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X-ray structure of T4 endonuclease VII: a DNA
junction resolvase with a novel fold and unusual
domain-swapped dimer architecture
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Phage T4 endonuclease VII (Endo VII), the first enzyme
shown to resolve Holliday junctions, recognizes a broad
spectrum of DNA substrates ranging from branched
DNAs to single base mismatches. We have determined
the crystal structures of the C&*-bound wild-type and
the inactive N62D mutant enzymes at 2.4 and 2.1 A,
respectively. The Endo VIl monomers form an elong-
ated, highly intertwined molecular dimer exhibiting
extreme domain swapping. The major dimerization
elements are two pairs of antiparallel helices forming
a novel ‘four-helix cross’ motif. The unigue monomer
fold, almost completely lacking B-sheet structure and
containing a zinc ion tetrahedrally coordinated to four
cysteines, does not resemble any of the known junction-
resolving enzymes, including théescherichia coliRuvC
and A integrase-type recombinases. The S-shaped
dimer has two ‘binding bays’ separated by ~25 A
which are lined by positively charged residues and
contain near their base residues known to be essential
for activity. These include Asp40 and Asn62, which
function as ligands for the bound calcium ions. A
pronounced bipolar charge distribution suggests that
branched DNA substrates bind to the positively
charged face with the scissile phosphates located near
the divalent cations. A model for the complex with a
four-way DNA junction is presented.
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Introduction

The recognition and resolution of DNA junctions is an
essential step in DNA recombination and repair, and
proteins binding to and resolving these junctions have
been found in all kingdoms of life (West, 1993; Kemper,
1997; Whiteet al., 1997). Endonuclease VIl (Endo VII),

shown to be involved in mismatch repair; however, its
major functionin vivo, at least in the late stages of phage
infection, appears to be the resolution of branchpoints
prior to packaging of the DNA into the phage head
(Kemper and Brown, 1976; Solaret al, 1993;
Grebenshchikovat al, 1994). Phages mutated in gene
49 are defective in packaging their newly synthesized
DNA and accumulate highly branched DNA molecules.

In contrast to other resolvases, such as, for example,
yeast CCE1 oiEscherichia coliRuvC, Endo VII has a
broad substrate specificity and recognizes a variety of
branched DNA structures and/or structural perturbations
in DNA. Besides Holliday junctions and cruciform DNA,
Endo VII will not only cleave Y-junctions, heteroduplex
loops, single-stranded overhangs and curved DNA, but
also abasic sites and single base mismatches (Kemper
et al, 1990; Kemper, 1997; Greger and Kemper, 1998).
Mismatch cleavage by Endo VII has been exploited
successfully for screening for mutations (Yout al.,
1995).

It has been suggested that the inclination of the DNA
helix segments on either side of the branchpoint is import-
ant for recognition by Endo VII; however, the fact that
single base mismatches and abasic sites are cleaved
efficiently puts a question mark over this hypothesis
(Bhattacharyyat al., 1991). Furthermore, comparative gel
mobility experiments indicate a global structural change of
four-way junctions on binding to Endo VII (iter et al.,
1996). Therefore, structural studies are required to under-
stand the mechanism underlying the structural selectivity
of Endo VII.

Endo VIl is active as a dimer and nicks both strands
in a divalent cation-catalyzed reaction 2-6 bp &
the branchpoint in independent, but temporally closely
correlated reactions (Pottmeyer and Kemper, 1992). For
a supercoil-stabilized cruciform substrate, it was shown
that the two strands of the junction are cleaved within the
lifetime of the enzyme—junction complex (Giraud-Panis
and Lilley, 1997). On the other hand, the time delay
between nick and counternick of mismatches is such that
it allows for the repair by DNA polymerase and ligase
in vitro (Solaroet al., 1993). This has led to the conjecture
that Endo VIl primarily acts as a repair enzyme and
represents a member of an ancient class of broad specificity
repair enzymes (Kemper, 1997).

While Endo VII, like other resolvases, is active as
a dimer, higher order complexes with cruciform DNA
containing two or even three protein dimers per junction
have been observed in band shift assays, electron micro-

a 157 amino acid product of gene 49 of bacteriophage graphs and gel chromatography experiments (@&olal.,
T4, expressed at early and late stages of infection from 1997; Kupferet al., 1998; 1.Tad and D.Suck, unpublished

different promoters, is the prototypic junction-resolving

observations). At present, it is not known whether these

enzyme, since it was the first enzyme shown to resolve complexes arén vitro artefacts or whether they have any

Holliday junctions (Mizuuchi, 1982). Endo VII has been
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biological meaning.
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The cleavage pattern and the relative cleavage
efficiencies of Endo VIl are influenced by the local base Table I. Refinement statistics of the final model
sequence (Pottmeyer and Kemper, 1992); however, other
resolvases display a more pronounced sequence specificity.

Wild-type N62D

For example, the_yeast CCE1 prote_in shows a strong resolution range (A) 1824  27-21
preference for cutting'3to a CT (Schofielcet al., 1998). No. of reflections used in refinement 16359 24 998
Endo VII shows little sequence homology to other Reflections used iRyee calculations (%) 5 5
resolvases and, as a unique feature, contains one zinc ior\0- of protein atoms 21272 21272
dinated to four cysteines, which is yo of zinc atoms 2 2
per mqnomer, CO(?_r -|na _y ' No. of water molecules 63 262
essential for stabilizing the fold (Giraud-Panit al, No. of sulfate molecules - 12
1995). The relevance of significant sequence homology No. of calcium atoms 3 -
of the N-terminal 62 residues (containing the cysteines) R'faCtof/” (%) 3205-93 226123
with gp59 from mycobacteriophage L5 and of a 30 amino Riree (%0) : : : '
. . - R.m.s.d. from ideal stereochemistry
acid stretch near the C-terminus with endonuclease V  Bgond lengths (A) 0.028 0.019
from phage T4 is not clear. Bond angles (°) 3.20 2.13
We present here the high resolution crystal structures MeanB-factor (&) 48.9 29.3
of C&*-bound wild-type and the inactive N62D mutant ~ Main chain (%) 48.3 25.8
of phage T4 Endo VII. The implications of its unique fold Side chain, (R) 498 301
phag - 1N€é1mp , qu Solvent (&) 42.1 39.6
and highly unusual domain-swapped dimer architecture Ramachandran plot
for the catalytic mechanism and the interaction with  Residues in most favored regions (%) 93.6 95.7
branched DNA are discussed, and a model of a complex Res'gues in add'“f’“all'y alllloweg regions ((%)) 6.4 4.3
. i : . - Residues in generously allowed regions (%) 0.0 0.0
with a four-way DNA junction is presented. Rm.sd. NCS-related aoms
Cq trace (A) 0.476 0.503
All (A) 1.15 0.976

