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Enterobacterial plasmid genes mucAB, which possess error-prone repair activity, were cloned and sequenced
independently of a sequence previously determined (K. L. Perry, S. J. Elledge, B. B. Mitchell, L. Marsh, and
G. C. Walker, Proc. Nati. Acad. Sci. USA 82:4331-4335, 1985). The survival- and mutation-enhancing
activities of mucAB ligated to the MLSr promoter of a BacUlus subtilis plasmid in the shuttle vector pTE22R
were expressed in B. subtilis as well as in Escherichia coli after mutagenic treatment. mucAB fragments with
5' deletions of various lengths up to the base sequence encoding Ala-26-Gly-27, the putative RecA-mediated
cleavage site of the MucA protein, showed mutation-enhancing activity for noninducible kxA3 E. coli when
ligated to the MLSr promoter in frame. This activity was lost by extending the deletion downstream. The
formations of MucA and MucB proteins in B. subtilis and E. coli were demonstrated by Western blot
(immunoblot) analysis. MucA cleavage in Rec+ B. subtilis was observed only after treatment with an alkylating
agent and was not observed in RecA- and RecE- strains, whereas in E. coli cleavage was observed in Rec+ cells
after treatment with either mitomycin C or an alkylating agent but was not detected in RecA- cells. Common
activity of B. subtilis Rec and E. coli RecA in the induction of mutants is suggested.

The first transmissible antibiotic resistance factor (R fac-
tor) was discovered in Shigella strains of enterobacteria (57).
Later, Salmonella R factors were shown to confer to bacte-
ria resistance to UV irradiation (8, 24). Plasmid pKM101, a
derivative of the original R46 (34), contains the mucAB
operon (16), which consists of two genes (mucA and mucB)
(42) and which enhances not only cell survival but also the
induction of mutations after treatment with UV irradiation or
a mutagenic chemical (56). This error-prone repair is distin-
guishable from error-free repair and is considered to be
associated with cellular SOS-inducible functions (18, 44, 56,
58). Because of this error-prone activity, Salmonella typhi-
murium containing pKM101 has been widely used as a
sensitive means of detection of environmental mutagens
(31).
The nucleotide sequence of mucAB was first reported by

Perry et al. (42), who pointed out its structural and functional
homologies to those of umuDC, Escherichia coli chromo-
somal genes essential for induced mutagenesis (13). Homol-
ogy to mucAB and umuDC has recently been found in
impAB in TP100 (20), samAB in a 60-MDa cryptic plasmid
(38), and chromosomal genes umuDCST (48, 52) of S. typhi-
murium. These genes have a LexA repressor-binding site
called the SOS box (19) in the promoter, as do other
SOS-regulated genes (18). The repressed genes are dere-
pressed by RecA-mediated cleavage of the LexA repressor
(11, 17, 47), whereby RecA activated in response to forma-
tion of damage to DNA acts indirectly to stimulate self-
cleavage of LexA (47). The MucA protein itself possesses a
putative cleavage site (29, 42) like that in the UmuD protein
(14, 42). Cleavage is thought to be associated with cellular
mutagenesis mechanisms. An interesting hypothesis was
recently proposed, i.e., that UmuC and the cleaved UmuD
proteins form a complex with DNA lesions so that DNA
polymerase can use the damaged DNA as a template in E.
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coli (60). However, cleavage upon mutagenic treatment has
been demonstrated only for the UmuD protein (4, 37, 46).
We are interested in whether a common mutagenic path-

way like the RecA-LexA pathway of E. coli exists in Bacillus
subtilis and other bacteria. There are reports of the presence
of DNA damage-inducible genes in B. subtilis (21, 22).
Moreover, the Rec protein activity of B. subtilis is similar to
that of the E. coli RecA protein (7, 22, 23). Expression of
introduced mucAB in Haemophilus influenzae (1, 49), and to
a lesser extent in yeast (43) and mouse cells (27), has been
shown.

In this paper, we report further characterization of the
mucAB activity in E. coli and its expression in B. subtilis.
Previously, we described the oncogene-like activity of
mucAB ligated to a mammalian promoter in mouse BALB
3T3 cells (53).

MATERIALS AND METHODS

Molecular cloning methods. The methods used for molec-
ular cloning were as described by Maniatis et al. (26).

