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Crystal structure of RecBCD enzyme
reveals a machine for processing
DNA breaks
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RecBCD is a multi-functional enzyme complex that processes DNA ends resulting from a double-strand break. RecBCD is a bipolar
helicase that splits the duplex into its component strands and digests them until encountering a recombinational hotspot (Chi site).
The nuclease activity is then attenuated and RecBCD loads RecA onto the 3’ tail of the DNA. Here we present the crystal structure of
RecBCD bound to a DNA substrate. In this initiation complex, the DNA duplex has been split across the RecC subunit to create a fork
with the separated strands each heading towards different helicase motor subunits. The strands pass along tunnels within the
complex, both emerging adjacent to the nuclease domain of RecB. Passage of the 3’ tail through one of these tunnels provides a
mechanism for the recognition of a Chi sequence by RecC within the context of double-stranded DNA. Gating of this tunnel
suggests how nuclease activity might be regulated.

Double-strand breaks in DNA are potentially lethal to a cell if not
repaired. They arise in several ways, including DNA damage from
ionizing radiation and as a result of single-strand nicks that produce

a double-strand break as a replication fork passes by them (reviewed 17 : 2
in ref. 1). i Chi

In eubacteria, double-strand breaks are repaired mainly by the 5-GCTGATGG-3 -
homologous recombination pathway in a process initiated by the o =th ﬁ‘é)?
RecBCD/AddAB family of enzymes'. RecBCD acts in a complicated /AN R
way using a variety of different enzyme activities that are associated n(ATP) rl S
with the complex (Fig. 1). A combination of helicase and nuclease n(ADP + P)

W RecD motor
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activities digests away the DNA until a Chi (‘crossover hotspot
instigator’) site is encountered. Chi has the sequence 5'-
GCTGGTGG-3" and is recognized as single-stranded DNA
(ssDNA) but within a double-stranded context (that is, as the
duplex is unwound®™). At this point the protein pauses’ and
the nuclease activity is both reduced® and its polarity switched’.
The final cleavage event on the 3’ tail occurs at or within a few bases
to the 3’ side of Chi®, and the 3’ tail is then protected from further
digestion. Finally, RecBCD enzyme loads RecA protein onto the 3’
tail to initiate recombination by means of the RecA pathway’. B 5
The RecBCD enzyme comprises three subunits arranged as a 57_:"—6
330-kDa heterotrimer that is fully functional without the need for
further oligomerization'. The extraordinary range of enzyme .
activities catalysed by RecBCD can be attributed to the 6:"::"“1‘:5 s 3'
three subunits as follows: RecB is a 3'-5" helicase and multi-
functional nuclease'"'2, RecC recognizes Chi'* and RecD is a 5'-3" , ,
. 1415 Figure 1 The processing of double-strand breaks by RecBCD enzyme. RecB is coloured
helicase'*". . . .
. . . . orange, RecC is blue and RecD is green. In stage 1, a double-strand break is created as a
To gain a better understanding of the multifaceted mechanism of o . . .
. . . . result of DNA damage or a collapsed replication fork. The location of the eight base Chi
this DNA-processing machine we have determined the crystal

o . site (sequence as shown) is represented by a bent arrow. In stage 2, RecBCD binds to the
structure of a complex of Escherichia coli RecBCD enzyme bound end of the DNA duplex and initiates unwinding. In stage 3, ATP-dependent DNA

to a blunt-ended DNA hairpin. In addition to revealing the 3yinding progresses and is coupled to the endonucleolytic digestion of both DNA
architecture of the enzyme, the structure shows how the two  gyangs. Although the 3' tail is cleaved frequently, the 5’ tail is cleaved much less often. In
motor activities and the nuclease are coupled, allowing the recog-  stage 4, on encountering a Chi site in the 3’ terminated strand, the enzyme pauses and
nition of Chi within the context of double-stranded DNA and digestion of the 3' tail ceases. In stage 5, cleavage of the 5' tail becomes more frequent
suggesting a mechanism by which this regulates the polarity of the  and RecA protein is loaded on the 3 tail. In stage 6, RecBCD protein dissociates leaving a
nuclease activity. RecA-coated 3’ tail that can initiate homologous recombination.
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Structure of the bound DNA

