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ABSTRACT
The nucleotide sequence of a 2505 bp region of the Escherichia coli chromosome

containing the LexA regulated ruv gene has been determined. A sequence of 1631 bp
encoding two non-overlapping open reading frames that constitute a single operon and
which specify polypeptides with predicted molecular weights of 22172 daltons and
37177 daltons respectively, was identified as the most probable sequence for ruv.
Each of the two open reading frames, designated ruvA and ruvB, is preceded by a
reasonable Shine-Dalgarno sequence. Two 16 bp sequences (SOS boxes) that match the
consensus sequence for binding LexA protein are located 5' to ruvA in a region that
provides a possible single promoter for expression of both ruvA and ruvB, with the
second SOS box overlapping the putative -35 region. A possible transcriptional
terminator is located 137 bp downstream of ruvB. The amino acid sequence predicted
for RuvB contains a region that matches a highly conserved sequence found in several
DNA repair and recombination proteins that bind ATP.

INTRODUCTION

The ruv locus of Escherichia coli was originally defined by mutations that

increase sensitivity to mitomycin C, ultraviolet light, and ionising radiation, and

cause a defect in cell division that results in an unsual degree of filamentous

growth (1). Later studies identified further point mutations, phage Mud(Aprlac)

fusions, and TnlO insertions, that confer a similar phenotype (2,3). Investigation

of 0-galactosidase synthesis in the ruv::lac fusion strains demonstrated that

expression of ruv is induced by damage to DNA and is regulated by LexA as part of the

SOS response (3). Furthermore, ruv derivatives of recBC sbcBC and recBC sbcA were

found to show a significant reduction in the ability to foster recombinants in

conjugational crosses, although ruv single mutants appeared reasonably proficient in

recombination, (4,5). From these additional properties, it was suggested that ruv,

along with other LexA regulated recombination genes such as recA, recN, and recQ

(6,7,8), is involved in a recombinational process for repair of damaged DNA (4,5).

Analysis of recombinant plasmids that carry ruv+ succeeded in locating the gene

to a 7.7 kb PstI fragment of the chromosome (2,9). The cloned DNA was shown to

encode three polypeptides of approximately 27, 33, and 41 kilodaltons, of which only
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the 41 kd protein was required for ruv+ activity (9). Further studies (unpublished)

indicated that the genes for the 27 kd and 41 kd proteins were adjacent and that a

TnlO insertion (ruv-59::Tn1O), which on the basis of the phenotype conferred was

thought to be within ruv (2), was in fact located in the gene for the 27 kd protein.

Given that a TnlO insertion can exert a polar effect, these observations suggested

that the genes for the 27 kd and 41 kd proteins may comprise an operon. To gain

further insight into the molecular organisation of ruv, we determined the nucleotide

sequence of the DNA encoding the 27 kd and 41 kd proteins. The 2505 bp sequence

presented in this paper reveals that the genes specifying these proteins do indeed

form part of an operon regulated by LexA.

METHODS

Strains and plasmids

The original source of ruv was pPVA101, which carries a 10.4 kb HindIII

fragment of DNA cloned into the low copy number vector pHSG415 (2). Fig. 1 shows the

location and transcriptional orientation of ruv within the 7.7 kb PstI sub-fragment

of the 10.4 kb insert in pPVA101 (2,9). pFB803 carries a 590 bp Sau3AI DNA fragment

spanning EcoRV sites 1 and 2 cloned into the BamHl site of pKK232-8, which carries a

promoterless chloramphenicol acetyl transferase (CAT) gene (10). pFB512 and pGS700

are derivatives of pUC18 (11) carrying respectively the BamHI-KpnI and KpnI-BglII

fragments of pPVA101 that span the ruv region (Fig. 1). Neither plasmid encodes the

intact 41 kd product of ruv since the gene is interrupted at the KpnI site. pFB512

encodes the 27 kd and 33 kd proteins (unpublished work). Since the ruv region

could not be cloned intact into high copy number plasmids (9), pFB512 and pGS700 were

used to provide more convenient sources of DNA for further subcloning of this region.

