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Many reactions in cells proceed via the sequestration
of two DNA molecules in a synaptic complex. SfiI is
a member of a growing family of restriction enzymes
that can bind and cleave two DNA sites simultaneously.
We present here the structures of tetrameric SfiI in com-
plex with cognate DNA. The structures reveal two different
binding states of SfiI: one with both DNA-binding sites
fully occupied and the other with fully and partially
occupied sites. These two states provide details on how
SfiI recognizes and cleaves its target DNA sites, and gives
insight into sequential binding events. The SfiI recogni-
tion sequence (GGCCNNNNkNGGCC) is a subset of the
recognition sequence of BglI (GCCNNNNkNGGC), and
both enzymes cleave their target DNAs to leave 3-base 30

overhangs. We show that even though SfiI is a tetramer
and BglI is a dimer, and there is little sequence similarity
between the two enzymes, their modes of DNA recognition
are unusually similar.
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Introduction

Protein–DNA selectivity is a central event in many biological
processes, ranging from transcription and replication to res-
triction and modification. Type II restriction endonucleases
are ideal systems for studying selectivity because of their high
specificity and great variety. More than 3600 restriction
enzymes representing more than 250 different specificities

have now been identified (Roberts et al, 2005), with enzymes
such as BamHI and EcoRI part of the lexicon of modern
biology. In general, these enzymes are dimeric and recognize
DNA sequences that vary between four and eight base pairs,
and require only Mg2! as a cofactor to catalyze the hydro-
lysis of DNA (Roberts and Halford, 1993; Vanamee and
Aggarwal, 2004; Pingoud et al, 2005). To cleave another
site, the dimer has to first dissociate and rebind at another
recognition site. However, a growing number of restriction
enzymes (REases) have now been shown to bind to two DNA
sites simultaneously (Bilcock and Halford, 1999; Embleton
et al, 2001; Bath et al, 2002; Gormley et al, 2002). These
endonucleases fall into several different subclasses, including
the type IIE enzymes such as EcoRII and NaeI, which are
dimeric and cleave only one site during a single turnover but
require a second DNA site for allosteric activation (Jo and
Topal, 1995; Reuter et al, 1998), and the type IIF enzymes
such as SfiI (Bilcock and Halford, 1999), NgoMIV (Deibert
et al, 2000), and Cfr10I (Embleton et al, 2001), which are
tetrameric and cleave both DNA sites concertedly. 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; Bath
et al, 2002). Altogether, these novel restriction endonucleases
show similarities to various enzymes that bring distant DNA
sites together. For example, a FokI-like fold has been identi-
fied in TnsA, one of the two proteins of the Tn7 transposase
that mediates the release of the transposon (Hickman et al,
2000). EcoRII shows sequence homology to the integrase
family of recombinases (Topal and Conrad, 1993), while
NaeI has been shown to possess topoisomerase and recom-
binase activities (Jo and Topal, 1995). SfiI is not a recombi-
nase, but like recombinases it catalyzes a four-strand DNA
breakage (Wentzell and Halford, 1998).

Among type IIF enzymes, SfiI (31 kDa per monomer) is the
best biochemically and functionally characterized endo-
nuclease (Qiang and Schildkraut, 1984; Wentzell et al,
1994; Nobbs and Halford, 1995; Szczelkun and Halford,
1996; Nobbs et al, 1998a, b; Wentzell and Halford, 1998;
Bilcock and Halford, 1999; Embleton et al, 1999; Watson
et al, 2000; Williams and Halford, 2002; Embleton et al,
2004). SfiI is also one of the few REases with an eight base-
pair palindromic DNA recognition sequence (Bilcock et al,
1999), which is also unusual in containing a five base-pair
interruption, 50-GGCCNNNNkNGGCC-30, where N is any
nucleotide and the arrow indicates the site of cleavage
(Qiang and Schildkraut, 1984). SfiI, like other members of
the type IIF family, becomes activated for cleavage after
binding two copies of its recognition sequence, leading to
the concerted cleavage of all four DNA strands (Bilcock and
Halford, 1999). Intriguingly, the binding of a noncognate
DNA to SfiI results in an inactive complex that cannot bind
to another DNA site (Embleton et al, 1999). The structures of
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three type IIF enzymes have been reported, Cfr10I (Bozic
et al, 1996), NgoMIV (Deibert et al, 2000), and Bse634I
(Grazulis et al, 2002), an isoschisomer of Cfr10I, with only
NgoMIV in complex with DNA. SfiI, like other members of
the type IIF family, is a homotetramer, but its sequence is
unrelated to that of other type IIF enzymes.

An understanding of SfiI’s basis of DNA recognition and
catalysis has been hindered by the lack of structural data. We
report here crystal structures of SfiI bound to its DNA sub-
strate. We obtained two different crystal forms of SfiI/DNA
complex that reveal two different binding states of the
enzyme: one with both DNA-binding sites occupied and the
other with a fully and a partially bound DNA. Surprisingly,
SfiI is in a catalytically incompetent state even when bound
to two cognate DNAs. We discuss the implications of these
structural intermediates for concerted cleavage. We also show
that even though SfiI is a tetramer and belongs to the type IIF
family of restriction enzymes, its subunit structure and DNA-
binding arrangement is much more akin to the dimeric type
IIP enzyme BglI.