RecBCD has a high affinity for blunt DNA ends'® with a footprint
extending about 20 base pairs'’. Consequently, we designed a self-
complementary 43-mer oligonucleotide that forms a 19-base pair
duplex with a five-base hairpin turn at one end and a blunt end at
the other. As predicted, the DNA is bound with the blunt end of the
duplex into the RecBCD complex. Remarkably, although the first 15
base pairs of the duplex from the hairpin form regular B-form DNA,
the last four base pairs at the blunt end have been unwound by the
protein. Experiments involving the chemical modification of
RecBCD-DNA complexes have shown that DNA is unwound in
the initiation complex even in the absence of ATP'®,

RecB protein: endonuclease and 3'-5 helicase

The RecB subunit is a helicase with 3'=5" directionality'’. Sequence
analysis has identified RecB as a member of the helicase Superfamily
1 (SF1)* in common with several other helicases, such as PcrA and
Rep, whose structures have been determined*"*>. Accordingly, the
structure of the amino-terminal region of the RecB subunit is
similar to that of other SF1 helicases (Fig. 2a) with regions
equivalent to the canonical 1A, 1B, 2A and 2B domains. The
structures of all four of these domains are very similar to their
equivalents in PcrA (with a root-mean-square deviation (r.m.s.d.)
for each domain of 1.9-3.2 A for equivalent Ca positions) but
domain 1B contains an additional large insertion compared with
PcrA. These residues form a discrete ‘arm’ structure that extends
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Figure 2 Structures of the individual RecBCD subunits. a, Domain structure of the RecB
subunit. b, Close-up of the active site of the nuclease. The calcium ion (grey sphere) is
coordinated to the side chains of three residues (His 956, Asp 1067 and Asp 1080) and
the main-chain carbonyl of Tyr 1081. ¢, Domain structure of the RecC subunit. The pin
region is highlighted. d, Space-filling representation of RecC, showing the channels
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from the surface of the complex alongside the duplex DNA
substrate. The relative orientation of domains 1A and 2A is similar
to that expected for the enzyme in the absence of ATP*. However,
domains 1B and 2B are in orientations that are quite different from
those of any of the PcrA or Rep structures and seem to fulfil very
different roles. For example, domain 2B of RecB forms a major
interface with the RecC protein (see below) but this domain
contacts duplex DNA in PcrA.

The 3’ tail of the bound DNA runs across domain 2A of the RecB
subunit with the last three bases in a similar conformation to that
seen for the equivalent residues in the ssDNA tail in the PcrA-DNA
complex”. Domains 1A and 2A are the canonical helicase motor
domains responsible for the ATP-dependent translocation of the
protein along ssDNA***. Similar motor domains are found in both
SF1 and SF2 helicases™.

Domain 3, the RecB nuclease domain, is connected to the
remainder of the protein by a long linker region of about 70
amino acids. This linker region has been shown to be sensitive to
proteolytic cleavage. As suggested previously”, the fold of this
domaip is similar to that of the core of the \ exonuclease?® (r.m.s.d.
of 3.5 A for Ca positions). Residue Asp 1080, known to be import-
ant for nuclease activity®, is located at a position equivalent to the
active site of N exonuclease. There are three conserved acidic
residues and a lysine residue in the active site (Glu 1020,
Asp 1067, Asp 1080 and Lys 1082). Electron density that we attribute
to a bound calcium ion from the crystallization medium is also
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through the protein in the same colour scheme as in ¢. e, Close-up view of the pin region
in RecC, showing how the DNA duplex is split across this feature of the RecC protein.
f, Domain structure of the RecD subunit. Domains 2 and 3 are equivalent to the canonical
1A and 2A domains of other SF1 helicases. The images in a, and also those in Figs 2 and
4, were created with PyMOL (http://www.pymol.org).
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present in this region (Fig. 2b). It is likely that this calcium ion is
bound at the position where a magnesium ion would normally bind
in the active site of the protein, because calcium has been shown to
be an inhibitor of the nuclease activity™.

