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Two recA Genes in Myxococcus xanthus
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Two recA genes, recA, and recA,, in Myxococcus xanthus were cloned by using the rec4 gene of Escherichia coli,
and their DNA sequences were determined. On the basis of deduced amino acid sequences, RecAl and RecA2
have 67.0% identity to each other and 60.5 and 60.9% identities to E. coli RecA, respectively. Expression of rec4,
was detected in both vegetative and developmental cells by Northern blot (RNA) analysis, and a threefold
induction was observed when cells were treated with nalidixic acid. Repeated attempts to isolate a recA,
disruption mutant have failed, while a rec4, disruption mutant was readily isolated. Both the rec4, and recA,
genes expressed in E. coli complement the UV sensitivity of an E. coli recA strain.

The RecA proteins are known to play key roles in genetic
recombination, DNA repair, and the SOS response in pro-
karyotes (see reference 11 for a review). The recA genes have
been cloned and sequenced from a large number of bacteria.
RecA proteins encoded by these genes, consisting of approxi-
mately 350 amino acid residues, have 56 to 100% identity to
the RecA protein from Escherichia coli (11). Among these
amino acid sequences, more than 100 invariant or conserved
residues are considered to be essential for RecA function.

Identification and isolation of rec4 gene from Myxococcus
xanthus. The chromosomal DNA from M. xanthus, isolated as
described previously (21), was digested individually with re-
striction enzymes EcoRI, BamHI, Pstl1, Sall, Xhol, and Smal.
Following digestion, DNA was separated by 0.7% agarose gel
electrophoresis, transferred to nitrocellulose filters, and used
for Southern blot analysis under the less-stringent conditions
(16). To identify the recA gene of M. xanthus, the 550-bp
PstI-EcoRI fragment from the recA gene of E. coli that corre-
sponds to amino acids Leu-77 to Glu-259 of E. coli RecA (3,
13) was used as a probe. For each digestion, two bands of
almost identical intensity hybridized with the probe (data not
shown). The band sizes were >25 and 18.6 kb for EcoRI, >23
and 4.1 kb for BamHI, 12.5 and 2.2 kb for Pst1, 11.1 and 3.8 kb
for Sall, 21 and 5.6 kb for Xhol, and 2.0 and 1.5 kb for Smal.
This result indicates that M. xanthus most likely contains two
independent, unlinked genes that are homologous to the E.
coli recA gene.

In order to clone these genes, the 4.1-kb BamHI fragment
from M. xanthus chromosomal DNA was first cloned into the
unique BamHI site of pBR322 and the clone was designated
pMXrecAl. The restriction map for pMXrecAl is shown in
Fig. 1A, and the 1.5-kb Smal fragment within the BamHI
fragment coincides with the 1.5-kb Smal fragment detected by
Southern blot analysis. When this 1.5-kb Smal fragment was
used to probe the same filter described above under stringent
conditions for Southern blot analysis, only one band was de-
tected for each lane: 18.6, 4.1, 12.5, 3.8, 5.6, and 1.5 kb for
EcoRI, BamH]I, Pstl, Sall, Xhol, and Smal, respectively (data
not shown).

In order to clone the second recA gene that hybridized with
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the 550-bp E. coli recA probe, an M. xanthus genomic cosmid
library described previously (18) was screened with the same
probe. Positive cosmids were further analyzed by restriction
enzyme digestion and Southern blot hybridization. P828 con-
taining 34 kb of M. xanthus chromosomal DNA was identified
to carry the recA, gene. A 2.2-kb PstI fragment was isolated
from P828 and cloned into the unique PstI site of pBR322, and
the clone was designated pMXrecA2. Its restriction map and
the location of the recA gene are shown in Fig. 1B.

Amino acid sequence similarities of RecAl and RecA2 to E.
coli RecA. Figure 2 shows amino acid sequence alignments of
M. xanthus RecAl and RecA2 with E. coli RecA. There are 207
(60.5%) and 218 (60.9%) residues that are identical to E. coli
RecA in RecAl and RecA2, respectively. The identities are
spread almost throughout the entire sequences. However, if
the internal sequences of 200 residues (residue 52 to 251 for
RecAl and residue 53 to 252 for RecA2) are compared with
that of E. coli RecA (residue 51 to 250), the identities increase
to 73.5 and 75.5% for RecAl and RecA2, respectively.

Interestingly, the degree of identity between RecAl and
RecAZ2 is not significantly higher than that of their identities to
E. coli RecA. Between the same internal sequences of 200
residues described above, the identity is 78%. When the entire
sequences are compared, their identity is 67.0%. It should be
noted that within the C-terminal sequence of 51 residues of E.

