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The plasmid pLC7-47, which contains lep, rnc, and era, was found to complement the UV-sensitive and
recombination-deficient phenotypes caused by the recO1504::Tn5 mutation. Southern blotting analysis
demonstrated that pLC7-47 contained a segment of Escherichia coli DNA that covered the region of the E. coli
chromosome containing the recO1504::TnS mutation. A combination of deletion mapping and insertional
mutagenesis localized the recO-complementing region to an approximately 1-kilobase region of a 1.6-kilobase
BamHI fragment. The DNA sequence of the 1.6-kilobase BamHI fragment was determined and contained part
of era and a 726-base-pair recO open reading frame. The recO open reading frame contained three possible
translation start codons and could potentially encode a polypeptide of Mr 26,000. Computer analysis indicated
that the putative RecO protein had suboptimal codon usage and did not show significant homology with
previously identified proteins whose sequences were present in protein data bases. A combination of primary
sequence analysis and secondary structure predictions suggested that recO contains a mononucleotide-binding
fold.

Genetic analysis of recombination and repair in Esche-
richia coli has identified 11 genes, recA, recB, recC, recD,
recE, recF, recJ, recN, recO, recQ, and riy, whose gene

products are required for recombination in E. coli (2, 4, 12,
16, 20, 24, 26, 29, 31, 40, 52). Mutations in genes whose
products are involved in other aspects of DNA metabolism
are also known to affect recombination (46). Historically, E.
coli recombination genes have been classified as acting in the
RecBC, RecE, or RecF recombination pathway depending
on whether they were required for conjugal recombination in
the wild-type, recB recC sbcA, or recB recC sbcB strain,
respectively (10). The relationship between recombination
genes and recombination pathways has not proven to be this
simple. Extensive genetic analysis has demonstrated that the
gene products required for a particular recombination event
depend on the structure of the recombination substrate
studied and the genetic background of the cell (10, 18, 20, 27,
30, 32, 34, 46; C. A. Luisi-Deluca, S. T. Lovett, and R. D.
Kolodner, Genetics, in press). In some cases, a particular
recombination pathway even fails to recognize a particular
recombination substrate. To understand this apparent diver-
sity of recombination events, it will be necessary to obtain a

greater understanding of the biochemical activities of recom-
bination proteins and the mechanism of individual recombi-
nation events.
The most recently identified E. (oli recombination gene is

the recO gene (26). The recO gene product has a broad
involvement in different recombination and repair events in

E. coli. In wild-type E. col/i strains, the recO gene product is

required for recombination of circular plasmids, the repair of
UV damage to DNA, and the formation of a portion of the
transcribable recombination intermediates that are formed
during conjugal recombination (26, 30). In lrecB recC shb B
mutant strains, the recO mutation behaves like a typical
RecF pathway mutation, decreasing the frequency of both
conjugal recombination, circular plasmid recombination, lin-
ear dimer plasmid recombination, and the repair of DNA
damage caused by UV irradiation or mitomycin C (26;
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Luisi-Deluca et al., in press). In recB recC sbcA mutant
strains, the recO mutation, like many other RecF pathway
mutations, decreases conjugal recombination and the repair
of UV-induced DNA damage (Luisi-Deluca et al., in press).
The re(O mutation also decreases the frequency of recom-
bination of circular plasmid substrates in recB recC sbcA
strains but has no effect on the recombination of linear dimer
plasmid substrates (Luisi-Deluca et al., in press). Exactly
how recO plays such a broad role in recombination and in
different "recombination pathways" is unclear at present. In
this communication we describe experiments on the molec-
ular characterization of the recO gene which were performed
as a step in the process of clarifying the role that recO plays
in recombination.

MATERIALS AND METHODS

Strains, plasmids, and phages. Strains AB1157 (rec+) (3),
RDK1541 (rec01504::Tn5) (26), JC8679 (recB21 recC22
sbcA23) (20), and RDK1658 (recB21 recC22 sbcA23
recO1504::Tn5) (Luisi-Deluca et al., in press) have been
described previously and were used for recO plasmid com-
plementation assays. These strains also carry the following
mutations: argE3 A(gpt-proA)62 thi-l his4 thr-I leuB6 acra-
14 lac Yl xyv-5 mtl-l ga/K2 kgdK51 supE44 rpsL31 tsx-1.
JC158 (Hfr P01 serA6 rel-I thi-l lacI22) (9) was used as the
donor in conjugational recombination tests. MG1063 (F'
recA56) (22) and JC2926 (recA13 derivative of AB1157
described above) (12) were used for -yb mutagenesis. pBR322
and M13 cloning vectors mpl8 and mpl9 were from labora-
tory collections. The bacteriophage T7 promoter plasmid
expression vector pT7-5 was from Stanley Tabor (Harvard
Medical School, Boston, Mass.) and is almost identical to
pT7-1 except that the polarity of the amp gene relative to the
T7 promoter is inverted (47). pLC7-47 (11) was obtained
from Barbara Bachmann of the E. c0oli Genetic Stock Center.
The recO plasmids constructed in this study are illustrated in
Fig. 1 or described in the legend to Fig. 4.

