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ABSTRACT The products of the Escherichia coli umuDC
operon and its plasmid-borne analog, mucAB, are required for
mutagenesis caused by UV light and by many chemicals. We
have determined the nucleotide sequences of umuDC and
mucAB and present comparisons of these sequences. The two
operons are 52% homologous at the nucleotide level. Open
reading frames corresponding in position and size to the umu
and muc genes have been identified. The reading frames of
umuD and umuC overlap by 1 base pair, and the reading
frames of mucA and mucB overlap by 13 base pairs. The
predicted amino acid sequences of the UmuD and MucA
proteins are 41% homologous; those of the UmuC and MucB
proteins are 55% homologous. Considerable homology has also
been detected between UmuD, MucA, and the COOH-terminal
domains of the LexA repressor and the repressors of phage X,
434, and P22. Complementation analyses reveal that MucA
protein cannot substitute for UmuD in a umuD umuC + host
and that MucB protein cannot substitute for UmuC in a
umuD umuC - host. Potential regulatory sequences have been
identified in umuDC and mucAB.

The Escherichia coli umuDC gene products function in the
cellular process that is required for mutagenesis caused by
ultraviolet (UV) radiation and by a variety of chemicals. This
process has been referred to by such terms as "error-prone
repair" and "SOS processing" (for reviews, see refs. 1 and
2). umuDC mutants are nonmutable by UV light and by many
chemicals and are slightly sensitive to the lethal effects of
these agents (3-5). They are also defective in mutagenesis
and reactivation of UV-irradiated bacteriophage X and UV-
irradiated single-stranded phage (4, 6). The biochemical
mechanism of repair mediated by umuDC has not yet been
determined. umuDC is a member of the SOS regulatory
network and as such is under the coordinate control of the
RecA and LexA proteins (5).
The plasmid pKM101 suppresses the deficiencies of

umuDC mutants (7). pKM101 was derived from its clinically
isolated parent by a series of in vivo manipulations (8) and has
played an important role in the Ames Salmonella strains for
detecting carcinogens as mutagens (9). The mucAB
(mutagenesis: UV and chemical) operon ofpK101 is required
for the suppression of the phenotype ofumuDC mutants (10).
This suppression is recA'lexA+ dependent as mucAB is also
under the transcriptional control of the LexA repressor (11).
Homology to mucAB has been detected among several
mutagenesis-enhancing plasmids (12) and may be widespread
(13).
The umuDC and mucAB operons have been recently

cloned and their gene products identified (10, 14, 15). Each

operon encodes two proteins with approximate molecular
weights of 16,000 and 46,000. The mucA and umuD genes,
which encode the Mr 16,000 proteins, are each promoter
proximal. Complementation analyses reveal that, for each
operon, both gene products are required for the expression of
mutagenesis and repair (10, 14, 15). The previous characteri-
zations of mucAB and umuDC have revealed structural and
functional similarities that suggest the two operons share a
common evolutionary origin (10, 14, 15). In this paper, we
report the DNA sequence determination of umuDC and
mucAB and compare those nucleotide sequences and the
predicted amino acid sequences ofthe muc and umu proteins.

MATERIALS AND METHODS
Bacterial Strains and Plasmids. The E. coli strains used

were TK612 (3) and GW1103 (5). Plasmids used were
pGW270 (16); pGW1700 (10); pKM1O1IS46::TnS (17);
pKM101 mucA421::TnS and pKM101 mucBJ044::TnS (10,
16); pSE115 and pSE116 (14). Phage M13 mp8 (18) was
obtained from New England Biolabs.

Nucleotide Sequence Determination. The DNA sequence
was determined using the dideoxynucleotide-termination
method (19) as described by Messing et al. (20). Sequence
analysis was aided by the computer programs of G. De Vos
and E. Gubbins.

RESULTS AND DISCUSSION
Amino Acid Sequences of the umu and muc Proteins. The

nucleotide sequence of umuDC contains two continuous
reading frames of417 and 1266 base pairs (bp) (Fig. 1). These
correspond to the positions ofthe umuD and umuC genes (14,
15), respectively, and potentially encode proteins with cal-
culated molecular weights of 15,064 and 47,681. These values
are in good agreement with the molecular weights for UmuD
and UmuC determined by NaDodSO4/polyacrylamide gel
electrophoresis (14, 15). The DNA sequence of umuDC has
been determined independently by Kitagawa et al. (22).
The nucleotide sequence of mucAB contains two continu-

ous reading frames of 435 bp and 1260 bp. These potentially
encode proteins with calculated molecular weights of 16,371
and 46,362, respectively. The molecular weights ofthe MucA
and MucB proteins have been previously estimated by
NaDodSO4/polyacrylamide electrophoresis as 16,000 and
45,000 (10). These data suggest that the nucleotide and amino
acid sequences shown in Fig. 2 are those of the pKM101
mucA and mucB genes and their proteins.