Bacteria. E. coli HB101 (recA13) was used as a host for
cloning mucAB and its deletions. The E. coli strains em-
ployed for mutation tests and protein analysis were WP2s
(uvrA155 trpE65) (59), CM611 (lexAi02 uvrA155 trpE65) (3),
ZA81 (lexA3 uvrA6 his4 thr-i leu-6 proA2 thi-i ilv-325) (40a)
with lexA3 from DM49 (35), GW2730 (lexA7i::TnS recA441
F- thr-i leu-6 his4 argE3 galK2 strA31 ilv sfiAii lacU169)
(15, 28), and WP100 (recA56 urvAi55 trpE65) (10). WP2s,
CM611, and WP100 are E. coli B derivatives; ZA81 and
GW2730 are K-12 derivatives; and HB101 is a hybrid of B
and K-12 (2). The B. subtilis strains used were TKJ5211
(uvrAiO his-101 met-101) (51) and the alkylating agent-
sensitive double mutant TKJ6951 (ada-i dat-i his-101 leu lys
thyAB) defective in inducible and constitutive 06-alkylgua-
nine-DNA alkyltransferase (33). The His- phenotype is
highly revertable by suppressor mutation (41, 51). The recAl
and recE4 mutations (9) of B. subtilis GSY1025 and GSY908
were introduced into TKJ6951 by transformation, and the
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FIG. 1. Plasmid pTE31, consisting of the E. coli-B. subtilis

shuttle vector pTE22R (pHW1-pBR322) with inserted muclO17.
Restriction sites: E, EcoRI; G, BglII; H, HindIII; P, PstI; X, XhoI.

resulting strains were named TKJ9200 and TKJ9201, respec-
tively.

Vector plasmids. The cloning vector was pBR322, in which
the BamHI site blunt end ligated with an XhoI linker
(Toyobo, Osaka, Japan) was used for cloning. pGC2 (36)
with multiple cloning sites was also used. The B. subtilis
plasmid used was pHW1 (12), which consisted of 2,910 bp of
pC194 and a 1,443-bp A fragment of TaqI-cleaved pE194
carrying the gene conferring B. subtilis with resistance to
macrolide, lincosamide, and streptogramin type B (MLS).
An 8,714-bp E. coli-B. subtilis shuttle vector was con-
structed by ligation of pHW1 with pBR322 at the unique
HindIII sites and named pTE22R (Fig. 1). The pTE22R site
used for insertion of mucAB was the BcI site with an 8-bp
XhoI linker 123 bases downstream from the initiation codon
of the MLSr gene. This part of the MLSF gene encodes an
8.8-kDa MLSr protein with 41 amino acids. It was designed
to produce a fused protein between the 8.8-kDa MLSr
protein and the deleted MucA protein when mucAB with
various 5' deletions was inserted in frame.
mucAB and umuDC. pKM101 was a gift from B. N. Ames

to M. Nagao and K. Wakabayashi of the National Cancer
Center Research Institute and was transferred to us.
pKM101 was digested with AccI according to the map of
Langer et al. (16), and the 4.5-kb fragment containing
mucAB was cloned into pBR322. The resulting plasmid,
named pTE185, was further digested with Bal 31 from the 5'
end, and the shortened 2.3-kb fragment was cloned into
pBR322 at the BamHI site with XhoI linkers. This plasmid,
pTE186, was digested with Bal 31 from the 5' end, and the 3'
end of the fragment was cleaved by SmaI. The 1.99-kb
fragment containing the whole mucAB operon was named
muc364.
The nucleotide sequence of muc364 was determined by

the method of Maxam and Gilbert (30), by using restriction

sites of BanI, BglII, BstNI, DdeI, Hinfl, HindII, NciI,
XmaIII, and XhoI. Chemically cleaved DNA fragments were
analyzed after electrophoresis in an 8 or 20% polyacrylamide
gel. The sequence of each fragment was confirmed by
sequencing in both directions.
muc364 was inserted into the XhoI linker-ligated BamHI

site of pBR322 with XhoI linkers so that the 5' end ofmuc364
was proximate to the EcoRI site of pBR322, and the plasmid
was named pTE30. pTE30 was further digested from the
EcoRI site with Bal 31 to obtain various 5' deletions of
mucAB. These DNA fragments were cloned into pBR322 at
the BamHI site with XhoI linkers, and the nucleotide se-
quence of each 5' end was determined by the method of
Maxam and Gilbert by using a 20% polyacrylamide gel (Fig.
2). The mucAB fragments that were in frame with the MLS'
gene with an XhoI linker were chosen (Fig. 2 and 3).
mucAB without the SOS box was obtained as follows. The