Media. Strains were grown routinely in LB medium (52).
Plate minimal medium consisted of 56/2 salts (52) with 0.2%
glucose, 0.5 pLg of thiamine per ml, and 50 p.g of amino acid

3641

JOURNAL OF BACTERIOLOGY, JUlY 1989, p. 3641-3649
0021-9193/89/073641-09$02.00/0
Copyright © 1989, American Society for Microbiology



3642 MORRISON ET AL.

supplements per ml. Streptomycin, ampicillin, and kanamy-
cin were added to 100, 100, and 30 jg/ml, respectively.
Selections with colicin El were carried out as previously
described (11).

Recombination and UV tests. Published procedures for the
quantitation of conjugational recombination assays and UV
survival were used (34). Plasmid-containing strains were
grown in L-ampicillin broth; those with additional recO::Tn5
mutations were grown in L-ampicillin-kanamycin broth to
insure maintenance of plasmid and the chromosomal recO
mutation. One-hour matings were performed with Hfr JC158
at a 1:10 donor-to-recipient ratio, with subsequent selection
for Leu+ Ser+ Smr. UV survival was determined by plating
on LB plates. Plate assays for conjugational recombination
and UV survival (12) were employed for determining the
complementation ability of -y8 insertion mutants of plasmid
pRDK124.

Insertional mutagenesis and transformation procedures.
Insertional mutagenesis with -yb was carried out essentially
as described by Guyer (22). Briefly, pRDK124 was trans-
formed into MG1063 and then transferred to JC2926 by
mating and selecting Apr Smr transconjugants. Plasmid DNA
was isolated from a number of individual transconjugants,
and the position and orientation of individual -y8 insertions
were determined by restriction mapping with a BamHI single
digest to locate the site of insertion and a EcoRI-SalI double
digest to determine the orientation of the transposon. Plas-
mids of interest were then transformed into RDK1658 for
complementation tests. Transformations were performed
essentially as described previously (51).
Enzymes and reaction conditions. Restriction endonu-

cleases were obtained from New England BioLabs (Beverly,
Mass.) and used according to the instructions supplied by
the manufacturer. E. coli DNA polymerase I and the Klenow
fragment of E. coli DNA polymerase I were also from New
England BioLabs. Homogeneous T4 DNA ligase was puri-
fied by an unpublished method of R. Kolodner. Ligase
reactions were carried out at 12.5°C in buffer containing 40
mM Tris hydrochloride (pH 7.8), 8 mM MgCl2, 5 mM
2-mercaptoethanol, 0.067 mM ATP, and 0.1 to 1 PPi ex-
change unit of ligase per ml. DNA fragments were joined to
each other in two-step ligation reactions; the first reaction
was at high DNA concentration (50 to 100 p.g/ml) to favor
end-to-end joining, and the second reaction was at low DNA
concentration (0.1 of the DNA concentration where I = J for
the desired construct [15]) to favor cyclization.
DNA purification and analysis. Plasmid DNA was prepared

by the method of Holmes and Quigley (23) or by the alkaline
lysis method (5). For plasmid constructions, the DNA was
further purified as follows. DNA was treated with RNase A
at 200 Vig/ml in buffer containing 10 mM Tris hydrochloride
(pH 8.0), 1 mM EDTA, and 100 mM NaCl. After 15 min at
23°C the DNA was extracted once with phenol and chro-
matographed on a Pasteur pipette column of agarose ASm
(200-400 mesh; Bio-Rad Laboratories, Richmond, Calif.)
run in 10 mM Tris hydrochloride (pH 8.0)-i mM EDTA-100
mM NaCl. The DNA-containing fractions were pooled,
precipitated with ethanol, and suspended in 10 mM Tris
hydrochloride (pH 8.0)-i mM EDTA. Minipreparations of
single-stranded or double-stranded M13 DNA were prepared
exactly as described previously (37). M13 replicative-form
DNA was from New England BioLabs or was purified as
previously described (37). DNA samples were analyzed by
electrophoresis through gels containing 0.8% agarose run in
Tris acetate-EDTA buffer containing 0.5 [ig of ethidium
bromide per ml (18). Southern blot analysis was carried out

as described previously (8). Hybridization probes labeled
with [x-32P]dATP (New England Nuclear Corp., Boston,
Mass.) were prepared by random priming (17) of recO-M13
templates with random primers purchased from Boehringer
Mannheim Biochemicals (Indianapolis, Ind.).
DNA sequence analysis. DNA sequence analysis was per-

formed by the dideoxynucleotide-chain termination se-
quencing method with [35S]dATP (New England Nuclear)
and sequencing kits obtained from either New England
BioLabs or US Biochemicals (Cleveland, Ohio). Two dif-
ferent sequencing strategies were used. In some cases nested
deletions were made by the method of Dale et al. (13) by
using a commercially available kit (IBI Inc., New Haven,
Conn.), and then the deletions were sequenced by using the
universal sequencing primer. In other cases, oligonucleotide
primers that were complementary to regions of known
sequence were synthesized and used to sequence adjacent
regions. Oligonucleotides were synthesized with an Applied
Biosystems 380A DNA synthesizer and 3-cyanoethyl phos-
phoramadites. When compressions were observed, their
sequence was resolved by substituting dITP for dGTP as
well as by sequencing from multiple primer sites. The
accuracy of the sequence was confirmed by verifying the
existence of restriction endonuclease cleavage sites pre-
dicted from the DNA sequence and by comparison with
regions that had been sequenced by others.
Computer analysis. Computer analysis of DNA sequence

