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The nucleotide sequence of the Escherichia coli K-12 recG gene was determined. recG was identified as an
open reading frame located between the spoT operon and the convergent gitS gene. It encodes a polypeptide of
693 amino acids which was identified as a 76-kDa protein by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis after it was labeled with [35S]methionine in maxicells. The sequence determined revealed no
obvious promoter. Synthesis of RecG by plasmids carrying the intact gene varied with the orientation of the
insert relative to the vector promoter and with the extent of upstream spoT operon sequence included in the
construction. It is concluded that recG is the fourth and last gene in the spoT operon, although a possible
promoter for independent transcription of spoU and recG was identified near the end of the spoT gene. The
primary sequence of RecG revealed that it is related to proteins that act as helicases and has a well-conserved
motif identified with ATP binding.

The recG locus is required for normal recombination and
DNA repair in Escherichia coli. The gene was identified by
Storm et al. some 20 years ago (43) but received little or no
further attention until quite recently, when Lloyd and Buck-
man (25) described a mini-kan insertion (recG258) at the
same locus. The insertion, which is located between pyrE
and dgo at min 82.1 on the genetic map, reduces conjuga-
tional and transductional recombination in recBC+ sbc+,
recBC sbcA, and recBC sbcBC strains, and it also confers
sensitivity to mitomycin C, UV light, and ionizing radiation.
In these respects, it resembles null alleles of recA. However,
the defects are much more modest. Thus, while conjuga-
tional recombination is abolished by a recA null mutation, it
is reduced by no more than three- to fivefold by the recG
insertion (25). Furthermore, recG has no effect on plasmid
recombination, at least not in a recBC+ sbc+ genetic back-
ground, and is not required for induction of the SOS re-
sponse (47) to DNA damage.
Our interest in recG has been stimulated by what appears

to be a functional overlap with the ruv genes. Strains
carrying the recG insertion in combination with a mutation in
ruvA, ruvB, or ruvC are very deficient in recombination,
much more so than strains carrying these mutations alone.
They are also extremely sensitive to UV light (23). This
observation means that recG probably has a far more critical
role in recombination and DNA repair than is indicated by
the properties of recG single mutants. It also provides a clue
to the function of the gene product. The ruv genes act late in
recombination to convert recombination intermediates into
viable products (5, 8). This role is supported by biochemical
evidence identifying RuvC as a nuclease that resolves Hol-
liday junctions (9). In this paper, we present the nucleotide
sequence for recG and show that the gene encodes a
polypeptide of 76 kDa. The amino acid sequence predicted
for RecG shows a relationship to proteins that are known to
act as helicases.

* Corresponding author.

MATERIALS AND METHODS

Strains. The E. coli K-12 strains used are described in
Table 1. A571 is from the Kohara et al. collection (19) and
carries recG+ (25). Phage M13K07 was obtained from
Pharmacia LKB.
Media and general methods. LB broth and agar media have

been described elsewhere (26) and were supplemented with
50 ,ug of ampicillin per ml or 40 ,ug of kanamycin per ml to
maintain the plasmids used or the recG258 insertion, respec-
tively. recG mutant strains were recognized by their very
poor growth on LB agar supplemented with mitomycin C at
concentrations of 0.2 or 0.5 pg/ml, especially when the
inoculated plates were irradiated with 30 J ofUV light per m2
before incubation. Strain AB1157 was used in the plate
assays as the control for the recG mutant N2731. Sensitivity
to UV light was measured by irradiating cells on the surface
of LB agar plates as described previously (24). Irradiation
was at a dose rate of 1 JIm2Is.
DNA analysis. DNA manipulations followed standard pro-

tocols (36). Restriction enzymes, Klenow polymerase, and
T4 DNA ligase were from commercial sources. Plasmid
stocks were prepared from the recA strain AB2463 by using
Qiagen protocols and materials as described by the supplier.
Exonuclease III (Exolll) deletions were generated by using
the Erase-A-Base system from Promega.

