuccessful. At present,

we are attempting to obtain phases by

growing crystals with 5-iodouracil substi-

tuted for thymines within the DNA, so as to

enable the application of multiple isomor-

phous replacement augmented with anom-

alous scattering (MIRAS) methods. Crystals

with 5-iodouracil at two unique positions

have been obtained and are expected to be

helpful if not suf®cient to determine the

structure of the 1±55XisC28S±DNA complex.

The authors wish to thank Dr Michael
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data and continued support. This work was
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Table 1
X-ray crystallographic parameters and data-collec-
tion statistics.

Values in parentheses are for the highest resolution shell.

Beamline NSLS-X8C
Wavelength (AÊ ) 1.10
Space group C2
Unit-cell parameters (AÊ , �) a = 80.2, b = 72.7,

c = 38.8, � = 104.1
Matthews coef®cient (AÊ 3 Daÿ1) 3.34
Solvent content (%) 64
Resolution (AÊ ) 100±1.50 (1.55±1.50)
No. observations 122089 (11259)
No. unique re¯ections 32190 (3131)
Completeness (%) 93.1 (90.7)
Rsym² 0.050 (0.377)
hI/�(I)i³ 19.8 (3.2)

² Rsym =
P

hkl

P
i jIi�hkl� ÿ hI�hkl�ij=Phkl

P
i Ii�hkl�, where

Ii is the ith measurement of re¯ection I(hkl). ³ hI/�(I)i is

the the mean re¯ection intensity divided by the estimated

error of the intensity.

Figure 2
A typical 1� oscillation image of 1±55XisC28S±DNA
complex, showing Bragg re¯ections extending
beyond 1.5 AÊ resolution.


