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ABSTRACT

Escherichia coli RuvC protein is a specific endo-
nuclease that resolves recombination intermediates
into viable products. The structural features needed for
RuvC activity were investigated by sequencing three
ruvC mutations and relating the base pair changes
identified to the activity of the mutant proteins. Each
of the three mutations is a single base-pair substitution.
ruvC51 converts glycine-15 to an aspartic acid residue.
The product of ruvC51 was purified and shown to retain
the ability to bind junctions, albeit with a slightly
reduced affinity. However, it has lost the ability to
resolve these structures by symmetrical cleavage. A
multicopy ruvC51 plasmid confers sensitivity to UV
light in a ruvC+ strain. The ruvC53 allele causes a
glycine-17 to serine substitution while ruvC55 produces
a stop codon. Neither of these genes produces a stable
product. The results suggest that the N-terminal
domain of RuvC may be concerned with cleavage of
junctions.

INTRODUCTION

The ability to catalyse recombination between damaged
chromosomes and the undamaged regions of homologues plays
a vital part in DNA repair. Recombination proceeds via a number
of well defined stages in which homologous molecules first pair
and exchange strands to produce a symmetrical structure called
a Holliday junction (1). Resolution of this junction by specific
endonucleolytic cleavage allows segregation of viable (repaired)
chromosomes. How junctions are recognized and then resolved
is therefore crucial to our understanding of recombination and
DNA repair mechanisms (2).

Three distinct activities that resolve junctions have been
identified in yeast. The first of these activities cuts 4-way junctions
and other branched structures (3), and as such behaves rather
like T4 endonuclease VII and T7 endonuclease I (4, 5, 6). These
proteins are involved in de-branching bacteriophage DNA prior
to packaging (7, 8). The second activity is encoded by CCEI
(9). The 41 kDa product of this gene cuts inverted repeat
structures that mimic some of the features of Holliday junctions

by forming cruciforms. Mutants in CCE1 lack cruciform-cutting
activity and show the petite phenotype normally associated with
a mitochondrial defect. Mitotic and meiotic levels of
recombination are normal. The same activity was identified
independently by Symington and Kolodner (10). A third activity
was detected in partially purified extracts from cells treated with
a DNA-damaging agent (11). In higher organisms, junction
cutting activities have been identified in extracts from calf thymus
(12), HelLa cells (13), and the human placenta (14).

Recent studies in bacteria have focused on the 19 kDa product
of the ruvC gene (15, 16, 17, 18). RuvC protein cleaves Holliday
junctions made by RecA protein and also synthetic X-junctions
that have some homology in the core to allow branch migration,
though it will also cut X-junctions that have no homology (17,
18). Mutations in ruvC cause sensitivity to DNA damaging agents
and also reduce the efficiency of recombination, especially in
certain genetic backgrounds (19, 20, 21). Mutations in the ruvAB
operon located close to ruvC result in a very similar phenotype,
though unlike ruvC, the ruvAB operon is regulated by LexA
protein and is induced as part of the SOS response to DNA
damage (19, 22, 23, 24, 25, 26, 27). Recent studies have shown
that the RuvA and RuvB proteins work together to drive branch
migration of Holliday junctions in an ATP-dependent reaction
(28, 29, 30). However, there is a functional overlap between the
ruv genes and recG and it appears that RecG may also be able
to catalyse branch migration (31, 32).

It is clear from the properties of ruv and recG mutants that
the ability to process Holliday junction intermediates is a key
stage in recombination and DNA repair. The RuvAB, RuvC and
RecG proteins provide new opportunities to investigate how
junctions are recognised and resolved. In this paper, we describe
a mutation in ruvC that affects the RuvC cleavage reaction without
eliminating the ability to bind to junction DNA.

