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The ruvC gene of Escherichia coli specifies a nuclease that resolves Holliday junction intermediates in genetic
recombination (B. Connolly, C. A. Parsons, F. E. Benson, H. J. Dunderdale, G. J. Sharples, R. G. Lloyd, and
S. C. West, Proc. Natl. Acad. Sci. USA 88:6063-6067, 1991). The gene was located between aspS and the ruvAB
operon by DNA sequencing and deletion analysis of ruvC plasmids and was shown to encode a protein of 18,747
Da. Analysis of the DNA flanking ruvC indicated that the gene is transcribed independently of the
LexA-regulated ruvAB operon and is not under direct SOS control. ruvC lies downstream of an open reading
frame, orf-33, for a protein which migrates during sodium dodecyl sulfate-polyacrylamide gel electrophoresis
as a 33-kDa polypeptide. These two genes probably form an operon. However, expression of ruvC was found
to be very poor relative to that of orf-33. A double ribosomal frameshift between these genes is proposed as a
possible reason for the low level of RuvC. Two further open reading frames of unknown function were
identified, one on either side of the orf-33-ruvC operon.

Much of our understanding of the enzymatic mechanisms
of genetic recombination has come from studies of the RecA
protein of Escherichia coli. In vitro, RecA catalyzes homol-
ogous pairing and strand exchange between DNA duplexes
in reactions that are primed by regions of single-stranded
DNA (22). An essential intermediate in these reactions is a
heteroduplex joint, or Holliday junction, in which the two
DNA duplexes are held together by the exchanged strands.
Recombinant molecules are produced by specific endonucle-
olytic cleavage of this intermediate at the point of exchange
(18, 19). Connolly and West (6) detected a nuclease with this
ability in E. coli cell extracts by assaying for specific
cleavage of Holliday junctions in an ongoing strand ex-
change reaction driven by RecA. The nuclease activity was
found to be dependent on ruvC (5).

The ruv locus is known to be involved with DNA repair
and recombination. Mutations at this locus increase sensi-
tivity to UV light, mitomycin, and ionizing radiation (16, 20)
and reduce the efficiency of recombination, particularly in
recB recC sbcB sbcC and recB recC sbcA genetic back-
grounds (16, 17). In the wild type, the involvement of ruv in
recombination is masked to a large degree by the product of
recG. Thus, recombination proceeds reasonably efficiently
in ruv or recG single mutants but is blocked when both genes
are inactivated (15). The double mutants are also as sensitive
to UV light as recA mutants.

Three genes have been identified at the ruv locus (25).
ruvA and ruvB form a single operon (4, 28) which is regulated
by LexA as part of the SOS response (30, 32). These two
genes encode proteins of 22 and 37 kDa, respectively, both
of which have been purified. RuvA is a DNA-binding pro-
tein, while RuvB is an ATPase (13, 29). Complementation
studies identified a third gene, ruvC (25). Mutations at this
locus confer a phenotype which is very similar to that of
ruvA or ruvB mutants.

Nucleotide sequencing of the ruvC region. Our previous
studies (25) located ruvC in the region immediately upstream
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of the ruvAB operon. We determined the nucleotide se-
quence of this upstream region, using the plasmid constructs
shown in Fig. 1. pFBS11 and pFB512 carry inserts extending
from aspS to just beyond ruvA cloned in pBR322 and
pUC18, respectively (25). The two Tnl/000 insertions in
pFB511 (y3829 and v¥331) were described previously by
Sharples et al. (25). pGS746 was made by excising the 2.3-kb
HinclII-EcoRV(1) fragment from pFB512 and inserting it into
the Smal site of pTZ19R (Pharmacia LKB). pGS751 and
pGS760 carry the same insert cloned in the pGEM-7Zf(+)
and pGEM-7Zf(—) vectors, respectively, from Promega.
pGS762 was made by cutting the 1.12-kb Stul-EcoRV(1)
fragment from pGS760 with Stul and HindIII and inserting it
into pUC18 (33) cut with Smal and HindIIl. pGS765 was
made by excising the insert in pGS760 A8A (hereafter
referred to as A8A) with Hincll and HindIII and directing it
into pUC18 cut with Smal and HindIIl. A functional ruvC
gene in the plasmids constructed was detected by comple-
mentation analysis of the UV and mitomycin sensitivity of E.