Overlapping Reading Frames and Regulatory Sequences.
The mucA and mucB genes, as well as the umuD and umuC
genes, are overlapping. mucA and mucB overlap by 13 bp;

Abbreviation: bp, base pair(s).
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AAAATCAGCAGCCTATGCAGCGACMAATATTGATAGCCTGMATCAGTATTGATTGCTGGCMAGAACAGACTACTGTATATMACGTATMACTTCAGGCAGATTATT

20 40 60 80
ATG TTG TTT ATC AAG CCT GCG GAT CTC CGC GAA ATT GTG ACT TTT CCG CTA TTT AGC GAT CTT GTT CAG TGT GGC TTT CCT TCA CCG GCA
Met Leu Phe Ile Lys Pro Ala Asp Leu Arg Glu Ile Val Thr Phe Pro Leu Phe Ser Asp Leu Val Gln Cys Gly Phe Pro Ser Pro Ala

110 130 150 170
GCA GAT TAC GTT GM CAG CGC ATC GAT CTG AAT CM CTG TTG ATC CAG CAT CCC AGC GCG ACT TAC TTC GTC AAA GCA AGT GGT GAT TCT
Ala Asp Tyr Val Glu Gln Arg Ile Asp Leu Asn Gln Leu Leu Ile Gln His Pro Ser Ala Thr Tyr Phe Val Lys Ala Ser Gly Asp Ser

200 220 240 260
ATG ATT GAT GGT GGA ATT AGT GAC GGT GAT TTA CTG ATT GTC GAT AGC GCT ATT ACC GCC AGC CAT GGT GAT ATT GTC ATC GCT GCT GTT
Met Ile Asp Gly Gly Ile Ser Asp Gly Asp Leu Leu Ile Val Asp Ser Ala Ile Thr Ala Ser His Gly Asp Ile Val Ile Ala Ala Val

290 310 330 350
GAC GGC GAG TTT ACG GTG MA MA TTG CM CTA CGC CCG ACG GTA CAG CTT ATT CCC ATG MC AGC GCG TAC TCG CCC ATT ACC ATC AGT
Asp Gly Glu Phe Thr Val Lys Lys Leu Gln Leu Arg Pro Thr Val Gln Leu Ile Pro Met Asn Ser Ala Tyr Ser Pro Ile Thr Ile Ser

380 400 420 440
AGT GM GAT ACG CTG GAT GTC TTT GGT GTG GTG ATC CAC GTC GTT AAG GCG ATG CGC TG ATG TTT GCC CTC TGT GAT GTA MC ...

Ser Glu Asp Thr Leu Asp Val Phe Gly Val Val Ile His Val Val Lys Ala Met Arg End
Met Phe Ala Leu Cys Asp Val Asn

460 480 500 520
GCG TTT TAT GCC AGC TGT GAG ACG GTG TTT CGC CCT GAT TTA TGG GGT AAA CCG GTG GTT GTG CTA TCG MT AAT GAC GGT TGC GTT

... Ala Phe Tyr Ala Ser Cys Glu Thr Val Phe Arg Pro Asp Leu Trp Gly Lys Pro Val Val Val Leu Ser Asn Asn Asp Gly Cys Val
550 570 590 610

ATC GCC CGA AAC GCT GAG GCA MG GCG CTT GGC GTT AM ATG GGC GAT CCC TGG TTC AAA CM MA GAT CTG TTT CGT CGC TGT GGC GTG
Ile Ala Arg Asn Ala Glu Ala Lys Ala Leu Gly Val Lys Met Gly Asp Pro Trp Phe Lys Gln Lys Asp Leu Phe Arg Arg Cys Gly Val

640 660 680 700
GTT TGC TTT AGC AGC MT TAT GAG CTT TAC GCA GAC ATG AGC MT CGG GTG ATG TCG ACG CTG GM GAG CTA TCG CCC CGC GTC GAG ATT
Val Cys Phe Ser Ser Asn Tyr Glu Leu Tyr Ala Asp Met Ser Asn Arg Val Met Ser Thr Leu Glu Glu Leu Ser Pro Arg Val Glu Ile