Results

Structure determination
As described previously, we obtained two different crystal
forms of SfiI/DNA complex depending upon whether we
used native or selenomethionine (Se–Met) derivatized
SfiI (Viadiu et al, 2003). Cocrystals of native SfiI with an
iodinated 21-mer encompassing the SfiI recognition sequence
(50-ATGUIGGCCAACAAGGCCUIATT-30 (top strand) and
50-AAUIAGGCCTUIGTUIGGCCACAT-30 (bottom strand)) belong
to space group P3221, with unit cell parameters of
a" b" 85.7 Å, c" 202.6 Å, and diffract to high 2.4 Å resolu-
tion. Cocrystals of Se–Met SfiI with the same DNA, on the

other hand, belong to space group P6122, with unit cell
dimensions of a" b" 85.5 Å, c" 419.6 Å, and diffract to
medium 3.05 Å resolution. The Se–Met complex was used
to measure multiwavelength anomalous diffraction (MAD) at
two wavelengths, corresponding to the edge and peak of the
Se absorption profile. Surprisingly, the structure revealed one
side of SfiI tetramer with fully bound DNA, while the other
side had a partially bound DNA (Figure 1). The structure
of the higher resolution native complex was then solved
by molecular replacement, using an SfiI monomer from the
lower resolution Se–Met complex as search model in CNS
(Brunger et al, 1998). In this case, both DNA-binding sites on
the SfiI tetramer were found to be fully occupied. The overall
structure of the native complex is very similar to the lower
resolution Se–Met structure; the only significant change is
in one of the loops that undergoes a conformational change
upon ‘full’ DNA binding (Figure 1). Given the similarity
between the two structures, we describe below the structure
of the higher resolution native complex (and refer to the
Se–Met complex, as needed).

Overall arrangement
The SfiI tetramer has a box-like shape (60 Å# 80 Å# 100 Å),
wherein the four subunits (A, B, C, and D) are arranged into a
dimer of dimers with D2 symmetry (Figure 1). In the native
complex, two DNA molecules are bound to opposite sides
of the SfiI tetramer, in a back-to-back arrangement. Subunits
A and B comprising the A/B dimer bind one DNA molecule,
while subunits C and D comprising the C/D dimer bind
the second DNA molecule. The two DNAs are separated
by B68 Å, and their axes are tilted relative to each other
(by B601) because the two-fold axis relating the A/B dimer
to the C/D dimer is at an angle to the DNA axis. The local
two-fold axes of the A/B and C/D dimers are, however,
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Figure 1 Schematic representation of SfiI–DNA complexes. On the right is shown the native structure with SfiI tetramer bound to two DNA
molecules. Each subunit is color coded as follows: (A) magenta, (B) blue, (C) light gray, (D) (green); the DNA is shown in yellow. On the left is
shown the Se–Met structure, wherein the A/B dimer is bound to fully occupied DNA and the C/D dimer is bound to partially occupied DNA.
The nonspecific middle bases in the partially occupied DNA could not be built due to the lack of electron density. Note also that the loop
contacting the partially occupied DNA in the C/D dimer adopts a different conformation.
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coincident with the pseudo two-fold axes of the bound DNAs,
passing through the central base pairs (GGCCAAC
AAGGCC). This coincidence is from the minor groove side
as in the case of EcoRV (Winkler et al, 1993) and PvuII (Cheng
et al, 1994), but different from BamHI (Newman et al, 1995)
and EcoRI (Kim et al, 1990), which approach DNA from the
major groove side. Each SfiI subunit interacts primarily with a
DNA half-site, and there is no ‘crossover’ binding as in the
case of BamHI and EcoRI, which recognize short DNA
sequences. The cognate GGCC base pairs (GGCCAACAAGG
CC) are recognized primarily in the major groove via a
b-substructure that extends outward from the A/B and C/D
dimers (Figure 2). There are no direct contacts to the non-
cognate base pairs (GGCCAACAAGGCC). This DNA-binding
arrangement of SfiI dimers is reminiscent of prokaryotic
transcription factors, such as dimeric phage 434, and l repres-

sors that bind DNA operator sequences with ‘outer’ cognate
base pairs and ‘inner’ noncognate base pairs (Aggarwal et al,
1988; Jordan and Pabo, 1988).

The most striking resemblance is with the type IIP enzyme
BglI (Newman et al, 1998) (Figures 2 and 3). Interestingly, the
SfiI recognition sequence (GGCCNNNNkNGGCC) is a subset
of the recognition sequence of BglI (GCCNNNNkNGGC)
(Figures 3 and 4), and both enzymes cleave their target
DNAs to leave 3-base 30 overhangs. Thus, even though SfiI
is a tetramer and BglI is a dimer, and there is little sequence
similarity between the two enzymes, their modes of DNA
recognition are remarkably similar.

Other tetrameric type IIF enzymes such as NgoMIV
(Deibert et al, 2000), Cfr10I (Bozic et al, 1996), and Bse634I
(Grazulis et al, 2002) also display D2 symmetry. Of these,
only NgoMIV has been crystallized with DNA, and, like SfiI,
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the two DNA molecules are bound to opposite sides of the
NgoMIV tetramer and are tilted with respect to each other
to approximately the same degree as in SfiI (B601) (Deibert
et al, 2000). However, the two DNA molecules are much
closer (55 Å) than with SfiI (68 Å) even though the overall
size of the NgoMIV tetramer is roughly similar (60# 90#
95 Å). In the NgoMIV complex, the DNAs are cleaved and the
catalytic residues are abutted against the scissile phospho-
diesters. In contrast, in the SfiI complex, the DNA backbone
is B3 Å further away from the catalytic residues than in the
NgoMIV complex and the enzyme is unlikely to cleave the
DNA in this state. Thus, the structure of native SfiI/DNA
complex presented here appears to be an intermediate on the
path to concerted DNA cleavage.

