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An internal fragment of the rec4 gene from eight gram-positive organisms has been amplified by using
degenerate primers in a polymerase chain reaction. The internal 348- or 360-bp rec4 DNA segments from
Bacillus subtilis, Clostridium acetobutylicum, Lactobacillus bulgaricus, Lactobacillus helveticus, Leuconostoc
mesanteroides, Listeria monocytogenes, Staphylococcus aureus, and Streptococcus salivarus subsp. thermophilus
were amplified, cloned, and sequenced. The G+C contents of the DNA from these species range from 28 to
52%. The sequences of the bacterial rec4 genes show strong relatedness. This method is particularly useful for
the recovery of the recA genes of gram-positive bacteria and avoids the difficulties of using a genetic

complementation test for cloning.

The recA gene of Escherichia coli, which codes for a
protein of 352 amino acids, has been extensively character-
ized and is essential for numerous cell functions, such as
homologous recombination, induction of the SOS pathway,
and bacteriophage activation (11). The recA gene has been
cloned from more than 40 organisms (9, 11). Nevertheless,
only five recA genes have been cloned from the gram-
positive bacteria Acholeplasma laidlawii (4), Bacillus sub-
tilis (8), Staphylococcus aureus (cited in reference 11),
Moycobacterium tuberculosis (2), and Lactococcus lactis (3).
The underrepresentation of cloned recA genes from the
gram-positive group may be due to difficulties in gene
expression (2) or to the instability of the cloned gene in a
heterologous organism such as E. coli (15). In this study, we
describe a new method based on the polymerase chain
reaction (PCR) (12) to clone an internal DNA segment of the
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FIG. 1. Description of the degenerate primers used in the PCRs.
The degenerate oligonucleotide primer pairs used for the PCR
amplification of the recA,,, fragment are a and c or b and c. The
amino acid segments upon which the primers are based are shown
above the DNA sequences. Amino acid positions are given accord-
ing to the E. coli sequence.
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recA gene (here called recA,,,) of numerous organisms. This
method enables the recuperation of entire recA genes with-
out a complementation step and can be applied to gram-
positive bacteria which seem to be refractive to cloning by
other means.

The amino acid sequences of 18 previously characterized
recA genes were aligned, and highly conserved stretches of
the protein were chosen as templates in order to design
degenerate primers (Fig. 1). Oligonucleotides with 192-fold,
128-fold (coding-strand primers a and b, respectively), and
384-fold (complementary-strand primer c) degeneracies were
chosen. The relatively low G+C contents of the organisms
involved (28 to 52%) were considered in the designing of the
first 10 nucleotides (5' end) but not in that of the remainder
of the primer, since perfect homology on the 3’ end is
desirable for good elongation. The two primer pairs, a plus ¢

360pb —p

FIG. 2. Amplification by PCR of chromosomal DNA from gram-
positive organisms. Chromosomal DNA of the different gram-
positive strains was amplified by using PCR with the primer couples
a and c (lanes 1 to 7) or b and c (lane 8). Lanes 1 to 8 correspond to
10 pul of the PCR mixture with the chromosomal DNA of B. subtilis,
Lactobacillus bulgaricus, Leuconostoc mesanteroides, Listeria
monocytogenes, S. aureus, L. lactis, Lactobacillus helveticus, and
S. thermophilus, respectively. Lane M corresponds to the Raoul
marker (Appligene). The result of the PCR amplification of C.
acetobutylicum chromosomal DNA is not shown.
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C.acetobutylicum

AGTTATGCCCAAAAACTTGGAGTTGATGTAGATAGCTTAATAAT TTCTCAACCTGATACAGGGGAACAAGGACTTGAAATAGCTGARGCATTAGTCCGTICTGG 104
s YA OO KL GGVDVDSTZLTIISOQQEPDTGET G GTLTETIA AEH BATLTYVTRSG 35

AGCTATTGATGTTTTGGTAGTAGACTCAGTTGCGGCTTTAGTACCTAAAGCTGAAATTGAAGGAGAAATGGGAGATTCACATATTGGTCTTCAAGCAAGACTTA 208
A I DV L V VD S V AA VP KAETIEGEMGDSHTIGLAGQA ARTILM 70