A. Hincll Sstlt Stul EcoRV
(1 @
<06> | <064> <1.12> lo2s]
—//— > P /[l |
aspS orf-18 orf-33 ruvC orf-23? ruvA ruvB
B. 029 w31
- Y Y — - pFB511
PGS760 (+)
pGS760 A2 (+)
PGS760 43A (-)
PGS760 48A ()
pGS762 (+)

FIG. 1. (A) Restriction map showing the molecular organization
of the genes in the ruv region of the E. coli chromosome. The
distances between restriction sites are shown in kilobases. The
flanking aspS and ruvAB genes are interrupted for reasons of scale.
(B) DNA inserts carried by the recombinant plasmids used. The
inserts are aligngd with respect to the restriction sites as shown
above. Plasmids are identified on the right, along with their ability
(+) or inability (—) to make ruvC strains resistant to UV light. The
deletion derivatives of pGS760 were made by using exonuclease II1.



HIncII  kkxx (xxxx)
TGAAGGATAAAGTGTATAAGCGTCCCGTTTCGATCTTAGTGGTCATCTACGCACAAGATACGAAACGGGTGCTGATGTTGCA
orf-18 M K D K(W) Y K R P V S I L V V I Y A QDTUZ KU RUYVILMILDZQ

GCGGCGTGACGATCCCGATTTCTGGCAGTCGGTAACCGGCAGCGTGGAAGAGGGTGAAACCGCGCCGCARGCTGCCATGCGCGAAGTAAAGGAAGAGGTC
R RDDU&PUDTFWA QS VTGS VEEGETAPU QA AARAMMTEPERETVIKETEUV

ACCATTGATGTTGTCGCTGAACAACTGACCTTAATTGACTGTCAGCGCACGGTAGAGTTTGAAATTTTTTCACATTTACGTCATCGCTATGCGCCGGGCG
T I DV VAEGQULTZLTIDGCO QRTVETFTETITFSHTLRHERYAPGUV

TGACGCGTAATACGGAATCATGGTTCTGTCTTGCGCT TCCGCACGAGCGGCAGATCGTTTTCACTGAACATCTGGCT TACAAGTGGCTTGATGCGCCTGC
T R NTE S WFCULAILUZPHEURU QTIVFTEUHTLA AYIZ KU WULDATPA

-35 -10 SE3>>>> <K<L<<KKLKL kkkhk
TGCGGCGGCGCTCACTAAGTCCTGGAGCAACCGGCAGGCGATTGAACAGT TIGTAATTAACGCTGCCTGAACAGGCAGGGCTATCTGGAGATATTTTTAT
A A A LTI K SWSNURUOQATIETZ QTFUVINARBA. orf-33 M

<A8A
GGCAGGTCATAGTAAATGGGCCAACACCAGACATCGTAAAGCTGCGCAGGATGCTAAGCGCGGTAAAATCTTCACTAAAATCATTCGTGAGCTGGTAACC

A G H S KWANTURUHRIEKAAQDA AIKRGI KTITFTZEKTITIRETLVT

SstIl
GCGGCTAAGCTGGGCGGTGGCGATCCGGACGCTAACCCGCGTCTGCGTGCGGCCGTGGATAAAGCACTGTCTAACARCATGACCCGTGACACACTGAACC
A AKLGGGUDU®PDA ANTPRTILRAAMYVDI KA ALSNNMTRDTTILNR

GCGCAATTGCACGTGGTGTGGGCGGTGATGATGATGCAAACATGGAAACCATCATCTACGARGGTTACGGTCCTGGCGGCACGGCAATCATGATTGAATG
A I ARGV GGDUDODA ANMMETTITIZYESGTYGPGGTA ATIMTITEC