Results and discussion

d Side chains belonging to wild-type chain A: E123, L129, E137, K150;

The crystal structure of the N62D mutant was determine and wild-type chain B: K6, E122, K150, K157 are invisible atd.8

first by MIRAS techniques using a seleno-methionine-
labeled protein as the major source for phase determination
at high resolution. The mercury and gold derivatives were 10, 20, 30, 40
used to locate nine out of 10 selenium atoms in an MLLTGKLYREEKQKFYDAQNGKCLICQRELNPDVQANHLD
anomalous difference Fourier. The resulting electron den-
sity map was of excellent qu_all'ty (see Figure 5), allowing mmrmmcmcm\mcmm&msemcq
chain tracing and model building of the complete Endo —

VII dimer present in the asymmetric unit. Hindering the 90, 100, 110, 120
X-ray analysis of the wild-type protein was severe non- GVDYLEWLENLLTYLKSDYTQNNIHPNFVGDKSKEFSRLG

isomorphism for many of the derivatives obtained by 2% = By v
soaking, which often also led to a change in space group. geEMMAEMLORGFEYNESDTKTQLIASFRRKQLRKSLK
In contrast to the catalytically inactive N62D mutant, the
expression of the seleno-methionine-labeled wild-type
Endo VII proved to be very difficult. Significant conforma-
tional changes in the mutant compared with the wild-type H3

protein precluded the determination of the wild-type

structure by simple molecular replacement and, therefore,

SIRAS phasing based on a mercury derivative had to be H2

applied. The wild-type and mutant Endo VIl structures H4| |H6
were refined toR-factors of 25.3 and 21.3% at 2.4 and

2.1 A, respectively. Refinement statistics of the final

models are summarized in Table I. H1

50, 60 70 80

H5

Em.m VIl architecture: a domain-swapped dimer Fig. 1. Top, amino acid sequence and secondary structure assignment
built from unstable monomers L. of Endo VI]. Bottom, topology diagram of the dimer. The helices are
The fold of Endo VII revealed by our X-ray analysis is  numbered H1-H6, the hairpin structure containing the two short
novel and shows several unusual features not resemblingp-strands is referred to ag-finger’ in the text.

any of the known structures of junction-resolving enzymes.

The structure of the individual 157 amino acid Endo VII

monomer does not represent a stable fold, as it exposesddomain comprising helices 4, 5 and 6 is a compact entity,
many hydrophobic residues in its central region and while the N-terminal domain composed of helix 1, a loop
contains two completely separated, flexibly linked region and a-finger’ displays a less compact structure
domains. They consist of a 60 residue N-terminal domain whose integrity critically depends on the presence of a
and a 50 residue C-terminal domain, which are separatedzinc ion. The B-finger’ formed by residues 38-56 is a
by ~50 A and are connected by a central helix-loop—helix hairpin structure containing a four residue stretch of
motif (residues 60-96) and an extended chain segmentantiparallel -sheet, the only3-sheet structure found in
(residues 97-106) (Figures 1 and 2). The C-terminal Endo VII. The zinc ion is tetrahedrally coordinated to
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four cysteines located at the N-terminus of helix 2 (C58
and C61) and within the loop region (C23 and C26),
which is thereby firmly tethered to the rest of the molecule
(Figure 2). In keeping with the critical structural role of
the zinc ions, cysteine mutants interfering with zinc
binding were found to be inactive (Giraud-Pamis al.,
1995).

Two extensively intertwined Endo VIl monomers related
by a non-crystallographic 2-fold axis form an elongated
dimer of approximate dimensions 9885x 25 A (Figure 2).
Within the dimer, the C-terminal domain of one monomer
interacts with the N-terminal domain of the other monomer,

X-ray structure of T4 endonuclease VII

the presence of 20 mM Mg ions (see Materials and
methods), while suitable crystals of the wild-type protein
were obtained at pH 8.2 in the presence of high concentra-
tions of C&* (200 mM). Both magnesium and calcium
ions catalyze the resolution activity of the enzyme
(S.Pottmeyer and B.Kemper, unpublished results); how-
ever, under the crystallization conditions used, no magnes-
ium ions were found to be bound at the active site of
the mutant. A comparison of the two structures reveals
significant conformational changes (Figure 3) explaining
the failure of attempts to solve the wild-type structure by
molecular replacement using the refined mutant coordin-