A
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FIG. 1. Restriction maps of the DNA fragments encompassing the M. xan-
thus recA | and recA, genes. (A) 4.1-kb BamHI fragment containing recA, and (B)
2.2-kb Pstl fragment containing rec4,. The arrows indicate the locations and
orientations of the open reading frames.
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FIG. 2. Amino acid sequence alignment of rec4, and recA, genes of M. xanthus (MxRecA1l and MxRecA2, respectively) and recA gene of E. coli (EcRecA). Identical
residues are shown on a solid background and functionally similar residues are shown on a shaded background. The numbers on the right indicate residue numbers
from the amino-terminal end. Note that the E. coli RecA protein starts with Ala, since the amino-terminal Met is known to be cleaved off.

coli RecA (residue 303 to 353), there are only 7 and 12 residues
identical to those in the same region of RecAl and RecA2,
respectively. However, RecAl and RecA2 contain 19 identical
residues in this region. It is also interesting that this region of
RecA2 is very basic (14 [R and K] residues versus 7 [D and E]
residues) compared with that of E. coli RecA (6 [R and K]
residues versus 12 D and E residues) or RecAl (4 R and K
residues versus 7 [D and E] residues). Generally, the C-termi-
nal regions of RecA proteins are rich in acidic amino acid
residues and have been proposed to play a role in interacting
with DNA and in modulating a conformational charge re-
quired for RecA functions (11). While the C-terminal structure
of the RecA2 protein is rather distinctive, at present the func-
tion is not known.

Expression and function of rec4, and recA,. The expression
of the recA gene is known to be induced under SOS-responsive
conditions such as UV irradiation or the addition of DNA

Al A2
Nalidixic
Acid - +

- ——

12 3 4
FIG. 3. Northern blot analysis of mRNAs for rec4, and recA,. RNA was
isolated as described in the text. Lanes 1 and 3 contain RNA from cells not
treated with nalidixic acid, and lanes 2 and 4 contain RNA from cells treated with
20 pg of nalidixic acid per ml. Hybridization was carried out with oligonucleotide
520 for recA; (Al) and with oligonucleotide 519 for recA, (A2). The arrow
indicates the position of the rec4, mRNA.

synthesis inhibitors. To examine induction of the rec4 genes,
exponentially growing cells in Casitone-yeast extract (CYE)
were divided into two cultures in the presence or absence of 20
g of nalidixic acid per ml and incubated at 30°C for 1 h. RNA
was prepared by the method described previously (6) from a
40-ml culture. For Northern blot (RNA) hybridization, the
RNA preparation from a 2-ml culture was applied to each lane.
The amounts of RNA were examined by ethidium bromide
staining of the gel. Northern blot hybridization was carried out
with two synthetic oligonucleotides designed for the N-termi-
nal regions of the recA, and recA, genes as described previ-
ously (8). Oligonucleotide 521 (5’ACCTTCTGTTCGCG
TG3') for recA, and oligonucleotide 519 (5'TCTCGCATCAT
TGGCT3') for recA, were complementary to DNA sequences
from base 301 to 316 in the genes. These oligonucleotides were
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FIG. 4. UV sensitivity test of E. coli recA cells expressing M. xanthus recA,
and recA,. E. coli HMS174(DE3) harboring pET11a, pET11/recAl, or pET11/
recA2 was grown in M9-CAA medium (M9 [8a] supplemented with 0.2%
Casamino Acids) with or without 1 mM IPTG for 1 h. The cells were harvested
by centrifugation, suspended in the same medium at a density of 3 X 10° cells per
ml, and streaked onto M9-CAA agar plates. Half of the plates were covered with
cardboard to prevent UV irradiation (a). The plates were then irradiated with a
short-wavelength UV lamp (Mineralight model C81, Ultra-Violet Products, Inc.)
at 30 cm from the plates for different lengths of time (0 [a], 40 [b], 60 [c], or 120
[d] s). After irradiation, the plates were incubated overnight at 37°C in the dark.
Lane 1, E. coli SB221 (recA) harboring pUCI1S8; lane 2, E. coli SB221 (recA)
harboring pJC859 which contains the E. coli recA gene; lanes 3 and 4, E. coli
HMS174(DE3) harboring pET11a; lanes 5 and 6, HMS174(DE3) with pET11/
recAl; lanes 7 and 8, HMS174(DE3) with pET11/recA2. Cells were grown in

M9-CAA medium without (lanes 3, 5, and 7) or with (lanes 4, 6, and 8) 1 mM
IPTG.
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TABLE 1. Bacterial strains, phages, and plasmids used in this study
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Strain, phage, or
plasmid