730 750 770 790
TAC AGT ATT GAT GAG GCA TTC TGC GAT CTG ACA GGT GTG CGT AAT TGT CGC GAT CTG ACT GAT TTT GGC AGA GM ATT CGC GCA ACG GTG
Tyr Ser Ile Asp Glu Ala Phe Cys Asp Leu Thr Gly Val Arg Asn Cys Arg Asp Leu Thr Asp Phe Gly Arg Glu Ile Arg Ala Thr Val

820 840 860 880
CTA CAA CGT ACC CAT CTT ACT GTT GGT GTG GGG ATC GCC CAG ACC AAA ACG CTG GCT MG CTT GCC MT CAT GCG GCA AAA AM TGG CAG
Leu Gln Arg Thr His Leu Thr Val Gly Val Gly Ile Ala Gln Thr Lys Thr Leu Ala Lys Leu Ala Asn His Ala Ala Lys Lys Trp Gln

910 930 950 970
CGG CAG ACG GGT GGG GTG GTG GAT TTA TCA AAT CTG GM CGC CAG CGT AM TTA ATG TCT GCT CTC CCC GTG GAT GAC GTC TGG GGG ATT
Arg Gln Thr Gly Gly Val Val Asp Leu Ser Asn Leu Glu Arg Gln Arg Lys Leu Met Ser Ala Leu Pro Val Asp Asp Val Trp Gly Ile

1000 1020 1040 1060
GGA CGG CGG ATC AGC AM AM CTG GAC GCG ATG GGG ATC AM ACC GTT CTC GAT TTG GCG GAT ACA GAT ATC CGG TTT ATC CGT AM CAT
Gly Arg Arg Ile Ser Lys Lys Leu Asp Ala Met Gly Ile Lys Thr Val Leu Asp Leu Ala Asp Thr Asp Ile Arg Phe Ile Arg Lys His

1090 1110 1130 1150
TTT AAT GTC GTG CTC GAA AGA ACG GTG CGT GM CTG CGC GGC GM CCC TGT TTG CM CTG GM GAG TTT GCA CCG ACG AAG CAG GAA ATT
Phe Asn Val Val Leu Glu Arg Thr Val Arg Glu Leu Arg Gly Glu Pro Cys Leu Gln Leu Glu Glu Phe Ala Pro Thr Lys Gln Glu Ile

1180 1200 1220 1240
ATC TGT TCC CGC TCG TTT GGT GAA CGC ATC ACG GAT TAT CCG TCG ATG CGG CAG GCC ATT TGT AGT TAC GCT GCC CGG GCG GCG GAA AM
Ile Cys Ser Arg Ser Phe Gly Glu Arg Ile Thr Asp Tyr Pro Ser Met Arg Gln Ala Ile Cys Ser Tyr Ala Ala Arg Ala Ala Glu Lys

1270 1290 1310 1330
CTT CGC AGC GAG CAT CM TAT TGT CGG TTT ATC TCC ACG TTT ATT MG ACG TCA CCA TTT GCG CTC MT GM CCT TAT TAC GGC MT AGC
Leu Arg Ser Glu His Gln Tyr Cys Arg Phe Ile Ser Thr Phe Ile Lys Thr Ser Pro Phe Ala Leu Asn Glu Pro Tyr Tyr Gly Asn Ser

1360 1380 1400 1420
GCG TCG GTA MA CTG CTG ACG CCC ACT CAG GAC AGC AGG GAT ATC ATT MC GCT GCT ACG CGA TCT CTG GAT GCC ATC TGG CM GCG GGC
Ala Ser Val Lys Leu Leu Thr Pro Thr Gln Asp Ser Arg Asp Ile Ile Asn Ala Ala Thr Arg Ser Leu Asp Ala Ile Trp Gln Ala Gly

1450 1470 1490 1510
CAT CGT TAC CM AM GCG GGC GTG ATG CTG GGG GAT TTC TTC AGT CAG GGA GTC GCG CAG CTC MT TTA TTC GAT GAC AAC GCA CCG CGC
His Arg Tyr Gln Lys Ala Gly Val Met Leu Gly Asp Phe Phe Ser Gln Gly Val Ala Gln Leu Asn Leu Phe Asp Asp Asn Ala Pro Arg

1540 1560 1580 1600
CCC GGG AGT GAG CM TTG ATG ACG GTA ATG GAT ACA CTG AAT GCT MA GAG GGC AGA GGA ACA CTC TAT TTT GCC GGG CAG GGG ATC CAG
Pro Gly Ser Glu Gln Leu Met Thr Val Met Asp Thr Leu Asn Ala Lys Glu Gly Arg Gly Thr Leu Tyr Phe Ala Gly Gln Gly Ile Gln