data was carried out by using either the DNA Inspector II
program (Textco, West Lebanon, N.H.) or computer pro-
grams available on BIONET or at the Dana-Farber Cancer
Institute Molecular Biology Computer Research Resource.
Homology searches against the protein databases PIR/
NBRF release 17.0 and SWIS-PROT release 8.0 (12/1988)
were performed by using the FASTA program (41) and a
Ktup value of 2. Signature sequence searches were per-
formed by using the QUEST program and KEYBANK
release 3.0. Secondary structure predictions were made
using the PRSTRC adaptation (44) of the method of Chou
and Fasman (7) and the following values: o-helix former,
1.12 (threshold, 1.08; cutoff, 1.00); 3-strand former, 1.25
(cutoff, 0.97); 1-turn minimum value, 0.20; omega loop
threshold, 1.10.

RESULTS

RecO plasmid derivatives. Previous genetic mapping stud-
ies located recO at 55.4 min on the standard E. coli genetic
map and suggested that it might be no more than 0.1 min
from lep (26). Because lep was known to be encoded on
pLC7-47 (14), this plasmid was tested for its ability to
complement the UV-sensitive phenotype of recO single
mutants and was found to complement this defect (data not
shown). To better locate recO, a series of deletion and
subcloning experiments was carried out with pLC7-47 (Fig.
1). Representative results of complementation experiments
are present in Fig. 2 and Table 1 and are discussed in more
detail below. An 8.4-kilobase (kb) HindIII fragment, when
subcloned into pBR322 to yield pRDK123, complemented
recO. By deleting different restriction fragments from
pRDK123, the recO complementing region was located to a
3.2-kb region containing a 1.6-kb Ba,nHI fragment and a
1.6-kb BanmHI-to-HindIII fragment. When the 1.6-kb BanIHI
fragment was subcloned into pBR322 to yield pRDK12S, it
complemented recO mutations.
Complementation of recOI504::TnS. Initial studies with

recO mutations demonstrated that they cause a modest
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FIG. 1. Maps of plasmids constructed for recO complementation tests. All plasmids contain pBR322 oriented so that the alnp gene is to
the left of the left Hindlll site of pRDK123 and the let gene is to the right of the right HindlIl site. Linear maps of the E. coli DNA inserts
are shown along with some of the flanking pBR322 DNA indicated by the bold lines. Note that the region of pBR322 DNA between the EcoRI
and Hindlll sites contains a C/al site that is not indicated. All plasmids shown were derived from pRDK123 by deletion of the indicated
fragments. pRDK87, pRDK127, pRDK129. and pRDK130 were derived from pRDK123 by deletion of the indicated BamHl fragments
followed by cyclization under sticky-end ligation conditions. Similarly, pRDK88 and pRDK86 were derived from pRDK87 by deletion of the
indicated EcoRI and Clal fragments. pRDK125 was derived from pRDK86 by deleting the indicated BamiHI-to-Clal fragment, filling in the
cohesive ends, and cyclizing by blunt end ligation so that the BtamHI site was regenerated. The top of the figure shows the relative positions
of rnc, era, and recO. Plasmids are drawn to the scale indicated below each group of plasmids. + and - refer to the results of
complementation tests measuring the effect of each plasmid on the UV sensitivity of RDK1541 and RDK1658. Complementation, when it was
observed, occurred in both strains, and typical results of complementation tests are shown in Fig. 2. Restriction endonuclease cleavage sites:
H, Hindlll; R, EcoRI; B, BttnHI; C, Clt/l.

UV-sensitive phenotype when present in E. coli AB1157 and
cause a much more severe UV-sensitive phenotype as well
as a defect in conjugal recombination when present in
combination with recB, recC, and sbcB mutations (26). The
more extreme phenotype of recO recB recC sbheB strains
would make complementation studies easier to interpret;
however, such studies might be complicated by the known
instability of some, but not all, plasmids in strains containing

recB, recC, and sbheB mutations (49). Therefore, the effect of
rec01504 on UV sensitivity and conjugal recombination was

tested in a recB recC sbcA strain, where plasmids are more

stable (18; Luisi-Deluca et al., in press), and the recO504::
Tn5 mutation causes a large defect in the repair of UV
damage and conjugal recombination (30; Luisi-Deluca et al.,
in press).
During the deletion and subcloning studies described

B B H BS
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B H BS

H4B-
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FIG. 2. Complementation of the recO UV-sensitive phenotype

by recO containing plasmids. (A) recB recC sbcA recO strains: *,
JC8679; 0, RDK1658(pRDK86); 0, RDK1658(pBR322); El,
RDK1658. (B) recO strains: U, AB1157; 0, RDK1541(pRDK86); 0,
RDK1541(pBR322); O, RDK1541. (C) Wild-type strains: *.
AB1157; 0, AB1157(pRDK86); 0, AB1157(pBR322).