Plasmid constructions. Constructs carrying inserts from
the recG region are shown in Fig. 1. pBR322 (6), pUC18 (51),
and pTZ18/19R (Pharmacia LKB) were used as vectors.
pBL125 and pBL130 are derivatives of pBR322 and pUC18,
respectively, and have been described previously (25).
pBL131 was made by cloning the 1.75-kb PstI-PvuII frag-
ment from pBL125 into pUC18 digested with PstI and SmaI.
pBL135 contains the 2.6-kb PstI-HindIII subfragment of the
insert in pBL125 cloned into pTZ18R, while pBL136 con-
tains a 7.6-kb KpnI fragment from A571 inserted into
pTZ19R. pBL138 is an SphI deletion derivative of pBL136,
while pBL140 was made by inverting the KpnI insert in
pBL136. The deletions of pBL135 shown in Fig. 1 were
constructed during the sequencing of recG. They were made
by cutting the vector multiple cloning site with XbaI and SstI
and then digesting the DNA from the XbaI end through the
PstI site into the insert, using ExoIll. The DNA ends were
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TABLE 1. E. coli K-12 strains

Strain Genotype Reference

AB1157 F- thi-l his4 A&(gpt-proA)62 argE3 thr-I 4
leuB6 kdgKSI rfbDl(?) ara-14 lacYl
galK2 xyl-S mtl-l tsx-33 supE44 rpsL31

AB2463 Like AB1157, but recA13 4
AB2480 Like AB1157, but recA13 uvrA6 16
N2731 Like AB1157, but recG258::TnJO mini-kana 25
N2419 F- thi-l metE70 leuB6 proC32 lacI3 25

lacZ118 ara-14 mtl-l xyl-5 gyrA supD
rpsL109 rpsE

N2712 Like N2419, but recJ284::TnlOa 25
N2971 Like N2419, but recG258 25
N2975 Like N2419, but recG258 recJ284 25
JM1O1 F'128 proAB+ lacP ZAM15 traD361/A(lac- 51

pro) endAl hsdR17 gyrA96 supE44
a After the first listing, the transposon insertions are abbreviated to the

allele number.

made blunt with Si nuclease and ligated. pBL147 was made
by deleting the HpaI-HincII fragment of the insert in
pBL138. pBL149 was made by digesting pBL135 with BglII
and filling in the recessed 3' ends before religating. pBL144
was made by deleting the PmaCI-StuI fragment of the insert
from pBL140. The deletion removes all but 260 bp of the
DNA between the EcoRI and Stul sites (Fig. 1).

Identification of plasmid-encoded proteins. Plasmids were
transformed into strain AB2480, and the proteins made were
labeled with L-[35S]methionine (Amersham) by using the
maxicell method of Sancar et al. (37). Labeled proteins were
separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and visualized by fluorogra-

A. EcoRI SphI PstI
KpnI(l) Stui

| PmaCI

B.

MluI(l)

phy, as described by West and Emmerson (49). 14C-methyl-
ated molecular weight markers were from Amersham.
DNA sequencing. Sequencing was by the dideoxy chain

termination method of Sanger et al. (38), using T7 sequenc-
ing kits from Pharmacia LKB, single-stranded DNA from
pTZ18/19R constructs, and [t-35S]dATP. Template DNA
was prepared as directed from the appropriate plasmid-
containing derivatives of JM101 after infection with
M13KO7 helper phage. pBL135, pBL138, pBL140, pBL144,
and a series of deletion derivatives generated by digestion
with appropriate restriction enzymes and/or ExolIl were
used to provide a series of overlapping sequences. When
suitable deletions were not available, oligonucleotide prim-
ers (18-mers) based on sequences already determined were
used to generate the required overlaps. Compressions in
GC-rich regions were resolved by replacing dGTP with
7-deaza-dGTP in the sequencing reactions. The entire se-
quence was read from both strands of the DNA and was
compiled and analyzed with software packages from DNA
STAR, Ltd.

Nucleotide sequence accession number. The sequence of
recG and the flanking region has been submitted to EMBL
and has been given the accession number X59550.