The Se–Met complex offers a snapshot of an SfiI tetramer
with fully and partially bound DNAs. Thus, whereas the A/B
dimer binds DNA in much the same way as in the native
complex, the DNA-binding site of the C/D dimer is only
partially occupied. This is readily apparent from the lack of
interpretable electron density for the middle base pairs,
and the DNA base pairs that are seen have a higher average
B-factor (85.6 Å2) than the corresponding base pairs in the
A/B dimer (66.9 Å2). This suggests a highly mobile, partially
bound DNA to the C/D dimer. Accordingly, a key portion
of a loop (residues 211–219) in the b-substructure that
helps to hold the DNA in place in the A/B dimer (and the

native complex) is oriented away from the DNA on the C/D
dimer (Figure 5).

Protein conformation
The SfiI monomer has the familiar REase a/b core (Aggarwal,
1995) comprised of a central twisted b sheet (b1, b2, b3, b8,
b9, and b12) surrounded by a helices (a1, a2, a3, and a5)
(Figure 2). Typical of REases, the first three strands of this
central b-sheet are antiparallel and form a b meander that
carries the catalytic residues at one end. However, the
other end of the b-meander is atypically associated with the
SfiI tetramer interface. The a/b core is embellished by a b
substructure consisting of several small b strands (b4, b5, b6,
b10, and b11) and a long loop (loop E) that grazes the DNA
major groove in the native complex. The residues responsible
for specific recognition of the DNA are arranged on this b
substructure. The b substructure can be viewed as an ‘inser-
tion’ between strands b3–b7 and a4–a5 of the a/b core. In the
Se–Met complex, loop E in the A/B dimer is oriented in much
the same way as in the native complex, but in the C/D dimer
it has a different conformation, packed against strand b6 and
away from the DNA (Figure 5).

The a/b core is further embellished on the backside by a
b-hairpin (b13, b14) comprised of C-terminal residues. The
A/B (or C/D) dimer interface is formed primarily by strands
b1 and b2 and the connecting loop B from one subunit
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Figure 3 (A) Comparison between SfiI and BglI dimers. SfiI (left) and BglI (right) dimers bound to DNA. The monomers are colored magenta
(A) and blue (B), and the DNA is shown in yellow. Both enzymes bind DNA in a similar fashion, with each monomer contacting one half site.
(B) The structure of the DNA in SfiI (left) and BglI (right). The DNA molecules are represented in ‘stick’ (SfiI in blue and BglI in magenta). The
DNA sequences are listed on top, with the recognition sequences highlighted with a box around the base pairs. The cognate base-pairs are
numbered from inside out. The SfiI and BglI DNAs are bent 251 and 201, respectively, as calculated by CURVES (Lavery and Sklenar, 1988), and
highlighted by the lines through the DNAs. In SfiI, electron density is seen for only 15 out of the 21 nucleotide residues.
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interacting with helices a2 and a3 from the other subunit,
and vice versa. The interactions are mostly polar, and
the dimer interface is stabilized by several hydrogen
bonds (Asp56 OD2–Gly76 N and Tyr60 OH–Phe74 O, e.g.), as
well as three salt bridges (Glu34 OE1–Arg73 NH1, Glu63
OE1–Arg82 NH2, and Lys81 NZ–Asp56 OD2). The amount
of solvent-accessible area buried at the dimer interface
(1650 Å2) is substantially smaller than that observed
for dimeric REases such as BamHI (2300 Å2) and EcoRI
(2350 Å2), or even tetrameric NgoMIV (2000 Å2). Interes-
tingly, the dimer interface is much less than that observed
in BglI (3500 Å2), which contains almost 40 hydrogen bonds
as compared to the handful seen in SfiI. The paucity of
dimer interactions in SfiI is made up by tetrameric inter-
action between the A/B and C/D dimers (Figure 1). In
addition to the backside of the b-meander, helix a1 and
several C-terminal residues are also intimately associated with
the tetramer interface. These interactions are mainly nonpolar,
in contrast to the predominant polar interaction at the dimer
interface, allowing perhaps more ‘freedom’ for movement
at the tetramer interface. A total of 6900 Å2 of solvent
accessible area is buried at the tetramer interface between
the two primary A/B and C/D dimers, which is substantially

larger than that observed for NgoMIV (5900 Å2). On the other
hand,‘cross’ contacts between the A/C and B/D dimers in the
NgoMIV complex are not seen in the SfiI complex, possibly
due to an B15 Å cavity in the middle of the SfiI tetramer
(Figure 1).