above, the ability of all plasmids to complement the defects
caused by recO1504 in both the wild type and a recB recC
sbcA strain was tested. The results of complementation tests
with pRDK86, which contains the 1.6-kb BamHI fragment
and a 200-base-pair (bp) ClaI-to-BamHI fragment, are pre-
sented in Fig. 2 and Table 1. The results obtained with other
recO-complementing plasmids were similar (data not
shown). pRDK86 showed almost complete complementation
of the UV-sensitive defect (Fig. 2A) caused by the recO
mutation in the recB recC sbcA strain and showed substan-
tial but not complete complementation of the UV-sensitive
phenotype of the recO single-mutant strain (Fig. 2B),
whereas pBR322 showed no complementation in any recO
strain. pRDK86 also showed substantial complementation of
the conjugal recombination defect in the recO recB recC
sbcA strain, whereas pBR322 had no effect (Table 1).

Incomplete complementation has been observed in studies
with other cloned recombination and repair genes (33, 35,
39). Two possible explanations for the observed incomplete
complementation of recO mutant strains by the recO plas-
mids are as follows: (i) the presence of the recO gene on a

TABLE 1. Complementation of the conjugal recombination
deficiency caused by recOI504::TnS mutations

Relevant genetic background" Plasmid Recombination

recB2I recC22 sbcA23 62
recB21 recC22 sbcA23 recOJ504::Tn5 0.027
recB21 recC22 sbcA23 recO1504::TnS pBR322 0.027
recB21 recC22 sbcA23 recO1504::Tn5 pRDK86 1.5

" The recB21 recC22 sbcA23 strain used was JC8679, and the recB21 recC22
sbcA23 recO1504 strain used was RDK1658.

" This recombination frequency is the number of Leu+ (Smr Ser+) trans-
conjugants divided by the number of Hfr donor cells. The frequency of F'
inheritance was similar (86 to 100% of JC8679) with all strains tested.

multicopy plasmid in wild-type strains causes a UV-sensitive
phenotype, as has been observed for recN (43) and uvrD
(35), and the presence of the recO gene on a multicopy
plasmid in recB recC sbcA strains causes a recombination
defect; or (ii) recO is not expressed well enough from
pRDK86 to complement these defects. To investigate the
first possibility, the effect of pRDK86 and pBR322 on the
repair of UV damage in E. coli AB1157, the parental strain,
was investigated (Fig. 2C). pRDK86 slightly increased the
UV sensitivity of E. coli AB1157 but not enough to explain
the observed incomplete complementation. Similarly,
pRDK86 did not cause a significant recombination defect
when it was present in a recB recC sbcA strain (data not
shown). Supporting the second possibility, the DNA se-
quence analysis described below indicates that recO should
be expressed poorly, and maxicell analysis with pRDK86
(unpublished observations) has failed to detect the RecO
protein. Loss of the plasmid from some cells in the popula-
tion due to instability may also explain the observed incom-
plete complementation results. Additional information about
the maintenance and expression of recO plasmids and the
function of recO is clearly required before it will be possible
to explain the incomplete complementation of the recO
mutation by recO-containing plasmids.
Mapping the chromosomal location of recO1504::Tn5. The

