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The S®I endonuclease from Streptomyces ®mbriatus (EC 3.1.21.4) is a

tetrameric enzyme that binds simultaneously to two recognition sites

and cleaves both sites concertedly. It serves as a good model system

for studying both speci®city and cooperative DNA binding. Crystals

of the enzyme were obtained by the hanging-drop vapor-diffusion

method in complex with a 21-mer oligonucleotide. The crystals are

trigonal, with unit-cell parameters a = b = 85.7, c = 202.6 AÊ , and

diffract to 2.6 AÊ resolution on a rotating-anode X-ray generator.

Preliminary X-ray analysis reveals the space group to be either P3121

or P3221. Interestingly, the crystals change to space group P6122,

with unit-cell parameters a = b = 85.5, c = 419.6 AÊ , when the

selenomethionyl (SeMet) derivative of the enzyme is co-crystallized

with the same DNA. Phase information is currently being derived

from this SeMet S®I±DNA complex.
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1. Introduction

Classical type II restriction endonucleases are

dimeric and recognize short 4±8 base-pair

palindromic DNA sequences and cleave both

DNA strands within these sequences. To cleave

another site, the dimer has to ®rst dissociate

and rebind at another recognition site.

However, a growing number of restriction

enzymes have been shown to bind to two DNA

sites simultaneously (Halford et al., 1999; Bath

et al., 2002). These endonucleases fall into

several different subclasses, including the type

IIE enzymes such as EcoRII and NaeI that are

dimeric and cleave only one site during a single

turnover but require a second DNA site for

allosteric activation (Reuter et al., 1998; Huai et

al., 2000) and the type IIF enzymes such as S®I

and Cfr10I that are tetrameric and cleave both

DNA sites concertedly (Wentzell et al., 1995;

Deibert et al., 2000). Another example is the

type IIS endonuclease FokI that is monomeric

in solution but forms an active complex

consisting of two protein and two DNA

molecules (Vanamee et al., 2001). Together,

these novel restriction endonucleases show

similarities to various DNA-modi®cation

enzymes that bring distant DNA sites together.

For example, EcoRII shows sequence

homology to the integrase family of recombi-

nases (Topal & Conrad, 1993), while NaeI has

been shown to posses topoisomerase and

recombinase activities (Jo & Topal, 1995). S®I

bears a close relationship to a family of

recombinases that simultaneously catalyze a

four-strand DNA breakage and a FokI-like

fold has recently been identi®ed in TnsA, one

of the two proteins of the Tn7 transposase that

mediates the release of the transposon

(Hickman et al., 2000).

The S®I endonuclease is a 31 kDa protein

that recognizes an eight base-pair palindromic

sequence with a ®ve-base pair interruption,

50-GGCCNNNN#NGGCC-30, where N is any

nucleotide and the arrow indicates the site of

cleavage. S®I, like other members of the type

IIF family, is a homotetramer in which each

monomer recognizes a half-site. Both copies of

the recognition sequence have to be bound to

the enzyme, leading to concerted cleavage of

both sites. Interestingly, binding of S®I to a

non-cognate site results in an inactive complex

that cannot bind to another DNA site

(Williams & Halford, 2002). The structures of

three type IIF enzymes have been reported:

Cfr10I (Bozic et al., 1996), NgoMIV in complex

with cleaved DNA (Deibert et al., 2000) and

Bse634I, an isoschisomer of Cfr10I (Grazulis et

al., 2002), none of which are related in

sequence to S®I.

Here, we report the crystallization and

preliminary X-ray data analysis of S®I in

complex with a 21-mer oligonucleotide

containing a single recognition site. Elucidating

the structure of S®I in complex with its cognate

DNA will provide a better understanding of

cooperative binding and concerted cleavage of

two DNA sites. S®I is the best biochemically
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characterized of the type IIF enzymes; its

sequence is unrelated to that of other type II

enzymes and its recognition sequence is

unusually long.

2. Materials and methods

2.1. Crystallization and preliminary X-ray

diffraction analysis

Production and puri®cation of native S®I

was carried out as described previously

(Wentzell et al., 1995). Recombinant SeMet

S®I was prepared by inhibiting the methio-

nine-synthetic pathway and expressing the

protein in the presence of selenomethionine.

The puri®ed native and SeMet proteins were

stored in 0.2 M KCl, 10 mM K3PO4 pH 7.3,

0.1 mM EDTA and 1 mM dithiothreitol. The

protein samples were concentrated to a ®nal

concentration of 22 mg mlÿ1 and were

stored in small aliquots at 193 K.