460-bp BglII-NarI digest of mucA, lacking 29 bp downstream
of the initiation codon of mucA, was ligated to a synthetic
fragment of 40 bp plus 6 bases (from bp 261 to 298 [Fig. 2],
with an XhoI site at the 5' end and an NarI site at the 3' end),
provided by S. Noguchi. The resulting 506-bp DNA frag-
ment was cloned into pGC2. The 3' end of this 506-bp
fragment was further ligated to the 5' end of the 1,228-bp
BglII fragment of muc364 to yield 1,734 bp of DNA named
muclO17. muclO17 with XhoI linkers contained the whole
reading frame of mucAB and the Shine-Dalgarno (SD) se-
quence but no SOS box (Fig. 2). The reading frame of
muclO17 coincided with that of the MLST gene when it was
ligated to the vector pTE22R with XhoI linkers. This
muclO17-pTE22R plasmid was named pTE31 (Fig. 1).
pTE31 from which the pBR322 portion was removed was
named pTE32 (muclO17-pHW1); it was used to improve the
efficiency of production of MucA and MucB proteins in B.
subtilis.
A plasmid containing umuDC cloned into pBR322

(pTA100) (14) was kindly provided by T. Kato.
Measurement of survival and mutation. E. coli and B.

subtilis cells were grown to the late-exponential-growth
phase at 37°C in Luria-Bertani broth (26) and G2 (51) media
containing the required amino acids (100 ,g/ml) and casein
hydrolysate (500 p.g/ml), respectively, supplemented with
appropriate antibiotics (50 p.g of ampicillin per ml and 5 ,ug of
chloramphenicol per ml). The cells were washed twice with
buffer and suspended at 108 cells per ml in buffer. The buffer
solutions used were Davis minimal medium (6) minus glu-
cose for E. coli and Spizizen minimal medium (50) minus
glucose for B. subtilis. For UV irradiation, 5 ml of cell
suspension was put into a petri dish 9 cm in diameter and
irradiated with UV light (peak wave length, 254 nm) at a
fluence rate of 0.165 J/m2 per s. For chemical treatment, 1 ml
of resuspended cells was incubated with chemicals for 15
min at 37°C and the cells were washed twice with buffer.
Cells were plated on semienriched plates for E. coli (10) and
B. subtilis (51) after the appropriate dilution for counting
colonies of surviving cells, and at 108 cells per plate for
counting colonies of His' or Trp+ mutants of E. coli and
His' B. subtilis. For scoring hypersensitive His' revertants
of B. subtilis, His' colonies were counted with the help of a
magnifier in areas 5 by 5 mm2, and average numbers in three
areas were multiplied by the factor 254 to give the total
number of mutant colonies per 9-cm-diameter plate. The
Lys' marker of B. subtilis TKJ6951 was also useful but gave
a lower mutant yield. Colonies of surviving cells and mutants
were counted after incubation at 37°C for 2 and 3 days,
respectively.
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5' 1364 loo
I§>G TT CGGCCGGACT TCACCGGACA CGGGGGCAA ATCGCCGGAA ACTGCGGGAC TGATCGGAGC GACGGACCAC CCCCCTTCCT GCTAGCCCGC
x

200
CGCCACGCGG CGGTTACAGG GGACACTGAG AAAGCAGAAA GCCAACAAAC ACTATATATA GCGTTCGTTG GCAGCTGAAG CAGCACTACA TATAGTAGAG

1335 3241 SOS box SD 1258Start mucA 1403
AACCTGTAAA ACTTGCCAAC CTGACCATAA CAGCGACT GTATAT ACAGT*TTT 9 CGC 7TGAAGGTC GATATTTTTG AAAGCTCCGG

,273 1017 p231 p271 400
CGCCAGCCGG GTACACAGCA TCCCTTTTTA TCTGCAAAGA AT CT TTCCCCAG CCCGGCCCAG GGCTATGAAA AGCAGGAGTT AAACCTGCAT

* A252Ala26-Gly27 S0
GAGTATTGTG TTCGTCACCC TTCAGCAACT TACTTCCTGC G TTCTGG CTCGTCAATG GAAGATGGCC GCATCCATGA TGGTGACGTA CTGGTTGTGG