TETCACAGGCGTT AAGAAAGC TTGCAGGAACAATAAATARGACTAATTGTG T TGCTATATT TATTAACCAAT TAAGAGAAAAGTTGGGGTTTATGTTIGGTTICT 312
s g ALRXKLAGTTIDNTZEKTNT CTVATILITFTINTS GTLRETKTLTGTFMTFG § 103
L.bulgaricus
GCTTACGCTGAAGCCTTGGGCGTGGACATCGACCAATTGATCCTGTCTCAGCCAAACACTGGGGAAGAAGGGCTGCAAATCGCGGACACCTTGATCTCCAGCGG 104
A Y E 1 e VDIDSGETLTITLSSQPNTGTEE Q D T I s G 35
GGCCATCGACATCGTEGTGETCGACTCCETTGCCGTCCTGETGCCECGGECCGARATCGAAGGTGAAATGGGTGACTCCCACGTTGGACTCCAGGCCCGCCTGA 208
A I D I VVVDSTVAVTLVTPQRAETITETGTEHMTSGTDTSTHT VTG GTLTOQQATRTELM 170

& AGCCAGGCCTTGCECAAGCTCTCCGGGACGATTGCCARGACCAAGACCAT TGCCATCTTCATCAACCAGATCCGGGAAAAGGTCGGCGTCATGTTTGGTAAT 312
s Q ALRTEKTELTGSGTTIA ATKT T 1 A I F I NGQ I REX KV GUVMTFGN 104
L.helveticus
GCATATGCTCAAGCATTAGETGTAGACATIGATTCACTTATTTTATCTCAACCTAATACAGGTGAAGAAGGTTTACAAATTGCTGATACTTTGATTTCTAGTGE 104
A Y AEAIL OGVDTID S STILTILSQPDNTG GETETG GTLS® IADTTILTIS S G 35

TGCCATTGATATTGTGGTAGTTGACTCTGTTGCAGCGTTAGTTCCACGTGCTGAAATTGAAGGCGAGATGGGGGATGCTCATGTTGGTCTTCAAGCTCGATTAA 208
I D v v D V AAL VP RAETITETGEMMGTUDA V 6 L Q ARL 70

TGAGTCAGGCTITGCGTAAAT TATCTGGTACTATTTCAAAGACTARGACCATTGCAATTTTTATTAATCAGATTCGTGAAAAAGT TGGGATTATGTTTGGTAAC 312
s g A LR K TL s 6 T I S KTTKTTIA ATITFEFTINSG GTITRTET KV VSGTIMTFGN 104
L.mesantheroides
AAGTACGCTEAGGCATTGGECGTACAAAAAGATGAATTACTGCTATCACAACCAGATACTGGCGAACAAGGCTTAGAAATTGCTGATGCGCTAGTACARTCAGG 104
K'Y AEALGV@EKDETLTILTL SQ@PDTGTET QGTLTETIA ADTBATLTV QSZG 35

TGCGGTCGATATTATTGTTGTTGATTCAGTCGCAGCCCTTGTACCTCGAGCTGAAATTGAAGGTGAAATGGGTGATTCGCATGTTGGTTTGCAAGCACGATTAA 208
A D I I V V D s A AL P R AE I EGEMGUD S H G L Q A RL M 70

W
o
>N

TEAGTCARGCGETTCGTAAAT TAGCTGGGACTTTAAATCGCACAGGAACCAT T GCTATTTT TATTAACCAAATTCGTGAAAAART TGGTGTGATGT TTGGTAAT
s g AL R KL AGTILNZRTGTTI ATIFTINTGOGTITRETKTITGT VMTEGN

L.monocytogenes

CCTTATGCTAAAACCCTAGTTGTAAATATTGATGAAT TATTACTACCTCAACCAGATACAGGAGAACAAGCTTTAGAGATTGCTGAAGCTTTAGTTAGAAGTGG 104
P YA EKOTILVVNTIDETLTZLTLTPO QPDTTGTETG A ATLTETIA ATETA ATLTVRSG
TGCAGTTGATATGTTAGTAATTGACTCCGTTGCAGCACTTGTACC ACGTGCTGARATCGAAGGCGAGATGGGCGATGCTCATGTTGGATTACARGCACGTTTAR 208
AV DML VIDSVABAMLT VPRAMETITETGTEHMTE DA ATHTYVGLSG @A ATRTLM 10