Genotype or description

Source or reference

Strains

M. xanthus DZF1
E. coli
IM105
HMS174(DE3)
SB221

Phages
M13mp18
M13mp19
Plclr1i00Cm

Plasmids

pBR322

puUC9

pP1EK
pUCkanl
pUCkan5
pUCT7km(Pst1™)

pETl11a
pJC859
pUX

M. xanthus genomic

cosmid library
P595
P828
pMXrecAl
pMXrecA2
pET11/recAl
pET11/recA2

pP1EK/ArecAl

pP1EK/ArecA2-1

pP1EK/ArecA2-2

sglA 5

thi rpsL endA sbcB15 hspR4 A(lac-proAB)[F'traD36 proAB lacl"ZAM15] 20

F~recA hsdR Rif'(DE3) 17

hsdR recA Atrp leu thi lacY lpp [F' lacl® lacZY proA proB] 9

lacZ o fragment 20

lacZ o fragment 20

Cm" clr100 12

Tc" Ap” 10

Ap' lacZ o fragment 19

Ap" Plinc 4

Ap" Km' 2.5-kb HindIII-Sall fragment of kanamycin-resistant gene from Tn5

Ap" Km' 2.5-kb BamHI-Sall fragment of kanamycin-resistant gene from Tn5

Ap" Km' 1.3-kb HindIII-Smal fragment of kanamycin-resistant gene from Tn5; PstI in the
gene was removed by site-directed mutagenesis

Ap" T7 promoter 17

E. coli recA gene A. J. Clark

Ap" pUC derivative 1

12.5-kb Pst1 fragment containing recA, gene 18

34-kb PstI fragment containing recA, gene 18

4.1-kb BamHI fragment carrying recA, gene from M. xanthus chromosomal DNA ligated to This work
BamHI-digested pBR322 (Fig. 1A)

2.2-kb Pst1 fragment carrying recA, gene from P828 ligated to PstI-digested pBR322 (Fig. 1B) This work

After creation of Ndel at the initiation codon of the rec4, gene by PCR with oligonucleotide This work
S'CTCATATGAGCAAGCTGGCG3', 3.9-kb Ndel-BamHI fragment was ligated in Ndel-
BamHI sites of pET11a

By method for rec4, with oligonucleotide 5'CTCATATGGCCGTGAATCAGG3', 1.8-kb This work
Ndel-BamHI fragment was ligated in Ndel-BamHI sites of pET11a

1.0-kb BamHI-Sall fragment of pMXrecAl was replaced with 2.5-kb kanamycin-resistant gene This work
from pUCkan5. 1.0-kb PstI-BamHI fragment containing upstream of recA; gene from P595,
2.5-kb BamHI-Sall fragment of kanamycin-resistant gene, and 3.2-kb Sall-BamHI fragment
from pMXrecAl were ligated in PstI-BamHI sites of pP1EK

1.3-kb Sall fragment containing kanamycin-resistant gene was inserted in Xhol site of This work
pMXrecA?2 and then ligated to PstI site of pP1EK

Construct similar to pP1EK/ArecA2-1 carrying 2.1-kb extra fragment at the 5'-end arm This work

phosphorylated at the 5" end by T4 oligonucleotide kinase with
[y->*P]ATP and were used as probes. As shown in Fig. 3, no
bands were detected for rec4; even after the nalidixic acid
treatment. In contrast, recA, expression was significantly in-
duced after this treatment (Fig. 3, lane 4). Interestingly, its
expression was also clearly detected without nalidixic acid
treatment. As determined by densitometry, nalidixic acid treat-
ment increased recA, expression approximately threefold.
Northern blot analysis was also carried out with RNA prepa-
rations from cells after 10 and 24 h of development. However,
we were also unable to detect recA; mRNA, while recA,
mRNA was detected (data not shown).