resulting in an extreme case of domain swapping. The ates. While the overall protein architecture is the same in
C-terminal domain of the ‘top’ molecule (shown in red both structures, there is a significant change in the orienta-
in Figure 2A) is located at the ‘bottom’ end of the dimer tion of the N- and C-terminal domains relative to the
and vice versa. N- and C-terminal domains mutually central dimerization domain. This leads to a widening of
stabilize each other and their orientation relative to the the binding clefts in the mutant and a concomitant increase
rest of the molecule. A lack of this interaction is presum- in the long dimension of the mutant dimer to ~100 A.
ably mainly responsible for the inactivity of N- and As can be seenin Figure 3B, it is possible to superimpose
C-terminal deletion mutants (Go& al., 1997; Birkenbihl fairly closely the upper, and also the lower halves of the
and Kemper, 1998a; see discussion below). Only minor dimers including the N-terminal domain of one subunit
deviations from the local 2-fold symmetry are observed, and the C-terminal domain from the other subunit, showing
and G positions of corresponding monomers can be that the relative disposition of these domains is essentially
superimposed with r.m.s.d. values of ~0.5 A. conserved in the wild-type and the mutant protein. The
When viewed along the molecular dyad, the EndoVIlI position and orientation of helix 2, however, differ, and a
dimer has an S-shaped stucture with two ‘bays’ separatedcloser inspection of the structures indicates that this helix
by ~25 A (the distance between the bound? Caons in is bent in wild-type Endo VII around position E65/G66
wild-type Endo VIl is 24 A; Figure 2A). These bays or towards thep-finger and shifted roughly half a helical
channels, which are lined by positively charged residues turn relative to its counterpart (Figure 3C). This narrows
on one face of the dimer, contain a number of residues the binding cleft compared with the N62D mutant and
shown to be essential for activity, including N62, D40, also affects the packing of the helices, however, without
H41 and E65 (Giraud-Panis and Lilley, 1996; Gelzal., disrupting the hydrophobic core of the dimerization inter-
1997; R.P.Birkenbihl, unpublished results) as well as the face. The C&" ion directly liganded to D40 and N62 in
bound calcium ions, clearly suggesting that they harbor wild-type Endo VII, which neutralizes the negative charges
the active sites (see discussion below). of the closely spaced carboxylate groups of D40 and E65,
In a view perpendicular to the molecular 2-fold axis, could be responsible for these structural changes. The
Endo VII appears as a very elongated, slightly curved structural rearrangement could also be due to the widely
object with a highly bipolar charge distribution different pH values of crystallization. The close approach
(Figure 2A). Predominantly positively charged residues of the D40 and E65 carboxylate groups (~3.0 A) in the
are exposed on the concave face of the dimer, in particularN62D mutant suggests that at least one of them is
on helices 2, 4 and 6. protonated (Figure 3D). This may also account for the
The major dimerization element of the Endo VII dimer fact that no magnesium ions are bound at this site in
is formed by the central part of the monomers comprising the mutant. Finally, we cannot entirely exclude that the
helices 2 and 3 and the 10 residue loop connecting them.different packing environments in the two crystal structures
The arrangement of these helices relative to the molecularare causing conformational changes in the protein.
2-fold axis gives rise to the formation of a ‘four-helix The structural changes observed in the mutant indicate
cross’ with two pairs of antiparallel helices crossing each a certain degree of conformational flexibility of the Endo
other at an angle of ~70-80° (Figure 2). This highly VII dimer which may be of importance for the interaction
unusual dimerization motif is reminiscent of the dimer with substrates. On the other hand, a comparison of the
interface in the recently determined structure oftacoli two structures suggests that the N- and C-terminal domains
RNA polymerasea subunit domain (Zhang and Darst, are fairly rigid entities with a fixed spatial relationship.
1998). Numerous, mostly hydrophobic residues interacting
with their symmetry-related counterparts form an extended Mutants affecting activity and the location of the
hydrophobic core stabilizing the dimer (Figure 2B). The active site
W87R mutant, which directly interferes with these inter- Extensive site-directed mutagenesis experiments have
helical contacts, has lost its ability to dimerize and, as a identified a number of residues affecting dimerization,
consequence, shows neither DNA-binding nor cleavage DNA binding or cleavage (for a review see Whieal.,
activity (Birkenbihl and Kemper, 1998b). 1997; B.Kemper, unpublished results). The effects of most
of the mutants can be rationalized in terms of the three-
Differences between the wild-type and N62D dimensional structures and, together with thé'Ghinding
mutant structures site found in the wild-type protein, allow the identification
The structure of Endo VII was solved originally using of the putative active site.
crystals of the N62D mutant grown at acidic pH (4.5) in Residues D40, H41, N62 and E65 located in the cleft
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X-ray structure of T4 endonuclease VII

between thg3-finger and helix 2 are essential for activity, Comparison with RuvC and other junction-
but not for DNA binding (Giraud-Panis and Lilley, 1996; resolving enzymes
Golz et al., 1997; R.P.Birkenbihl, unpublished results). It A number of junction-resolving enzymes from various
is therefore highly likely that the Ca ion directly organisms have been studied in detail by biochemical
coordinated to D40 and N62 and located close to E65 and various biophysical techniques (for reviews see, for
marks the position of the catalytic cation (Figure 2). A example, Kemper, 1997; Whit al., 1997), but structural
superposition of the putative active site regions in the data are available for only very few of these enzymes
wild-type and mutant proteins as shown in Figure 3D including theE.coli RuvC protein and som# integrase-
does not provide a straightforward explanation for the type recombinases which form and resolve a Holliday
inactivity of the N62D mutant, since no metal ion is bound junction intermediate during site-specific recombination
in the mutant structure and D40 and/or E65 appear to be (Ariyoshi et al, 1994; Guoet al,, 1997; Hickmaret al,
protonated. In principle, D62 could also function as a 1997; Kwonet al, 1997; Subramanyet al, 1997).
ligand for the catalytic cation; however, the charges inthe ~ There is rarely any sequence homology detectable
mutant. Another acidic residue, E86, located on the Pefore by Giraud-Panist al (1995), a database search
opposite face of the dimer and pointing into the solvent, r€veals significant homology only for the N-terminal
has been reported to be catalytically essentidlhi@o  Section (residues 1-62) containing the zinc-binding
et al, 1996). The reason for the apparent inactivity of an CYStéines with some proteins including gp59 from myco-
E86A mutant is not obvious from the three-dimensional Pacteriophage L5, and for a 30 residue section near the
structure (Figure 2), unless one assumes that the mutatior>"{€minus (residues 115-145) with T4 endonuclease V,
somehow interferes with the proper folding of the protein. a Uv ‘."”.‘er excision-repair enzyme. The S|gn|f|car_10e of
Other critical residues including W87 and F72 are part these limited sequence homologies is not clear, particularly
of the hydrophobic four-helix cross dimerization interface SINc€ in the case of endonuclease V whose three-dimen-