RecC protein: duplex splitting and recognition of Chi

The overall fold of RecC is the most remarkable of the subunits
(Fig. 2c) and contains three large channels that run through the
protein (Fig. 2d). The largest of these accommodates the 2B domain
of RecB and provides a major interface between the proteins. The
other two channels are pathways along which the single-stranded
tails of the DNA run to, or from, the two helicase subunits (see
below). The protein can be divided into three domains. Quite
unexpectedly, domains 1 and 2 have the same fold as canonical
SF1 helicases (r.m.s.d. ~3.5 A for equivalent Cot positions of PcrA),
despite a lack of sequence similarity including any of the charac-
teristic helicase motifs. This strongly suggests that the RecC subunit
evolved from a helicase ancestor but has now lost this helicase
function. Furthermore, the similarity to helicase domains suggests a
potential ssDNA-binding site that could provide a mechanism for
the recognition of Chi as it passes through this site (see below).

Domain 3 of RecC is connected to the rest of the protein by a
20-residue linker that also forms the sides of the channel into which
domain 2B of RecB binds (Fig. 3a). The fold of this domain has not
previously been observed, according to the DALI server’'. Domain 3
makes intimate contacts with each of the two separated strands of
the DNA substrate running in different directions either side of a
‘pin’ that protrudes from the surface of the protein and serves to
split the duplex (Fig. 2¢). The 5’ tail passes through another channel
in RecC and heads towards the motor domains of RecD.

The open structure of RecC explains why it is readily proteolysed
in solution. The major cleavage site of RecC is located after residue
804; this would release the C-terminal domain 3 of the protein, as
suggested previously”. Deleting this domain eliminates RecD
assembly within the RecBCD complex and this seems to relate to
a small area of contacts with domain 2 of RecD, although the major
interface between these proteins is between domain 1 of RecD and
subdomain 2B of RecC (Fig. 3).

RecD protein: 5'-3 helicase
Although identified as a ssDNA-dependent ATPase several years
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ago™ and shown to contain several characteristic helicase motifs®, it
was only recently shown that the RecD subunit has 5'-3" helicase
activity'>'®. The structure of the RecD subunit is the first of a SF1
helicase with 5'-3" directionality. The protein comprises three
domains (Fig. 2f). Domain 1 forms the principal interface between
RecD and domain 2B of RecC. Domains 2 and 3 are similar to the
motor domains (1A and 2A) of other SF1 helicases (r.m.s.d. 3.9 and
3.3 A on Ca positions, respectively). There is a disordered region of
about 55 amino acids in domain 3, which would correspond to
domain 2B of PcrA. The rest of domain 3 is also highly mobile, with
higher B factors than for the rest of the structure.

Although most SF1 helicases have 3'-5" polarity, some (such as
RecD and Dda) have the opposite polarity'***. There are two simple
ways in which a SF1 helicase could be adapted to alter the
directionality to 5'-3’, either to reverse the direction of transloca-
tion along the bound DNA or to bind the DNA in the opposite
orientation. The path taken by the bound ssDNA tail across RecC
would present the 5 tail to the helicase domains in an orientation
similar to that seen for other helicases, suggesting that the alteration
in directionality of helicases in SF1 is based on the direction of
movement along the bound DNA rather than the directionality of
ssDNA binding itself. It has been shown that residues in motif 1a
have a pivotal function in directional translocation in SF1 heli-
cases®, and it is probably significant that these residues are absent
from RecD.

The RecBCD complex

The structures of the individual subunits of RecBCD reveal why they
are difficult to express and prepare, unless complexed together. The
RecB and RecC proteins, in particular, are wrapped tightly around
one another. In isolation, both proteins have exposed linker regions
that are susceptible to proteolysis but protected when the proteins
are bound to each other. This intimate embrace of the proteins is
essential for their function and allows the ssDNA strands to be
shepherded through the enzyme, providing a temporal link between
their separation and subsequent endonucleolytic digestion.