Over 80% of the SfiI residues can be structurally over-
lapped with those in BglI (r.m.s.d. of B2.4 Å), even though
the sequence identity between the two enzymes is very
low (o15%), as determined by distance matrix alignment
using the DALI software (Holm and Sander, 1993). The way
in which the BglI dimer binds DNA is very similar to the
mode in which the SfiI A/B and C/D dimers dock with DNA
(Figure 3). A set of analogous loops (loops A, B, C, and E)
participates in DNA interactions in both enzymes. The major
difference between the two enzymes is that dimeric interface
in SfiI is much smaller. In BglI, a long N-terminal helix (a1)
from one subunit wraps around the other subunit, providing
additional surface contacts to stabilize the dimer. There is no
equivalent of this helix in SfiI, resulting in far fewer dimer
contacts (Figure 3). On the other hand, the C-terminal
b-hairpin involved in tetramerization in SfiI is missing in
BglI. Chmiel et al (2005) have used a threading approach
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Figure 4 Comparison of base-specific DNA interactions in SfiI and
BglI. The proteins are shown in ribbon representation (SfiI in blue
and BglI in magenta). The nucleotides (SfiI DNA in orange and BglI
DNA in yellow) and the base-specific residues are shown in ‘stick’
representation. In each picture, only the base pairs in question are
shown; other nucleotides are omitted for clarity.
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Figure 5 Change in loop E conformation. (A) Loop E enters the
DNA major groove in the native complex (blue), but in the C/D
dimer of the Se–Met complex (red) it packs away from the DNA.
Black spheres mark the position of Arg 213. (B) View of C/D dimer
looking down the DNA axis. In the native complex (blue), loop E’s
bracket the DNA and help to hold it in place, while in the Se–Met
complex (red) the loops are positioned away from the DNA.
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to arrive at a homology model of SfiI in complex with DNA.
The model anticipates the SfiI subunit structure quite well,
with much of the error in the prediction of the tetramer
interface.

DNA conformation
The DNA curves away from the SfiI a/b core in a relatively
smooth fashion, with a total bend of B251 (Figure 3b).
Overall, the DNA has a B-form conformation with average
helical twist and rise of 34.351 and 3.35 Å, respectively. The
BglI DNA is also B-form and curves away from the a/b core,
though to a lesser extent (201) (Figure 4a). There are no kinks
in the SfiI and BglI DNA axes of the type seen in EcoRV and
EcoRI DNAs, or any major unwinding at the central base-pair
step as seen in EcoRV (Winkler et al, 1993), EcoRI (Kim et al,
1990), and BglII (Lukacs et al, 2000) DNAs. The direction
of curvature is the same as in most restriction enzyme
complexes, namely away from the a/b core. In contrast,
dimeric transcription factors such as phage 434 repressor
(Aggarwal et al, 1988) or Escherichia coli Trp repressor
(Otwinowski et al, 1988) bend DNA towards the body of
the protein. As a consequence, the minor groove at the center
of the DNA is significantly narrower (B3 Å) in the phage 434
DNA complex than in the SfiI complexes (B6 Å).

DNA recognition
DNA recognition occurs in the major groove via residues
located primarily on strands b4, b10, and b11 of the b
substructure. Strands b10 and b11 track the major groove
surface, with the loop between them (loop E) partially enter-
ing the groove. Three of the four G $C base pairs in the SfiI
recognition half-site (G4G3C2C1) are in common with the BglI
half-site, and the recognition of these is remarkably similar
between the two enzymes (Newman et al, 1998) (Figure 4).
Specifically, Arg218 and Arg220 in SfiI and Arg277 and
Arg279 in BglI donate bidentate hydrogen bonds to the first
and third guanines (GCC), respectively, while Lys208 in SfiI
and Lys266 in BglI donate a single hydrogen bond to O6 of the
second guanine (GCC). Moreover, the main-chain carbonyl of
this same lysine accepts a hydrogen bond from the N4 of the
second cytosine (GCC). In both enzymes, these arginines and
lysines are located on strands b11 and b10 that bind tangen-
tially to the major groove. There is, however, a difference in
the recognition of the cytosines at the first and third positions
(GCC), where SfiI utilizes a water molecule (mediated by
Ser210) and a glutamate (Glu106), respectively, and BglI uses
a water molecule (mediated via Asp268) and an aspartate
(Asp150). A more striking difference between the enzymes is
that whereas SfiI does not partake in any minor groove
contacts in the recognition of its sequence, BglI makes
a series of direct and water-mediated hydrogen bonds
via Lys73 located on loop A between helices a3 and a4.
Interestingly, the equivalent loop in SfiI is much shorter
and it does not enter the minor groove or carry the equivalent
of Lys73.

Altogether, the commonalities in DNA recognition between
SfiI and BglI are more extensive than observed for other
restriction enzymes pairs that recognize the same subset of
base pairs, with the exception of MunI (Deibert et al, 1999)
and EcoRI (Kim et al, 1990) that recognize their common
inner and middle base pairs (NAATTN) in a nearly identical
manner. This is due to the presence of a GNAXER sequence in

MunI and EcoRI that lies along the major groove and is
responsible for all of the direct contacts to the inner and
middle base pairs. In contrast, BamHI and BglII, which also
recognize identical inner and middle base pairs within their
recognition sites (NGATCN), interact differently with these
base pairs due in part to differences in DNA conformation
(Lukacs et al, 2000). BstYI (Townson, 2005) also recognizes
the same inner and middle base pairs as BamHI and BglII,
but the amino acids that interact with these common
base pairs are different as, for example, a lysine in place
of an asparagine in BamHI (Newman et al, 1995) and BglII
(Lukacs et al, 2000).