Next, we attempted to express both rec4; and recA, in an E.
coli recA strain and examined whether their gene products
complemented the E. coli RecA function. To clone the recA4,
and recA, genes under the T7 promoter in pET11a, an Ndel
site was created at the initiation codons of both genes by PCR,
using the following primers: 5'CTCATATGAGCAAGCTGG
CG3' and 5’"AGACCTCCACCACACG3’ (base 384 to 399 in
the recA,; DNA sequence) for the rec4, gene and 5'CTCATA

TGGCCGTGAATCAGG3' and 5'TCCAGCGAGATGGAG3’
(base 338 to 352 in the rec4A, DNA sequence) for the recA,
gene. The amplified fragments were cloned into the Smal site
of pUCY, and their DNA sequences were confirmed. In the
case of recA,, the 180-bp EcoRI (of pUC9)-Smal, the 250-bp
Smal (a) (as shown in Fig. 1A)-Sall, and the 3.5-kb Sall-
BamHI fragments were cloned into the EcoRI-BamHI sites of
pUCY. The 3.9-kb Ndel-BamHI fragment was isolated from
the resulting plasmid and cloned into the Ndel-BamHI sites of
pET11a. The resulting plasmid was designated pET11/recAl.
For recA,, the 145-bp EcoRI (of pUCY)-BstXI fragment and
the 1.6-kb BstXI (Fig. 1B)-BamHI fragment from
pUC19recA2 were first cloned into pUC9 and then recloned
into pET11a in the same way as recA,. The resulting plasmid
was designated pET11/recA2. These constructs were trans-
ferred into E. coli HMS174(DE3) that carries the T7 poly-
merase gene. In the presence of 1 mM IPTG (isopropyl-B-p-
thiogalactopyranoside), both RecAl and RecA2 were
expressed at more than 30% of the level of total cellular pro-
tein (data not shown).
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As shown in Fig. 4, cells expressing either RecAl (lane 6) or
RecA2 (lane 8) after induction with IPTG clearly became
more resistant to UV irradiation on an agar plate, indicating
that both recA, and recA, genes encode functional RecA pro-
teins. It should be noted, however, that cells with recA, were
almost as resistant as E. coli recA" cells. In contrast, when
recA, cells were UV irradiated for 120 s, only a few colonies
appeared. This result suggests that RecAl is less functional
than RecA2 in E. coli.

Construction of recA; and recA, disruption strains of M.
xanthus. Next, we attempted to isolate recA, and rec4, mutant
strains by homologous recombination with the plasmids de-
scribed in Table 1. pP1EK/ArecAl was transduced by P1 from
E. coli to M. xanthus DZF1 by the method described previously
(15). When 200 kanamycin-resistant transductants were
screened with nick-translated pUC9 as a probe, 25 were neg-
ative. Subsequently, single colonies were isolated from eight
independent transductants and analyzed by Southern blot hy-
bridization with a nick-translated 12.5-kb PstI fragment as a
probe. Since it was known that the 2.5-kb kanamycin-resistant
gene contained three PstI sites, the chromosomal DNA from
the ArecA, strain was confirmed to contain two positive bands,
of 9.7 and 1.7 kb, instead of the 12.5-kb fragment from recA,-
containing DZF1 (data not shown). Therefore, the frequency
of double crossover events in the case of rec4, disruption was
calculated to be 3%.

In contrast to the ArecA, results, the isolation of a recA,
disruption mutant was unsuccessful. A total of 1,880 kanamy-
cin-resistant colonies derived from two different plasmids in
five independent experiments, including linearized pP1EK/
ArecA2-2 transformants, were screened with nick-translated
pUCDY as a probe. The mutants resulting from double crossover
events were not identified. Since frequencies of double cross-
over events having the 3-kb left-side and the 0.97- to 1.75-kb
right-side flanking fragments were 8 to 15% in the case of
deletion mutants of ops and ps genes (2), the negative result
with recA, most likely indicates that the recA, gene is essential
for normal cell growth of M. xanthus.

The fact that RecA may be required during normal cell
growth of M. xanthus is surprising, because a RecA require-
ment for cell growth has not been shown for any other bacteria
to date. Further studies are necessary to elucidate the reason
for the indispensability of RecA in M. xanthus. In this regard,
it is interesting to examine whether RecAl, if expressed in M.
xanthus, can complement the RecA2 function for cell growth.

Nucleotide sequence accession numbers. The nucleotide se-
quences of the recA, and recA, genes of M. xanthus were
determined by the chain termination method, with single-
stranded DNA used as templates (14) and were deposited in
the GenBank/EMBL data library. The accession numbers are
L40367 and L40368 for the rec4, and recA, genes, respectively.
The deduced amino acid sequences revealed open reading
frames of 342 and 358 codons for rec4, and recA,, respectively,
both of which harbor a putative ribosome binding sequence,
GGAG, located 11 and 9 bases upstream from the initiation
codons for recA; and recA,, respectively. Both genes have
inverted repeats 67 and 65 bases downstream of the termina-
tion codons for recA, and recA,, respectively, which may serve

J. BACTERIOL.

as a transcription termination signal. Codon usages for both
genes are typical for M. xanthus, and 88.6 and 91.9% of the
codons use a G or C at the third position (7).
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