TGTCCCAAGCATTGCGTAAACTTTCTGGTGTTATTAATAAATCAAAAACCATTGCTATTTTCATTAACCAAATTCGTGAAAAAGTTGGTGTTATGTTTGGTAAC 312
Q AL RKUILSGVINIZKSI KTTIA ATITFTIN QTIRTEIKUVGVMTFGN 104

S.aureus

GAATATGCTCAAGCATTAGGCGTAGATATCGATAATT TATATTTATCGCAACCGGATCATGGTGAACAAGGTCTTGAAATCGCCGAAGCATTTGTTAGAAGTGG 104
EY A OOATL GV DIDISNTILTJKYTULJESG QPDIEHTGETS G GTELTETIR ATETA AMTFTVT RS G 35
TGCAGTTGATATTGTAGTTGTAGACTCAGTTGCTGETTTAACACCTAAAGCTGARATTGAAGGAGARATGGGAGACACTCACGTTGGTTTACAAGCTCGTTTAA 20
AV D IVVVDSVARALLT TP KAETIETGTEMGDTTHT VG GTLO QA ARTILM 7

TETCACAAGCGTTACGTAAACTTTCAGGTGCTATTTCTARATCAAATACAACTGCTATTTTCATCAACCAAATTCGTGAARAAGT TGGTGTTATGTTCGGTAAT 312
s Q AL RKXKTL S GATISKTSNTTA ATILITFTINT GTITERETKTVTGTVMTFGN 104
S.thermophilus
GCGTATGCACGAGCTCTAGETGTTAATATCGATGAGCTTCTTTTGTCGCAGCCTGATTCTGGTGAGCARGGTCTCGAAATTGCAGGTAAGCTGATTGACTCTGG 104
AYARATLTGTYVNTIDTETLTELTLS QPODGSGET QG GTLTETIA AGT KTELTITDS G 35
TGCAGTGGATTTAGTTGTTGT TGACTCAGTTGCGGCCTTCGTACCACGTGCAGAAATTGATGGAGATAGTGGTGACAGTCATGTAGGACTTCAAGCGCGTATGA 208
AVDTILUVVVDSVARMFVEPP RAETIDTGTDSTSTGDSTHT VG GTLTO QARMM

TGAGTCAAGCCATGCGTAAACTTTCTGCATCTATTAATAAAACAAAAACGATTGCTATCTT TATTAACCAGTTGCGTGAAAAAGT TGGTATCATGTTTGGTAAC 312
s O AMERGEKTL SAGSTINTEKTTEKTTIA ATITFTINTI GTLTERETKT VTG GTIMTFGN 104
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FIG. 3. DNA and amino acid sequences of the recA;,, fragments. The DNA and deduced amino acid sequences of the seven sequenced
recA;,, fragments are shown. Sequences corresponding to the degenerate primers can be inaccurate and are therefore not shown. Sequencing
of both strands was performed, with about 99% sequence overlap. In order to confirm sequence results, two independent clones were

analyzed for six of the amplifications (one clone was sequenced for C. acetobutylicum and S. thermophilus DNA).

and b plus c, gave efficient amplification with the DNA
samples described below, although various other pairs were
initially tried (data not shown).

The gram-positive bacterial strains used in this study are
B. subtilis SB202 (leuA8 tyrA1 aroB2 hisH2; laboratory col-
lection), Clostridium acetobutylicum NCIB8052 (M. Young),
Lactobacillus bulgaricus 11431 (plasmid free; M. C. Chopin),
Lactobacillus helveticus 111235 (plasmid free; M. C.
Chopin), Lactococcus lactis subsp. lactis 111403 (here
called L. lactis) (plasmid free; M. C. Chopin), Leuconostoc
mesanteroides 1L1250 (plasmid free; M. C. Chopin), Liste-
ria monocytogenes B7 (J. J. Gratadoux), Staphylococcus
aureus RN450 (R. Novick), and Streptococcus salivarius
subsp. thermophilus IL73 (here called S. thermophilus)
(plasmid free; M. C. Chopin).