The bound DNA makes extensive contacts with the RecB and
RecC subunits. The ‘arm’ structure of the RecB protein interacts
with duplex DNA ahead of the fork about 12 base pairs from the
junction. The RecC protein contacts both strands of DNA and splits
them before feeding the 3" strand to the RecB protein and the 5’ tail

Figure 3 Structure of the RecBCD-DNA complex. a, The entire RecBCD-DNA complex.
The bound DNA is coloured magenta and the bound calcium ion is a grey sphere.

b, Cutaway view showing the channels through the RecBCD complex. The cutaway
surface of the RecB subunit is orange, that of RecC is blue and that of RecD is green. The
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bound DNA is coloured magenta. Numbers refer to the domains of the appropriate
subunits. Domains 2 and 3 of RecD are equivalent to canonical helicase domains 1A and
2A. Both b and Fig. 4a were created with MSMS*® and rendered with Raster3D®°.
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to the RecD subunit. Consequently, the protein complex covers the
first 16 bases of the 5'-terminated strand of the DNA and 13 bases
on the 3'-terminated strand. These results are consistent with
DNase I footprinting studies of the initiation complex that showed
protection of 20 or 21 bases on the 5’ tail and 16 or 17 bases on the 3’
tail””. Furthermore, these studies showed that ultraviolet radiation
crosslinked the 3" tail to the RecB protein, which is consistent with
the crystal structure. The 5' tail was crosslinked to both the RecC
and RecD subunits. Although we observe extensive contacts
between the RecC subunit and the bound DNA, there are no
contacts with the RecD subunit in our structure, although, as
unwinding of the DNA progresses, the 5’ tail would be fed from
the RecC subunit towards the motor domains of RecD. This large
footprint also relates to experiments that examined the activity of
RecBC on gapped duplex substrates®. These experiments showed
that RecBC can pass over single-stranded gaps of up to 23 bases
provided that the 3’ strand is intact. This property of the protein
most probably relates to the arm structure of RecB that contacts
duplex DNA ahead of the junction, allowing the protein to step over
intervening single-strand regions.

RecBCD has both 3'=5" and 5'-3" helicase activities, contributed
by the RecB and RecD subunits, respectively. These subunits drive
DNA unwinding by acting as ssDNA motors, pulling the two
antiparallel strands of the DNA across the pin of the RecC subunit
and thus splitting the duplex. RecB is closely related to the well-
studied SF1 helicase, PcrA. The N-terminal region of RecB is the
same as PcrA with the exception of an insertion of about 115
residues within domain 1B (the ‘arm’) that contacts the duplex
ahead of the junction in a manner similar to contacts in the PcrA—
DNA complex™, except that this contact is provided by the 2B
domain in PcrA. In PcrA, the strength of this contact is dependent
on ATP binding™, and it may be that this is also true for RecBCD.
The present structure was determined in the absence of ATP and
the B factors of the residues in the arm are considerably higher than
the average for the rest of the protein, suggesting that this part of the
structure is more mobile. Furthermore, in PcrA, the duplex is split
across a ‘pin’ that protrudes from domain 2B in a manner similar
to the pin in RecBCD, except that in the latter case the pin is
contributed by the RecC subunit. Consequently, we observe an
apparent conservation of mechanism but contributed by different
parts of the structure.

The two helicase motors can apparently work independently of

@ RecC b ‘;,
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";‘ Nuclease

Figure 4 Alternative exits from the 3’ tunnel. a, Cutaway view of the exit channels
running each side of the nuclease domain. The calcium ion at the nuclease active site is
coloured yellow. For the purposes of this figure, the loop that blocks the channel has been
omitted. There are two exit channels from the RecC subunit. One of these (labelled 1)
bypasses the nuclease site. Access to the nuclease active site through channel 2 is
blocked by a helix in the structure. b, The interface between the RecC subunit and the
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one another. Electron microscopy data have shown that loops can be
extruded from the complex when the helicase activity of either
subunit is inactivated'. A ssDNA loop is also extruded from the
protein on encountering a Chi site’.