(Figure 2B). The W87R and F72S mutants will clearly Sional structure is known (Vassylyest al, 1995), no
disrupt this interface and, as one would expect, show structu_ral homology is present in this region. L|k_eW|se_,
neither dimer formation nor activity (Birkenbihl and the claimed moderate homology of a central 45 amino acid

section with T7 endonuclease |, a functionally somewhat
Kemper, 1998b)' L . related resolvase which, however, cleave®ihe junction
As mentioned above, zinc ions are essential for the ' '

integrity of the fold by tethering the loop between helix in the continuous strands, may not be meaningful.

. . . . Escherichia coliRuvC resolves Holliday junctions, the
1 and thef-finger to the N-terminus of helix 2 (Figure 2) ; . ; N o
and, accordingly, the C23S and C61S mutants which no central intermediates of genetic recombination, by cleaving

| . . . . . ; the continuous strands to generate the recombinant DNA
onger bind zinc are inactive (Giraud-Parisal, 1995). molecules (Iwasalét al., 1991; Bennett and West, 1995a).
The inner two zinc ligands (C26 and C58) seem 10 be | jo Endo VI, it requires divalent cations and is active
redundant to a certain extent since they still retain some 5q 5 gimer, but otherwise the two proteins show very little
zinc-binding ability if either cysteine is mutated into homology, in terms of both sequence and structure. As

a serine. , _ revealed by the X-ray structure determination by Ariyoshi
Deletions at either the C- or N-terminus severely affect o; g1 (1994), the slightly larger RuvC protein (172

DNA binding and activity, and mutants lacking residues resjques) has a fold very different from that of Endo VII
1-10 or 151-157 are inactive (Gatal., 1997; Birkenbihl at the monomer level. It is a typicalB-protein with
and Kemper, 1998a). The effect of these mutations willbe 5 central five-strande@-sheet surrounded by helices
two-fold: firstly, a disruption of the stabilizing interaction  gisplaying a topology closely related to that Bfcoli
between the N-terminal domain of one monomer with the RNase H1 (Katayanaget al, 1990). In contrast, Endo
C-terminal domain of the other monomer, which will also /|| almost completely lacksg3-sheet structure and does
affect their relative orientation to the rest of the molecule; not contain a stable fold at the monomer level.

and secondly, a loss of positively charged residues which  The RuvC dimer with approximate dimensions
may be important for DNA binding. In agreement with 65x40x35 A is far less elongated than the Endo VII
the three-dimensional structure is the observation that thedimer and has a far more conventional dimerization
individually inactive N62D and the C-terminAll51-157 interface consisting of a pair of parallel helices without
deletion mutant can complement each other to form an intertwining of the monomers. However, the relative
active heterodimer (Golet al, 1997). One half of this  disposition of the catalytic centers, which are separated
heterodimer will have a wild-type active site with correct by ~30 A, and the bipolar charge distribution are similar,
interactions of intact N- and C-terminal domains. clearly suggesting binding of the Holliday junction to the

Fig. 2. Structure of the wild-type Endo VII dimerA( Ribbon plot representation produced with MOLSCRIPT (Kraulis, 1991) in two perpendicular

views (one of them in stereo) with the individual monomers colored red and green. The bound zinc and calcium ions are shown as blue and yellow
spheres, respectively. Indicated in ball and stick representation are the side chains of D40 and N62 liganding the calcium as well as the nearby E65.
(B) Stereo representation of the four-helix cross region showing the hydrophobic residues. They form an extended hydrophobic core representing the
major dimerization element of the Endo VII dime€)(Electrostatic surface representation of the Endo VII dimer. The two opposite faces of the

dimer, viewed approximately along the dyad, show a distinctly different charge distribution. The predominantly positively charged face shown on the
right (indicated by the blue color) also contains the bound calcium ion and residues known to be essential for activity. The figure was produced with
GRASP (Nichollset al,, 1991) with the scale ranging from —10 (red)+d.7 (blue).
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H105'

E65

Fig. 3. Superposition of the Endo VII wild-type and N62D mutant structur@3.The orientation of the central four-helix cross relative to the N-

and C-terminal domains has changed, leading to a wider cleft betwedhfihger and helix 2 in the mutant (shown in black) (In contrast, the
conformation of the N- and C-terminal domains as well as their relative orientation remains essentially theC3anedix (2 in the mutant structure

is shifted relative to its dyad-related counterpart by about half a helical turn compared with wild-type Endg, gbsi@ons 1-157, 100-157 and

62-96 were used for superposition in (A), (B) and (C), respectively, corresponding to r.m.s.d. values of 2.8, 0.5 and 1.0 A, resichetive (

site superposition of Endo VII wild-type and N62D mutant. The calcium ion bound in the wild-type protein (shown in gray) is liganded to N62 and
D40. In the mutant (shown in black), E65 and D40 are in close contact (~3 A), suggesting that at least one of the carboxylates is protoriated. H105

is contributed by the other monomer.
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predominantly positively charged face of the dimer (see by computer modeling and extended the arms by regular
discussion below). Four acidic residues essential for B-DNA. The RuvA and Cre Holliday junction complexes
activity are found at the active site clefts, three of which whose structures have been reported recently (Gopaul
are in a disposition closely related to that of the putative et al., 1998; Roeet al, 1998) cannot be used as models,
active site residues D40, E65 and N62 in Endo VII and since they exhibit exact or near square-planar conforma-
the D10, E48 and D70 carboxylates in RNase H1. They tions with unstacked bases at the cross-over point which
presumably represent ligands of the catalytic metal ion are not compatible with the Endo VII structure and
and may suggest related catalytic mechanisms for thesebiochemical results. The resulting Endo VII dimer—DNA
enzymes. Similar arrangements of acidic residues coordin-junction complex is shown in Figure 4. This model has

ating the catalytic cation have been found in other?fMg
dependent nucleases.