MATERIALS AND METHODS
Strains

Escherichia coli K-12 strains N1373 (ruvC51), CS85 (ruvC53),
CS87 (ruvC55) are derivatives of AB1157 (F~ A(gpt-proA)62
leuB6 ara-14 lacYl rpsL31 thi-1 his-4 argE3 thr-1 kdgK51
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rD(?) galK2 xyl-5 mtl-1 tsx-33 supE44) (33, 34). CS78 is an
eda-51::Tnl0 derivative of the ruvC51 strain N1373 (34). IM101
(F128 proAB* lacFMZAMI5 traD36/endAl hsdR17 gyrA96
supE44 A(lac-pro)) (35) was used for generating ssDNA from
pGEM-7Zf derivatives. E.coli B strain BL21(DE3) (F~ ompT
rg~mg~) carrying plysS was used to control expression of
overproducing plasmids (36). TNM620 is a ruvC51 derivative
of BL21 (DE3) carrying plysS, and was constructed by
transduction with P1 phage from CS78 and selecting for resistance
to tetracycline (eda-51). Since E. coli B strains are UV sensitive,
inheritance of the linked ruvC51 was confirmed by backcrossing
to strain C600 (ry ~mg + thi~ thr~ leu™ lacY~ hsr~) (33), which
avoids restriction degradation of DNA transduced from E. coli B.

Media and general methods

LB broth and agar have been cited, as have P1 transductions and
procedures for measuring sensitivity to UV light (19, 21). DNA
manipulations followed the recipes and protocols described (37).
PCR reactions used AmpliTaq polymerase (Perkin Elmer Cetus)
and followed standard protocols. Protein gels and autoradiographs
were scanned for quantification of the results using a laser
densitometer (Molecular Dynamics).

PCR reactions

Mutant ruvC alleles were amplified directly from colonies of the
relevant strains essentially as described by Krishnan ez al (38).
A large colony was transferred to 50 ul of sterile distilled water
in a 1.5 ml Eppendorf tube, vortexed for 3 minutes and incubated
at 37°C for 15 minutes. 2 ul of this suspension was added to
a standard PCR reaction mixture. Reactions were heated to 94°C
for 4 minutes then 30 cycles set up as follows: 1 minute
denaturing at 92°C, 1 minute annealing at 50°C and 2 minutes
30 seconds extension at 72°C.

Cloning and DNA sequencing

Two oligonucleotides (5'-GGCCTGCTAGAATTCAAAAAGG-
AGGCGCGTGATG-3’, 5'-GGAGTGGAAAAGCTTCA-
GCCGG-3') were designed with EcoRI and HindIII sites (under-
lined) for the cloning and subsequent expression of ruvC. PCR
products amplified from chromosomal DNA were excised from
agarose gels and extracted with Geneclean II (Stratech, UK).
They were then digested with EcoRI and HindIII and the products
ligated into pGEM-7Zf(+) and (—) (Promega) cut with the same
enzymes. The ruvC plasmids generated were: pGS776 (ruvC51),
pGS778 (ruvC53), pGS780 (ruvC55), in pGEM-7Zf(+), and
pGS777 (ruvC51), pGS779 (ruvC53), pGS781 (ruvC55), in
pGEM-7Zf(—). Nucleotide sequencing was performed by the
Sanger dideoxynucleotide chain-termination method (39) using
the T7 kit from Pharmacia-LKB Ltd., UK. Single-stranded DNA
used as templates for DNA sequencing were obtained from
pGEM-7Zf(+/—) recombinants using M13 K07 helper phage
and standard protocols (Promega). The sequence of the entire
gene was determined for each ruvC mutant, using vector primers
and two primers (sequence not shown) within ruvC.

Overexpression of ruvC

The inserts from pGS776, pGS778 and pGS780 were excised
with EcoRI and HindIIl and recloned into pT7—7 (40) to give
pGS784 (ruvC51), pGS785 (ruvC53), and pGS786 (ruvCsS5),
respectively, with ruvC expression under the control of the strong
T7 ¢10 promoter (36, 40). The constructs were then introduced
into TNM620 for expression.