SfiI is unique in recognizing a fourth G:C base-pair
(GGCC), making it one of the few restriction enzymes with
an 8-bp recognition sequence (Bilcock et al, 1999). This outer
G:C base pair is recognized by Arg109 that is located at the
tip of strand b4. Arg109 makes bidentate hydrogen bonds
with the outer guanine, its extended configuration buttressed
by an intricate network of hydrogen bonds with Tyr222
and Asp106. Intriguingly, the structurally equivalent residue
to Arg109 in BglI is Asp154, which not only lacks the
functional groups to recognize a guanine in the major groove
but also is far too short to reach the outer base. Thus, all
four guanines in the SfiI recognition sequence are recognized
in one to one correspondence with a basic residue, located
on b-strands and connecting loops tangential to the major
groove. Three of the basic residues are arginines (Arg109,
Arg218, and Arg220), while the fourth is a lysine (Lys208);
however, all four are in an extended conformation that allows
them to reach the guanines. The guanidinium groups of the
arginines lie in the planes of the respective guanine bases,
allowing for ‘classical’ bidentate hydrogen bonds with the
O6 and N7 atoms. Arg109 is ordered in monomers A and C,
but is disordered in monomers B and D. The A/B and C/D
primary dimers are thus slightly asymmetric, with only one
monomer in each dimer making all the base-specific hydro-
gen bonds with the DNA. (Conversely, residues 169–172 of
loop D are disordered in monomers A and C, but are ordered
in monomers B and D.) Although there is no hydrogen
bonding interaction to the outer cytosine (GGCC), a lysine
residue (Lys107) nearby could, through a slight reorganiza-
tion of loop C, be reoriented to interact with the cytosine (as
predicted by the SfiI homology model (Chmiel et al, 2005)).

SfiI makes no direct hydrogen bonds to the inner, variable
base pairs (GGCCAACAAGGCC). SfiI approaches these base
pairs from the minor-groove side, whereby loop A from
subunit A and its counterpart from subunit B straddle the
minor groove at the center of the DNA. Residue Ser46 from
loop A makes a direct hydrogen bond with the sugar-phos-
phate backbone. Although these inner base pairs have
been designated noncognate, they do influence the activity of
SfiI. For example, a change in this sequence from AACAA to
AAACA causes an B70-fold increase in the reaction rate,
while the sequence ATATA has a similar rate (Williams
and Halford, 2001). In addition, the sequences AAAAA and
AAAAC show an B10-fold increase in reaction rate over
the AACAA sequence. A-tracks in DNA are known for their
rigidity and they tend to become more flexible with the
insertion of the T and C bases (Travers, 1991). The AACAA
and ATATA sequences are expected to be flexible, while the
AAACA, AAAAC, and AAAAA sequences may be increasingly
more rigid. It would seem that SfiI prefers the AAACA

The structure of SfiI/DNA complexes
ÉS Vanamee et al

&2005 European Molecular Biology Organization The EMBO Journal VOL 24 | NO 23 | 2005 4203



sequence, where flexibility is added at the site of cleavage
over the more flexible AACAA and ATATA sequences or
the more rigid AAAAA and AAAAC sequences. This ‘indirect’
readout is again reminiscent of phage 434 repressor,
where the sequence of the inner base pairs plays a key role
in distinguishing one operator site from another (Aggarwal
et al, 1988).

In the Se–Met complex, the A/B dimer interacts with fully
occupied DNA in much the same way as described above for
the native complex. In the C/D dimer, loop E is positioned
away from DNA, and consequently Ser210 is unable to make
a water-mediated contact to the first cytosine (GGCC) and Arg
213 is unable to stabilize the phosphate backbone around the
nonspecific middle base pairs. Interestingly, many of the
direct base-specific interactions are maintained because
Lys208, Arg218, and Arg220, for example, adopt the same
configuration as in the A/B dimer. The retention of these
base-specific interactions may explain why on the C/D
dimer the outer cognate base pairs are more ordered than
the inner nonspecific base pairs (not visible in the electron
density map). An interesting question is whether replacement
of methionines with selenomethionines in the Se–Met
complex contributes to the observed structural differences
with the native complex. The N-terminal methionine from
each subunit points toward the tetramer interface and it is
conceivable that they impart a subtle change in the commu-
nication between the dimers to yield an SfiI variant with fully
and partially bound DNAs. However, any such change must
be highly subtle, as the tetramer interface in the Se–Met
and native structures is very similar, superimposing with a
low r.m.s.d., of 0.48 Å. We have also obtained crystals of the
Se–Met complex with the same space group and cell para-
meters as the native complex (though at a lower resolution of
2.9 versus 2.4 Å), and a partially refined model of this
complex is virtually identical to the native structure with
two fully bound DNAs (data not shown). Taken together, it
does not seem that the replacement of methionines with

selenomethionines is the reason for the capture of SfiI with
fully and partially bound DNAs.