ACCGTTGCTGAAGTGCGTCATGCATTTAGCAAATGTGGCGGTAACCTCGGTACTGATGGTTCCGTTGCCTATCTGTTC

L S DNURNZ RTVAETVRIHEAFSZ KT CGGNTLGTUDGSVAYTLTF
>< §y29

AGCAAAAAAGGCGTGATCTCCTTCGAGAAAGGCGATGAAGACACCATCATGGAAGCAGCACTGGAAGCAGGTGCTGAAGACGTTGTGACCTATGATGACG

S K K GV ISTFTETZKGDTETDTTIMEHA AARALTEA AGA AETDVUVTYDTDGE

GCGCGATTGATGTCTACACTGCATGGGAAGAAATGGGTAAAGTGCGCGACGCTCTGGAAGCGGCAGGTCTGAAAGCAGACAGCGCGGAAGTTTCCATGAT
A I DV YT AWETEMGTI KT YVRDA ALTEA AAGTLI KA ADSAEUVSMI

CCCGTCTACCAAAGCTGATATGGATGCAGAAACCGCACCGAAACTGATGCGTCTGATCGATATGCTGGARGATTGCGACGACGTGCAGGAAGTTTACCAT
P S TKADMDA AETA API KU LMRBRILTIDMTLEUDT CDUDVQEVYH
Stul *ARRK
AACGGTGAAATCTCTGATGAGGTCGCAGCGACTCTCTGATGAGGCCTGCTAAACAGCAAAACGGAGACGCGTGATGGCTATTATTCTCGGCATTGATCCG
N G E I S DEVAATTL . ruv/¢c M A I I L G I D P
orfl1 M R P A K Q Q N G D A ***x
GGTTCGCGCGTGACCGGCTACGGCGTCATCCGCCAGGT. AACTGTCCTACC >GGATGCATCCGCACCAAAGTGGATGATTTACCGT
G S RVTGYGV IR QVGROQLSYLGSGOCTIRTIEKUVDUDTLTFPS

CTCGTCTGAAACTCATCTATGCGGGCGTGACGGAAATCATCACCCAGTTCCAGCCTGATTATTTCGCCATTGAACAAGTCTTTATGGCAAAGAACGCTGA
R L KL I YAGUVTETITITUGQFOQPDYTFATIEZ QVFMATI KNAD

CTCAGCCCTGAAACTGGGCCAGGCGCGCGGCGTGGCGATTGTGGCGGCGGTGAATCAGGAGT TGCCAGTATTTGAATACGCGGCACGTCAGGTAAAGCAA
S A L KL GQA ARGV VA ATIVAAVNO QETLZ®PVTFETZYA AARTUGQVIKDQQ
<A3A
ACGGTGGTAGGTATTGGCAGTGCCGAAAAAAGCCAGGTGCAGCATATGGTCCGCACCTTGCTGAAACTGCCCGCTAATCCACAGGCGGATGCCGCCGATG
T V V6 I G S A E K S QVQHMVRTULILIEKTLZPANZPUOQADAA ADRA

<42
CGCTGGCGATTGCTATCACCCACTGCCACGTTAGTCAGAATGCGATGCAGATGAGCGAATCGCGGCTGAACCTGGCGAGAGGGCGACTGCGTTAAGTTAT

L A I A I THCHV S QN AMAOQMSESURILNILARGIR RTILR . AARTA

ACCGCCTCGGTCAGTTCCGGCTGAGGCGTT TCCACTCCCTCCGCATGAATCAACACCAAACCCGGATGATGCCACAAACTGGCTGGCGTGACGGTTTTAC
TGGCGGAGCCAGTCAAGGCCGACTCCGCAAAGGTGAGGGAGGCGTACTTAGTTGTGGTTTGGGCCTACTACGGTGTTTGACCGACCGCACTGCCAAAATG
VvV A ETULEZ®PO QEPTEVGEA AUHTIILVILSG?PHUHWILSAPTUVTK

GCTCCCACGGAATAGAACCCAGGAACCAGAATTTCCAGAAAGTGAGTTTTGCATTCGGATTGCTATT TAACAAT TCTCCAAACGTCTCTATTTCACCCAC
ATCTTGGGTCCTTGGTCTTAAAGGTCT TTCACTCAAAACGTAAGCCTAACGATAAATTGTTAAGAGGTTTGCAGAGATAAAGTGGGTG
R EWPTISGULTFWTFXKWTFTILI KA ANZPNSNILTLETGTFTETITEGUV