Proteins

Wild-type RuvC protein was purified as described (17). RuvC51
was purified from TNM620 carrying pGS784. Four litres of
culture were grown to an Agsg of 0.5 at 37°C in LB broth
containing ampicillin (50 gg/ml) and chloramphenicol (25 pug/ml)
to maintain selection on the plasmids. Extra ampicillin (40ml of
4 mg/ml stock) was then added to help maintain pGS784 and
expression of ruvC was induced by adding isopropyl (-p-
thiogalactopyranoside (IPTG) to 2 mM and incubating for a
further 3 h. Cells were pelleted, resuspended in 32 ml ice-cold
100 mM Tris—HCI pH 8.0, 2 mM EDTA, 5% glycerol, frozen
in liquid N, and stored at —80°C. The cells were thawed on
ice and after adding 0.25 volumes of 5 M NaCl, 0.01 volumes
of 0.1 M dithiothreitol (DTT) and 0.01 volumes of 10% Triton
X-100, were lysed by three freeze/thaw cycles. The lysate was
centrifuged at 40 000 rpm for 1 hour in a Kontron ultracentrifuge
using a TST41 rotor, and the less viscous upper half of
supernatant was collected (26 ml) and dialysed for 3 hours against
buffer A (20 mM Tris—Cl pH 8.0, 1 mM EDTA, 1 mM DTT,
10% glycerol). During lysis of these cells a large proportion of
the overproduced RuvC51 precipitated and was located in the
cell debris following centrifugation. This substantially reduced
the yield of pure protein. The dialysed supernatant was diluted
5-fold in Buffer A, applied to a 60 ml DEAE Biogel A column
(BioRad) and developed with a 600 ml 0—500 mM KCl linear
gradient in buffer A. Fractions containing RuvC51 were identified
by SDS-PAGE (RuvC51 eluted at 200—300 mM KCl), pooled
(120 ml, 0.86 mg/ml) and loaded directly onto a 20 ml Reactive
Blue 4-Agarose (Sigma) column. Bound proteins were eluted with
2200 ml 0.5—1.25 M linear gradient of KCl in buffer A. RuvC51
eluted in a broad peak between 600 and 800 mM KCl. Pooled
fractions (45 ml, 0.16 mg/ml) were dialysed against Buffer A
containing 200 mM KCl, loaded onto a 10 ml phosphocellulose
column (Whatman P11) and developed with a 100 ml 200— 1000
mM linear gradient of KCl in buffer A. RuvC51 eluted at 600
mM KCI. Pooled fractions (17.5 ml, 0.1 mg/ml) were dialysed
against buffer A, loaded on a 5 ml ssDNA cellulose (Sigma)
column and bound proteins eluted with a 50 ml 0—500 mM
gradient of KCl in buffer A. RuvC51 eluted at 300 mM KCI.
Fractions containing RuvC51 alone were pooled, dialysed against
buffer A containing 50% glycerol and stored in aliquots at
—20°C. A total of 0.38 mg of RuvC51 was recovered at greater
than 90% purity. The above procedure is adapted from a revised
purification scheme for RuvC* protein (41). The column-
binding properties of RuvC51 are much the same as those of the
wild-type protein (17, 18, 41). Purified RuvC51 was tested for
contaminating exonucleases using the method described in Lovett
and Kolodner (45). No exonuclease activity was detectable.
Protein concentrations were determined by the Bradford method
using a kit from BioRad, with bovine serum albumin (Sigma)
as a standard. Protein molecular weight markers were purchased
from Sigma.

Synthetic Holliday junctions and duplex DNA

Model Holliday junctions and linear duplex DNA were made by
annealing 49—51 mer oligonucleotides as detailed previously (42,
43). Oligonucleotide 1 was labelled with 32P at the 5’ end with
T4 kinase and [y?P-ATP] (Amersham) before annealing.
Approximately 40 nM of DNA were used in each reaction. DNA
concentrations are in moles of nucleotide residues and were
determined using DNA dipsticks (Invitrogen, San Diego).



Gel retardation assays

Reaction mixtures (20 ul) contained 32P-labelled synthetic
Holliday junction or linear duplex DNA in binding buffer (50
mM Tris—HCI, pH 8.0, 5 mM EDTA, 1 mM DTT, 100 pg/ml
bovine serum albumin) and various amounts of the test protein.
After 15 min on ice, 5 pl loading buffer (40 mM Tris—Cl, pH
7.5, 4 mM EDTA, 25% glycerol, 400 pg/ml bovine serum
albumin) was added and the samples loaded immediately onto
4% polyacrylamide gels in low ionic strength buffer (6.7 mM
Tris—Cl, pH 8.0, 3.3 mM sodium acetate, 2 mM EDTA).
Electrophoresis was carried out at room temperature for 1.75
h at 200 V with continuous circulation of buffer. Gels were dried
on Whatman 3MM paper and subjected to autoradiography.