Single-stranded oligonucleotides were

synthesized for HPLC puri®cation by

leaving the trityl group attached to the 30

end. The trityl group was then removed

directly on the HPLC column. After puri®-

cation, the oligonucleotides were desalted

prior to annealing. Equimolar amounts of

complementary oligonucleotides were

mixed and annealed at room temperature

overnight. The ®nal concentration of

the double-stranded oligonucleotides

was �10 mg mlÿ1. Co-crystallization was

achieved by the hanging-drop vapor-

diffusion method at 293 K. Commercially

available screens from Hampton Research

Inc. were used to determine the initial

crystallization conditions. A 5:4 molar ratio

of protein solution:DNA solution was mixed

and kept on ice for 30±60 min prior to

setting up crystallization trays. 1 ml of

protein/DNA solution was mixed with 1 ml

of well solution. After the initial conditions

were identi®ed, the pH, salt and precipitant

concentrations were adjusted to obtain

better diffracting crystals. Crystals grew

overnight and reached maximum size within

2±3 d. The largest native crystals were 0.8 �
0.2 � 0.2 mm in size; the SeMet-derivative

crystals were somewhat smaller, reaching a

maximum size of 0.5 � 0.2 � 0.1 mm. All

crystallographic data were measured at

cryogenic temperatures. In-house data were

collected using a Rigaku rotating-anode

generator and an R-AXIS IV imaging-plate

detector. The data were indexed and inte-

grated with DENZO and reduced with

SCALEPACK (Otwinowski & Minor,

1997).

3. Results and discussion

3.1. Crystallization

Several oligonucleotides ranging in size

from 17 to 21 base pairs were tested for co-

crystallization. The best crystals were

obtained with a 21-mer oligonucleotide

containing the sequence 50-ATGT*GGC-

CAACAAGGCCT*ATT- 30 (top strand) and

50-AAT*AGGCCTT*GTT*GGCCACAT-30

(bottom strand). Initially, small crystals grew

from several Hampton Crystal Screen

conditions that contained MPD. After opti-

mization, the best diffracting crystals grew

from 0.1 M sodium acetate pH 4.6±5.0, 30±

32.5% MPD and 5±10 mM CaCl2 and

diffracted to 3.0 AÊ on the home source

(Fig. 1). Interestingly, replacement of the

thymidine bases with iodouracil derivatives

(indicated by stars in the sequence) lead to

an increase in resolution from 3.0 to 2.6 AÊ .

Crystals of the SeMet-derivative protein±

DNA complex grew under identical condi-

tions.

3.2. Preliminary X-ray diffraction analysis

Data of the pseudo-native crystals were

collected on the home source. Preliminary

X-ray diffraction analysis reveals the crystals

to belong to the trigonal crystal system, with

unit-cell parameters a = b = 85.6, c = 202.6 AÊ .

The space group is either P3121 or P3221.

Assuming one S®I dimer and one DNA

molecule per asymmetric unit results in a VM

value of 2.4 AÊ 3 Daÿ1. The other half of the

S®I tetramer can be generated by the crys-

tallographic twofold symmetry of the space

group.

Crystals of the SeMet-derivative complex

diffracted much more poorly than the native

crystals: they diffracted to 3.0 AÊ at beamline

19-ID at the Advanced Photon Source.

Moreover, the space group changes to P6122

or P6522, with unit-cell parameters

a = b = 85.7, c = 420.0 AÊ . The basis for this

change in space group and doubling of the c

axis is unclear, although it is possible that

one of the methionines in the native crystal

is involved in lattice contacts and its repla-

cement by SeMet destabilizes those contacts.

We have found no evidence for merohedral

twinning in the intensity data of the pseudo-

native or the SeMet-derivative crystals. Like

the native crystals, the asymmetric unit is

likely to contain one S®I dimer and one

DNA molecule, corresponding to a VM of

2.5 AÊ 3 Daÿ1. This was con®rmed by the

identi®cation of a total of eight selenium

sites (four per monomer) in CNS (BruÈ nger

et al., 1998). Data-collection statistics for the

pseudo-native and SeMet-derivative data

are listed in Table 1. Because the native and

SeMet-derivative crystals belong to different

space groups, a medium-resolution structure

of the S®I±DNA complex determined by

SeMet MAD phasing will be used as a

starting model for molecular replacement

against the high-resolution native data. The

structure will provide a framework for

understanding the unique DNA-recognition

properties of S®I.

We thank the staff at beamline 19-ID at

the APS for help with data collection. This

work was supported by NIH grants

Figure 1
A 1� oscillation frame of a cryocooled crystal of
native S®I in complex with an iodinated 21-mer
oligonucleotide collected on a rotating-anode
generator. Diffraction data are detectable to 2.6 AÊ

resolution.

Table 1
Data-collection statistics for S®I±DNA complex.

Values in parentheses are for the highest resolution shell.

SeMet derivative

Pseudo-native Edge Peak

Wavelength (AÊ ) 1.54 0.97941 0.97931
Max. resolution (AÊ ) 2.60 3.10 3.05
Total No. of re¯ections 955868 719313 709329
No. of unique re¯ections 27126 (2633) 17729 (1653) 18452 (1714)
Rmerge (%) 9.6 (28.2) 11.0 (44.6) 11.2 (45.5)
Completeness (%) 99.6 (99.9) 99.6 (98.0) 99.7 (97.7)
I/�(I) 34.0 (7.8) 19.9 (3.8) 18.0 (3.5)
No. of Se sites N/A 8 8
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