Isolated RecB protein has been shown to have weak 3’5" helicase
activity'’, but the processivity of this activity is greatly enhanced
when complexed with RecC'?. The crystal structure reveals how
RecC contributes to the helicase activity both directly, through the
pin that splits the DNA duplex at the junction, and indirectly, by
sequestering the 3’ tail of the substrate and preventing reannealing.
Passage of the DNA through the complex would also provide a steric
block to dissociation of the protein, a tactic frequently adopted by
other processive enzymes in DNA metabolism.

PcrA has been shown to use one ATP molecule for each base pair
that it translocates and, by inference, during helicase action as well**.
By contrast, RecBCD uses between two and three ATP per base pair
separated'®”” although RecBC, or RecBCD containing an ATPase-
deficient RecD subunit, uses only one ATP per base pair*’. This
suggests that one ATP molecule is used by each helicase motor
during translocation, a decrease in efficiency that is apparently
tolerated in exchange for the increased processivity of RecBCD in
comparison with RecBC, or the ability of the holoenzyme to bypass
single-stranded gaps.

The discovery that RecC might be a defunct helicase raises some
important implications about the interaction of DNA with the
complex. The channel for the 3'-terminated strand passes from
RecC, across the RecB motor domains, then back through RecC
until it emerges adjacent to the nuclease domain of RecB (Fig. 3b).
In passing through RecC, the channel runs across the top of the
‘helicase’ domains, which corresponds to the ssDNA-binding site in
helicases. Consistent with this proposal is the observation that the
channel is lined with conserved basic and exposed hydrophobic
residues, as would be expected for a site that binds ssDNA. The
ssDNA-binding site in SF1 helicases spans about eight bases*>**, and
it is probably significant that the Chi sequence is also eight bases in
length (5'-GCTGGTGG-3"). Recognition of ssDNA by helicases is
non-specific with regard to sequence. This is achieved by providing
complementary charge for the phosphodiester backbone and
exposed aromatic residues to stack with the DNA bases. Contacts
with the functional groups on the bases are avoided, because this
would necessarily result in unwanted sequence specificity. However,
the introduction of such contacts could transform a canonical

RecB nuclease domain viewed across the RecB nuclease active site. RecC is shown in
blue as a space-filling representation, with the region affected in the RecC* mutants
highlighted in magenta. The RecB nuclease domain is overlaid as an orange ribbon and
the bound calcium ion as a yellow sphere. Access to the nuclease active site from the
channel is blocked by a loop from the nuclease domain that includes an oc-helix (residues
909-930, coloured green).
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helicase ssDNA translocation site into a ssDNA ‘scanning’ site that
would provide a convenient mechanism by which RecC could
recognize a Chi sequence as it passed through the channel.

There is a group of RecC mutants with altered Chi recognition®*.
The mutations (residues 647-663) map to a region at the opening of
the channel that accommodates the 3’ tail, at the interface with the
nuclease domain of RecB (Fig. 4a). It has been shown that on Chi
recognition the last DNA cleavage event is no more than four to six
bases to the 3’ side of the Chi site®. This suggests that the end of the
Chi recognition site should be 15-25 A from the nuclease active site
depending on the degree of extension of the ssDNA strand. Residues
647663 are located 20-25 A from the acidic triad in the nuclease
domain. These mutations are frameshifts across several residues
rather than point mutations, mostly introducing deletions in the
sequence with undetermined consequences on the local structure.
Furthermore, this region is the linker between the 2A and 2B
domains, so mutations here could have significant consequences
on the overall conformation of the protein. It is therefore difficult
to draw detailed information from these mutants other than
identifying this region as important for Chi recognition. The

: Direction
of enzyme

3-5'ssDNA movement

motor
Mt 2 5-3 ssDNA
Chi scanning‘. motor

site * Nuclease

3% 15 Is

Figure 5 Diagram outlining the changes in RecBCD that occur after encountering a Chi
site. a, Before Chi, the enzyme progresses along duplex DNA using the bipolar motors of
the RecB (orange) and RecD (green) subunits. The 3" tail is digested processively but the
5" tail is cut much less frequently. b, On encountering Chi, the RecC subunit (blue) binds
tightly to the 3 tail, preventing further digestion of this strand. The 5" tail is now able to
access the nuclease site more frequently and is degraded more fully. The enzyme
continues to advance along the DNA resulting in a loop out from the RecB subunit that can
be loaded with RecA protein.
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complex pathway taken by the ssDNA suggests a mechanism for
the observation that Chi sequences are recognized as ssDNA but
arising from double-stranded DNA that is unwound by the
enzyme®™. During unwinding, the channels, and hence also the
Chi-binding site, would be occupied with ssDNA, thus blocking
the binding of oligonucleotides containing Chi sequences when
added in trans to the substrate after DNA unwinding has begun*'.