Cleavage of a synthetic Holliday junction

Reaction mixtures (20 ul) contained synthetic Holliday junction
or linear duplex DNA in reaction buffer (50 mM Tris—Cl, pH
8.0, 1 mM DTT, 5 mM MgCl,, 100 pg/ml bovine serum
albumin) and various amounts of protein sample. Reactions were
incubated at 37°C for 60 min before adding 5 ul stop buffer
2.5% (w/v) SDS, 200 mM EDTA, 10 mg/ml proteinase K) and
incubating for a further 10 min at 37°C. The DNA products were
then electrophoresed at room temperature through a 10% native
polyacrylamide gel using a Tris-borate buffer system (43),
followed by autoradiography.

RESULTS

Cloning and nucleotide sequence of ruvC51, ruvC53 and
ruvC55

Previous studies identified a number of independent mutations
in the ruvC gene (24, 34, 44). Each of these mutations was cloned
using PCR to amplify the ruvC gene from colonies of the mutant
strains. The method used was designed initially for sequencing
plasmid DNA (38), but we found that chromosomal DNA could
be amplified easily for cloning. The products amplified were
cloned into pGEM-7Zf vectors and sequenced on both strands.
Each ruvC allele cloned has a single base pair transition. This
results in a glycine-15 to aspartic acid substitution in ruvC51 and
glycine-17 to serine substitution in ruvC53 (Fig. 1A). The ruvC55
mutation produces a TAG (amber) stop codon at glutamine-60
(Fig. 1B). The G:C to A:T transition in all three cases is
consistent with the use of nitrosoguanidine (ruvC5I) and
hydroxylamine (ruvC53 and ruvC535) in the original mutagenesis
(34, 44).

The nature of the ruvC55 mutation was initially surprising,
since this allele confers a weak UV sensitivity that is increased
by incubation at higher temperatures (34). However, the AB1157
genetic background of the strain used in these studies (CS87) has
the amber suppressor, supE44, which inserts glutamine at UAG
stop codons. Since insertion of glutamine restores the wild-type
amino acid sequence, we assume that the moderate UV sensitivity
of CS87 is due to reduced efficiency of amino acid insertion by
tRNA,z¢. We also conclude that the temperature sensitivity
is caused by the suppressor itself. The ruvC55 allele confers a

typical ruv mutant phenotype in the suppressor-free background

of strain W3110 (33) (data not shown), while in a supD
background where a serine is inserted at a UAG codon, it is totally
suppressed (data not shown). This observation shows that a
glutamine-60 to serine substitution has no effect on the activity
of RuvC.
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Figure 1. Nucleotide sequence of ruvC51, ruvC53 and ruvC55 mutations. (A)
The wild-type ruvC DNA and protein are shown beside the ruvC51 and ruvC53
sequences. The 5’ end of the nucleotide sequence is position 1308 of the published
sequence (16). The base substitutions and resulting amino acid alterations for
each mutation are indicated at the side of the wild-type sequence. The amino
acids are numbered from the N-terminal methionine although this residue is
removed from the protein product. (B) The ruvC55 mutation at amino acid 60
is represented with both wild-type and mutant shown. Position 1465 refers to
the published sequence (16). Ter denotes a termination codon.