1630 1650 1670 1690
CAA CM TGG CAG ATG AAG CGA GCC ATG CTT TCA CCA CGT TAT ACA ACG CGA AGT TCT GAT TTA CTG AGG GTC AAA TM ATATAGCGGCAGA
Gln Gln Trp Gln Met Lys Arg Ala Met Leu Ser Pro Arg Tyr Thr Thr Arg Ser Ser Asp Leu Leu Arg Val Lys End

AMA

FIG. 1. Nucleotide and predicted amino acid sequences of E. coli umuDC. (Upper) A partial restriction map of umuDC and flanking regions
ofpSE115. Open arrows correspond to the coding regions ofumuD and umuC and indicate the direction of transcription. Arrows below represent
DNA sequence determined from specific Bgl II/BamHI, Bgl II/HindIII, FnuDII, Hpa II, Sal I, Sau3AI, Sma I/Hpa I, and Taq I fragments
cloned into M13 bacteriophage vectors. Nucleotides are numbered from the beginning of the umuD initiation codon. Two open reading frames
corresponding to the umuD and umuC genes extend from nucleotides +1 to +420 and from nucleotides +420 to +1686, respectively. A
discontinuity has been introduced between nucleotides +443 and +444 in order to maintain the numbering frame. The sequence of a portion
of the 5' flanking region has been published (21), and we report a correction of that sequence at the -62-bp position. The underlined portion
of the 5' flanking region indicates a potential LexA recognition site; the lines above indicate a possible promoter sequence.

umuC overlaps umuD by 1 bp. Whether these overlaps play
roles in translational coupling or in some other regulatory
phenomenon is presently unknown. Sequences with homol-
ogy to known ribosome binding sites (23) are located just
upstream of the umuC (-TAAGGcGaTG-) and mucB (-TA
tcGAG-) coding regions as well as just upstream of the umuD
(-TcAGGcaG-) and mucA (-TttGGAaG-) coding regions.
The umuDC and mucAB operons are transcriptionally

regulated by the LexA repressor (5, 11, 14, 15). Sequences
with homology to known LexA binding sites (2) and E. coli
promoters (24) are present upstream of umuD (Fig. 1) and
mucA (Fig. 2). In an accompanying paper, Kitagawa et al.
(22) demonstrate that the sequences upstream of umuD are in
fact the LexA binding site and promoter for umuDC. The -33
sequence upstream of mucA is the site of a mutation carried
by the pKM101 mutant, pGW16 (unpublished observations).

The phenotype of this mutant suggests that the muc genes are
expressed at a higher level than normal because the mutation
alters the muc operator, or the muc promoter, or both.
The umu and muc Gene Products are Homologous. The

amino acid sequences of UmuD and MucA and ofUmuC and
MucB are aligned and are presented in Fig. 3. In this
alignment, 41% homology exists between the UmuD and
MucA amino acid sequences. The MucA and UmuD homolo-
gies are clustered, and the greatest variability is at the amino
and carboxyl termini of the proteins. The homologies be-
tween UmuC and MucB are fairly evenly distributed and
include 55% of the amino acid residues. Two extended blocks
of conserved amino acids between position 198 and position
232 (10 and 13 amino acids, respectively) may represent
functionally important sites within the proteins. The se-
quences predict that UmuC and MucB are highly charged and

Proc. NatL. Acad. Sci. USA 82 (1985)
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CATATAGTAGAGAACCTGTAAAACTTGCCAACCTGACCATAACAGCGATACTGTATAAATAAACAGTTATTTGGAAGATCGCT

20 40 60 80
ATG AAG GTC GAT ATT TTT GM AGC TCC GGC GCC AGC GTA CAC AGC ATC CCT TTT TAT CTG CM AGA ATT TCT GCG GGG TTC CCC AGC CCG
Met Lys Val Asp Ile Phe Glu Ser Ser Gly Ala Ser Val His Ser Ile Pro Phe Tyr Leu Gln Arg Ile Ser Ala Gly Phe Pro Ser Pro

110 130 150 170
GCC CAG GGC TAT GAA MG CAG GAG TTA MC CTG CAT GAG TAT TGT GTT CGT CAC CCT TCA GCA ACT TAC TTC CTG CGG GTT TCT GGC TCG
Ala Gln Gly Tyr Glu Lys Gln Glu Leu Asn Leu His Glu Tyr Cys Val Arg His Pro Ser Ala Thr Tyr Phe Leu Arg Val Ser Gly Ser