Active site and cleavage mechanism
The active sites of type II restriction enzymes are similar,
containing at least three overlapping residues that occur at
one end of the b-meander. Most of the type II enzymes with
known structures are classified as belonging to the PD-DXK
superfamily of nucleases with the active site consensus of
(P)D–Xn–(D/E)–X–K. However, with each new structure the
consensus has weakened, such that the only strict coinci-
dence is that the first catalytic residue that coordinates
a catalytically important metal is an aspartate. The second
catalytic residue is usually acidic, with the exception of the
newly discovered REases MspI (Xu et al, 2004) and HinP1I
(Yang et al, 2005), which have an asparagine (Asn 117)
and glutamine (Glu 81), respectively, in the second position.
Although the third catalytic residue is usually a lysine, it can
also be replaced by a glutamate in BamHI (Newman et al,
1994, 1995) or a glutamine in BglII (Lukacs et al, 2000)
and BstYI (Townson et al, 2004). Also, typical of almost all
restriction enzymes, the second and third catalytic residues
are separated by a single hydrophobic residue. The SfiI
catalytic residues, Asp 79, Asp 100, and Lys 102, follow the
general consensus and overlap with the catalytic residues
in BglI, namely Asp 116, Asp 142, and Lys 144 (Figure 6).
Intriguingly, in contrast to SfiI, in other type IIF restriction
enzymes with known structures (NgoMIV, Cfr10I, and
Bse634I) the second catalytic residue comes from a distant
helix and not the b-meander (Bozic et al, 1996; Deibert et al,
2000; Grazulis et al, 2002). Thus, even though SfiI is tetra-
meric and belongs to the type IIF family of restriction
enzymes, its subunit structure and DNA-binding arrangement
is much more akin to the dimeric type IIP enzyme BglI.

The BglI structure reveals two bound metals in the active
site (Newman et al, 1998), matching the positions of metals
in BamHI (Viadiu and Aggarwal, 1998) and NgoMIV (Deibert

Thy
Thy

Ca1
2+

Asp 79
Asp 100

Lys 102

Ca1
2+

Ca2
2+

Lys 144

Ade
Thy

Ade

Asp 116
Asp 142

Sfi I active site Bgl I active site

Figure 6 The active sites of SfiI (left) and BglI (right). The DNA and the active site residues of SfiI (Asp 79, Asp100, and Lys102) and BglI
(Asp116, Asp142, and Lys144) are shown in ‘stick’ representation. The scissile phosphodiester is indicated by arrows. The Ca2! ions are
shown as nonbonded spheres and colored aqua, water molecules are not shown. In SfiI, the second Ca2! is missing and the scissile
phosphodiester is B3 Å further away than in BglI, indicating that the enzyme is in an inactive state.
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et al, 2000) DNA complexes. A two-metal mechanism of DNA
cleavage has been suggested for these enzymes, which
remains to be fully verified in solution. In SfiI, we see density
for only a single metal, coordinated to Asp 79 and Asp 100,
and corresponding to metal 1 in BglI. Identical results were
obtained when SfiI was cocrystallized with MgCl2 (data not
shown). Given the structural similarities between SfiI and
BglI, it is likely that the two enzymes cleave DNA by a similar
mechanism. The difference in the number of metals observed
between SfiI and BglI active sites likely reflects the capture
of SfiI in an inactive, intermediate state, wherein the scissile
phosphodiester bond is displaced B3 Å further away from
the active site residues. In BglI, metal 2 is coordinated by
Thy1 (O30), Ade2 (O2P), Asp116 (OD1), and four water
molecules (Newman et al, 1998). Given the greater distance
between the DNA and the active site residues in SfiI, it is not
surprising that a second metal cannot be seen in the SfiI
complex (Figure 6). The lack of a second metal could be the
result of the lower pH of the SfiI/DNA crystals (pH: 4.6–5.0)
compared to that used for the BglI/DNA complex, where
metals were soaked in at pH 6.5. The binding of a second
metal likely marks the activation of SfiI to bring the scissile
phosphodiester and the active site residues closer to each
other for catalysis.

Discussion

SfiI, like other members of the type IIF family, becomes
activated for cleavage after binding two copies of its recogni-
tion sequence, leading to the concerted cleavage of all four
DNA strands. The binding of noncognate DNA to SfiI results
in an inactive complex that cannot bind to another DNA site
(Williams and Halford, 2001). We report here structures
of SfiI in two different binding states one with both
DNA-binding sites occupied (native complex) and the other
with fully and partially bound DNAs (Se–Met complex).
Surprisingly, SfiI is in a catalytically incompetent state even
when bound to two cognate DNAs as in the native complex.
Together, these structures paint a more complex picture
of concerted cleavage with structural intermediates that
precede catalysis.

Compared to the BglI dimer, SfiI monomers in the A/B
and C/D primary dimers are rotated ‘outward’ by B101 with
respect to each other along an axis perpendicular to the
DNA axis. This results in a somewhat larger DNA-binding
cleft, with the DNA less enveloped than in BglI. The binding
of a second metal ion (as in the active site of BglI) may trigger
a change in dimer configuration that leads to a tighter grip on
the DNA, bringing the catalytic residues in closer proximity
to the scissile phosphodiester. This change in dimer config-
uration may in turn nucleate other quaternary changes that
activate all four SfiI subunits, with the tetramer interface as
the conduit for this concerted change. Compared to BglI, SfiI
has a minimal dimer interface, but a rather extensive tetramer
interface. The tetramer interface is mediated by the b-mean-
der that carries the catalytic residues at one end, as well
as by protein–protein interactions between helix a1 at the
N-terminus of one SfiI monomer and the C-terminus of
another. Any tightening of the DNA binding and/or the active
site cleft in the A/B dimer, for example, can be transmitted
to the C/D dimer via these elements at the tetramer interface.