Effect of the cloned ruvC alleles on sensitivity to UV light

The ruvC mutant alleles were introduced into strain AB1157 and
its ruv derivatives, using the plasmid constructs made using
pT7-7. The T7 ¢10 promoter is inoperative in these strains and
any expression of ruvC would have to rely on some adventitious
promoter. These strains were tested for sensitivity to UV light.
The ruvC51 construct pGS784 made AB1157 quite sensitive to
UV despite the presence of the chromosomal ruv* allele
(Fig. 2). The ruvC53, ruvC55, and ruvC* plasmids had no such
effect. (Fig. 2 and data not shown). The ruvC5! and ruvC53
constructs did not affect survival of N1373, CS85, or CS87,
whereas the ruvC55 construct made all three as resistant as strain
AB1157 carrying these plasmids (data not shown). Presumably,
the ruvC55 construct makes enough wild-type RuvC protein to
restore UV resistance.

Overproduction of mutant RuvC proteins

The ruvC recombinants of pT7-7 were made in such a way that
they had an improved ribosome-binding site for expression of
ruvC from the T7 ¢10 promoter. Strain BL21(DE3) plysS
carrying these plasmids were grown in LB broth and induced
with IPTG. pGS785 (ruvC53) and pGS786 (ruvC55) failed to
produce detectable RuvC proteins (data not shown). pGS784
(ruvC51), however, overproduces a protein of about 20 kDa
(Fig. 3, lane €). We assume that this is RuvC51 protein due to
its absence in uninduced cells (Fig. 3, lane d). Similar amounts
of protein (about 10—15% of total cell protein) are produced
by an analogous construct (pGS775) carrying the ruvC* gene
(Fig. 3, lane c) (41). To avoid contamination of RuvC51 with
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Figure 2. Effect of the cloned ruvC51 mutant allele on wild-type~cells after
exposure to UV. pGS775 contains the wild-type ruvC gene in pT7-7 and was
constructed using the same oligonucleotides used for PCR of the mutant alleles
(41). pGS760 (16) DNA was used as a template for PCR rather than colonies.
Cells were grown to an Agsq of 0.4 and appropriate dilutions spotted on plates
containing ampicillin (50 pg/ml). All plates were incubated at 37°C for 16 h.
UV doses were at a rate of 1 J per m? per second.

—
5 & Q8
< S >
g 2 2
E a o
- + — + IPTG

kDa

94 -

67 —

43—

RuvC51
20.1 -

14.4 -

Figure 3. Overproduction of RuvC51 protein. Plus and minus represent the
presence or absence of IPTG. Lane a, molecular weight markers; lane b and
¢, BL21 (DE3) plysS pGS775; lane c and d, BL21 (DE3) plysS pGS784. Strains
carrying pGS775 and pGS784 are labelled pruvC* and pruvC51, respectively.

wild-type RuvC from the E.coli B chromosome, a BL21 (DE3)
plysS ruvC51 derivative was constructed (TNM620) and used
as a host for overexpression of RuvC51. RuvC51 protein was
purified as described in the Materials and Methods section.
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Figure 4. Binding of RuvC51 to synthetic Holliday junctions. Purified RuvC51
and RuvC* proteins were incubated on ice for 15 minutes with 5'->2P-labelled
synthetic Holliday junction (lanes a—e, h—1) or linear duplex DNA (lanes f—g,
m—n). Samples were electrophoresed through a 4% low-ionic-strength

polyacrylamide gel. Concentrations of RuvC51 and RuvC* are indicated.

Binding of RuvC51 to synthetic Holliday junctions

RuvC51 protein was examined for its ability to bind to junctions
in DNA. We used a small synthetic X-junction containing a 12
bp core of homologous sequences flanked by 18—20 bp of
heterologous DNA. This substrate is identical to that used
previously (17). Junctions labelled with 32P were mixed with
increasing amounts of RuvC51 and RuvC*. Both proteins
formed defined complexes with the same mobility. However, with
RuvC51 the complex was detected at slightly higher
concentrations of protein (Fig. 4, lanes d, e). At 100 nM,
RuvC51 bound 8.5% of the junction while RuvC* bound 40%.
At 400 oM, RuvC51 retarded 75%, and RuvC* 95%. The
relatively greater degree of binding seen with RuvC51 at higher
concentrations suggests co-operative binding. Under identical
conditions, neither protein showed binding to linear duplex DNA
(Fig. 4, lanes g and n).