RESULTS

Nucleotide sequencing of the recG region. Previous studies
(25) showed that the PstI-HindIII DNA fragment cloned in
pBL130 (Fig. 1) restores UV resistance to strains carrying
recG258. The nucleotide sequence of this region and of the
adjacent 0.42-kb SphI-PstI fragment was determined as
described in Materials and Methods. The 3,041-bp sequence
obtained is shown in Fig. 2. A search of the GenBank data
base (release 65) revealed an overlap (100% match) at the 5'

Nfid(2) HindU KpnI(2)

BgI( ClaI ClaI
Pvu¶'lIgHpaI HincdI

,.610.26I2A 0.42 1 0.83 1 1.1 110.34 110.311

recG
It

r- --io

1I
APmaCI-SiuI

07I0.6L

pBL125 (+)
pBL130 (+)

pBL131 (-)
pBL135 (+)

pBL135 A12 (-)
pBL135 AA (-)
pBL136 (+)

pBL138 (+)
IlI
11 .4

'K7 AtT__-T TJ.!__TT

pBL140 (+/-)
pBL144 (+/-)
pBL147 (+)

-- pBL149 (-)
FIG. 1. (A) Restriction map of the E. coli recG region and location of the recG reading frame (shaded arrow). The sizes shown for the

major restriction fragments are in kilobases. (B) Diagram showing the extent of the DNA inserts carried by the plasmid constructs used. The
inserts are aligned with respect to the restriction map in panel A. Plasmids are identified on the right; their ability (+) or inability (-) to make
strain N2731 resistant to mitomycin C and UV light in plate tests is shown in parenthesis (+/- denotes partial complementation). The
orientations ofthe lac promoters in the pUC18 and pTZ18/19R constructs are indicated by arrows. The closed circle in the bottom line denotes
a mutated BglII site in pBL149.

.-- ampal-timcu
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SphI
GCATGCAGATTCTGGCAACCCATCTTTCTGATAACGCTGTCGATTTCCGCGAAATTGATTACACTCGCCCGACCTGCATTTTGATGGGACAGGAGAAAAC

GGGCATCACGCAGGAAGCATTGGCCCTGGCGGATCAGGACATCATCATTCCGATGATCGGCATGGTGCAGTCGCTGAATGTTTCCGTTGCCTCAGCCCTC

ATTCTTTACGAAGCCCAGCGTCAGCGGCAAAATGCAGGCATGTACCTGCGTGAAAACAGCATGTTGCCGGAAGCAGAGCAACAACGCCTGTTGTTTGAAG

GCGGCTATCCGGTGCTGGCGAAAGTCGCAAAACGCAAAGGCCTGCCTTATCCCCACGTCAATCAGCAAGGCGAGATCGAAGCTGATGCCGACTGGTGGGC
PstI recG -->

TACTATGCAGGCTGCAGGGTAAGTGCCATGAAAGGTCGCCTGTTAGATGCTGTCCCACTCAGTTCCCTAACGGGCGTTGGCGCAGCACTTAGTAACAAAC
--->spoU M K G R L L D A V P L S S L T G V G A A L S N K L

TGGCGAAAATCAACCTGCATACCGTGCAGGATCTACTCTTACACCTTCCCCTGCGCTACGAAGATCGCACCCATCTCTACCCCATCGGAGAACTACTGCC
A K I N L H T V Q D L L L H L P L R Y E D R T H L Y P I G E L L P

GGGCGTTTATGCCACGGTGGAAGGCGAAGTGCTGAACTGCAATATCTCCTTCGGCGGTCGGCGGATGATGACCTGCCAGATCAGCGACGGTTCCGGCATC
G V Y A T V E G E V L N C N I S F G G R R M M T C Q I S D G S G I

CTCACCATGCGCTTTTTCAATTTCAGCGCGGCAATGAAAAATAGCCTGGCGGCGGGCCGCCGTGTACTGGCTTATGGCGAAGCAAAGCGCGGTAAATATG
L T M R F F N F S A A M K N S L A A G R R V L A Y G E A K R G K Y G

GTGCGGAGATGATCCACCCGGAATACCGCGTGCAGGGCGATCTCAGCACGCCAGAATTACAGGAAACGCTCACGCCGGTTTATCCAACAACGGAAGGCGT
A E M I H P E Y R V Q G D L S T P E L Q E T L T P V Y P T T E G V