600
ATCGCTGCCT GACGGCCAGC CACGGCTCAA TCGTAGTCGC CTGCATCCAT AATGAATTTA CCGTGAAGCG ACTACTGCTG AGGCCCAGAC CCTGCCTGAT

Start mucB
GCCGATGAAC AAAGATTTTC CTGTGTACTA CATTGACCCG GATAATGAGA GCGTTGAAAT CTGGGGAGTG GTTACGCATT =C TTATCGA GCATCCGGTA

TGTTTGCGCT GAT--------------------------------------t AYTACCGGC GCCGTACCCG GGCCijm 3'

End mucA End mucB x

FIG. 2. Nucleotide sequence of muc364. Numbers indicate clone numbers of the mucAB fragments in which the 5' upstream region from
the indicated position is deleted. *, codon missing in the sequence reported by Perry et al. (42); - - - -, sequence identical to that reported
by Perry et al. (42). Ala-26-Gly-27, putative cleavage site of MucA encoded by the sequence indicated; X, XhoI linker.

For a simpler assay of mutants, suspensions of 0.1 ml of
cultured cells were plated, and 0.2 ml of 1/100 diluted (0.11
M) methylmethane sulfonate (MMS; Eastman Kodak, Roch-
ester, N.Y.) or 0.1 mg of N-methyl-N'-nitrosoguanine
(MNNG; Sigma Chemical Co., St. Louis, Mo.) per ml was
spotted on a paper disk and placed on the plate (51).
Colonies of auxotrophic revertants formed around the disk
were an indication of the mutability of cells containing
mucAB. Especially with noninducible lexA3 mutants of E.
coli ZA81 as host cells, this method gave clear-cut, all-or-
none results.

Antibodies to MucA and MucB. Putative amino acid se-

mucA
26 27

SOS box SD Ala -Gly

quences of mucA and mucB gene products from the respec-
tive nucleotide sequences were obtained. The hydrophobic-
ity and secondary structure of each protein were analyzed by
the method of Chou and Fasman (5). Two candidate regions
for the effective antigen from MucA, i.e., SSMEDGRIHDG
DV-73 (CO18) and WGVVTHSLIEHDVCLR-146 (CO19),
and two regions from MucB, i.e., TQYANQATEKLTV
AT-316 (COlA) and SPDYTTDWRSIPIATIK-424 (CO1B),
were chosen, and these sequences were synthesized at Toyo
Research Center (Osaka, Japan). These polypeptides were
conjugated with thioglobulin mixed with Freund complete
adjuvant and injected subcutaneously three times weekly in

mucB

r GCG GGG I,,
5 _

. _...

I~ ~Il..o.
- -_

.. ..

- _ _*
I

100 bp

muc clone No. Mutation-enhancing
activity of muc clone
ligated to

pBR322 pTE22R

364 + + +

335 +

324 _ +

1017 _ + -

258 +

403 + -

273

231 -

271

252

FIG. 3. Mutation-enhancing activities of mucAB clones with the 5' deletions indicated in Fig. 2, examined by the all-or-none test with the
noninducible lexA3 mutant of E. coli ZA81 after MMS treatment. Arrows indicate the direction of insertion of mucAB clones.
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total doses of 1 mg of antigen into female Hartley guinea pigs
(Nihon SLC Co., Shizuoka, Japan) initially 4 weeks old.
Sera of the animals were tested for reactivity with 125-
labeled antigens and then for reactivity with MucA and
MucB protein, respectively, by Western blotting. The useful
antibodies for detection of MucA and MucB proteins were
those raised to synthetic polypeptides C019 and COlB,
respectively.

Analysis of MucA and MucB proteins. E. coli and B.
subtilis cells were grown as described previously. To study
MucA cleavage, 1 or 5 ,ug of mitomycin C (MMC; Kyowa
Hakko, Tokyo, Japan) per ml, 1/100 diluted MMS, or 1 ,ug of
MNNG per ml was added to cultures in the exponential
growth phase for 2 h. Cells were harvested in the late-
exponential-growth phase, washed twice with 10 mM Tris-1
mM EDTA (pH 7.4), and concentrated 20-fold in loading
buffer containing 1% sodium dodecyl sulfate (SDS). Cells
were ruptured by pulsed sonication for 30 s (E. coli) or 2 min
(B. subtilis) in a sonicator (model 200 Sonifier; Branson,
Danbury, Conn.). Samples of 20 ,ug of proteins were sub-
jected to electrophoresis in 4 to 20% SDS-polyacrylamide
gel. The separated proteins were transferred to a membrane
filter and tested for immunoreactivities to anti-MucA and
anti-MucB antibodies by treatment with biotinylated anti-
body to guinea pig immunoglobulin G (Vector Laboratories,
Burlingame, Calif.) and then with H202.