PstI RV1 RV2KpnI RV3RV4 Bgll1 RV5 PstI

41.3 l40 7

f laH eda
0 1 kb ruvA ruvB

e 1

Partial restriction map of the 7.7 kb PstI fragment of the E. coli chromosome
encoding ruv based on analysis of pPVA101 and its derivatives (9) and the DNA
sequence (this work). EcoRV is abbreviated to RV. The flanking markers eda and
flaH, and their map co-ordinates in minutes, are included to show the orientation of
ruv relative to the chromosome. The DNA insert in pPVA101 contains a BamHl site
approximately 1.0 kb to the left of the PstI fragment (9). This site is absent from
the chromosome (unpublished work). The arrows indicate the approximate location and
direction of transcription of the ruvA and ruvB genes.
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Recombinant plasmids and the phage cloning vectors M13mpl8 and M13mp19 and their

derivatives were maintained in strain JM101 (11).

Enzymes and biochemicals

Restriction enzymes, T4 DNA ligase and DNA Polymerase I Klenow fragment were

from commercial sources and were used as recommended by the suppliers.

Deoxynucleoside and dideoxynucleoside triphosphates were obtained from Sigma.

Radiolabelled nucleotides and M13 universal sequencing primer (17mer) were obtained

from Amersham.

DNA sequence analysis

Previous studies (9) located ruv to a 2.2 kb section of DNA spanning the KpnI

site (Fig. 1). Overlapping restriction fragments from EcoRV site 1 to the BglII site

were therefore inserted into the multiple cloning site of M13mpl8 and M13mpl9 and

sequenced by the dideoxy chain termination technique of Sanger et al. (12), using a

synthetic universal primer and [alpha 35S] dATP. A primer of 25 nucleotides, kindly

provided by New Brunswick Scientific (UK) Ltd., was used to determine the sequence

immediately 3' of EcoRV site 4. Sequencing reactions containing dITP instead of dGTP

were used to confirm the sequence of GC rich regions (13). The entire sequence was

determined for both strands of the DNA and was compiled and analysed using commercial

computer software packages.

RESULTS AND DISCUSSION

Nucleotide sequence of the encoding ruv.

Figure 2 shows the nucleotide sequence of the 2505 bp region of the chromosome

between EcoRV site 1 and the BglII site (Fig. 1). Analysis of the sequence revealed

two major open reading frames. The first, beginning with a GTG codon at bp 317,

extends 609 nucleotides to a IGA termination codon at bp 926. A possible ribosome

binding site (14) is provided by the sequence AGGAGC located 11 bp upstream of the

GTG initiation codon. Translation of this open reading frame would give a

polypeptide of 203 amino acids with a predicted molecular weight 22172 daltons. We

believe this to be the structural gene for the 27 kd protein (9). This conclusion is

supported by the fact that TnlO00 insertions in pFB512 that abolish synthesis of the

27 kd protein have been mapped to the interval between EcoRV site 1 and the KpnI site

(unpublished work). The molecular weight of the protein predicted by the DNA

sequence is within the limits of the estimate of 27 kd obtained by SDS-PAGE (9).

The second open reading frame begins with an ATG codon at bp 937 and extends

1008 nucleotides to a TAA termination codon at bp 1944. The sequence ATGAGG, which

appears 12 bp upstream of the ATG initiation codon and overlaps the last nucleotide

of the previous reading frame, provides a possible ribosome binding site. We believe
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Flgue 2
Nucleotide sequence of the 2505 bp chromosomal ruv region from EcoRV site 1 to the
BglII site. The EcoRV, KpI, and BglII sites referred to in the text are overlined,
and the sequence is numbered from EcoRV site 1. LexA boxes are identified by
asterisks above the sequence. Putative promoter -35 and -10 regions are underlined
and labelled as such. The proposed transcriptional terminator is indicated by a
string of Xs above the nucleotides. Putative Shine-Dalgarno (S-)) sequences are
overlined. The predicted amino acid sequence for each of the two major open reading
frames is aligned below the first base of each codon.
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Table 1
Aligment of SOS boxes in the promoters of ruv and other LexA
regulated genes. The symmtrical conselsus sequences are boxed.