AAAGCAGGCCACGCTGCGTAAATTAACCGACCAGGCGCTGGATCTGCTCGACACCTGCGCCATTGAAGAACTCCTGCCGCCGGAACTGTCACAAGGAATG
K Q A T L R K L T D Q A L D L L D T C A I E E L L P P E L S Q G M

ATGACGCTACCGGAAGCGTTGCGCACTTTGCACCGCCCGCCACCGACGCTACAGCTTAGCGATCTGGAAACCGGGCAGCATCCGGCGCAACGTCGTCTGA
M T L P E A L R T L H R P P P T L Q L S D L E T G Q H P A Q R R L I

TTCTGGAAGAACTGCTGGCGCACAACCTCAGCATGTTAGCCTTACGTGCCGGAGCACAGCGTTTTCATGCCCAGCCGCTGAGCGCCAATGACACGCTGAA
L E E L L A H N L S M L A L R A G A Q R F H A Q P L S A N D T L K

AAATAAACTCCTCGCCGCCTTACCGTTCAAGCCAACGGGCGCACAGGCACGCGTAGTGGCGGAGATCGAGCGCGATATGGCGCTGGATGTGCCGATGATG
N K L L A A L P F K P T G A Q A R V V A E I E R D M A L D V P M M

CGTCTGGTGCAGGGCGATGTAGGTTCCGGTAAAACGCTGGTCGCCGCCCTCGCCGCGTTGCGTGCGATTGCCCACGGCAAACAGGTAGCATTGATGGCAC
R L V Q G D V G S G K T L V A A L A A L R A I A H G K Q V A L M A P

CAACCGAATTACTCGCCGAGCAGCACGCCAATAACTTCCGCAACTGGTTTGCACCGCTCGGTATCGAAGTGGGCTGGCTCGCCGGTAAGCAGAAAGGTAA
T E L L A E Q H A N N F R N W F A P L G I E V G W L A G K Q K G K

AGCACGGCTGGCACAGCAGGAAGCCATCGCCAGCGGTCAGGTGCAGATGATTGTCGGTACACACGCCATCTTCCAGGAACAGGTGCAGTTTAACGGCCTG
A R L A Q Q E A I A S G Q V Q M I V G T H A I F Q E Q V Q F N G L

GCGCTGGTGATTATCGACGAACAGCATCGTTTTGGCGTGCATCAGCGTCTGGCATTGTGGGAGAAAGGCCAGCAGCAGGGCTTCCATCCGCATCAGTTGA
A L V I I D E Q H R F G V H Q R L A L W E K G Q Q Q G F H P H Q L I

TCATGACCGCCACGCCGATCCCCCGCACGCTGGCAATGACTGCGTATGCCGATCTCGATACCTCGGTGATAGATGAGCTGCCGCCAGGCCGCACGCCAGT
M T A T P I P R T L A M T A Y A D L D T S V I D E L P P G R T P V

GACTACGGTCGCTATTCCTGATACCCGCCGTACCGACATCATTGACCGCGTGCACCACGCCTGCATAACTGAAGGTCGTCAGGCATACTGGGTTTGTACG
T T V A I P D T R R T D I I D R V H H A C I T E G R Q A Y W V C T

TTGATTGAAGAGTCGGAATTGCTGGAAGCGCAGGCGGCGGAAGCTACCTGGGAAGAGTTGAAACTGGCGCTACCAGAGTTGAACGTTGGCCTGGTACACG
L I E E S E L L E A Q A A E A T W E E L K L A L P E L N V G L V H G

GGCGGATGAAACCTGCCGAGAAACAGGCGGTGATGGCGTCGTTTAAACAAGGTGAGCTACACCTGCTGGTTGCCACAACCGTTATTGAAGTCGGCGTTGA
R M K P A E K Q A V M A S F K Q G E L H L L V A T T V I E V G V D

PvuII
TGTGCCTAACGCCAGTCTGATGATTATCGAAAACCCGGAGCGTCTGGGTCTGGCGCAGTTACACCAGCTGCGCGGGCGCGTAGGTCGTGGCGCGGTGGCT
V P N A S L M I I E N P E R L G L A Q L H Q L R G R V G R G A V A