SfiI prefers to interact with two cognate DNA sites when
they are on the same DNA molecule (in cis) with the
intervening DNA looped out, rather than on different DNA
molecules (in trans). Intriguingly, when SfiI binds to a
DNA molecule with three recognition sites, all three sites
are cleaved before the enzyme dissociates (Embleton et al,
2004). This is contrary to the initial expectation that two of
the sites would be cleaved in concert, while the third site
remains uncleaved. One suggested mechanism for this clea-
vage of all three sites is that, following the concerted cleavage
of two of the sites, SfiI remains bound to one of the sites,
allowing the third site to then fill the empty DNA-binding cleft
(Embleton et al, 2004). The Se–Met structure concurs with
this model, revealing one side of SfiI fully engaged with DNA
(A/B dimer) and the other side with partially bound DNA (C/
D dimer). Interestingly, A/B and C/D dimers have similar
structures, with the exception of loop E in the C/D dimer that
packs away from DNA. The correct positioning of this loop
appears to be critical in modulating DNA binding in SfiI.

The tetrameric arrangement of SfiI is similar to that of
NgoMIV (Deibert et al, 2000), including the angle between
the axes of the two bound DNAs. However, in the SfiI native
complex, the two DNA molecules are 13–15 Å further
apart than in the NgoMIV complex. Interestingly, SfiI prefers
to cleave two cognate sites in cis when the intervening loop is
short (B400 bp) rather than long (42000 bp), particularly in
supercoiled DNA (Embleton et al, 2004). It will be interesting
to know whether NgoMIValso prefers shorter loops as well as
supercoiled DNA. Intriguingly, Monte-Carlo simulations have
shown that the probability of juxtaposing two sites in super-
coiled DNA is highest when the angle between the sites
is 1201 (or 601 depending on how the angle is defined)
(Vologodskii and Cozzarelli, 1996), the same as reported
here for SfiI, and earlier for NgoMIV (Deibert et al, 2000).
Thus, restriction enzymes that recognize and cleave two DNA
sites simultaneously appear to have evolved to take advan-
tage of this angular constraint of supercoiled DNA in forming
a synaptic complex.

Can SfiI be modified to recognize another DNA sequence?
There is substantial interest in modulating the specificities
of restriction enzymes to cleave alternative DNA sites.
Consequently, there has been a large effort to modify the
specificities of restriction enzymes, particularly those with
known structures such as BamHI, EcoRI, PvuII, and EcoRV
(Alves et al, 1989; Heitman and Model, 1990; Osuna et al,
1991; Flores et al, 1995; Grabowski et al, 1995; Ivanenko et al,
1998; Dorner et al, 1999; Alves and Vennekohl, 2004). The
SfiI recognition half-site is marked by four guanines, which
are recognized in one-to-one correspondence with a basic
residue. These basic residues are in an extended conforma-
tion, and given the distance they traverse in the complex it
would be difficult to change the specificity of SfiI because
no other residue (other than an arginine or a lysine) would
be able to reach the bases. Altogether, SfiI appears exquisitely
tailored for the recognition of G.C base pairs and for the
concerted cleavage of two DNA sites.

Materials and methods

Crystallization
Production and purification of native SfiI was carried out as
described earlier (Wentzell et al, 1995). Recombinant Se–Met SfiI
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was prepared by inhibiting the methionine synthetic pathway and
expressing the protein in the presence of selenomethionine. The
purified native and Se–Met proteins were stored in 0.2M KCl,
10mM KPO4 (pH 7.3), 0.1mM EDTA, and 1mM dithiothreitol, and
were concentrated to a final concentration of 22mg/ml.

Single-stranded oligonucleotides were synthesized for HPLC
purification by leaving the trityl group attached to the 30 end. The
trityl group was then removed directly on the HPLC column. After
purification, the oligonucleotides were desalted prior to annealing.
Equimolar amounts of complementary oligonucleotides were mixed
and annealed at room temperature overnight. The final concentra-
tion of the double-stranded oligonucleotides was B10mg/ml.

Cocrystallization was achieved by the hanging-drop vapor-
diffusion method at 201C. Crystals of the SfiI/DNA complex
were obtained with a 21-mer oligonucleotide containing the
sequence 50-ATGT*GGCCAACAAGGCCT*ATT-30 (top strand) and
50-AAT*AGGCCTT*GTT*GGCCACAT-30 (bottom strand). Initially,
small crystals grew from several Hampton screen conditions that
contained MPD and diffracted to 3.0 Å on the home X-ray source.
Interestingly, the replacement of several thymines with iodo-uracils
(indicated by stars in the sequence) lead to an increase in resolution
from 3.0 to 2.6 Å at home, and these crystals are referred hereafter
as ‘native’. These native cocrystals belong to space group P3221
with cell dimensions of a" b" 85.7 Å and c" 202.6 Å, and with two
SfiI monomers (subunits A and B) and one DNA molecule per
asymmetric unit. The best diffracting crystals grow from solutions
containing 0.1M sodium acetate (pH 4.6–5.0), 30–32.5% MPD,
and 5–20mM CaCl2. The crystals grow overnight and reach their
maximum size within 2–3 days. Crystals of the Se–Met derivative
SfiI/DNA complex grow under identical conditions. The largest
native crystals are 0.8# 0.2#0.2mm; the Se–Met derivative
crystals are somewhat smaller, reaching a maximum size of
0.5# 0.2#0.1mm.