Nucleotide sequence accession number. The nucleotide
sequence for muc364 has been assigned DDBJ, EMBL, and
GenBank accession no. D90147.

RESULTS

Survival- and mutation-enhancing activities of mucAB in E.
coli and B. subfilis. The shuttle vector pTE22R (Fig. 1) was
constructed to examine the survival- and mutation-enhanc-
ing activities of mucAB in E. coli and B. subtilis. pTE22R
confers E. coli with resistance to ampicillin (Ampr) derived
from E. coli plasmid pBR322 and resistance to chloramphen-
icol (Cmr) derived from B. subtilis plasmid pE194, but it
confers B. subtilis with only Cmr.
By repeated digestion of pKM101 with restriction en-

zymes and Bal 31 exonuclease and successive cloning into
pBR322, a 1,978-bp DNA fragment (muc364) containing the
whole mucAB operon was obtained. Figure 2 shows the
nucleotide sequence of muc364. The mucB portion is abbre-
viated, since it was the same as that determined by Perry et
al. (42). However, the mucA sequence contained one addi-
tional codon, CGG, as the 13th codon, encoding Arg-13 of
the MucA protein. The putative RecA cleavage site ofMucA
is therefore Ala-26-Gly-27, instead of Ala-25-Gly-26. Vari-
ous deletions of mucAB were further produced by digestion
of muc364 with exonuclease Bal 31 from the 5' end to the
region of the sequence encoding Ala-26-Gly-27 in MucA
(Fig. 2 and 3), and each DNA fragment was cloned into
pBR322 and pTE22R, respectively.

Fig. 4a and b show the effects of the two mucAB-
containing plasmids, pTE30 (muc364-pBR322) and pTE31
(muclO17-pTE22R), on the survival and mutation of the
noninducible lexA3 mutant of E. coli ZA81 after UV irradi-
ation, together with the effects of umuDC. muc364 contained
the whole mucAB operon. The partially synthesized
1,734-bp muclO17 contained the SD sequence and the intact
coding regions of mucA and mucB but lacked the SOS box
(Fig. 2). By introducing pTE30 (muc364), survival of E. coli
ZA81 was greatly enhanced, indicating repair of UV-induced
lethal damage. The survival-enhancing effect of pTE31

(muclO17) was less, in spite of abundant production of
MucA and MucB proteins by derepressed SOS box-free
mucAB genes, as shown below. pTA100 (umuDC) had a
slight but significant effect on survival. Vector alone had no
effect. E. coli ZA81 was hardly mutable with UV irradiation,
and its spontaneous His' mutation frequency was as low as
10-7. However, by introducing muc364, the frequency of
UV-induced His' mutations was greatly increased (13- to
70-fold) in the observed UV dose range. The spontaneous
His' mutation frequency was 1 x 10-6 to 2 x 10-6. pTE31
(muclO17) and pTA100 (umuDC) enhanced the mutation
frequency to the same extent as pTE30 (muc364). These
effects of mucAB were also reproducibly observed with
another noninducible lexA102 mutant of E. coli, CM611
(data not shown). The mutation-enhancing effect of mucAB
was greater, but the survival-enhancing effect was smaller in
E. coli cells treated with MMS than in those cells treated
with UV irradiation (data not shown).
These effects of mucAB were also found with inducible E.