CGGAATACATAGCGCTTCTTTATAAATATCAAAAACARATTTTGAACAGAACTGGCGCGAAGATTCGTATTTARAACCGGTGTGGTARAGTTTGCGTAGC
GCCTTATGTATCGCGAAGAAATATTTATAGTTTTTGTTTAAAACTTGTCTTGACCGCGCTTCTAAGCATARATTTTGGCCACACCATTTCARACGCATCG
P I CLAETKTYTIDTFTVEFET KT ST CTFU QRSSETYZK KTFGTHUHTYILZ KR RTIL

>< 931
PTCGTTGTTTTTGTCGTTCTGTCAGCCCAGCGTCTAATCGCTTTATAGCATAGCGTTGATTAGACGAACGTTTAATAA
TTGTTAAGCAACAAAAACAGCAAGACAGTCGGGTCGCAGATTAGCGAAATATCGTATCGCAACTAATCTGCTTGCAAATTATT
R S PVQEVTIRA QEKGO QRETTLGADTLRIEKTIABAYR RO QNS SSREIEKTI

AACGAGATAGCGTGGTGATGGTTGAAAGGGGAACCCGGCTTTCTGCAACCAGGAAGTCTTCACCGTTATGACCGATAATGATCCCGACGTGATTACTCCA
TTGCTCTATCGCACCACTACCAACTTTCCCCTTGGGCCGAAAGACGTTGGTCCTTCAGAAGTGGCAATACTGGCTATTACTAGGGCTGCACTARTGAGGT
FRSLTTTITSTULPVRSEA AVLTFUDEGNUHSGTITITIGVHNSW

EcoRV (1)
GCAATTTGATGCAGCTGATATTTGACCAAATAAGGCAGCACCTATACATGTAAAGACGATATCTCCAATTTCATATTCAGCAGGGTAATTAATATTCACG
CGTTAAACTACGTCGACTATAAACTGGT TTATTCCGTCGTGGATATGTACATTTCTGCTATAGAGGTTAAAGTATAAGTCGTCCCATTAATTATAAGTGC

C N S AASIQGTPFULAAGTITCTT FUVIDSGTIETYEA RAZPYNTINM

TTGTCATTCCATTGAAATAGATACAAATATACGTAATAGCATAAAAAATTTATTTTTTCAGGAGGCGCAATGTATATTTTTATTACGCATTTCTTCACTG
AACAGTAAGGTAACTTTATCTATGTTTATATGCATTATCGTATTTTTTAAATAAAAAAGTCCTCCGCGTTACATATAAAAATAATGCGTAAAGAAGTGAC
*kx* < orf-23
esecesccssccssce SOS box 1
AATATGTAATATTAAAATATTTGCTTCCAATATAACCTGTAGAATAAATTATACTGTGCCATTTTTCAGTTCATCGAGACACCTCGCAAGTTTTCTTCAT
TTATACATTATAATTTTATAAACGAAGGTTATATTGGACATCTTATTTAATATGACACGGTAAAAAGTCAAGTA

-10 -35 -10 =35
eeeECORV(2)eeeee SOS box 2 HhkRh
ATCCAGCATTTTTTIATCATACAGCATTATCTTTGATTCATTACGCAGGAGCGTCATGTGATAGGCAGACTCAGAGGCATCATC
-35 -10 ruwvA M I G R L R G I I
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FIG. 2. Nucleotide sequence of the ruvC region. The 2,363-bp sequence from the Hincll site to the EcoRV(1) site is as determined in this
work. The sequence from EcoRV(1) to base 2700 is taken from the work of Benson et al. (4) and is included to facilitate reading of the entire
orf-23 sequence and to show the position of ruvC relative to the ruvAB operon. Translation of the open reading frames described in this work
is shown below the sequence. The valine in parentheses defines an alternative translational start codon in orf-18. Putative promoter regions
are underlined and labelled —10 and —35 above the sequence. Potential ribosome-binding sites are marked with asterisks. Chevrons indicate
areas of inverted repeats referred to in the text. ><, Tnl000 insertions 529 and y331; <, last base deleted from the EcoRV(1) end in A2 and
A3A. The two dotted 16-bp sequences upstream of ruvA are the LexA binding sites described by Benson et al. (4).
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coli K-12 strain CS85 (ruvC53) or N1373 (ruvC5I) (25).
These two strains are derivatives of AB1157 [F~ A(gpt-
proA)62 leuB6 ara-14 lacYl rpsL31 thi-1 his-4 argE3 thr-1
kdgK51 rfbD(?) galK2 xyl-5 mtl-1 tsx-33 supE44] (1, 2, 31).
Nucleotide sequencing was done by the dideoxynucleotide
chain-termination method (24) with a T7 sequencing kit from
Pharmacia LKB and single-stranded DNA extracted from
strain JM101 [F'128 proAB™ lacI® ZAM15 traD36/A(lac-pro)
endAl hsdR17 gyrA96 supE44] (33) carrying the appropriate
plasmid. pGS746, pGS751, pGS760, and a series of exonu-
clease III deletion derivatives were used to provide a series
of overlapping sequences of both strands. Exonuclease III
deletions were generated with the Erase-A-Base system
from Promega. Where suitable deletions were not available,
oligonucleotide primers based on sequences already deter-
mined were used to provide the required overlaps. v829 and
vd31 insertions in pFBS511 were located by sequencing the
appropriate restriction fragments subcloned in pGEM-
7Zf(+) and pGEM-7Zf(-).