Regulation of nuclease activities
The nuclease activities of RecB are carefully regulated in several
ways, including switching cleavage between 5' and 3’ tails, 3’
nuclease attenuation after Chi, and nuclease activation by RecD.
The location of the nuclease active site allows processive hydrolysis
of the 3’ tail as it emerges from the RecC subunit. However,
proximity of the 5' tail would enable it to compete with the 3" tail
for binding at the nuclease, although this would be less frequent
owing to the less favourable disposition of the 5’ tail, which would
access the site from the opposite direction. Nuclease digestion of the
3" tail would be attenuated after Chi simply as a consequence of
binding tightly to the RecC subunit, resulting in more frequent
cleavage of the 5' tail resulting from less hindered access. Although
we do not need to invoke a conformational change in the protein
after it has encountered Chi, we cannot exclude this possibility.
Interestingly, there are two exits from the 3’ tunnel as it emerges
from RecC (Fig. 4a). One of these passes along the back of the
nuclease domain, bypassing the nuclease active site. The other is
blocked by an a-helix from RecB (Fig. 4b). This would provide a
simple mechanism for controlling the nuclease activity of the
complex such that access to the active site would be blocked if
this helix remained as positioned in this structure, forcing the strand
to exit without passing through the nuclease. The helix is connected
to the rest of the protein by two long flexible linkers, suggesting that
it might be able to swing out of the way. The RecD subunit is
involved in stimulating the nuclease activity*> and, although the
trigger for movement of this helix remains unclear, domain 3 of
RecD is in close proximity.

A mechanism for processing DNA ends

The crystal structure allows us to understand RecBCD activity in
better molecular detail (Fig. 5). Once bound to a blunt end, the
initiation complex is formed in which the double strands of the
duplex are opened up and fed towards the motor subunits. The DNA
is unwound by the combined activities of the two helicase subunits

Table 1 Crystallographic statistics

Data collection

Native TaBr1 TaBr2 Sef lodoU
Resolution (A) 30-3.1 30-3.8 30-5.5 20-3.2 30-3.1
Completeness (%) 99.8 91.4 91.3 99.5 95.8
Rsymm (%) 74 14.9 9.3 1.3 8.5
Rderiv (%) - 16.2 22.3 13.5 17.4
No. sites - 10 10 119 18
Phasing power - 0.32 0.97 0.60 0.28
Anomalous data statistics
Sel (peak) Se? (inflection) Se3 (remote) TaBr3 (peak)
Resolution (’&l 30-3.2 30-3.4 30-3.6 20-5.0
Wavelength (A) 0.97942 0.97960 0.93927 1.25485
Completeness (%) 99.5 99.7 99.7 90.3
Rsymm (%) 1.8 11.9 14.3 6.8
Phasing power 0.44 0.63 0.27 -
Final model Value
R factor (All data excluding free R set) (%) 24.2
Riree (5% of data) (%) 29.6
R.m.s.d. bond length (A) 0.018
R.m.s.d. bond angle (deg) 2.16
NATURE | VOL 432 | 11 NOVEMBER 2004 | www.nature.com/nature 191