results described above identified a 1.6-kb segment of E. coli
chromosomal DNA that is able to complement a recO
mutation but do not prove that this segment of DNA
corresponds to the chromosomal recO locus. The position of
the chromosomal recOI504::TnS mutation was determined
by Southern blotting with a hybridization probe derived from
M13mpl9 containing the cloned 1.6-kb recO-complementing
region (Fig. 3). Analysis of a HindIlI digest of E. coli
AB1157 (wild type) DNA, the parental DNA, detected a
single 8.4-kb HindlIl fragment corresponding in size to the
recO-complementing Hindlll fragment present in pLC7-47.
Similar analysis of chromosomal DNA isolated from the
recOl504::TnS mutant detected, instead, 3.7- and 6.3-kb
fragments. Because each IS50 element of TnS contains a
HindIlI site 1.05 kb in from the outside end (25), the most
likely explanation of this result is that recOS504::Tn5 is
caused by the insertion of TnS at a site 2.6 kb from one end
of the 8.4-kb HindlIl fragment. Analysis of a BamHI digest
of E. coli AB1157 (wild type) DNA, the parental DNA,
detected a single 1.6-kb BamHI fragment corresponding in
size to the recO-complementing BamHI fragment present in
pRDK88 and other recO-complementing plasmids. Similar
analysis of chromosomal DNA isolated from the recOl504::
TnS mutant detected an approximately 4-kb band that ap-
peared to be a doublet on some underexposed autoradio-
grams (data not shown). Because Tn5 contains single BamHI
sites 3.0 and 2.8 kb from its left and right ends, respectively
(25), the most likely explanation for this result is that
recOI504::Tn5 is caused by the insertion of TnS at a site
approximately in the middle of the 1.6-kb BamHI fragment.
The location of the 1.6-kb BamHI fragment within the 8.4-kb
HindIII fragment is known (Fig. 1) and places the two
BamHI sites 1.65 and 3.25 kb from the HindlIl closest to the
rnc gene. Thus the middle of the BamHI fragment is 2.6 kb
from the closest HindIII site; this is consistent with the site
of recO1504::Tn5 being 2.6 kb from the Hindlll site closest
to the rnc gene. This analysis places the recOI504::TnS
insertion approximately 300 bp internal from the amino
terminus of the recO ORF discussed below (see Fig. 4 and
6). Identical conclusions were obtained when nick-translated
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FIG. 3. Southern blot mapping of the chromosomal recO1504::
TnS mutation. Lanes: 1, pRDK123 DNA digested with Hindlll; 2,
pRDK123 DNA digested with BamHI; 3, AB1157 chromosomal
DNA digested with HindIll; 4, RDK1541 (recO) chromosomal DNA
digested with HindIll; 5, AB1157 chromosomal DNA digested with
BamHI; 6, RDK1541 (recO) chromosomal DNA digested with
BamHI. The hybridization probe used was derived from M13mpl9
containing the cloned 1.6-kb recO-complementing BamHI fragment
from pRDK125 (Fig. 1). The sizes indicated were determined
relative to standards produced by digesting A DNA with HindIll or
pRDK123 DNA with either HindIII or BamHI and run in parallel
lanes. The hybridization to the most slowly migrating DNA ob-
served in lanes 3 through 6 appears to represent hybridization to
partially digested DNA that was visible on the ethidium bromide-
stained gel and probably also represents hybridization to labeled
lacI and lacZ sequences present on M13mpl9. Identical results were
obtained when nick-translated pRDK88 was used as the hybridiza-
tion probe in similar Southern blotting experiments (data not
shown).

pRDK88 was used as the hybridization probe in similar
Southern blotting experiments (data not shown).

Insertional mutagenesis of the recO-complementing region.
To better define the recO-complementing region, a number
of -yb insertion mutations in pRDK124 were isolated and
mapped. A total of 32 independent insertions were located
by restriction mapping and tested for their ability to comple-
ment the UV-sensitive defect of a recO recB recC sbcA
strain. The location and orientation of 14 of these insertion
mutations and their effect on complementation are summa-
rized in Fig. 4. All of the insertions that inactivated comple-
mentation mapped within an 800-bp region of the 1.6-kb
BamHI recO-complementing fragment, which contains the
mapped site of the recO504::Tn5 insertion mutation. The

insertions that mapped upstream of recO did not appear to
be polar on recO. The reason for this is unclear; however,
several possible explanations for this are that only a small
amount of recO expression is necessary for complementa-
tion, the complementation assay is not sensitive enough to
detect a polar effect as has been seen in studies with recJ
(33), or there is a promoter close to the start of the recO open
reading frame (ORF).

Sequence analysis of the recO-complementing region. To
analyze the structure of the recO-complementing region, the
1.6-kb BamHI recO-complementing restriction fragment was
cloned in both orientations into M13 sequencing vectors and
sequenced by the dideoxynucleotide sequencing method.
The sequencing strategy is outlined in Fig. 5, and the DNA
sequence is presented in Fig. 6. A portion of this sequence
corresponding to the era gene has been previously reported
(1, 36). Five differences in the sequence of the era region
were observed: omission of a G at position 359, addition of
a G at position 365, substitution of a G for an A at position
434, substitution of a G for a C at position 723, and addition
of a G at position 837. These regions fall within compres-
sions that can obscure some sequence information and give
rise to sequencing errors. We have compared our sequence
from positions 721 to 1496 with the sequence determined by
Takiff et al. (48) in their studies on the rnc operon and found
100% agreement between the two sequences.
Our sequence contained a portion of an ORF that corre-

sponded to the previously described era gene (1, 36). This
ORF overlapped by 35 nucleotides a different ORF, which
started at position 771 and ended at position 1497, terminat-
ing with two TGA stop codons. The 726-bp ORF covered the
entire region where the recO insertion mutations mapped
identifying it as the recO ORF. The recO ORF had three
potential start codons: an ATG at position 771, an ATG at
position 831, and a GTG at position 864. The first ATG had
a marginal ribosome-binding site (21) preceding it, and it is
possible that the 35-base overlap with the era ORF could
prevent translation from initiating from this ATG. The
second ATG and the GTG both had reasonable ribosome-
binding sites preceding them, although the distance relative
to the start codons was not optimal (21) (Fig. 6). The GTG
codon was within a 12-bp palindrome (containing two mis-
pairs) whose formation on the mRNA level could conceiv-
ably interfere with the ability of the GTG codon to serve as
an initiation codon. At present, it is unclear which is the
correct initiation codon. The second ATG seems to be the
most likely candidate, but it will require additional analysis
to resolve this point. Because of this uncertainty, all of the