TCTCACTGCGTGCTGCTCTACAAAACGCCGCTTTCTAAAACGGCGCAAATTCGCCTGCAAGTGCTGCGCGACAGTAACGACGGTTTTGTGATTGCGCAAA
S H C V L L Y K T P L S K T A Q I R L Q V L R D S N D G F V I A Q K

BglII
AAGATCTGGAGATTCGCGGCCCTGGCGAATTGTTAGGCACGCGTCAGACGGGTAATGCTGAATTTAAAGTGGCGGATTTACTGCGCGATCAGGCGATGAT

D L E I R G P G E L L G T R Q T G N A E F K V A D L L R D Q A M I

CCCGGAAGTTCAGCGCCTGGCACGCCATATTCACGAACGTTACCCACAACAGGCAAAAGCCCTGATAGAACGCTGGATGCCGGAGACGGAACGTTACTCG
P E V Q R L A R H I H E R Y P Q Q A K A L I E R W M P E T E R Y S

AATGCGTAAAAGGCGGCAGTGAGAAGACCGCCATTTCAGGTTACCCTACCTTCCTGCCGGATGCGATTCATCACCCTACAAATTCAATAAATTATGAATC
N A

HpaI
AATACGCAGGCTTGATAAGCGAAGCGTATCAGGCATTTGTCTTTGTTGCGGCGGCACTTCTACCGCCGCTTCATCGGIIAACCGGCAAAAATCGGCAACA

gltS <---

EcoRV/ClaI
TCAAATACAACTTAATTACCAGCGCATTGACGATATCGATAAAGAACGCACCGACCATCGGCACCACCAAAAACGCCATGTGCGACGGGCCAAAGCGTTC

AGTGATCGCCTGCATGTTGGCGATTGCCGTTGGCGTTGCACCGAGGCCAAAACCACAGTGACCCGCAGCCAGCACTGCCGCATCGTAGTTTTTGCCCATC

ATGCGCCAGGTAACGAAGATGGCATACAACGCCATGAAGATGGTCTGTACCACCAGAATCGCCAGCATCGGCAGCGCCAGCGAAGCCAGCTCCCACAGTT
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FIG. 2. Nucleotide sequence of the 3,041-bp SphI-HindIII fragment of the recG region. Relevant restriction sites are labeled above the first
base of the sequence recognized. The translation of recG is shown beneath the sequence. Stop codons identifying the end of spoU and gltS
are underlined and labeled as such.
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FIG. 4. Fluorogram showing [35S]methionine-labeled proteins
from AB2480 maxicells separated on a 10% polyacrylamide-SDS
gel. The plasmids are identified above each lane. Molecular mass

markers are the same in both panels.
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UVdose- Jim2
3. Effect of pBL135 on survival of UV-irradiated recG
The strains and plasmids used are identified within the

end with the sequence of the spo operon published by
Sarubbi et al. (39) which extends to bp 428. The overlap
contains the 3' end of spoU (50), which terminates with the
TAA stop codon at bp 420. A further overlap, this time of
740 bp at the 3' end, with the recently published sequence for
gitS was found (17). The gltS gene is transcribed in the
opposite direction to spoU and terminates with a TAA stop
codon at bp 2680.

Identification of recG. The DNA sequence between spoU
and gltS contains an open reading frame extending 2,079
nucleotides, from a potential ATG initiation codon at bp 428
to a TAA stop codon at bp 2507. A region of dyad symmetry
immediately downstream (bp 2508 to 2536) could provide a

transcriptional terminator. A potential terminator for the
convergent gitS gene is located at bp 2647 to 2668. Transla-
tion of the large open reading frame would produce a