not been refined and thus cannot provide a detailed picture
of the interactions, particularly since both the DNA

Three-dimensional structures are available for several junction and the protein may undergo conformational

A integrase-type recombinases including Cre, XerD, HP1,

Int and the type | topoisomerase from vaccinia virus,
which are all known to resolve Holliday junctions (Guo
et al, 1997; Hickmanet al, 1997; Kwonet al, 1997;
Subramanyat al, 1997). However, no significant struc-
tural similarity to Endo VIl is detectable with any of these
enzymes.

Model of an Endo Vli-four-way DNA junction

complex

Endo VIl was the first enzyme shown to resolve Holliday
junctionsin vitro (Mizuuchi et al,, 1982) and later found

changes upon binding. Nevertheless, the overall features
of the model are in agreement with the available experi-
mental data.

Basic residues exposed on the central helices (residues
H70, K71 and R74 on helix 2) could interact with the
phosphates of the exchanging strands, and further contacts
with the continuous strands are possible involving basic
residues located on the helices in the C-terminal domain,
in agreement with observed protection patterns (Parson
et al, 1990). These latter contacts may also explain the
observation by Seeman and coworkers (Muebeéral,
1990), that immobile junctions with arms shorter than

to accept as substrates a range of branched DNAs withq bp are not substrates for Endo VII. To avoid minor

different structural perturbations. A wealth of data derived

steric clashes with the C-terminal domains, the angle

from various biophysical and biochemical techniques has panveen the arms of the X structure junction model

since been accumulated concerning the interaction of Endo

VII with four-way junctions and other branched DNA

molecules (for recent reviews see Kemper, 1997; White

et al, 1997).
In brief, the following picture has emerged for the
binding of Endo VII to a four-way junction, based mainly

on comparative gel electrophoresis, protection against

hydroxyl radical attack and the analysis of cleavage

sites in synthetic cruciform structures with tethered arms.

(i) Endo VII binds as a dimer to the minor groove side
of a four-way junction, cleaving the exchanging strands
in an antiparallel stacked X structuré ® the point of

strand exchange. (i) The cleavage reactions of the two
strands are independent, but temporally closely correlated,

and do occur within the lifetime of the junction—protein
complex. (iii) Experiments with a protein A—Endo VII

(E86A mutant) fusion construct seem to indicate a change

in the global structure of the junction on binding. Other
than in the free state, the presence or absence &f Mg
ions does not influence its structure in the bound state.
The pronounced bipolar charge distribution of the Endo
VIl dimer (Figure 2C) suggests that it binds with its
predominantly positively charged face to the minor groove
side of the four-way junction, such that the scissile

derived by von Kitzinget al. (1990) may have to be
slightly adjusted. In contrast to RuvC and CCE1, where
an open structure with unstacked bases at the cross-over
point is indicated by hypersensitivity towards permangan-
ate and hydroxyl radicals upon complex formation
(Bennett and West, 1995b; White and Lilley, 1997), the
footprinting patterns observed with Endo VII suggest a
fully stacked conformation consistent with an antiparallel
stacked X-structure of the junction.

The two putative active sites in the Endo VII dimer are
~24 A apart as measured by the distance between the two
C&* ions bound in the wild-type structure. This has to
be compared with a distance of ~23 to ~35 A between
the scissile phosphates (highlighted in yellow in Figure 4)
of the preferred cutting sites 2 or 3 bp on either side of
the cross-over point. While there is a good match for cuts
2 bp from the cross-over point, a difference>e10 A is
encountered in the case of cutting 3 bp from the junction
center. The model suggests that even in the optimal case,
due to steric constraints imposed mainly by the central
helices (2-fold-related, antiparallel helices 2), it may not
be possible simultaneously to position both phosphates
correctly with respect to the catalytic residues. This could

phosphates reach into the ‘bays’ harboring the catalytic Possibly be achieved by a reorientation of the two arms of

residues and the divalent metal ion, i.e. thé Cian seen
in the wild-type enzyme.

Given the 2-fold symmetry of the antiparallel stacked
X structure of the junction (in the presence of Mgons)
and the 2-fold symmetric distribution of the preferred

cutting sites relative to the point of strand exchange, we

the junction contacting the protein, or by a corresponding
conformational change in the Endo VII dimer. Alternat-
ively, the junction would have to be reoriented somewhat
after the first cut, possibly by a rocking motion, to bring
the second phosphate into a productive binding position.
The latter scenario is attractive, since it would explain

are assuming that in the complex the molecular dyad of the asynchrony of bilateral cleavages and the time delay

the junction roughly coincides with the molecular 2-fold
of the Endo VII dimer.

between nick and counter-nick allowing Endo VII to
trigger mismatch repair (Solaret al., 1993). It is also

For docking, we used the coordinates of the antiparallel fully consistent with the notion that the two cuts do occur

stacked X structure derived by von Kitzireg al. (1990)

within the lifetime of the protein—~DNA complex, as has
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Fig. 4. Model of a four-way DNA junction—Endo VII complex. Two perpendicular views are shown, one approximately along the molecular 2-fold
axis of the Endo VII dimer (left), the other one rotated 90° around a vertical axis (right). The Endo VII dimer (represented by a green ribbon) is
docked onto the minor groove side of a four-way DNA junction (shown in a space-filled representation) corresponding to the antiparallel stacked X
structure (von Kitzinget al., 1990). The continuous strands are colored purple, the crossing strands light and dark blue. The scissile phosphates, two
and three bases ®f the point of strand exchange on the crossing strands, are highlighted in yellow; the calcium ions at the active sites of Endo VI
are shown as golden spheres. Minor groove contacts with residues exposed on the central helices as well as major groove contacts with basic
residues located in the C-terminal domains can be formed.