15 4 27

3 t17 22 211 8 4

1
6 l 1 2o r1

I
ClalI BamH IEcoR I

I I = 500 bp recOl5O4::Tn5

BamH I

FIG. 4. -yi insertional mutagenesis of pRDK124. pRDK124 contains the EcoRl-to-Sall fragment of pRDK88 inserted between the EcoRI
and Sall polylinker sites of pT7-5; this fragment contains the E&oRl-to-BamHI segment of E. coli DNA present in pRDK88 (Fig. 1) and the
276-bp BamHI-to-SaIl fragment of pBR322, which is located to the right of the BamnHl site in pRDK88 (Fig. 1). The map of the
recO-containing portion of the insert contained in pRDK124 is presented in the same orientation as in Fig. 1. The pT7-5 portion is not shown,
but a relevant map can be found in reference 45. The positions of the -yt insertions are indicated by the flags. The plasmids containing the
insertions marked by the open flags complemented the UV-sensitive phenotype of RDK1658 (recB recC sbcA recO), and the plasmids
containing the insertions marked by the closed flags failed to complement. Left-facing flags indicate the orientation of -b having the largest
-y EcoRI junction fragment on the left side of the yb insertion, and right-facing flags indicate the opposite orientation. The position of
recO1504::TnS is indicated by the arrow.
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FIG. 5. Strategy for sequencing the 1.6-kb BamHl fragment containing recO. The 1.6-kb BamHl fragment is illustrated at the bottom. It

was sequenced by the dideoxy sequencing technique by utilizing recombinant M13 phage containing the BamHI fragment cloned in either
M13mp18 and M13mpl9. The arrows indicate the region of sequence determined in individual experiments, with the head of the arrow located
at the 3' end of the sequence determined and pointing in the 5'-to-3' direction. The right arrows indicate regions of the top strand that were
determined, and the left arrows indicate the sequence of the bottom strand. Arrows labeled with a number indicate regions sequenced with
standard M13 sequencing primers, arrows labeled with a A and a number indicate regions sequenced using deletion derivatives and standard
M13 sequencing primers, and arrows labeled with a p and a number indicate regions sequenced using individual unique primers. The primers
used are listed in the 5'-to-3' direction as follows: p4-3, GCGCGAAGGCAAGC; p4-54, GTGGAGCGAAACCAG; p4-54-1, AAGT
TCAAAACGCTGCG; p4-54-2, TGCGCCGCTTTGAACT; p4-54-3, TAAACGCACGGGAATT; p2-24, TTCGAACATTTCCTG; p2-24-1,
ACGCACGATTGCCGCAATAG.

analysis of the putative RecO protein described below uses
the first ATG as the initiation codon.

Analysis of a putative RecO protein. An extensive com-
puter analysis of the structure of the protein encoded by the
recO ORF has been performed to gain possible insight into
the function of recO. Because in the absence of confirming
biochemical data such studies only provide correlative infor-
mation, the results will only be summarized here. Analysis
of the structure of recO by the methods of Chou and Fasman
(7) suggests that recO encodes a globular protein lacking a
membrane-spanning segment and containing a relatively
hydrophilic carboxy terminus. Analysis of the codon usage
in recO revealed a codon adaptation index (45) of 0.307,
suggesting that recO might be poorly translated. Searching
the RecO protein sequence against the protein data bases
available on Bionet did not reveal any major homology
with known proteins. Searching recO against all of the
KEYBANK data available on Bionet as of December 1988
with the QUEST program did not reveal any significant
matches.
recO did not contain a match with the nucleotide-binding

fold signature sequence GxxxxGKT (50). However, starting
at nucleotide position 952 (amino acid position 61), recO
contained the amino acid sequence GgrgeVKTlrsaeaV,
which is an excellent match with nucleotide-binding fold
segments 1 and 2, except for the G-to-V change (19, 50). In
vitro mutagenesis experiments with E. coli Fl ATPase have
shown that the G (of GKT) is not absolutely required for
ATPase activity (42). Structural predictions demonstrated
that starting with amino acid 50 (nucleotide position 919) this
region of recO matched the primary sequence-secondary
structure descriptor for nucleotide-binding folds: NH2-(
strand)-GXXXX-(GKcx-helix)-(0 to 11 amino acids)-(1
strand) (Fig. 7) (6). Starting at nucleotide position 1282
(amino acid position 171), recO contained the amino acid
sequence GfiasVVID, which is predicted to be a segment of
hydrophobic a strand terminating in a negative charge (Fig.
7). This appears to be an excellent match with nucleotide-
binding fold segments 3, virtually all of which contain an
N-terminal G and a C-terminal D (19, 50). In addition, there
is an R that is highly conserved at amino acid position 167
(50). This latter a strand has been implicated in Mg binding
(19, 28). The structural predictions also indicate that recO
contains at least three other segments that could have
,-strand-forming potential and could contribute to the for-
mation of a stable ,8-pleated sheet structure. This analysis

suggests, but does not prove, that RecO protein might
interact with a nucleotide cofactor or even hydrolyze nucle-
oside triphosphates.