polypeptide of 693 amino acids with a predicted molecular
mass of 76,438 Da. pBL135, which has this open reading
frame intact, appears to have a fully functional recG gene. It
restores UV resistance to a recG258 single mutant and
overcomes completely the more substantial effect seen with
the insertion in a recJ mutant background (Fig. 3). It also
produces a rather poorly expressed protein of 76 kDa (Fig.
4A). The two deletions of pBL135 shown in Fig. 1B (A12 and
AA) extend to bp 428 and 807, respectively. As indicated,
both have lost the ability to complement recG (data not
shown). Also, pBL135AA no longer produces the 76-kDa
protein. It produces instead two new proteins migrating in
the region of 62 kDa. A protein of about this size would be
expected if translation initiated with the ATG at bp 809.
Plasmids carrying 3' deletions extending to the ClaI site (not
shown) or to the HpaI site (Fig. 1, pBL147) are able to
complement recG, whereas a deletion to the PvuII site
(pBL131) or a frameshift mutation created at the BgIII site
(pBL149) eliminates this activity. pBL131 also fails to pro-
duce the 76-kDa protein (Fig. 4B). We conclude that the
reading frame identified is recG and that the gene product is
a protein of 76 kDa.

Location of recG258. We made use of the fact that a

recG258 strain is reasonably proficient in recombination to
transfer the kanamycin resistance DNA insertion to pBL136
and pBL144. Stocks of these plasmids were prepared from
strain N2731(recG258), and recG258 mutant plasmids arising
from recombination with the chromosome were identified by
transforming strain AB2463 (recA) to Apr Kmr. Four inde-
pendent recG258 recombinant plasmids were obtained. Re-
striction analysis of these plasmids (data not shown) revealed
that the insertion is located in the 0.83-kb PstI-MluI(l) frag-
ment (Fig. 1).
recG is part of the spo operon. Inspection of the sequence

immediately upstream of the proposed ATG initiation codon
for recG reveals no obvious signals for the expression of the
gene. The AGG located 9 bp upstream provides a possible
ribosome binding site (40), but there are no good matches to
the -10 and -35 sequences typical of E. coli promoters (14).
Sarubbi et al. (39) and Xiao et al. (50) describe two promot-
ers (P1 and P2) that could transcribe through the spo operon
and lead to the expression of recG (Fig. 5). The 5-bp spacing
between spoU and recG is consistent with this view. The
plasmid constructs we have examined do not carry these
promoters, with the exception of pBL125, which has P2.
Therefore, we assume that recG is being expressed from
vector promoters in those constructs that restore UV resis-
tance to recG258 strains, or perhaps from secondary pro-
moters in the spo coding region. This conclusion is sup-
ported by our analysis of the proteins labeled in maxicells
from strains carrying different sections of spo DNA (Fig. 4).
pBL130 and pBL135 carry identical PstI-HindIII inserts,

EcoRI

L

CTCGTGAC GTGTGCATCTGGCGAATA=GCG
-35 -10

KpnI \SphI PstI
l ll~1

spoS spoT spoU recG
(rpoZ)

HindIII KpnI

gitS

FIG. 5. Organization of the spoT-recG-gltS region of the chro-
mosome. P1 and P2 are the promoters defined by Xiao et al. (50). P3
is defined in the text.

0.
.-ceg2
*S
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eIF4a

RecG

p68
con.

Motif Motif la

GYDVIAQAQSGTGKTATFAISILQQIELDLK- ATQALVLAPTRELAQQIQKVVMALGDYMG 129
:.Q:: G:GKT . A:: L:.I. :.Q. ::APT LA:Q .: .. . :G

PMMRLVQGDVGSGKTLVAALAALRAIAH--------GKQVALMAPTELLAEQHANNFRNWFAPLG 345
: .: ::.GSGKTL L:A: I.H G ::APT LA:Q .:

GLDMVGVAQTGSGKTLSYLLPAIVHINHQPFLERGDGPICLVLAPTRELAQQVQQVAAEYCRACR 175
++ A oGoGKT +++LAPTR

Motif 11

eIF4a ASCHACIGGTNVRAEVQKLQMEAPHIVIGTPGRVFDMLNRRYLSPKYIKMFVLDEADEMLSRGFK 194
: ::G.: . Q EA : : :: : : : :DE.: . :

RecG IEV-GWLAGKQKGK-ARLAQQEAIASGQVQMIVGTHAIFQEQVQFNGLALVIIDEQHRFGVHQRL 408
:G .KG . . : ::. . : .:.::. : :::DE.:R.

p68 LKSTCIYGGAPKGP-QIRDLERGVEICIATPGRLIDFLECGKTNLRRTTYLVLDEADRMLDMGFE 239
con. +++DEAH

eIF4a

RecG

p68
con.