Gene Sequence Reference

ruv 1 CTG TGCATTTTE CAG
2 CTG GATATCTAIC CAG

lexA 1 CTG T A CAG 28,29
2 Cm TATATACA CAG 30

recA CTG TATGAGCATA CAG 28,31
recN 1 CTG TATATAAAAC CAG 32

2 CTG TAGAGAATAA CAG
recQ CKTG TTTATIT CAG 33
uvrA CTG TATATTCATF CAG 34
uvrB CTG TITTlTTTTC CAG 35
uv.D CTG TATATATACC CAG 36
umiDC CTG TATATAAMA CAG 37,38
,,"|.AB CT& TAT CAAAAG 37
iTG CTATA GAG 39

sulA CTG TACATCCATA CAG 40

consensus CTG tatatatata CAG 27

this second open reading frame to be the structural gene for ruv since it spans the

KpnI site. Previous studies (9) established that ruv is inactivated by interruption

of the sequence at this restriction site. Furthermore, translation of this open

reading frame would give a polypeptide of 336 amino acids with a predicted molecular

weight of 37177 daltons, which is in reasonably good agreement with the estimate of

41 kd for Ruv obtained by SDS-PAGE (9).

The only other major open reading frame begins with a GTG initiation codon at bp

2254. IHwever, its significance is unclear as it extends beyond the BglII end of the

sequence and analysis of the region downstream of ruv failed to reveal sequences for

transcriptional and translation initiation.

Identification of a putative promoter for ruv

Sequences similar to those commonly found in L coli promoter regions (15) are

located upstream of the first open reading frame, with a possible -10 region

provided by TATCAT.beginning at bp 274 and a -35 region by TGGATA beginning at bp 251

(Fig. 2). This region also contains two sequences that provide possible sites for

binding LexA protein (16). The first, designated LexA box 1 in Fig. 2, extends from

bp 197 to bp 212, while the second, designated LexA box 2, extends from bp 250 to bp
265 and overlaps the proposed -35 region. Table 1 shows that these LexA boxes match

the consensus sequence for LexA binding established from a comparison of similar

sequences found in the promoter regions of other SOS regulated genes. Since

expression of ruv is known to be regulated by LexA (3), it seems likely that the
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region immediately upstream of the first open reading frame is the promoter for

expression of ruv. This conclusion is supported by the fact that expression of the

CAT gene in pFB803, which carries a 590 bp Sau3AI DNA fragment extending from the

left of EcoRV site 1 to the Sau3AI site begining at bp 451, is regulated in a LexA-

dependent fashion (data not shown). Furthermore, the gel retardation assay of Fried

and Crothers (17) revealed specific binding of LexA protein to this 590 bp Sau3AI
fragment and to the two sub-fragments of this region generated by cleavage at the

TaqI site beginning at bp 217 (data not shown). The latter observation indicated

that both LexA boxes bind LexA protein independently, as would be expected from the

fact that they are separated by 37 bp. The affinity of LexA for the 590 bp fragment

was approximately one order of magnitude lower than for a DNA fragment containing the

recN promoter, which also contains two LexA boxes (18). This lower affinity for the

DNA fragment containing the putative ruv promoter is in agreement with the

observation that ruv is not so tightly regulated as recN (3,19).

Analysis of the sequence upstream of ruv failed to reveal any other region that

could provide promoter activity. A sequence beginning at bp 2084, 137 bp downstream

of the ruv stop codon, shows the characteristics of a rho factor-independent
terminator (20). Initiation of transcription from the promoter suggested above and

its extention to this putative terminator would imply that ruv is part of a LexA

regulated operon that encodes the 22 kd polypeptide in addition to the 37 kd Ruv

protein needed to correct the DNA repair deficiency of ruv mutants. An operon

structure of this nature is supported by the fact that 8-galactosidase synthesis in

ruv-61::Mud(Aprlac) insertion strains (2,3) is subject to LexA regulation (3) and

that this insertion is located in the KpnI-BglII region in the correct orientation

for expression of lac from the suggested promoter (unpublished work). It would also

explain how a TnlO insertion (ruv-59::TnlO) previously thought to be within ruv (2)
but subsequently located between the Sau3AI sites beginning at bp 451 and bp 541

(unpublished work) is able to confer a typical ruv mutant phenotype. Presumably, any

transcription initiated at the LexA regulated promoter would terminate at the ThlO

insertion and prevent expression of the otherwise intact ruv gene.