RuvCS51 does not cleave the X-junction

RuvC51 clearly retains significant junction-binding activity. To
examine its ability to cut the junction, reactions were performed
at 37°C in the presence of Mg2*. RuvC* produced the (nicked)
duplex product expected from cleavage of the junction (Fig. 5,
lanes i—1). However, we were unable to detect any cutting of
the junction with RuvC51 (lanes b—e). In other experiments with
different conditions, we used 1, 2 and 4 uM RuvCS51, but again
we observed no cutting (data not shown). The sensitivity of the
assay was such that we would have expected to detect 0.1% of
RuvC+ activity.

RuvC51 does not block the resolvase activity of RuvC*

To try and understand why RuvC51 makes a ruv* strain
sensitive to UV light, we examined the effect of RuvC51 on the
cutting activity of RuvC*. RuvC51 protein was pre-incubated
with junction DNA on ice to allow binding. RuvC* was then
added and incubated at 37°C as in the standard cleavage reaction.
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Figure 5. RuvC51 is unable to cleave synthetic Holliday junctions. Purified
RuvC51 and RuvC™ proteins were incubated at 37°C for 60 minutes with 5'-32p-
labelled synthetic Holliday junction (lanes a—e, h—1) or linear duplex DNA (lanes
f—g, m—n). Reactions were terminated by the addition of 5 ul of loading buffer
and electrophoresed through a 12% Tris-borate polyacrylamide gel. Concentrations
of RuvC51 and RuvC™ are indicated.

RuvC51 did not inhibit the RuvC* cleavage reaction even up
to 160 times the concentration of RuvC™* (data not shown). In
a similar experiment the two proteins were mixed and incubated
on ice for 30 minutes before adding to the reaction mixture.
Again, the cutting activity was not affected (data not shown).

DISCUSSION

We have described the cloning and characterization of three ruvC
mutations and identified a mutant protein, RuvC51, that binds
X-junctions but has lost the ability to resolve these into duplex
products. RuvC51 behaved very much like RuvC* during
purification, with the exception that more of the RuvC5l
precipitated during lysis. The precipitated RuvC51 could not be
recovered from the pellet using sonication and/or high salt. Lysis
procedures using DNase I to remove DNA also resulted in
precipitation of RuvC51. RuvC is thought to function as a dimer
(18). When separated by SDS-PAGE without reducing agent or
boiling RuvC51 produced faint higher molecular weight bands
that appeared to correspond to dimers, trimers and tetramers.
RuvC* under the same conditions gave a band of about 40 kDa,
presumably a dimer (data not shown). Purified RuvC51 did
produce the same size of complex with synthetic Holliday junction
DNA as RuvC*. However, it is possible that RuvC51 can
multimerize more easily than RuvC* producing the reduced
binding affinity for junctions and explaining the greater tendency
of RuvC51 to precipitate. RuvC51 migrates in SDS-PAGE as
a 20kDa protein, rather than the 19 kDa of RuvC*. This is
probably due to an increase in overall negative charge. The
RuvC51 protein has a predicted charge at pH 7 of 5.36 whereas
RuvC+ has a charge of 6.36. These values are calculated after
removal of the N-terminal methionine which occurs in vivo (17,
18).

The cloned ruvC51 allele, but not ruvC*, was found to make
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a ruv* strain sensitive to UV light. We attempted to mimic this
effect in vitro by including RuvC51 in reactions containing
RuvC* and synthetic Holliday junctions. RuvC51 failed to
reduce RuvC+ cleavage even when present in 160-fold excess.
The in vivo observations may be due to even higher levels of
RuvC51 expressed from the plasmid relative to the amount of
RuvC* from the chromosome. From our understanding of the
expression of ruvC this explanation is quite reasonable. Another
possibility is that RuvC51 is able to form inactive heterodimers
with RuvC*. This would be difficult to test in vitro if
dimerisation has already taken place in the separately purified
samples. It may be that the RuvC51 protein is only partially folded
in our purified samples. This could produce a more extreme effect
on the junction-cleavage reaction than on its ability to bind DNA.
Another ruvC mutation has recently been obtained in pGS775..
This has an aspartic acid-8 to asparagine substitution which results
in a defective protein in vivo. This mutant plasmid, like pGS784,
produces a negative effect on AB1157 following exposure to UV
(N.F.Hagan, G.J.Sharples and R.G.Lloyd, unpublished results).