©2004 Nature Publishing Group




articles

that pull the DNA strands across the pin of RecC, thus splitting the
duplex. The 5’ tail is fed to the RecD helicase and then onto the
nuclease domain of RecB for digestion. The 3’ tail is fed along a
channel within the protein complex that emerges at the nuclease
active site. Consequently, this strand is digested processively as the
protein complex progresses along the DNA. The 5' tail is also
digested, but less frequently because it is not situated as favourably
as the 3’ tail and cannot compete as effectively for the nuclease
active site. As the 3' tail is fed through the RecC subunit it is able to
scan the DNA for a Chi sequence. On encountering Chi, the RecC
subunit binds tightly to this site in the 3’ tail, thus preventing
further digestion of this strand, with the final cleavage event taking
place at, or close to, the Chi site. The 5 tail is now able to access the
nuclease site more readily and is therefore cleaved more frequently.
Finally, RecBCD loads RecA protein onto the 3 tail by a mechanism
that is not yet fully understood but involves the nuclease domain of
RecB* before dissociating from the DNA. d

Methods

Protein expression and purification, and DNA preparation

Full-length RecB, RecC and RecD were expressed together with the use of the pPB520 and
pPB800 plasmids'! in a ArecBCD E. coli strain (V330) containing the LacI? overexpression
plasmid pMS421. The RecBCD complex was purified by ammonium sulphate
fractionation (0-50% w/v), followed by Fast Flow Q (Amersham) anion-exchange
chromatography. RecBCD-containing fractions were dialysed overnight and further
purified by heparin—Sepharose (Amersham), Mono-Q (Amersham) and gel-filtration
(Superdex 200; Amersham) chromatography. The DNA hairpin was prepared by heating
the self-complementary oligonucleotide (5'-TCTAATGCGAGCACTGCTATTCCCTAG
CAGTGCTCGCATTAGA-3") to 95 °C for 5 min followed by rapid cooling in ice. The DNA
was then purified by anion-exchange chromatography and desalted by gel filtration.

Crystallization and structure determination

Protein was concentrated to 10 mg ml ™ !in 10 mM Tris-HCl pH 7.5, 100 mM NaCl and
1 mM dithiothreitol, with DNA present in a 1.3:1 molar excess. Hanging drops were set up
above reservoir solutions of 100 mM HEPES pH 7.0, 200 mM calcium acetate, 4-8% (w/v)
poly(ethylene glycol) 20000. Crystal nucleation was initiated by microseeding, and crystals
grew to a full size of about 400 X 100 X 60 pm? within 5 days.

Crystals were cryoprotected by rapid sequential transfer through the reservoir solution
with the addition of ethylene glycol in 5% (v/v) steps to a final concentration of 30%.
Diffraction data were collected on beamlines 14.1 and 14.4 at the European Synchrotron
Radiation Facility, Grenoble. The crystals were of space group P2,2,2; with unit cell
dimensions a = 133 A, b = 187 A, ¢ = 335 A and contained two RecBCD-DNA
complexes in the asymmetric unit.

Diffraction data (Table 1) were integrated and scaled together with the XDS package*.
The positions of ten TasBr, clusters were determined by analysis of anomalous diffraction
data collected at the Ta Ly edge (TaBr3) using the program Shake 'n Bake®. However,
these data were too non-isomorphous to be useful for multiple isomorphous replacement
(MIR) phasing with native data. Consequently, data from two lower-occupancy soaks
were collected and used for MIR phasing (TaBr1 and TaBr2). Phases calculated from these
data sets allowed the location of 18 iodine sites in data from a crystal grown with
iodouracil-substituted oligonucleotide and 119 selenium sites in selenomethionine-
substituted protein. Heavy-atom parameters were refined and phases calculated with the
program SHARP*, using a combination of two runs, one with regular MIRAS phasing
(including the data from Sel as a derivative and using a spherically averaged
approximation for the tantalum clusters) and the other with multiwavelength anomalous
diffraction phasing for the three selenium data sets collected from the same crystal (Sel,
Se2 and Se3). Phases from each run were combined, resulting in a set of phase estimates
with an overall mean figure of merit of 0.33. These initial phases were improved by density
modification with twofold non-crystallographic symmetry (NCS) averaging in DM*.
These maps permitted location of the DNA and building of most of one complex. Initial
refinement was performed by using the CNS package*® with NCS constraints. Further
rounds of model building were undertaken between refinement cycles. Towards the end of
refinement the NCS constraints were relaxed and parts of the structure that did not obey
local symmetry were refined independently. The final model has an R factor of 24.2%
(Rfree = 29.6%).
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