One microgram of chromosomal DNA isolated from each
strain (extracted as previously described [3, 7]) was added to
a PCR mixture of 100 pl (2.5 U of Perkin-Elmer Cetus Tag
DNA polymerase in its buffer [1x] with 250 pmol of a primer
couple) and submitted to 30 cycles of 1 min of denaturation
at 95°C, 2 min of annealing at 55°C, and 3 min of elongation
at 72°C in a Genamp PCR System 9600 (Perkin-Elmer). L.
lactis chromosomal DNA was amplified as a positive con-
trol, as we recently showed that this reaction gives a unique
recA;,, segment with the primer pairs used here (3). The
presence of a DNA fragment of the expected size (either 348
or 360 bp) was contingent upon the presence of formamide in
the reaction mixture (3, 13). PCR products were separated
on a 3% agarose gel (eight representative samples are shown
in Fig. 2). For each chromosomal DNA preparation, a DNA
fragment of the expected size was amplified with at least one
of the two primer combinations tried. Good amplification of
S. thermophilus DNA was observed only with the primer
pair b plus c (the expected size fragment of 348 bp was
obtained). In some cases, more than one DNA fragment
appeared (Fig. 2, lanes 2, 4, 5, and 7). The extra bands are
nonspecific and may appear because the motifs chosen for
primer synthesis are present in other proteins. The weak
intensity of the recA,,-amplified bands of Lactobacillus

102 110 120 130 140 150
IYARKLGVDIDNLLCSQPDTGEQALEICDALARSGAVDVIVVDSVAALTPKAE IEGEIGD SHMGLAARMMSQAMRKLAGNLKQSNTLLIF INQIRMKIGVME . GN

Ecoli

bulgaricus (Fig. 2, lane 2) and those of C. acetobutylicum
(data not shown) might be due to the relative extremes in the
G+C contents of the DNA of these organisms (52 and 28%
[10], respectively) compared with the G+C distribution of
the primers.

We verified that the amplified DNA bands correspond to
recA;,,. A 10-pl sample of the PCR mixture was treated with
T4 DNA polymerase and DNA polymerase I (Boehringer,
Mannheim, Germany) and separated on a 3% agarose gel.
The bands of 348 or 360 bp (according to the primer pairs
used) were purified and cloned into a Smal-linearized pB-
luescript KS* plasmid (Stratagene) as previously described
(3, 7). The cloned fragments were sequenced on both strands
and from two independent clones (only one clone for C.
acetobutylicum and S. thermophilus was sequenced) except
for B. subtilis PCR-amplified recA;,,,, which was verified only
by hybridization with a segment of the Bacillus recA gene
used as a probe (kindly provided by K. Bayles).

In every case, the DNA and deduced amino acid se-
quences of the recA,,, segment show good homology with
those of E. coli recA;, (Fig. 3 and 4). The sequence
similarity corresponds to positions 92 through 211 (primers a
and c) or positions 96 through 211 (primers b and c) of the E.
coli RecA amino acid sequence, as expected from the choice
of the primers. Crystallographic studies of E. coli RecA
revealed seven amino acids which are essential for protein
function and invariant among all known bacterial RecA-like
proteins (14). Of these seven amino acids, four are contained
in the RecA,,, region (Asp-144, Ser-145, Asn-193, and Gln-
194) and are also invariant in the gram-positive proteins.
Thus, the recA;,, DNA sequences are also highly conserved
among the gram-positive species (Fig. 5).

The recA gene of S. aureus has already been partially
sequenced (11). Comparison of the published deduced amino
acid sequence with that derived from the PCR-cloned frag-
ment reveals three differences: Ser, Thr, and Gln instead of
Arg, His, and Leu at positions 136, 162, and 167. Two amino
acids, Ser-136 and GIn-167, are conserved in all of the
gram-positive RecA sequences (Fig. 3), which may indicate

160 170 180 190 200

Bsub VYAQKLGVNIEELLLSQPDTGEQALEIAEALVRSGAVDIVVVDSVAALVPKAEIEGDMGDSHVGLQARLMSQALRKLSGAINKSKTIAIFINQIREKVGNMFFRE
Saur EYAQALGVDIDNLYLSQPDHGEQGLEIAEAFVRSGAVDIVVVDSVAALTPKAEIEGEMGDTHVGLQARLMSQALRKLSGAISKSNTTAIFINQIREKVGVME .GN