DISCUSSION

The E. coli recO gene was identified by the isolation of a
Tn5 insertion mutation linked to tyrA, nadB, and purl. This
mutation in recO caused a variety of defects in genetic
recombination and DNA repair. The general properties of
the recO mutation were typical of RecF pathway genes. The
present study has identified a 726-bp ORF that appears to
encode the recO gene. The evidence for this includes the
following. (i) The original chromosomal recO1504::TnS mu-
tation maps in the recO ORF. (ii) Plasmids containing a
portion of the upstream era ORF, the complete recO ORF,
and no other downstream sequences complement all of the
defects caused by the recOS504::TnS mutation; this comple-
mentation is consistent with the recOJ504::TnS mutation
being an insertion in recO rather than being polar on recO.
(iii) Insertional mutagenesis experiments demonstrated that
the recO-complementing region maps to within the recO
ORF and does not require other sequences. Takiff et al. (48)
identified a 726-bp ORF that maps downstream of era.
Because this ORF and the recO ORF have the same se-
quence and map in the same place, the data presented here
indicate that recO could be a member of the rnc operon,
although additional evidence will be required to prove that
recO is expressed as a member of this operon (48). rnc
encodes RNase III, and era is an essential gene encoding a
protein of unknown function in E. coli (1, 36, 48). The
significance of the relationship between recO and the rnc
operon is unclear at present.
The recO ORF could, in principle, encode a protein of

approximately Mr 26,000. However, at present, the exact
start codon for this putative RecO protein has not been
resolved. The possible 35-base overlap between recO and
the upstream translated era sequences combined with the
recO codon usage suggest that expression of the RecO
protein might be inefficient. Expression studies in which the
1.6-kb BamHI fragment containing recO and the upstream
era sequences was inserted downstream of the T7 promoter
present in pT7-5 and expressed under control of T7 RNA
polymerase identified a weakly expressed, plasmid insert-
encoded protein of Mr 26,000 (data not shown). Although
this protein may not be the RecO protein, this result is
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1

18 GCGTATCAGG

88 TGAACAAAGC

158 GACGCCGGAC

228 AAAGTGGACA
298 TCCTCGATAT

368 GCATCTACCT

438 TCTGAAATCA

508 TCGAACGTTT

578 GCAGAAGAAG

648 ATGCAGGAAA

CGATCTACGT

GGCGAGCAGC

GACGAAATGG

ACGTGCAGGA

CGTGCCAATC

GAAGCGACTC

TCCGCGAAAA

CGTCTCTAAC

ATGGTCATTG

CGATACACCG GGCCTGCATA TGGAAGAAAA

TCTATTGGCG

TGCTCAACAA

GAAAGCCGAT

TCTGCCGAAA

ATCACTTCCC

ACTGATGCGT

GAACGCGGTG
GCAACAAAGG

ATGTTGAGCT

ACTGCGCGAA

CTGCTGCCGC

CCGGGCTGAA

GGTGATTTTT

GGCAAAGCGC

ACCTGCAGTT

TGTTGACACT

GGAAGATTAC ATCACCGATC
TTCCTCGGCG

GTTATGACAT

GGCCAAGATC

CTGAACTGCC
CAACGGTTTG
AAAACCATCG

BamHI

GGATCCA TACTGAAGGC

ACGCGCCATT AACCGCCTGA

GTCGTTGAAG GCACCCGCTG

CGGTAATCCT CGCGGTGAAC

CCTGGCAAGC CAGATGAACT
ATTGCGGCAA TGCGTGCTAA

GCTCACAGCG TTTTATAGCG
GTACTCCGTG

ATTCTCGTTG

GGATTGAAGC
TGTTCGAAGC GCCTGTTCAC CTTGAACTGT GGGTAAAAGT GAAATCCGGT

RBS

ACCGTGGAGA

AGCGTGAAGG

GCGTAAAGAC

TGGGCCGACG

718 ACGAACCGCA CTGCGCAGTC TCGGTTACGT TGA CGA TCT TT A ACT CCG ATG GAA GGC TGG
Met Glu Gly Trp

784 CAG CGC GCA TTT GTC CTG CAT AGT CGC CCG
Gln Arg Ala Phe Val Leu His Ser Arg Pro

RBS
844 TTC ACG aAG GAA TCG GGG CGC 7GT CGT CTG

Phe Thr Glu Glu Ser Gly Arg Val Arg Leu
50

904 ACC CTG AAA GGT GCA TTA
Thr Leu Lys Gly Ala Leu

68
964 GAA GTC AAA ACG CTG CGC

Glu Val LYs Thr Leu Ara

RBS
TGG AGC GAA ACC AGC CTG AM CTG GAC GTC
Trp Ser Glu Thr Ser Leu Met Leu Asp Val