been shown for a supercoil-stabilized cruciform substrate mismatch or an abasic site. What are the common features
(Giraud-Panis and Lilley, 1997). of these structural perturbations recognized by the enzyme?
The cleavage pattern and relative cleavage efficiencies It has been suggested that Endo VII recognizes the
of Endo VII are influenced by the local base sequence inclination of DNA helices, i.e. the angle between the
(Pottmeyer and Kemper, 1992), although other resolvases,DNA segments on either side of a branchpoint or a
such as CCEL, display a more pronounced sequencestructural perturbation (Bhattacharyga al., 1991). This
selectivity (Schofieleet al.,, 1998). This sequence selectiv- angle is expected to be ~120° in the stacked X conforma-
ity could be caused by indirect effects of the base sequencetion of a four-way junction, but also in a three-way junction
on structural parameters of the DNA and/or by direct or bulged DNA containing two additonal adenines. Bent
contacts to the bases likely to occur according to our DNA, either intrinsically through the presence of A tracts,
model in the minor groove around the cross-over point, or by interaction with a compound, such as ircig-Pt
as well as in the major groove some 8 bp away (Figure 4). adduct, also appears to be a substrate for Endo VII
(Bhattacharyyeet al., 1991; Murchie and Lilley, 1993).
What is the basis for the structural selectivity of Greger and Kemper (1998) recently have reported that an
Endo VII? oligonucleotide with an abasic site, which was demon-
A remarkable feature of Endo VIl is its broad substrate strated to be extremely sensitive to cleavage by Endo VII,
specificity already mentioned above, which distinguishes shows an unusual migration behavior on polyacrylamide
it clearly from cellular resolvases such as RuvC or CCE1. gels typical for bent or kinked DNA.
Albeit with differing efficiencies, Endo VIl cuts many Inspection of the Endo VII binding surface and the
different kinds of branched DNA species including proposed model for the four-way junction complex
Holliday junctions, but also DNA containing a single base (Figure 4) suggests that the X-ray structure is in general
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Fig. 5. Portions of the final 2R, — DF; map of the wild-type protein around the active site calcium ion, indicated by a larger sptjesn( the
experimental map of the N62D mutant near LysB2. (The contour levels are 163(blue) and 5.6 (red) in the wild-type, and 18in the mutant
map. Note the excellent quality of the experimental map of the N62D mutant.

agreement with this hypothesis. However, it does not Materials and methods

easily explain the recognition and cleavage of single base Cloning and expression

mlsmatqhes' WhICh,. as'\./erlfled n s_,everal X-ray stru_ctures, The wild-type Endo VII was expressed and purified as described
do not display any significant bending. These experimental previously (Golzet al, 1995), while the N62D mutant (Golet al,
results seem to indicate that flexibility may be an important 1997) was recloned in vector pET24d to obtain better expression. The

; it in i ; N62D mutant was expressed coli BL21(DE3)pLys. Overnight pre-
parameter in the recognition process, in line with the cultures on LB plates (30 mg/l kanamycin, 20 mg/l chloramphenicol,

observation that the S_tabi"ty of a given mismatch (as 37:°c) were used to inoculate one 2 | Erlenmeyer flask each, filled with
measured by the melting temperature of the DNA) and 800 mi of LB medium ¢ antibiotics). Afte 3 h shaking at 200 r.p.m.,
cleavage efficiency are correlated reciprocally (Solaro [337°(t:h'(0|:%|007 0.8), thedcul?lﬁ (V:‘V)as Ar;tduced Vrr:th 0-325hmm ISOpﬁprl-
: ATH . -D-thiogalactopyranoside . er anotner y e cells are
etal, 1993). Possibly the lack of flexibility explains why  po - ecteq. spun down and stored at —80°C.
UV-cross-linked thymine dimers containing DNA is not  For the seleno labeling, the protein was expresseé.ooli B834
a substrate for Endo VII (B.Kemper, unpublished results). (DE3)plLys, and each pre-culture was used to inoculate 800 ml of M9
Endo VII appears to accept as substrates branched DNAmedlum, supplemented with 50 mg/l of each of the following amino
. . LT . . acids: Arg, His, lle, Leu, Lys, Phe, Thr, Tyr, Val; 20 mg/ml of
Wlth intrinsically lnC“DeO! helices ~or DNA Wh'?h €an  methionine, 2 mg/l biotin and thiamine, 30 mg/l kanamycin and 20 mg/
easily adopt properly inclined configurations. This feature | chloramphenicol. At the required density (gJg~ 0.8), the cells were

is somewhat reminiscent of the sequence-dependent cleayspun down, washed twice and dissolved in the same medium, but without
methionine. After starvation for 8 h, 40 mgAseleno-methionine was

age by DNase |, which recognizes mlnor'groove width added. After another 2 h, the cells were induced with IPTG for 3 h,
and flexibility of the DNA and preferentially cleaves spun down and stored at —-80°C.

either where the DNA intrinsically has the proper groove Purification of EndoVil N62D

geometry or where it needs the least energy to distort it the frozen cells were thawed and suspended in lysis buffer consisting
for productive binding (Suck, 1994, 1998). of 10% glycerol, 10 mM HEPES pH 7.5, 10 mB:mercaptoethanol,

1455



H.Raaijmakers et al.