The ruvC55 mutation results in termination of translation near
the middle of the gene. This amber mutation has been used to
insert a serine at position 60 in place of glutamine, using the supD
suppressor. This alteration had no effect on the ability of the gene
product to confer resistance to UV light, which suggests that this
position is not so vital for activity. RuvC53 (gly-17 to ser) failed
to overproduce a protein product. This is most likely due to the
inability to fold correctly, leading to degradation by cytoplasmic
proteases.

In conclusion, it is tempting to speculate that the N-terminal
B-sheet portion of RuvC functions in the cutting reaction. The
RuvC51 mutation could either affect correct folding of the protein
in this region or directly disrupt the active site in a more localized
manner. The C-terminal region of RuvC from residue 63 has
several predicted a-helices. In the HMG1 protein of rat it is the
positioning of o-helices in the HMG box motif that has been
linked with the ability of HMG1 to bind X-junctions (46).

ACKNOWLEDGEMENTS

We thank Tikshna Mandal for strain TNM620, Nicola Markham
for some of the work on ruvC55, Jonathan Terret for advice on
PCR from colonies and Matthew Whitby for assistance with
protein purification. We are also grateful to Steve West for
communicating the revised purification scheme for RuvC+.
Oligonucleotides were obtained from John Keyte in the
Department of Biochemistry, University of Nottingham. This
work was supported by the MRC, SERC, the Wellcome Trust
and the Royal Society.

REFERENCES

1. Holliday, R. (1964) Genet. Res. Camb. 5, 282—304.

2. West, S. C. (1992) Ann. Rev. Biochem. 61, 603 —640.

3. Jensch, F., Kosak, H. G., Seeman, N. C. and Kemper, B. (1989) EBMO
J 8, 4325—4333.

4. Kemper, B., Pottmeyer, S., Solaro, P. and Kosak, H. G. (1990) Resolution
of DNA secondary structures by endonuclease VII (endo VII) from phage
T4. Adenine Press, New York.

5. De Massey, B., Weisberg, R. A. and Studier, F. W. (1987) J. Mol. Biol.
193, 359-376.

6. Dickie, P., McFadden, G. and Morgan, A. R. (1987) J. Biol. Chem. 262,
14826 —14836.



3364 Nucleic Acids Research, 1993, Vol. 21, No. 15

21.
22.
23.

27.

28.
29.

30.
31.

32.
33.

34.

3s.
. Studier, F. W., Rosenberg, A. H. and Dunn, J. J. (1991) Methods in

37.

38.
39.

41.
42.

43.

Kemper, B. and Brown, D. T. (1976) J. Virol. 18, 1000—1015.
Miyazaki, J., Ryo, Y. and Minagawa, T. (1983) Genetics 104, 1-9.

. Kleff, S., Kemper, B. and Sternglanz, R. (1992) EMBO J. 11, 699—704.

Symington, L. S. and Kolodner, R. (1985) Proc. Natl. Acad. Sci. USA 82,
T247-1251.

. West, S. C. and Korner, A. (1985) Proc. Natl. Acad. Sci. USA 82,

6445 —6449.

. Elborough, K. M. and West, S. C. (1990) EMBO J. 9, 2931-2936.
. Waldman, A. S. and Liskay, R. M. (1988) Nucl. Acids Res. 16,

10249-10265.

. Jeyaseelan, R. and Shanmugam, G. (1988) Biochem. Biophys. Res. Commun.

156, 1054—1060.

. Takahagi, M., Iwasaki, H., Nakata, A. and Shinagawa, H. (1991) J. Bacteriol.

173, 5747-5753.

. Sharples, G. J. and Lloyd, R. G. (1991) J. Bacteriol. 173, 7711-7715.
. Dunderdale, H. J., Benson, F. E., Parsons, C. A., Sharples, G. J., Lloyd;

R. G. and West, S. C. (1991) Nature 354, 506—510.

. Iwasaki, H., Takahagi, M., Shiba, T., Nakata, A. and Shinagawa, H. (1991)

EMBO J. 10, 4381—4389.