200 220 240 260
TCA ATG GAA GAT GGC CGC ATC CAT GAT GGT GAC GTA CTG GTT GTG GAT CGC TCG CTG ACG GCC AGC CAC GGC TCA ATC GTA GTC GCC TGC
Ser Met Glu Asp Gly Arg Ile His Asp Gly Asp Val Leu Val Val Asp Arg Ser Leu Thr Ala Ser His Gly Ser Ile Val Val Ala Cys

290 310 330 350
ATC CAT MT GM TTT ACC GTG MG CGA CTA CTG CTG AGG CCC AGA CCC TGC CTG ATG CCG ATG AAC AM GAT TTT CCT GTG TAC TAC ATT
Ile His Asn Glu Phe Thr Val Lys Arg Leu Leu Leu Arg Pro Arg Pro Cys Leu Met Pro Met Asn Lys Asp Phe Pro Val Tyr Tyr Ile

380 400 420 440
GAC CCG GAT AAT GAG AGC GTT GM ATC TGG GGA GTG GTT ACG CAT TCC CTT ATC GAG CAT CCG GTA TGT TTG CGC TG ATT GAT ...
Asp Pro Asp Asn Glu Ser Val Glu Ile Trp Gly Val Val Thr His Ser Leu Ile Glu His Pro Val Cys Leu Arg End

Met Phe Ala Leu Ile Asp ...

460 480 500 520
... GTC MT GGC ATG TAC GCC AGC TGT GAG CAG GCA TTT AGG CCA GAT CTG GCA MC CGA GCA GTG GCC GTT TTA TCC MC MT GAC GGC
... Val Asn Gly Met Tyr Ala Ser Cys Glu Gln Ala Phe Arg Pro Asp Leu Ala Asn Arg Ala Val Ala Val Leu Ser Asn Asn Asp Gly

550 570 590 610
MC ATT GTG GCC CGT MT TAC CTG GCG AAG AM GCG GGC CTG AM ATG GGC GAT CCG TAC TTC AM GTC AGA CCC ATA ATC GAG CGT CAT
Asn Ile Val Ala Arg Asn Tyr Leu Ala Lys Lys Ala Gly Leu Lys Met Gly Asp Pro Tyr Phe Lys Val Arg Pro Ile Ile Glu Arg His

640 660 680 700
MC ATC GCT ATT TTT AGC TCT AAT TAC ACT CTT TAT GCC TCC ATG TCG GCC CGG TTC GCG GCC GTA GTT GAG TCC CTT GCA AGC CAC GTC
Asn Ile Ala Ile Phe Ser Ser Asn Tyr Thr Leu Tyr Ala Ser Met Ser Ala Arg Phe Ala Ala Val Val Glu Ser Leu Ala Ser His Val

730 750 770 790
GM CAG TAT TCA ATC GAC GAG CTT TTT GTT GAC TGC AM GGG ATA ACG GCC GCC ATG AGC CTT GAC GCT TTC GGG CGC CAA CTG CGC GAG
Glu Gln Tyr Ser Ile Asp Glu Leu Phe Val Asp Cys Lys Gly Ile Thr Ala Ala Met Ser Leu Asp Ala Phe Gly Arg Gln Leu Arg Glu

820 840 860 880
GAA GTC AGG CGA CAC ACA ACG CTG GTA TGC GGG GTC GGT ATT GCC CGT ACT MG ACG CTG GCG MG CTG TGT MC CAC GCT GCA AM ACA
Glu Val Arg Arg His Thr Thr Leu Val Cys Gly Val Gly Ile Ala Arg Thr Lys Thr Leu Ala Lys Leu Cys Asn His Ala Ala Lys Thr

910 930 950 970
TGG CCC GCT ACT GGC GGG GTG GTT GCT CTG GAC GAT GGC GCC AGA CTG MG AM TTA ATG AGC ATC CTG CCG GTT GCG GM GTC TGG GGC
Trp Pro Ala Thr Gly Gly Val Val Ala Leu Asp Asp Gly Ala Arg Leu Lys Lys Leu Met Ser Ile Leu Pro Val Ala Glu Val Trp Gly

1000 1020 1040 1060
GTC GGC CAT CGT ACA GAG AM GCA CTC GCC ACA ATG GGG ATC AM ACG GTG CTG GAT TTA GCC AGG GCA GAT ACG CGC CTA ATC CGT AAA
Val Gly His Arg Thr Glu Lys Ala Leu Ala Thr Met Gly Ile Lys Thr Val Leu Asp Leu Ala Arg Ala Asp Thr Arg Leu Ile Arg Lys