The nucleotide sequence determined for the 2,363-bp
HinclI-EcoRV(1) fragment is shown in Fig. 2. The 3’ end of
the sequence is contiguous with the sequence containing
ruvAB reported by Benson et al. (4). For the purpose of
analysis, Fig. 2 also shows the sequence from EcoRV(1) to
the beginning of the ruvA gene. The new sequence revealed
an overlap of 628 bp at the 5’ end with the sequence reported
by Eriani et al. (11). The region of overlap lies downstream
of the aspartyl-tRNA synthetase gene (aspS) and contains
the end of the intergenic repeat unit identified by Sharples
and Lloyd (26). Our sequence differs from that presented by
Eriani et al. (11) at four positions (bp 411, 438, 449, and 617)
but matches exactly the sequence of this region obtained
independently by Shinagawa (27).

Identification of ruvC. pGS760 carries the intact ruvC™
gene as defined by its ability to make ruvC mutants fully
resistant to UV light (data not shown). Deletion analysis of
this construct located the DNA encoding ruvC between the
Stul site and bp 1798, the endpoint of A2 (Fig. 1B). The
sequence in this region reveals an open reading frame (orf) of
521 bp extending from a putative ATG initiation codon at bp
1274 to a TAA stop codon at bp 1793. The 5'-GGAGA-3'
sequence located just upstream provides a possible ribo-
some-binding site. Translation of this open reading frame
would produce a polypeptide with a predicted molecular
mass of 18,747 Da. A protein of about this size is produced
by pGS760 and all the 3’ deletion derivatives up to and
including A2 (Fig. 3 and data not shown). However, synthe-
sis of this protein is eliminated by A3A, which removes 175
bp from the 3’ end of the reading frame. We conclude that
the 19-kDa protein is the product of ruvC. This protein has
been expressed from the lac promoter in pGS762, purified,
and shown to be the product of the reading frame identified
by sequencing of the amino terminus (9).

ruvC forms an operon with orf-33. The DNA encoding ruvC
lies downstream of an open reading frame extending from
an ATG initiation codon at bp 599 to a TGA stop codon
at bp 1237. We believe this to be the gene identified previ-
ously as orf-33 (25). It produces a protein of 26,425 Da,
which migrates during sodium dodecy! sulfate-polyacryla-
mide gel electrophoresis (SDS-PAGE) as a 33-kDa polypep-
tide (Fig. 3, A2 and A3A). The expression of this protein is
prevented by insertion of a kanamycin resistance cassette at
the SstI site and by a deletion in pGS760 extending from
EcoRV(1) to bp 1036 (results not shown). Sharples et al. (25)
also showed that expression of this protein is prevented by
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FIG. 3. Fluorograph showing plasmid-encoded proteins labelled
in maxicells (23) with [**S]methionine and separated by SDS-PAGE.
Strain AB2480 (as strain AB1157 but uvrA6 recAl3) (12) trans-
formed with the plasmid indicated was grown to an Ags, of 0.5 in 5
ml of M9 medium supplemented with ampicillin (100 pg/ml), irradi-
ated with 45 J of UV light per m?, and then incubated in the dark for
1 h at 37°C. Cycloserine was added to a final concentration of 200
pg/ml, and incubation continued for a further 16 h. The cells were
pelleted, washed, and resuspended in 1 ml of M9 medium lacking
MgSO, and amino acids. A 10-wCi amount of L-[>**S]methionine was
added and incubation was continued at 37°C before the cells were
washed to remove unincorporated label, resuspended in 50 pl of
SDS gel loading buffer (2% SDS, 20% [vol/vol] glycerol, 5% B-mer-
captoethanol, 0.2% bromophenol blue), and heated for 3 min at
100°C. Samples (10 to 20 pl) were then electrophoresed through a
15% polyacrylamide gel containing 0.2% SDS, and the labelled
proteins were visualized by fluorography. The positions of molecu-
lar mass markers are indicated in kilodaltons on the left. The
plasmids used are identified above each lane.