Lbulg
Lhelv

AYAEALGVDIDQLILSQPNTGEEGLQIADTLISSGAIDIVVVDSVAVLVPRAEIEGEMGDSHVGLQARLMSQALRKLSGT IAKTKTIAIF INQIREKVGVMF . GN
AYAEALGVDIDSLILSQPNTGEEGLQIADTLISSGAIDIVVVDSVAALVPRAEIEGEMGDAHVGLQARLMSQALRKLSGTISKTKTIAIFINQIREKVGIME .GN

Llac EYAKALGVNIDELLLSQPDYGEQGLQIAEKLITSGAVDLVVIDSVAALVPKAEIDGEIGDSSVGLQARMMSQAMRKLAGHINKTKTTAIFINQLREKVGVME .GS

Stherm
Lmono
Lmesan

AYARALGVNIDELLLSQPDSGEQGLEIAGKLIDSGAVDLVVVDSVAAFVPRAEIDGDSGD SHVGLQARMMSQAMRKLSAS INKTKTIAIF INQLREKVGIME .GN
PYAKTLVVNIDELLLPQPDTGEQALEIAEALVRSGAVDMLVIDSVAALVPRAEIEGEMGDAHVGLQARLMSQALRKLSGVINKSKTIAIF INQIREKVGVME . GN
KYAEALGVQKDELLLSQPDTGEQGLEIADALVQSGAVDI IVVDSVAALVPRAEIEGEMGDSHVGLQARLMSQALRKLAGTLNRTGT IAIF INQIREKIGVMF .GN

Cbut  SYAQKLGVDVDSLIISQPDTGEQGLEIAEALVRSGAIDVLVVDSVAALVPKAEIEGEMGDSHIGLQARLMSQALRKLAGTINKTNCVAIFINQLREKLGEMF .GS

* ok * X * %% * % * Kk Kkk *k * kkkk * kkk X * kK kkphkk hhkkk hkk prhkrkhkk kpk *k kX

consens YA LGV ID L LSQPDTGEQGLEIA L SGAVD VVDSVAALVP AEIEGEMGDSHVGLQARLMSQALRKL G I K T AIFINQIREKVG MF GN

FIG. 4. Comparison of the deduced amino acid sequences of the recA;,, fragments. The deduced amino acid sequences of the recA;,,
fragments of B. subtilis (Bsub), C. acetobutylicum (Cbut), E. coli (Ecoli), Lactobacillus bulgaricus (Lbulg), Lactobacillus helveticus (Lhelv),
L. lactis (Llac), Leuconostoc mesanteroides (Lmesan), Listeria monocytogenes (Lmono), S. aureus (Saur), and S. thermophilus (Stherm)
were aligned by using the MULTALIN Multiple Sequence Alignments software of F. Corpet (1). Amino acid positions correspond to those
of the E. coli RecA protein. A star indicates that the amino acids are identical, and a plus means that the amino acids are identical in the
gram-negative species and not in E. coli. Amino acids in bold letters have been studied functionally in E. coli and are discussed in the text.
A plus means that the corresponding amino acid is discussed in the text. A consensus amino acid is given only when at least seven amino acids
are identical.
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PRO .DN‘ Ecoli | Bsub | Llac | Cbut | Lbulg | Lhelv | Lmesan| Lmono | Saur |Stherm
Ecoli - 65 60 61 66 60 65 63 65 64
Bsub 73 - 72 66 69 68 67 74 74 68
Llac 69 79 - 68 66 70 67 73 75 78
Cbut 70 78 71 - 62 68 68 68 72 63
Lbulg 70 80 76 75 - 77 69 69 64 66
Lhelv 68 11 75 75 95 - 72 717 75 68
Lmesan 78 81 17 77 82 81 = 72 73 69
Lmono 73 85 78 76 717 717 79 = 78 71
Saur 74 83 79 79 81 81 81 81 - 70
Sthexrm| 70 79 86 69 78 78 77 16 75 -