1090 1110 1130 1150
ACA TTC GGC GTT GTG CTT GAA AGA ACG GTA CGG GAG TTG CGC GGC GAG GCT TGC TTC AGC CTG GM GAA AAC CCT CCT GCG MG CAG CAG
Thr Phe Gly Val Val Leu Glu Arg Thr Val Arg Glu Leu Arg Gly Glu Ala Cys Phe Ser Leu Glu Glu Asn Pro Pro Ala Lys Gln Gln

1180 1200 1220 1240
ATT GTT GTG TCG CGC TCA TTC GGC CM CGC GTA GM ACC CTG ACG GAC ATG CAG CAG GCT GTC ACC GGA TTT GCA GCG CGC GCA GCT GAA
Ile Val Val Ser Arg Ser Phe Gly Gln Arg Val Glu Thr Leu Thr Asp Met Gln Gln Ala Val Thr Gly Phe Ala Ala Arg Ala Ala Glu

1270 1290 1310 1330
AM CTG CGT MT GAG AGG CAA TAC TGC CGC GTC ATA AGC GTC TTT ATC CGT ACC AGT CCT TAT TCA GTG CGT GAT ACA CAG TAT GCC MT
Lys Leu Arg Asn Glu Arg Gln Tyr Cys Arg Val Ile Ser Val Phe Ile Arg Thr Ser Pro Tyr Ser Val Arg Asp Thr Gln Tyr Ala Asn

1360 1380 1400 1420
CAG GCA ACC GAA AAA CTG ACG GTG GCA ACC CAG GAC AGC CGC ACG ATA ATT CAG GCA GCA CAA GCG CTG GCG CGG ATC TGG CGG GAA GAT
Gln Ala Thr Glu Lys Leu Thr Val Ala Thr Gln Asp Ser Arg Thr Ile Ile Gln Ala Ala Gln Ala Leu Ala Arg Ile Trp Arg Glu Asp

1450 1470 1490 1510
ATT GCG TAT GCA AM GCA GGG GTC ATG CTG GCA GAT TTT AGC GGG AAG GAG GCC CAG CTT GAT TTA TTC GAC TCT GCT ACG CCT TCA GCT
Ile Ala Tyr Ala Lys Ala Gly Val Met Leu Ala Asp Phe Ser Gly Lys Glu Ala Gln Leu Asp Leu Phe Asp Ser Ala Thr Pro Ser Ala

1540 1560 1580 1600
GGC AGC GAG GCT TTA ATG GCT GTT CTT GAT GGT ATA AAC CGG CGT GGA MG MC CAG CTT TTT TTT GCA GGC CAG GGC ATC GAT AAC TCC
Gly Ser Glu Ala Leu Met Ala Val Leu Asp Gly Ile Asn Arg Arg Gly Lys Asn Gln Leu Phe Phe Ala Gly Gln Gly Ile Asp Asn Ser

1630 1650 1670 1690
TTT GCC ATG CGT CGT CAG ATG TTG TCA CCT GAT TAC ACG ACA GAC TGG CGC TCA ATA CCA ATA GCC ACC ATC AAA TAA TTACCGGCGCCGTAC
Phe Ala Met Arg Arg Gln Met Leu Ser Pro Asp Tyr Thr Thr Asp Trp Arg Ser Ile Pro Ile Ala Thr Ile Lys End

1710
CCGGGCCGGTT

FIG. 2. Nucleotide and predicted amino acid sequences of pKM101-encoded mucAB. (Upper) A partial restriction map of mucAB and
flanking regions of pGW1700. Heavy lines represent pKB354 vector DNA and light lines represent inserted DNA. Open arrows correspond to
the coding regions of mucA and mucB and indicate the direction of transcription. Arrows below represent DNA sequence determined from Alu
I, Hpa I, Rsa I, Sau3AI, and Taq I fragments cloned into M13 bacteriophage vectors. Nucleotides are numbered from the beginning of the mucA
initiation codon. Two open reading frames corresponding to the mucA and mucB genes extend from nucleotides + 1 to +438 and from nucleotides
+426 to + 1688, respectively. A discontinuity has been introduced between nucleotides +443 and +444 in order to maintain the numbering frame.
The underlined portion of the 5' flanking region indicates a potential LexA recognition site; lines above indicate a possible promoter sequence.