Motif Ill

DQIYDIFQKLNSNTQVVLLSATMPSDVLEVTKKFMRDPIRILVKKEELTLEGIRQFYINVEREEW 259
Q: Q ::::AT : .L.:T D. I . T .. .: .

ALWEKGQQQGFHPHQ-LIMTATPIPRTLAMTAYADLDTSVIDELPPGRTPVTTVAIPDTRRTDII 472
K :Q . :Q L: :AT . ::. D I: : . :: .: . D:

PQIRKIVDQIRPDRQTLMWSATWPKEVRQLAEDFLKDYIHINIGALELSANHNILQIVDVCHDVE 304
++++SATPPG

Motif IV

eIF4a KLDTLCDLYE-------TLTITQAVIFINTRRKVDWLTEKMHARDFTVSAMHGDMDQKERDVIMR
: E I.:: :: . ...W . K: .::.V: :HG M.. E::.:M

RecG DRVHHACITEGRQAYWVCTLIEESELLEAQAAEATWEELKLALPELNVGLVHGRMKPAEKQAVMA
: E ::. . . K: . :HG ....E:: V:.

p68 KDEKLIRLME----EIMSEKENKTIVFVETKRRCDELTRKMRRDGWPAMGIHGDKSQQERDWVLN
con. ++F+oo+o

eIF4a

RecG

p68
con.

Motif V Motif VI

EFRSGSSRVLITTDLLARGIDVQQVSLVINYDLPTNRENYIHRI-GRGGRFGRKGVAINMVTEED
.F: G. ::L::T.::. G:DV.:.SL:I : P . :H:: GR GR : : : : ..

SFKQGELHLLVATTVIEVGVDVPNASLMIIENPERLGLAQLHQLRGRVGRGAVASHCVLLYKTPL
.FK:G. .:L:AT.V . G:DV :..::I : P. : . :H:: GR.:R:: ::
EFKHGKAPILIATDVASRGLDVEDVKFVINYDYPNSSEDYIHRI-GRTARSTKTGTAYTFFTPNN

+ To++ooG+o+ o+o QR+ GR+GR

317

537

365

381

602

429

FIG. 6. Alignment of RecG with eIF-4A and p68. The alignment is based on the FASTP program (22). Conservative substitutions
(identified by colons) indicate evolutionarily related residues. Those residues that score zero in the PAM250 matrix (22) are indicated by a
period. Motifs I to VI (identified by asterisks) are as defined by Gorbalenya et al. (12). The consensus (con.) for helicases shows both identical
and functionally related residues (+, hydrophobic residues [I, L, V, M, F, Y, and W; o, charged or polar residues [S, T, D, E, N, Q, K, and
RI) in the region of each nmotif. The consensus is taken from the lower portion of Fig. 3a by Gorbalenya et al. (12).

and it is clear that both produce the 76-kDa RecG protein.
Since they have only a few nucleotides of the upstream spoU
sequence, it is clear that recG must be expressed from the
vector lac promoter in these constructs. pBL136 and
pBL138 carry more of the upstream sequence. Both make
the recG strain N2731 resistant to UV light and mitomycin
C. However, only pBL136 makes enough of the 76-kDa
protein to be visible in maxicell extracts (Fig. 4A), despite
the fact that recG is closer to the vector promoter in pBL138.
This suggests that recG can be expressed by pBL136 from a
promoter located between KpnI(1) and SphI. Inspection of
the sequence reported by Sarubbi et al. (39) reveals a
possible candidate (P3 in Fig. 5) 328 bp upstream from the
SphI site. The proposed - 10 region has a good match (five of
six nucleotides) to the consensus (14), but the -35 region
does not match as well (four of six nucleotides), and the
spacing of 16 bp is not optimal. pBL140 carries the same
insert as pBL136 but in the reverse orientation with respect
to the lac promoter. The 76-kDa protein is not seen with this
construct, and the plasmid is unable to make N2731 fully
resistant to UV light and mitomycin C (Fig. 4A) (data not
shown). When the insert was reversed once more, the
plasmid was able to confer full resistance. P3 is either a weak
promoter or is inhibited in pBL140 by transcription from the
lac promoter. It is quite noticeable that the truncated RecG
proteins encoded by pBL135A1A are expressed quite
strongly. We assume that this is because the deletion has
placed the truncated recG reading frame at a more favorable
distance from the lac promoter.