coli WP2s after UV irradiation, as seen with the original R
factor plasmids in S. typhimurium (24, 25, 34). No survival-
or mutation-enhancing effect of mucAB after UV irradiation
was seen in the RecA- mutant of E. coli WP100 (recA56), as
already reported for the original R factor plasmids in Rec- S.
typhimurium (25) and RecA- E. coli (32, 54, 55).
The mutation-enhancing activities of mucAB with various

deletions in the 5' end of mucA were examined with nonin-
ducible ZA81 as the host, which gave all-or-none results
after treatment with MMS (Fig. 3). Tests on mucAB frag-
ments ligated into pBR322 showed that the mutation-enhanc-
ing activity was preserved in the deleted fragment provided
that the promoter region remained intact but was lost when
the deletion extended 6 bp upstream of the SOS box
(muc324), presumably because the promoter was disrupted.
However, this activity could be restored by ligating the
deleted mucAB fragments to the MLS' promoter of the
vector pTE22R in frame with ATG of the MLS' gene. The
mutation-enhancing activity was finally lost when the dele-
tion in mucA extended to the region of the sequence encod-
ing Ala-26-Gly-27.
The alkylating agent-sensitive mutant TKJ6951 of B. sub-

tilis carrying a hypersensitive suppressible his-101 mutation
was tested for expression of mucAB activities in enhancing
cell survival and mutation frequency after mutagenic treat-
ment, by using plasmid pTE31 (muclO17). These activities
were clearly seen after treatment with MNNG of TKJ6951
containing pTE31 (Fig. 4c and d). The mutation frequency
was increased fivefold by pTE31. Treatment with MMS gave
a smaller enhancing effect on cell survival (data not shown).
Similar but less marked effects were observed with the
UV-sensitive mutant TKJ5211 containing pTE31 after treat-
ment with MMS (data not shown).
MucA and MucB proteins. The MucA and MucB proteins

produced by mucAB in E. coli and B. subtilis were studied
by Western blot analysis by using guinea pig antibodies
raised to synthetic polypeptides, i.e., C019 for MucA and
COiB for MucB. As shown in Fig. 5a, MucA was formed in
E. coli. The 17-kDa band of MucA was barely detectable in
lysates of E. coli WP2s containing pTE30 (muc364) (Fig. Sa,
lane 1) but was much clearer in lysates of cells containing
pTE31 (muclO17) (lane 3), possibly due to the absence of the
SOS box in muclO17 and therefore the absence of LexA-
mediated repression. Upon treatment with MMC, a second
band of MucA appeared at 14 kDa, indicating cleavage of the
17-kDa MucA at the putative cleavage site, Ala-26-Gly-27,
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FIG. 4. Effects ofmucAB on survival and induction of mutation in E. coli (a and b) and B. subtilis (c and d). The E. coli noninducible lexA3

mutant ZA81 was irradiated with UV light; the B. subtilis alkylation-sensitive mutant TKJ6951 was treated with MNNG. Symbols: 0, pTE30
(muc364); 0, pTE31 (muclO17); *, pTA100 (umuDC); A, vector pTE22R; A, without plasmid.

to a 14-kDa fragment (lanes 2 and 4) and an undetectable
3-kDa fragment.

In the noninducible mutants of E. coli, ZA81 (lexA3) and
HB1Oi (recA13), the presence of MucA was again barely
detectable with muc364 (data not shown). However, with
muclO17, the formation of MucA was clearly seen both in
noninducible LexA- and in RecA- mutants of E. coli (Fig.
5a, lanes 6 and 11). The cleavage of MucA upon treatment
with MMC occurred in the noninducible lexA3 mutant (lane
7) but not in the RecA- mutant (lane 12). Spontaneous
cleavage of MucA without mutagenic treatment was ob-
served in the lexA71(Def) recA441 mutant of E. coli GW2730
(lane 9). Egg white lysozyme (EC 3.2.1.17) reacted with the
antiserum and was a useful 14-kDa position marker to
identify the cleaved MucA protein (lane 14). The expected
formation of fused protein between deleted MucA and the
8.8-kDa portion of the MLS' protein could not be detected
for some technical reason, possibly low reactivity of the
antiserum with the fused protein; however, MucB protein
was detected (data not shown).