that UmuC has an excess of 11 basic residues (Arg+Lys
minus Asp+Glu) and MucB has an excess of 12 basic
residues. The fact that the umuDC and mucAB gene products
play roles in UV radiation- and chemical-induced muta-
genesis suggests that they may interact with nucleic acids.
The strongly basic nature of the UmuC and MucB proteins
(as predicted by the nucleotide sequences) raises the pos-
sibility that these proteins bind DNA.
Using the alignments shown in Fig. 3, a similarity of 52%

between umuDC and mucAB exists at the nucleotide level.
The homology of the nucleotide sequences is disrupted at
several positions by small additions or deletions. Each
addition or deletion consists of 3 bp and does not alter the
reading frame. Because of the many dissimilarities between
the sequences, we cannot determine whether the operons
have diverged primarily by base-pair substitutions or whether
compensating (+) and (-) frameshift mutations have also

accumulated. The diversity between the two operons is
reflected by the frequency of nucleotide changes among
synonomous codons. Of the 234 synonomous codons in
umuC and mucB, 58% have undergone base substitutions.
There is no significant bias in the direction of these base
substitutions. Codon usage is similar in umuDC and in
mucAB with the following exception: 7 of the 24 isoleucine
codons in mucB are AUA codons, which are rarely utilized
by prokaryotes (25). There is only one AUA among the 21
isoleucine codons in umuC. Whether there is any significance
to this difference is unknown.

Noninterchangeability of umu and muc Gene Products. We
have previously shown that the phenotypes of umuDC
mutants are suppressed by plasmids encoding the wild-type
muc operon (7, 10). We were therefore interested in examin-
ing whether, more specifically, MucA may be able to sub-
stitute for UmuD in a umuD-umuC' host and MucB may be
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20 40 60
umuD: nML F I K P A D L R E I VT - FFPL F S D L V Q C G F P S P AA D IVER I DL N Q L L I QIH PS AT Y FIV K AS D SM I DIGG I SD GD LL IFV7DmucA: UK V D I F E S S G A S V H S I UF Y L Q R I S AG F P S P A Q G E K E L N H E Y C V R H P S A T Y FIL R V S SED G RI H D DV LJV

12 140
S A IIT A S H GJDFI ;I A V D G|E F T VKPKMQNRTV Q IPMNS A Y SPI TIIS S E D T L D VF[G VVJIIIrV V K A M RR S L A S H G SIVLVC I H NLE F T V K R PIR P C M N|K D F P V Y Y D P D N E S V E I W|G V TUS L I E H P V C L R

20 40 60
umuC: M F A L|C|D V N A F Y A S C EIT VIF R P D L|W G K PV V V L S N N D G1C V IA R N|A E A ALG V K M G D P WF Q K D L F R C G V V CIF S S N Y|EL
mucB: AIF R A RN LA Y V R P I I ER H N I A I F S NT

80 100 140T-lD NNRV M S T L E nS P R MEIIY S I D EIA C LTTV R N C R D nT DIG RElr-IA Tn1LQRRCH T VI-G V G I AlQrKTLA -K LAIH A-A K KIRITK T LA KLA N

Y AISS A RF A A VV IUSL A S H EQY S I D E L V C KJI T A A M S D A QLUEEURR T V C|G V G I RLT K T LAKLICIN H A A K TW

IT G G V V D S N L EQRKLMSA;P VID DIV W GII RR 'IX1AMG I K T V L D L A1 T|||11| R KIHFIIVDLEATI RI LRGEPUL Q
P A -IT G G V VAD D G A L K I A EIV W G V HRT E A TIM G I K T V L D L AIR A T LII R KITFGIV V L ERATV R E L R G E AF S

240 ~280 300

JE~FA[P1TIW ErICSRSF IEW1ITDYPS RIFQ7IICSYAAAELCFTI lT~FANP S[-JTE.EIFN PWJA IQJ V

f
S FGTQIUNVETLTDIQ TGFAA KLR

R RV T

LWPE&QQV VI R SF GIQV E L TD! JV T G FIA A R A A E K LRNE RI I
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FIG. 3. Amino acid alignment of the umu and muc proteins. Amino acid sequences of the two proteins are arranged to give maximal matching.
Placement of the gap at position 15 of UmuD and positions 159, 329, 351, and 384 of MucB is arbitrary within the region bounded by amino
acid homologies. Placement of the gap at position 122 of UmuD is based on nucleotide homologies in the region between positions 120 and 131.
Amino acids are identified by the single-letter code.