FIG. 5. Homology among the recA;,, sequences. recA;,, DNA sequences and deduced amino acid sequences from B. subtilis (Bsub), C.
acetobutylicum (Cbut), E. coli (Ecoli), Lactobacillus bulgaricus (Lbulg), Lactobacillus helveticus (Lhelv), L. lactis (Llac), Leuconostoc
mesanteroides (Lmesan), Listeria monocytogenes (Lmono), S. aureus (Saur), and S. thermophilus (Stherm) were compared. Results are

given as percentages of strict sequence identity.

that our sequence is correct. The third amino acid, Thr-162,
is not conserved in the gram-positive RecA proteins. It is
known that PCR can introduce mutations into the DNA
sequence (5); however, our previous recA cloning confirmed
that PCR-amplified DNA and cloned chromosomal DNA had
identical sequences (3). This sequence discrepancy is possi-
bly due to strain differences.

It is of interest that the gram-positive RecA,,, fragments
show more homology to each other than to gram-negative E.
coli RecA,,, (Fig. 3). For example E. coli and Lactobacillus
bulgaricus have similar G+C contents (51 and 52%) and
show 70% RecA,,, sequence identity; the DNA of C. aceto-
butylicum is only 28% G+C, yet it shares 75% identity with
RecA,,, of Lactobacillus bulgaricus. These data suggest that
recA existed before the divergence between gram-negative
and gram-positive bacteria, as previously proposed (9).

The eight recA;,, sequences provided here can be used to
define the elements important for gram-positive RecA func-
tion. Several amino acids are known to be necessary for E.
coli RecA activity by either mutational or structural analy-
ses. The E. coli amino acids Leu-126, Gly-157, Gly-160,
Arg-169, and Gly-200 (11) show identity with their gram-
positive counterparts (with the exception of the RecA pro-
tein of Listeria monocytogenes, which has a proline residue
at position 137, and that of 4. laidlawii, which has a serine
residue at position 160), and amino acids Ser-117, Glu-158,
and Ala-179 (11) are conserved. However, two other amino
acid positions differ between the gram groups. Thr-121 is
conserved among the gram-negative but not the gram-posi-
tive RecA proteins. Although it appears to be essential (11),
its role is unknown. Conversely, Cys-116 is known to be
involved in the ATPase function of the E. coli RecA protein
(6); nevertheless, it is poorly conserved in the gram-negative
group, and among the gram-positive RecA proteins, a leu-
cine residue (Ile in C. acetobutylicum) is always found in this
position.

Additional amino acid positions, which are not character-
ized in E. coli RecA, may have functional importance in the
gram-positive RecA proteins. Four such amino acids (Ala-
129, GIn-167, Ala-189, and Glu-197) are identical in all of the
gram-positive proteins but differ from those in E. coli. The
first three are not conserved among the gram-negative RecA
proteins. Glu-197 is replaced by a hydrophobic amino acid in
all gram-negative RecA proteins. The presence of conserved
but distinct amino acids for each group may reflect functions

of these amino acids in RecA of gram-positive and/or gram-
negative bacteria.

We have described a simple method to obtain an internal
part of a recA gene from gram-positive bacteria. We are
confident that this method can be used to isolate other
gram-positive recA,,, gene segments or could be adapted to
identify recA,,, of a gram-negative species. The isolation of
an entire recA gene is also facilitated by this method. The
amplified DNA fragment can be used as a probe for precise
mapping of the entire rec4 gene. The appropriate DNA
segment can thereby be selected for cloning and subse-
quently identified in colony hybridization by using the
recA,,, DNA as the probe. This method has been success-
fully used in our laboratory for the cloning of the L. lactis
subsp. lactis ML3 recA gene (3).

Nucleotide sequence accession number. The sequences of
the recA PCR products of the following bacteria have been
submitted to GenBank and assigned the indicated accession
numbers: C. acetobutylicum, M94057; Lactobacillus bulgar-
icus, M94058; Lactobacillus helveticus, M94059; Leuconos-
toc mesanteroides, M94060; S. aureus, M94061; and S.
thermophilus, M94062.

Addendum. A paper describing a similar method was
published by Dybvig et al. (J. Bacteriol. 174:2729-2732,
1992) after this paper was submitted.

We are grateful to P. Dabert, E. Maguin, and P. Langella for
frequent discussion of this work.

Our research was supported in part by a grant from the European
Economic Community (BRIDGE grant CT91-0263).
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