GTT GCC AAA GGC GCA CGC TCT AAA CGC TCT
Val Ala Lys Gly Ala Arg Ser Lys Arg Ser

CAG CCT TTC ACC CCT CTC TTG CTA CGT
Gln Pro Phe Thr Pro Leu Leu Leu Arg

AGT GCT GAA GCC GTC TCG CTG
SerAla Glu Ala Val Ser Leu

GCG CTG
Ala Leu

61
TTT GGC GGG CGT GGC
Phe y Gly-Azg ---q6lv

83
CCA TTA AGC GGT ATC
Pro Leu Ser Gly Ile

1024 ACG CTT TAC AGC GGT CTG TAC ATC AAC GAA CTT CTC TCC
Thr Leu Tyr Ser Gly Leu Tyr Ile Asn Glu Leu Leu Ser

CGC GTA CTG GAA TAC GAG ACG
Arg Val Leu Glu Tyr Glu Thr

1084 CGC TTC TCT GAA CTT TTT TTC GAT TAC TTG CAC TGC ATT CAG TCT CTT GCA GGG GTC ACT
Arg Phe Ser Glu Leu Phe Phe Asp Tyr Leu His Cys Ile Gln Ser Leu Ala Gly Val Thr

1144 GGT ACG CCA GAA CCC GCG CTG CGC CGC TTT GAA CTG GCA CTG CTC GGG CAT CTG GGT TAT
Gly Thr Pro Glu Pro Ala Leu Arg Arg Phe Glu Leu Ala Leu Leu Gly His Leu Gly Tyr

1204 GGC
Gly

1264 CGT
Arg

GTC AAT
Val Asn

167
TAT CGC
Tyr Ara

TTT ACC CAT
Phe Thr His

GAA GAA AAA
Glu Glu Lys

1324 GGA AGG CAG TTA AAA GCG
Gly Arg Gln Leu Lys Ala

TGT GCG GGT AGC
Cys Ala Gly Ser
171

GGC GAG CCG GTA GAT GAC ACC ATG ACG TAT
Gly Glu Pro Val Asp Asp Thr Met Thr Tyr

GGG TTT ATC GCA AGC GTC GTT
lv-Phe Il-e Ala Ser Val Val

TTA AAC GCA CGG GAA TTT CCT
Leu Asn Ala Arg Glu Phe Pro

ATC GAC AAT AAA ACG TTC ACC
G2,E Asn Lys Thr Phe Thr

GAC GCA GAC ACA CTG CGC GCC
Asp Ala Asp Thr Leu Arg Ala

1384 GCG AAA CGC TTT ACC CGC ATG GCG CTT AAG CCG TAT CTT GGC GGT AAA CCT TTA AAG AGC
Ala Lys Arg Phe Thr Arg Met Ala Leu Lys Pro Tyr Leu Gly Gly Lys Pro Leu Lys Ser

1444 AGG GAA CTG TTC CGG CAG TTT ATG CCT AAG CGA ACG GTG AAA ACA CAT TAT GAA TGA TGA
Arg Glu Leu Phe Arg Gln Phe Met Pro Lys Arg Thr Val Lys Thr His Tyr Glu * *

1504 GGATTGTCAT GGCTGAATTA CTGTTAGGCG TCAACATTGA CCATATCGCT ACGCTGCGCA ACGCGCGCGG

1574 TACCGCTTAC CGGATCC
BamHI

FIG. 6. DNA sequence of the 1.6-kb Ba,mHI fragment containing recO. The DNA sequence of the 1.6-kb BamHI fragment is illustrated
in the 5'-to-3' direction along with the translated recO ORF starting with the first possible initiation codon. The three potential ATG and GTG
start codons and their adjacent putative ribosome-binding sites (RBS) are underlined with a single underline. The 12-bp palindrome covering
the putative GTG start is, except for the GTG, indicated by double underline. The regions covering nucleotides 952 to 1005 and 1282 to 1308
are indicated by italics and wavy underlines and correspond to the regions 1 plus 2 and region 3 of the putative mononucleotide-binding fold.
The numbers above individual amino acids refer to the amino acid positions discussed in the text and in Fig. 7. The two TGA stop codons
are indicated by asterisks (*).
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A

11 strand a -helix

VG----GK IT 1 ---1

4 aa 0-11 aa

B
JR strand

----------- G----VK

50 61

a -helix

T------V-----

6D8

13 strand 13 strand

I------ >wvG ----VVI >
V IV

8 3 1 71

FIG. 7. Comparison of the mononucleotide-binding fold primary sequence-secondary structure descriptor with the predicted structure of
recO. (A) Primary sequence-secondary structure descriptor described by Bradley et al. (6). (B) Secondary structure prediction of amino acid
positions 50 to 90 aligned with the descriptor. The structural prediction is also indicated for amino acid positions 171 to 179, which match with
mononucleotide-binding fold segment 3 as indicated in the text (19, 50). Individual amino acids in panel B are indicated by the standard
one-letter code or by a "-" to designate a fixed number of amino acids. The numbers refer to the amino acid positions in the recO ORF of
Fig. 6 starting from the first putative initiation codon. Arrowheads in P strands indicate the carboxy-terminal ends. The output of the computer
analysis leading to this structural prediction is available on request.

consistent with poor expression of the recO gene product,
given the strength of the T7 promoter. Computer analysis of
the putative RecO protein did not identify a previously
characterized protein having significant homology with
recO. This analysis has suggested that the RecO protein
might contain a nucleotide-binding fold. However, it will
require extensive biochemical analysis to verify this and to
identify a biochemical function for recO. Our efforts are now
directed at overproducing and purifying the RecO protein to
begin identifying its biochemical activities.
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