In B. subtilis, formation of 17-kDa MucA was clearly
recognized in the two strains containing pTE32 (muclO17-
pHW1) (Fig. Sb). However, cleavage ofMucA was observed
only when the alkylating agent-sensitive mutant ofB. subtilis

TK16951 containing pTE32 was treated with alkylating
agents, i.e., MMS (Fig. Sb, lane 6) and, to a lesser extent,
MNNG (lane 5). This cleavage was not seen in recAl and
recE4 mutants of B. subtilis (lanes 10 and 13). pTE31
(muclO17-pTE22R), which carried the additional pBR322
portion in the vector, showed no demonstrable MucA prod-
ucts in B. subtilis.
MucB proteins were more clearly detectable than MucA

proteins in E. coli and B. subtilis, possibly because of a
better antigenic response of the antibody. The formation of
the 46-kDa MucB protein by mucAB was observed in all
strains ofE. coli and B. subtilis examined (Fig. 6). Mutagenic
treatment seemed to enhance the formation of MucB protein
in E. coli WP2s cells containing muc364 (Fig. 6, lane 2).
MucB showed no change in size upon mutagenic treatment
of the E. coli and B. subtilis cells tested.

DISCUSSION

Mutation is a common phenomenon in various species of
living organisms. Thus it would not be surprising to find a
common mechanism of mutagenesis in various different
organisms. We thought that the mutation-enhancing activity
of mucA and mucB genes might be expressed in various

a

UV dose, J / m2
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FIG. 5. Immunodetection of MucA proteins. (a) E. coli WP2s with pTE30 (muc364) without (lane 1) and with (lane 2) MMC treatment,

WP2s with pTE31 (muclO17) without (lane 3) and with (lane 4) MMC treatment, WP2s with vector pTE22R (lane 5), lexA3(Ind-) ZA81 with
pTE31 without (lane 6) and with (lane 7) MMC treatment, ZA81 with vector pTE22R (lane 8), lexA7J(Def) recA441 GW2730 with pTE31 (lane
9), GW2730 with vector pTE22R (lane 10), RecA- HB101 with pTE31 without (lane 11) and with (lane 12) MMC treatment, and HB101 with
vector pTE22R (lane 13). Lane 14, egg white lysozyme. MMC concentrations were 1 ,ug/ml (lanes 7 and 12) or 5 ,ug/ml (lanes 2 and 4). (b)
B. subtilis TKJ5211 with pTE32 (muclO17) without (lane 1) and with (lane 2) MMC treatment; TKJ5211 with vector pTE22R (lane 3); TKJ6951
with pTE32 without (lane 4) and with treatment with MNNG (lane 5), MMS (lane 6), and MMC (lane 7); TKJ6951 with vector pTE22R (lane
8); RecA- TKJ9200 with pTE31 without (lane 9) and with (lane 10) MMS treatment; TKJ9200 with vector pTE22R (lane 11); RecE- TKJ9201
with pTE32 without (lane 12) and with (lane 13) MMS treatment; and TKJ9201 with vector pTE22R (lane 14). Concentrations of additions
were 1 or 5 ,g of MMC per ml (lanes 2 and 7); 1 ,ug of MNNG per ml; and 0.01 M MMS. MucA', 14-kDa fragment of cleaved MucA.

organisms. In this study, we examined the nature of mucAB
activity in E. coli and B. subtilis.
Two clones of mucAB, muc364 and muclO17, were used

extensively in this study. Clone muc364 contained the whole
mucAB operon, whereas muclO17 lacked the SOS box.
muc364 carried on pTE30 expressed activity only in E. coli,
possibly because of the species-specific limitation of the
promoter activity. When muclO17 was ligated downstream
to the MLSr promoter of the B. subtilis plasmid in the shuttle
vector, the mucAB activity was expressed in both E. coli and
B. subtilis cells.
The noninducible lexA3 mutant of E. coli ZA81 became

mutable by introducing mucAB. The noninducible nature of
the lexA3 mutant is due to the inability of the mutant LexA
repressor to be cleaved upon mutagenic treatment and
therefore to the absence of the capacity to derepress SOS-
regulated genes (17). The effect of mucAB on noninducible
E. coli has been examined with positive (32, 55) and negative
(39) results. We think that this discrepancy was due to
instability of the large plasmid, because we observed frag-
mentation of the 35.4-kb pKM101 in the lexA3 host in
parallel with loss of mucAB activity (data not shown).
The idea that cleavage of MucA protein mediated by

activated RecA influences the survival- and mutation-en-
hancing activities of mucAB has been suggested from studies
on UmuD (4, 37, 46). Western blot analysis showed the
formation of gene products of mucA and mucB in E. coli
strains containing muc364 and muclO17, i.e., 17-kDa MucA
and 46-kDa MucB proteins, and cleavage of MucA into a

14-kDa fragment and an undetectable 3-kDa fragment upon
mutagenic treatment of RecA+ E. coli. The MucA cleavage
occurred in the noninducible lexA3 mutant of E. coli. Spe-
cifically, recA13 was unable to promote cleavage. The
spontaneous cleavage seen in the lexA7J(Def) recA441 mu-

tant is thought to be due to the repression-deficient nature of
this mutant together with leaky expression of the RecA441
protein. Shiba et al. (45) claimed that uncleaved MucA could
be active, but we did not examine this point in the present
work.