Table Il. Data collection and phasing statistics for the wild-type and N62D mutant crystals

Wild-type? N62D°

Native EMTS Native EMTS KAU(CN), Seleno-methionine
X-ray source X) Cu Ka Cu Ka Cu Ka Cu Ka Cu Ka BW7B (0.8373 A)
dmin used (A) 2.33 2.33 21 248 3.2 2.0
Observed reflections 59 911 60 492 67 931 24 788 11 272 57 164
Unique reflections 15 953 15 652 21 898 13 736 3287 22 633
Completeness (outer shell) (%) 99.3 (98.2) 99.5 (98.2) 99.9 (99.0) 99.0 (100) 99.3 (100) 99.8 (99.0)
<l/a(l)> (outer shell) 11.8 (3.0) 10.2 (2.8) 7.8 (2.8) 9.4 (7.4) 5.8 (2.4) 10.4 (4.5)
Rsym 6.0 6.8 6.9 7.5 17.0 6.5
No. of sites fountl 2 2 2 9
Risc? 29.4 28.0 27.0 28.0
Phasing powdr 1.9/2.1/1.5 2.9/3.4/1.7 2.2/2.4/0.76 2.3/3.1/1.3
(centric/acentric/anomalous)
Figure of merit 0.42 (0.87) 0.55 (0.97)

(solvent-flattened)

aSpace group C2 = 1450 Alb=39.4 A c = 75.7 A B = 106.2°, Z= 8.
bSpace group R2a = 58.0 A,b = 35.9 A,c = 92.0 A, = 103.9°, Z= 4.
CEMTS = ethyl mercury thiosalicylate.

dAt EMBL outstation Hamburg, DESY.

*Reym = Z|l — <I>]/zl.

fExcluding the protein-bound Zn ions.

%Riso = Z|Fpn — Fel/ZFp

PPhasing power <|F(calc)|/phase-integrated lack of closure

10 mM EDTA, 2 mM Pefablock or phenylmethylsulfonyl fluoride
(PMSF), and 450 mM NaCl. The lysate was centrifuged in an ultracentri-
fuge at 85 00@ and the supernatant was loaded onto a Q-Sepharose FF
column. After washing with 2 vols of lysis buffer, the protein was eluted
by a linear NaCl gradient (200-800 mM) in the following buffer:
10% glycerol, 10 mM HEPES pH 7.5, 10 mi-mercaptoethanol,

2 mM EDTA.

The peak fractions eluting at ~600 mM NaCl were adjusted to pH 6.5
with MOPS buffer and loaded onto a heparin HiTrap column. A linear
gradient of 0.60-1.3 M NaCl in 10 mM MOPS buffer pH 6.5, 10%
glycerol, 10 mMp-mercaptoethanol and 2 mM EDTA was applied and
Endo VIl eluted at 1.1 M NaCl. The purest fractions were concentrated
on a Filtron membrane with a 30 kDa cut-off to 12 mg/ml and stored
in the presence of 5 mM Zngland 15 mM MgC}, 10% glycerol,

10 mM MOPS buffer and 150 mM NaCl. The protein wa89% pure

(no other bands visible on silver-stained SDS—-PAGE). The yield was
~20 mg/l of LB medium for the native protein and ~10-fold lower for
the seleno-methionine derivative. The identity and full incorporation of
seleno-methionine were confirmed by mass spectroscopy (MALDI-TOF).

Crystallization and data collection

Wild-type Endo VII was crystallized in hanging drops at 4°C. Aull
aliquot of a 16 mg/ml protein solution was mixed withl of the
reservoir solution containing 200 mM Caf16.5-20% PEG 2K-MME,

100 mM Tris—HCI pH 8.2, 5 mM ZnG| 5 mM (NH,),SO, and 10 mM
B-mercaptoethanol. Monaclinic crystals (space group a2, 145.0 A,

b =394 A c =757 A, B = 106.2°) containing a dimer in the
asymmetric unit appeared overnight and these were used for seeding
The crystals kept growing for ~5 days.

The crystals of Endo VII N62D were also grown by the hanging drop
vapor diffusion method at 4°C, using 12 mg/ml protein solution as
described above and 15.5-16% PEG 5K-MME in 100 mM NaOAc
pH 4.5, 160-250 mM (N)>SOy, 20 mM Mg(OAc), 10 mM -mercapto-
ethanol in the reservoir.

A drop equilibrated with a slightly (2% wi/v) higher PEG concentration
was used to microseed a second drop, which in turn provided macroseed
for the following drops.

Crystals up to 0.80.4xX0.3 mm have been obtained, but crystals up
to 0.3 mm in their longest dimension proved most useful, due to their
lower mosaicity. The mutant crystals belong to space group P2
(@a=58.0A,b=359Ac=920A B = 103.9°) containing a dimer
in the asymmetric unit. Both mutant and wild-type crystals show strongly
anisotropic diffraction and mosaicity (varying from 0.45 to 1.35° for the
native mutant data set and even higher for the others) which prompted
us to choose a lower resolution cut-off than ovetélt values alone
seem to justify (Table II). The seleno-methionine derivative crystals
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diffracted to 1.6 A at the BW7B beamline but, due to time constraints,
only 2.0 A data were collected.

All Cu K diffraction data were collected using a MAR345 area
detector system mounted on an Enraf-Nonius rotating anode generator
operating at 40 kV and 90 mA and equipped with nickel-coated focusing
mirrors (in-house design). The seleno-methionine derivative data were
collected at the EMBL BW7B beamline at the DORIS storage ring,
DESY, Hamburg. All data were collected at 100 K using the mother
liquor + 20% PEG 400 as a cryoprotectant.

The EMTS and KAu(CN) derivatives were obtained by soaking
crystals for 1 h in their mother liquor witho8-mercaptoethanol and
additionally 10% PEG 400 plus 1 mM of the heavy atom compound. In
the case of the wild-type protein, only crystai®2 months old survived
this treatment. Many of the heavy atom compounds tried caused serious
physical damage and/or non-isomorphism. The space groups and cell
dimensions were determined and oscillation data were processed using
HKL (Otwinowski, 1997) except for the wild-type EMTS derivative
data which were processed with XDS98 (Kabsch, 1988) and Scala
(CCP4, 1994).