. Lloyd, R. G., Benson, F. E. and Shurvinton, C. E. (1984) Mol. Gen. Genet.

194, 303-309.

. Lloyd, R. G., Buckman, C. and Benson, F. E. (1987) J. Gen. Microbiol.

133, 2531-2538.

Lioyd, R. G. (1991) J. Bacteriol. 173, 5414—5418.

Sargentini, N. J. and Smith, K. C. (1989) Mutation Res. 215, 115—129.
Iwasaki, H., Shiba, T., Nakata, A. and Shinagawa, H. (1989) Mol. Gen.
Genet. 219, 328—331.

. Sharples, G. J., Benson, F. E., Illing, G. T. and Lloyd, R. G. (1990) Mol.

Gen. Genet. 221, 219-226.

. Shurvinton, C. E. and Lloyd, R. G. (1982) Mol. Gen. Genet. 185, 352 —355.
26.

Shinagawa, H., Makino, K., Amemura, M., Kimura, S., Iwasaki, H. and
Nakata, A. (1988) J. Bacteriol. 170, 4322—4329.

Benson, F. E., Illing, G. T., Sharples, G. J. and Lloyd, R. G. (1988) Nucl.
Acids Res. 16, 1541—1549.

Tsaneva, I. R., Miiller, B. and West, S. C. (1992) Cell 69, 1171-1180.
Parsons, C. A., Tsaneva, L., Lloyd, R. G. and West, S. C. (1992) Proc.
Natl. Acad. Sci. USA 89, 5452—5456.

Iwasaki, H., Takahagi, M., Nakata, A. and Shinagawa, H. (1992) Genes
& Dev. 6, 2214—2220.

Lloyd, R. G. and Sharples, G. J. (1993) EMBO J. 12, 17-22.

Lloyd, R. G. and Sharples, G. J. (1993) Nucleic Acids Res. 21, 1719—1725.
Bachmann, B. J. (1987) In: Neidhardt, F. C., Ingraham, J. L., Low, K.
B., Magasanik, B., Schaechter, M. and Umbarger, H. E. (Eds), Escherichia
coli and Salmonella typhimurium Cellular and Molecular Biology, American
Society for Microbiology, Washington, D.C., pp. 1190—1219.
Shurvinton, C. E., Lloyd, R. G., Benson, F. E. and Attfield, P. V. (1984)
Mol. Gen. Genet. 194, 322329,

Yanisch-Perron, C., Vieira, J. and Messing, J. (1985) Gene 33, 103—119.

Enzymology 185, 60—89.

Sambrook, J., Fritsch, E. F. and Maniatis, T. (1989) Molecular cloning.
A laboratory manual. Cold Spring Harbor Laboratory, Cold Spring Harbor,
N.Y.

Krishnan, B. R., Blakesley, R. W. and Berg, D. E. (1991) Nucl. Acids
Res. 19, 1153,

Sanger, F., Nicklen, S. and Coulson, A. R. (1977) Proc. Natl. Acad. Sci.
USA 74, 5463—5467.

. Tabor, S. and Richardson, C. C. (1985) Proc. Natl. Acad. Sci. USA 82,

1074—1078.

Dunderdale, H. J., Sharples, G. J., Lloyd, R. G. and West, S. C.
(1993) —submitted

Connolly, B. and West, S. C. (1990) Proc. Natl. Acad. Sci. USA 87,
8476 —8480.

Parsons, C. A., Kemper, B. and West, S. C. (1990) J. Biol. Chem. 265,
9285 —9289.

. . Stacey, K. A. and Lloyd, R. G. (1976) Mol. Gen. Genet. 143, 223 -232.
5.

Lovett, S. T. and Kolodner, R. D. (1989) Proc. Natl. Acad. Sci. USA 86,
2627-2631.

. Weir, H. M., Kraulis, P. J., Hill, C. S., Raine, A. R. C., Laue, E. D.

and Thomas, J. O. (1993) EMBO J. 12, 1311-1319.