On the basis of these studies, we propose that the DNA sequence encoding the 22

kd and 37 kd proteins should be referred to as the ruv operon. Furthermore, we

suggest that the gene for the 22 kd protein be designated ruvA and that the ruv gene

be renamed as ruvB. During the course of these studies, we learnt that the ruv

operon had been sequenced independently by Shinagawa, H., Makino, K, Amemura, M.,

Kimura, S., and Nakata, A. (H. Shinagawa, personal communication). The sequence of

the ruv operon presented here is identical to that found by Shinagawa et al.
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Table 2

Alignment of the putative ATP binding sequence of RuvB with similar sequences
found in other E. coli proteins involved in DNA metabolism. Identical or similar
sequences are boxed.

Protein Residues Sequence Reference

UvrA 24-45 DKLIV V T G LS G S GKS SLAFDT L 41
633-654 GLFTC I T G VS G S GKS TLINDT L

UvrB 32-53 LAHQT L L G VT G S GKT FTIANV I 42,43
UvrD 22-43 RSNLL V L A GA G S GKT RVLVHR I 44
RecB 16-37 QGERLI E A SA G T GKT FTIAAL Y 45
DnaB 223-244 SDLII V A A RP S M GKT TFAMNL V 46
Rho 172-192 GQRGL I V A PP K A GKT MLHLQI A 47
RecN 22-48 SGMTV I T G ET G A GKS IAIDAL G 32
RecD 164-185 RRISV I S G GP G T GKT TTVAKL L 48
RecA 59-80 GRIVE I Y G PE S S GKT TLTLQV I 25
RuvB 55-77 LDHLL I F G PP G L GKT TLANIV A

Codon usage and amino acid composition of ruvA and ruvB.

Initiation of RuvA synthesis with a GTG codon suggests that the level of

expression of ruvA may be controlled at both translational and transcriptional

levels. GTG serves as the initiation codon in 8% of the translation initiation sites

characterised in E. coli so far (21), and is approximately 66% as efficient as the

more common ATG codon (22). Initiation of RuvB with an ATG codon possibly allows for

RuvB to be produced in greater amounts than RuvA. In ruvA, the initiation codon is

immediately followed by the rare codon ATA (isoleucine), which on the basis of 288

translational start sites characterised has been predicted to occur only 3 times as a

second codon per 1000 genes, but which is one of the most efficient second codons in

terms of its effects on translation initiation (23).

Further possibilities for translational control relate to the frequency with

which rare codons are used (24). The rare codons ATA(Ile), TCG(Ser), CCT(Pro),

CCC(Pro), ACG(Thr), CAA(Gln), AAT(Asn), AGG(Arg) occur with a frequency of 7.4% in

ruvA and 8.8% and 13% in the two non-coding frames. Rare codons occur with a

frequency of 6.8% in ruvB and 9.3% and 11% in the non-coding frames. These values

are consistent with expression of the ruv genes being controlled primarily at a

transcriptional level.

The secondary structure of RuvA and RuvB predicted from Chou-Fasman analysis
(50) of the amino acid sequence suggests both proteins have conformations typical of

moderately expressed globular proteins. Analysis of the amino acid composition of

RuvB revealed a region between residues 55 and 77 (Table 2) that is similar to highly
conserved sequences found among proteins known to bind adenine nucleotides (25,26).
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This raises the possibility that RuvB, like several other proteins involved in DNA

repair and recombination, requires ATP as a co-factor.
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