Phasing

The EMTS anomalous difference Patterson function and the EMTS—
native isomorphous difference Patterson function were calculated using
data from 106 3 A and interpreted manually to obtain the two mercury
positions, both in the wild-type and N62D. The gold and mercury were
found to bind at the same site in the N62D crystals, sharing two (out of
four) cysteine ligands with the protein-bound zinc atom. The wild-type
data were phased using the program SHARP (de la Fortelle and Bricogne,
'1997) by the SIRAS method with anomalous scattering of the mercury
data set.

In the case of the N62D mutant, the MIRAS phases from the gold
and mercury derivatives were used to locate the selenium positions in
the isomorphous and anomalous difference Fouriers calculated with the
seleno-methionine data set. Nine out of 10 expected selenium positions
were found. The Zn sites were also very clearly visible (8 and 11

eaks) in the anomalous difference map. The program SHARP was then

sed to calculate an electron density map of excellent quality from these
four data sets, also using the Zn positions. A solvent content of
52% was assumed for solvent flattening. Two-fold non-crystallographic
symmetry (NCS) averaging based on the heavy metal positions was
deemed unnecessary. Attempts to solve the structure of the wild-type
protein by molecular replacement using the structure of the N62D mutant
were not successful.

Model building and refinement
The electron density maps were displayed using the program ‘O’ (Jones
et al, 1991). The sigmaA (CCP4, 1994) weighted Xy |- D | map
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of N62D was of excellent quality (Figure 5), allowing construction of a de La Fortelle,E. and Bricogne,G. (1997) Maximum-likelihood heavy-

complete model of Endo VII N62D, including side chains. The selenium atom parameter refinement for multiple isomorphous replacement and

positions were very helpful for tracing the chain. Two clusters containing ~ multiwavelength anomalous diffraction methodidethods Enzymaql.

three closely spaced methionines each (M124, M125, M128) were easily 276, 472—-494.

recognized. Another cluster of two selenium atoms near the NCS axis Giraud-Panis,M.-J.E. and Lilley,D.M.J. (1996) T4 endonuclease VII:

was soon identified as M68, leaving the other selenium site to correspond  importance of a histidine—aspartate cluster within the zinc-binding

to one of the N-termini. Tracing the molecule from this N-terminus to domain.J. Biol. Chem. 271, 33148-33155.

the C-terminus was straightforward. The second molecule was traced by Giraud-Panis,M.-J.E. and Lilley,D.M.J. (1997) Near-simultaneous DNA

applying the NCS operator and was adjusted manually. cleavage by the subunits of the junction-resolving enzyme T4
The wild-type structure was traced by manually fitting whole helices endonuclease VIEMBO J, 16, 2528-2534.

or strands, from the N62D model, as rigid bodies into the sigmaA- Gijraud-Panis,M.-J.E., Duckett,D.R. and Lilley,D.M.J. (1995) The

weighted 2m ffo| — D F| electron density map. A second round of modular character of a DNA junction resolving enzyme: a zinc binding

fitting optimized the individual amino acids. The, @ace was clearly motif in T4 endonuclease VIU. Mol. Biol,, 252 596-610.

visible, with only a few chain breaks at the level. Most side chains Golz,S., Birkenbihl,R.P. and Kemper,B. (1995) Improved large-scale

were also visible. _ , _ preparation of phage T4 endonuclease VIl overexpressegldali.
The structures were refined using the CCP4 suite of programs DM p\a Res.2, 277-284.

(Cowtan, 1994), REFMAC (Murshodat al, 1997) and ARPP (Lamzin Golz,S., Christoph,A., Birkenkamp-Deriitter,K. and Kemper,B. (1997)
and Wilson, 1993) and _vahdated with PROCHECK (Laskowskal.', Identification of amino acids of endonuclease VIl essential for binding
1993) and WHATIF (Vriend, 1990). A total of 5% of the reflections and cleavage of cruciform DNAEur. J. Biochem.245, 573-580

have been selected to calcul&g. The startingR-factor for the N62D Gopaul.D.N., Guo,F. and Van Duyne,G.D. (1998) Structure of the

mutant was 0.396 — 2.1 A). IndividualB-factors were restrained but I L o - e o
no NCS restraints were applied; nevertheless the monomers differ only Eﬁ/lllédg)fjju{\?tlg;;gt_eﬂn;d|ate in CréaxP site-specific recombination.

marginally (r.m.s.d= 0.476 A for the G atoms). Arpp was run to find - .

water sites automatically in the later stages of refinement; 262 waters Grebenshchlkova,_S.M.L., Plugina,L.A. and Shcherbak_ov,\/.P. (.1994) The

and 12 sulfates were included in the N62D structure. role_ ofT4-bact¢rlophage endonuclease VIl in correction of mismatched
The startingR-factor in the case of the wild-type structure was 0.395 regions.Genetika 30, 622-626. Lo

(15-2.5 A). IndividualB-factors and NCS were restrained, but residues Greger.B. and Kemper,B. (1998) An apyrimidinic site kinks DNA and

involved in crystal contacts that were clearly different in omit maps  triggers incision by endonuclease VIl of phage Mucleic Acids

were excluded from NCS restraints. Three calcium ions were included _ R€S: 26, 4432-4438.

and, additionally, 63 waters were found by Arpp. Seven side chains Guo,F., G_opauI,D.N. and Vah Duyne_,G.D. _(1997) _Structure pf (;re

remained completely disordered. The coordinates have been submitted recombinase complexed with DNA in a site-specific recombination

to the Brookhaven Protein Data Bank. ‘synapseNature 389, 40-46.
Hickman,A.B., Waninger,S., Scocca,J.J. and Dyda,F. (1997) Molecular

organization in site-specific recombig\ation: the catalytic domain of
bacteriophage HP1 integrase at 2.7 A resolut@ell, 89, 227-237.
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