insertion 329, which we located between bp 918 and 919
(Fig. 2).

A possible promoter for orf-33 is located at bp 431 to 458,
though the proposed —35 region is not good. The sequence
5'-GGAGA-3’ provides a possible ribosome-binding site. A
16-bp sequence extending across the proposed —35 region
from bp 422 to 437 has some similarity with LexA binding
sites (CTGN,,CAG) found in the promoters of SOS-in-
ducible genes (32). However, we have been unable to detect
any increase in the expression of orf-33 (or of the down-
stream ruvC gene) following induction of the SOS response
by mitomycin (data not shown). The orf-33 promoter may
also serve to express ruvC. There is no obvious sequence
that would terminate transcription at the end of orf-33. A
short peptide of 11 amino acids encoded between orf-33
and ruvC may provide a means for translational coupling
of the two genes. Such an intricate link involving a double
ribosomal frameshift would be consistent with the very
low level of expression of ruvC relative to that of orf-33
(Fig. 3). However, ruvC™* plasmids that carry deletions of
the orf-33 promoter region retain the ability to complement
ruvC mutations (data not shown). These multicopy con-
structs probably express ruvC from plasmid promoters,
but we cannot rule out the possibility of weak secondary
promoters in the DNA insert remaining 5’ to ruvC. The
orf-33-ruvC operon is flanked by two other open reading
frames, orf-18 on the 5' side and the convergent orf-23 on
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the 3’ side (Fig. 1). We found that pGS765, which carries the
entire orf-18 sequence, encodes two weakly expressed pro-
teins of about 18 kDa (data not shown). Transcription from
the orf-33-ruvC region probably terminates within the orf-23
region. Otherwise, there is the potential for a very strong
termination signal in nucleotides 2604 to 2631 just upstream
of ruvA.

RuvC is not related to Holliday resolvases from phages T4
and T7. The RuvC polypeptide of 173 amino acids has a
basic isoelectric point of pH 9.59. In studies reported else-
where (9), the purified RuvC protein has been shown to
cleave Holliday junctions generated in strand exchange
reactions catalyzed in vitro by RecA. Two other nucleases
with this property have been studied in detail, namely, phage
T4 endonuclease VII (14, 18) and phage T7 endonuclease I
(7, 8, 19). We found no obvious homology between these
proteins and RuvC. The only obvious similarity is that all
three are relatively small basic polypeptides; T4 endonucle-
ase VII has a molecular mass of 18 kDa (3, 14), while T7
endonuclease I has a mass of 17 kDa (10, 21). The sequence
Phe-Glu-Tyr occurs in all three proteins and may be of
significance, but the zinc finger motif identified in T4 endo-
nuclease VII (3) is not present in either RuvC or T7 endo-
nuclease I. A search of the NBRF-PIR data base (release 27)
showed no substantial homologies between RuvC and any
other proteins.

Nucleotide sequence accession number. The sequence of
ruvC and the flanking region has been submitted to EMBL
and has been given the accession number X59551.

We thank John Keyte for synthesizing the oligonucleotide primers
used for DNA sequencing. We are also grateful to Hideo Shinagawa
for exchanging ruvC sequences prior to publication.
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