X-ray data collection and structure determination
All X-ray data were measured at cryogenic temperatures. The native
data (extending to 2.4 Å resolution) were measured at the Cornell
High Energy Synchrotron Source (CHESS). The Se–Met data were

measured at the Advanced Photon Source (beamline 19-ID) at two
wavelengths, corresponding to the edge and peak of the Se
absorption profile. The Se–Met crystals diffracted to medium
3.05 Å resolution, and, most surprisingly, the space group changed
to P6122 with cell dimensions of a" b" 85.5 Å and c" 419.6 Å,
and with two SfiI monomers (subunits A and C) and two halves
of a DNA molecule in the asymmetric unit. The positions of all eight
selenium sites (four per monomer) were located and subsequently
refined using CNS (Brunger et al, 1998). The initial phases were
improved by density modification, yielding an electron density map
of good quality, which was used to build the initial model with
program O (Jones et al, 1991). Only monomers A and C were
built in O, while B and D were generated using crystallographic
symmetry operators. Since the DNA used for cocrystallization is
nonpalindromic outside of the recognition sequence, it could
potentially bind as a mixture of two orientations. We looked
for iodine sites in an anomalous difference Fourier map, but
the anomalous signal was too weak to define the orientation.
The DNA pieces were built and refined in two orientations with 0.5
occupancy, consistent with the symmetry of the space group.
Several cycles of simulated annealing, positional and B-factor
refinement, led to an Se–Met structure that showed the A/B dimer
with fully bound DNA and the C/D dimer with partially bound
DNA (Figure 1). The final Se–Met structure contains residues 1–269
for monomers A and C, eight and seven nucleotides in the two
DNA chains bound to monomer A, five–five nucleotides in the two
chains that are bound to monomer C, two Ca2! ions, 111 water
molecules, and is refined to a crystallographic R-factor of 24% and
Rfree of 29%. The model has an excellent stereochemistry, with over
86% of the residues in the most favored regions of the
Ramachandran plot. The structure of the higher resolution native
complex was then solved by molecular replacement, using an SfiI
monomer from the lower resolution Se–Met complex as a search
model in CNS. In this case, both DNA-binding sites on the SfiI
tetramer were found to be fully occupied. Monomers A and B were
built, while monomers C and D were generated using the crystal-
lographic symmetry operators. The DNA orientation could be
determined unambiguously in the native structure because the

Table I Crystallographic data collection, phasing and refinement

Se–Met derivative

‘Native’ Peak Edge

A. Data collection and phasing statistics
Wavelength (Å) 0.928 0.97931 0.97941
Total no. of reflections 807 714 709 329 719 313
Resolution range (Å) 50–2.4 50–3.05
No. of unique reflections 34 814 (3445) 18 452 (1714) 17 729 (1653)
Rsym (last shell) 0.087 (0.33) 0.112 (0.455) 0.11 (0.446)
Completeness (%) (last shell) 98.7 (99.9) 99.7 (97.7) 99.6 (98.0)
I/s(I) 34.0 (7.8) 18.0 (3.5) 19.9 (3.8)
No. of Se sites N/A 8 8
Phasing power (anomalous acentrics) N/A 1.567 —

Mean overall figure of merit
Centric N/A 0.7562
Acentric N/A 0.6127 —

B. Refinement statistics
Resolution range (Å) 50–2.4 50–3.05
No. of reflections used in refinement 33 075 31 321
Rcryst/Rfree 0.22/0.27 0.24/0.29

No. of atoms
Protein 4235 4297
DNA 608 673
Water 186 113
Average B factors (Å2) 28.3 37.6

R.m.s.d.
Bonds (Å) 0.0065 0.0071
Angles (deg) 1.37 1.33

aRsym"
P

|In%/InS/
P

In over all h, where In is the intensity of the reflection h.
bRcryst/Rfree"

P
||Fo|%|Fc||/

P
|Fo|. Rfree was calculated with 5% of data excluded from refinement.
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iodine positions were clearly visible in the anomalous Fourier map.
Several cycles of simulated annealing, positional and B-factor
refinement led to a structure (R-factor of 22% and Rfree of 27%)
containing residues 1–169 and 172–269 in monomer A, residues 1–
269 in monomer B, 15 of the 21 nucleotide residues in each DNA
chain, two Ca2! ions, and 184 water molecules. This model has
an excellent stereochemistry, with 90% of the residues in the
most favored regions of the Ramachandran plot. Data collection,
phasing, and refinement statistics for the native and Se–Met data
are summarized in Table I.

Structural analysis
Analysis of the stereochemical quality of the protein model and
assignment of secondary structure were conducted with PROCHECK
(Laskowski et al, 1993). DNA analysis was performed with 3DNA
(Lu and Olson, 2003) and CURVES (Lavery and Sklenar, 1988).

Solvent-accessible surface areas were calculated in CNS with the
algorithm of Lee and Richards (1971) employing a 1.4 Å probe.
Figures were prepared using PyMOL (DeLano, 2003).

Coordinates
Coordinates have been submitted to the RCSB Protein Data Bank
with accession codes #2EZV for the native SfiI tetramer, and #2F03
for the Se–Met SfiI complex.
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