RecG is related to a family of proteins that act as helicases.
A search of the NBRF-PIR protein data base (release 26) by
the methods of Lipman and Pearson (22) revealed significant
homologies between RecG and a family of related RNA and
DNA helicases (12, 15). An alignment of RecG with the
known RNA helicases eIF-4A (31) and p68 (10) is shown in
Fig. 6. While the similarity is not great, the overall alignment
of the seven motifs is quite striking given that eIF-4A and
p68 are mammalian proteins. Furthermore, within these
motifs, RecG has most of the amino acid residues identified
by Gorbalenya et al. (12) as being particularly highly con-
served (Fig. 6). RecG also aligns well with the DNA helicase
n' (21, 32) over several of these mnotifs. Motifs I and II,
which are presumed to be associated with ATP binding (7,
13, 48), are conserved well in E. coli UvrD, UvrB, RecB,
and RecQ, all of which are DNA helicases, or components of
helicases, involved in recombination and DNA repair (29,
46).

DISCUSSION

The DNA region encoding recG has been shown to
contain a reading frame for a protein of 693 amino acids.
Complementation studies using plasmids with deletions ex-
tending into this region from either the 5' end or the 3' end
established that the reading frame is recG. The gene is
flanked on the 5' side by the spoT operon and on the 3' side
by gltS, which is transcribed in the opposite direction. Our
analysis of recG expression suggests that the gene is tran-
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scribed from promoters that serve the spoT operon. This
would mtake recG the fourth gene ih this operon (Fig. 5).
spoS (rpoZ) encodes the omega subunit ofRNA polymerase
(11), while the spoT gene itself is involved with the metab-
olism of guanosine 3',5'-bispyrophosphate (ppGpp) during
the stringent response (20, 39). The function of spoU is
unknown. Mutations in the spo region that disconnect recG
from the upstream promoters might therefore be expected to
have a polar effect on the expression of recG. This appears
to be the case (18). The recGJ62 allele identified by Storm et
al. (43) could be an example of such a mutation. Lloyd and
Buckman (25) reported that recGJ62 has a less severe effect
on UV repair than the recG258 insertion.
The results reported by Sarubbi et al. (39) suggest that the

spoT operon is not highly expressed. This would be consis-
tent with our observation that very little of the recG product
is needed to overcome the DNA repair defect in strains
carrying recG258. The 76-kDa product of recG was identified
by SDS-PAGE after labeling with 35S in maxicells. How-
ever, while some of the plasmid constructs complement
recG very well, they do not make enough RecG protein to be
visible in labeled maxicell extracts. The low expression of
recG and its positioning with genes specifying diverse func-
tions is not unusual among recombination genes. A similar
situation is seen with recF (1, 2), recJ (27), and recO (30).
The primary structure predicted for RecG suggests that it

may have ATPase and helicase activities, which supports the
idea that it has a direct role in genetic recombination.
Several DNA helicases have been linked with recombina-
tion, including UvrD (helicase II) (3, 28, 33), RecBCD
enzyme (35, 44, 45), and RecQ (46). Ideas abound as to how
thes.e enzymes process DNA during the course of recombi-
nation (8, 41, 42). One common theme is that a combination
ofDNA helicase and nuclease activities provides the single-
stranded substrate needed by RecA, as has been suggested
for RecQ helicase and RecJ nuclease (46). Another is that
such a comibination of activities may allow strand exchange
to initiate after RecA has formed a paranemic joint (34). The
latter possibility is particularly attractive for RecG in view of
the functional overlap with the Ruv resolvase (23). How-
ever, a test of this possibility will have to await the biochem-
ical characterization of the purified protein.
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