In this study, various sizes of mucAB deletions ligated in
frame to the MLSr promoter were prepared. These con-

structs were expected to produce deleted MucA protein
fused with part of the MLSr protein, containing 41 amino
acids encoded by the 123-bp sequence of the MLSr gene,
together with intact MucB protein. Although the fused
protein could not be detected, our results indicated that this
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FIG. 6. Immunodetection of MucB proteins. (a) E. coli WP2s with pTE30 (muc364) without (lane 1) and with (lane 2) MMC treatment,
WP2s with pTE31 (muclO17) without (lane 3) and with (lane 4) MMC treatment, WP2s with vector pTE22R (lane 5), lexA3(Ind-) ZA81 with
pTE31 without (lane 6) and with (lane 7) MMC treatment, ZA81 with vector (lane 8), lexA71(Def) recA441 GW2730 with pTE31 (lane 9) or
with pTE22R (lane 10), RecA- HB101 with pTE31 without (lane 11) and with (lane 12) MMC treatment, and HB101 with vector pTE22R (lane
13). (b) B. subtilis TKJ5211 with pTE32 (muclO17) without (lane 1) and with (lane 2) MMC treatment; TKJ5211 with vector pTE22R (lane 3);
TKJ6951 with pTE32 without (lane 4) and with MNNG (lane 5), MMS (lane 6), or MMC treatment (lane 7); TKJ6951 with vector pTE22R (lane
8); RecA- TKJ9200 with pTE32 (muclO17) (lane 9) or with vector pTE22R (lane 10); and RecE- TKJ9201 with pTE32 (lane 11) or with vector
pTE22R (lane 12). Concentrations of additions were 1 1tg ofMMC per ml except for lane 7 (5 ,ug/ml), 1 ,ug of MNNG per ml, and 0.01 M MMS.

fused protein restored the activity of deleted MucA until the
deletion extended to the sequence coding the putative MucA
cleavage site, Ala-26-Gly-27. The loss of mucAB activity in
muc273, which still retained 6 bp upstream of the sequence
encoding the cleavage site of MucA, is thought to be due to
incomplete conformation of the fused MLSr-MucA protein
for cleavage. Results indicated that the 14-kDa fragment of
cleaved MucA is the activated MucA sequence essential for
mutation-enhancing activity and, furthermore, that the
shorter 3-kDa fragment of MucA is not essential or can at
least be replaced by a foreign protein. When the mucA
coding region was intact, as in muclO17, formation of a
17-kDa MucA protein instead of a 25.8-kDa fused protein
was observed in both E. coli and B. subtilis, indicating that
translation started at the intact initiation codon of mucA
under remote regulation by the MLSr promotor.

B. subtilis differs in many features from E. coli. B. subtilis
has a more rigid autonomous mechanism for control ofDNA
replication than E. coli (40). In this study, the survival- and
mutation-enhancing activities of mucAB were found in B.
subtilis treated with an alkylating agent, coincident with
cleavage of MucA. This cleavage did not occur in RecA-
and RecE- B. subtilis. Lovett and Roberts have shown
cleavage of the E. coli LexA repressor by B. subtilis Rec
protein in vitro (23), and de Vos and Venema have shown
activity of the B. subtilis protein similar to that of the E. coli
protein (7). These results indicated that activity equivalent to
the RecA function of E. coli exists in B. subtilis and,
furthermore, that there is a common mutagenic pathway in
E. coli and B. subtilis. The high sensitivity of this cleavage to
alkylating agents indicates that alkylating DNA damage is a
potent inducer of this RecA-like activity and the SOS
response of B. subtilis.
The transposonlike structure of mucAB shown by Langer

et al. (16) indicates the transferable nature of mucAB or
related genes and their common activity in a wide variety of
cells. In an accompanying paper (53), we show an oncogene-
like activity of mucAB ligated to mouse metal-inducible
promoter in mouse BALB 3T3 cells.
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