able to substitute for UmuC in a umuD'umuC- host. To
determine whether these specific substitutions are permitted,
complementation between umu and muc alleles was assayed
by measuring methyl methanesulfonate-induced reversion of
his4. TK612 (umuD-umuC+) and GW1103 (umuD~umuC-)
were transformed with either pKM1O1 mucA-mucB+,
pKM101 mucA+mucB-, of a Muc' derivative of the plasmid,
pKM1O1IS46: :TnS. We chose the umuD44 and mucA421: :Tn-
S alleles because they have previously been shown to be
relatively nonpolar (10, 14). The nonmutability of either umu
mutant is suppressed by the mucAB+ plasmid. The nonmut-
ability is not suppressed by the introduction of plasmids that
supply only mucA protein or only mucB protein (data not
shown). These results suggest that there may be a physical
interaction between the two gene products of each operon
and that the pairs of proteins have diverged sufficiently that
interactions between UmuD and MucB and between MucA
and UmuC are excluded.
The UmuD and MucA Proteins are Homologous to LexA. We

have found that the amino acid sequences of the UmuD and
MucA proteins are homologous to the COOH-terminal do-
mains of the LexA repressor and the repressors of phage X,
434, and P22 (Fig. 4) (26). The homologies between MucA
and LexA are -28% and include the Ala-Gly bond cor-
responding to the site of the RecA-mediated cleavage of
LexA (27). UmuD is 31% homologous to LexA and has a
Cys-Gly bond at the cleavage position. Of the amino acids
conserved between LexA and the repressors of X, P22, and
434, 78% of these amino acids are also conserved in umuD
and 89% are conserved in mucA.
The homology between the LexA and UmuD proteins

raises an intriguing possibility that may explain the function
of RecA in SOS mutagenesis. Activated RecA (RecA*),
which promotes the proteolytic cleavage of LexA and phage
repressors, is required for the induction of all SOS loci (2).

Genetic evidence indicates that a function of RecA*, in
addition to its capacity to facilitate repressor cleavage, is
required for the expression of umuDC-dependent
mutagenesis (2). Possibilities for this additional function of
RecA* may include a mechanistic role in mutagenesis or
proteolytic processing of one or more proteins that partici-
pate in SOS mutagenesis. The homology between UmuD and
LexA suggests that the RecA* and UmuD proteins may
interact. This interaction could yield a proteolytic cleavage
that activates or unmasks the function of UmuD and MucA.
The lack of conservation between the NH2-terminal amino
acids of UmuD and MucA may indicate that they constitute
a nonfunctional, perhaps "expendable" domain. If the (only)
role of RecA* in mutagenesis is to promote the removal of
this domain, then the production of a UmuD or MucA peptide
lacking the NH2-terminal amino acids should overcome the
recA' dependence of UV and chemical mutagenesis. Alter-
natively, an interaction between UmuD and RecA might
serve some other role such as helping to direct UmuD to its
site of action.
Recent evidence has suggested that mutagenesis mediated

by the umuDC proteins differs from that mediated by the
mucAB proteins in its requirement for "activated" RecA. It
appears that umuDC-dependent mutagenesis, but not mucAB-
dependent mutagenesis, is abolished by the recA430 mutation
(ref. 28; unpublished results). This mutation alters the ability
of RecA to promote the proteolysis of particular repressors.
RecA430 protein is able to promote the in vitro cleavage of
the LexA repressor, but not theA repressor (29). Perhaps the
UmuD and MucA proteins interact with RecA430 protein in
a manner similar to theA and LexA repressors, respectively.
The difference between umuDC activity and mucAB activity
may reflect differences in the amino acid sequences of the
UmuD and MucA proteins, particularly at those positions
that may be required for recognition by RecA.

105
i

~~~~~
t ~~~t I i1~__158LexA: 105 PLVG-RVAAGEPLLAQQHIEGHYQVDPSLFK-PNADFLLRVSGMSMKDIGIMDGDLLAVHKTQDVRNGQVVVARIDDEVTVKRL

16 -- - - - _ __- --99UmuD: PLFSDLVQCGFPSPAADYVEQRI DLNQLLIQHPSATYFVKASGDSMI DGGI SDGDLL I VDSAITASHGDIVIAAVDGEFTVKKL
17 d 0MucA: PFYLQRISAGFPSPAgGYEKQELNLHEYCVRHPSATYFLRVSGSSMEDGRIHDGDVLVVDRSLTASHGSIVVACIHNEFTVKRL100

FIG. 4. Homology of the UmuD and MucA proteins to the LexA protein. Amino acid sequences of the proteins are arranged to give maximal
matching. Underlined amino acids represent identities between the LexA repressor and either the UmuD or MucA proteins. The Ala-Gly
cleavage site of LeXA is between amino acids 112 and 113. Arrows indicate residues that are conserved among LexA protein and the repressors
of phage X, P22, and 434. Amino acids are identified by the single-letter code.
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