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Abstract

It is known that umuDC-like operons encoding DNA polymerase V are often found in plasmids of gamma-proteobacteria. Here we
demonstrate that homologous operons are associated with mobile genomic elements in Gram-positive bacteria as well. Using the compara-
tive analysis of transcriptional regulatory signals, we suggest that genes encoding homologs of UmuC in prophages of Bacillus subtilis and
transposons of Enterococus faecalis are regulated by DinR (SOS repressor). We also predict a functional link between the polymerase V-like

proteins of B. subtilis and the protein family containing YolD, YozL and YqjX. © 2002 Published by Elsevier Science B.V.
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1. Introduction

The SOS response is the bacterial reaction to UV-light
and DNA-damaging chemicals. It can be described as the
rapid mobilization of the DNA reparation systems. The best
studied SOS-response system is that of Escherichia coli
(Walker, 1996; Lewin et al., 1994; de Henestrosa et al.,
2000). It is regulated mainly by proteins RecA and LexA.
RecA is activated by single-strand DNA and cleaves LexA,
which is the repressor of the SOS regulon. The cleavage
leads to the release of LexA from its binding sites and
expression of the SOS-response genes. The consensus of
the LexA binding sites (SOS box) is a palindrome TACTG-
TATATATATACAGTA with strongly conserved shoulders
and an AT-rich spacer.

An important member of the SOS regulon in gamma-
proteobacteria is the highly efficient error prone DNA poly-
merase (polymerase V) encoded by the operon umuDC. The
polymerase V complex is UmuD,'UmuC, where the UmuD’
subunit is formed by the cleavage of UmuD by RecA (Tang
et al.,, 1999). Genomes of gamma-proteobacteria contain
one copy of the umuDC operon; in addition there are
many plasmids encoding homologous operons. For most
of these operons, the regulation by LexA was shown either
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in experiment or simply by observation of candidate SOS
boxes in upstream regions (Elledge and Walker, 1983a,b;
Lodwick et al., 1990; Walker, 1996). The C-terminal
domain of UmuD is homologous to the C-terminal domain
of LexA, whereas the N-terminal domain of UmuC is homo-
logous to the N-terminal domain of another E. coli protein,
DinP, which is called DNA-polymerase IV. DinP partici-
pates in the untargeted mutagenesis (Kim et al., 1997).

SOS-regulons of Gram-positive bacteria are much less
studied. The repressor DinR is homologous to LexA, but
the similarity in the DNA binding helix-turn-helix domain
is very weak. Accordingly, the recognition signal, called the
Cheo box, does not resemble the SOS box, although it is
also a palindrome with an AT-rich spacer CGAACA-
TATGTTCG (Cheo et al., 1991; Yasbin et al., 1991). No
functional analogs of the DNA polymerases IV and V are
known.

In a preliminary study we identified genes encoding
members of the UmuC family in the genome of Bacillus
subtilis (Gelfand and Mironov, 1999). The aim of this
work was to analyse in detail the distribution of the poly-
merase V genes in Gram-negative and Gram-positive
bacteria and to search systematically for candidate regula-
tory sites. It turned out that genes homologous to umuC
belong to the SOS-regulons not only in E. coli and its rela-
tives, but also in Gram-positive bacteria, and in many
genomes they are associated with mobile elements (plas-
mids, prophages and transposons).
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2. Data and methods
2.1. Methods

Comparative approach to analysis of transcriptional regu-
lation in bacterial genomes is based on the assumption that
sets of genes regulated by orthologous transcription factors
are conserved in related genomes (Gelfand, 1999). Thus the
candidate sites occurring upstream of orthologous genes are
true, whereas false positives are scattered at random. Since
we are interested in the distribution of specific genes subject
to horizontal transfer, we have modified the basic approach,
accepting candidate sites upstream of all homologs of the
umuD and umuC genes. For the same reason, the orthology
relationships were established using construction of trees
instead of the simple symmetric best hit criterion.

The recognition profiles were constructed using the
samples of experimentally verified sites from (Walker,
1996; Gelfand and Mironov, 1999). The positional nucleo-
tide weights in profiles were defined as:

W(b, k) = log[N(b,k) +0.5] = 025 >
i=A,C,G,T

log[N(i, k)

+ 0.5]

where N(b,k) is the count of nucleotide b at position k. The
score of a candidate site was calculated as the sum of the
respective positional nucleotide weights:

Z(by...b) = > Wbk

k=1...k

where k is a the length of the site. The base of the logarithm
was chosen such that the Z-score. The Z-score can be used to
assess the significance of an individual site. The profiles are
given in Table 1.

2.2. Data

Sequences of complete genomes of Haemophilus influen-
zae (Fleischmann et al., 1995), Escherichia coli (Blattner et
al., 1997), Vibrio cholerae (Heidelberg et al., 2000), Pseu-
domonas aeruginosa (Stover et al., 2000), Yersinia pestis
(Parkhill et al., 2001), Xylella fastidiosa (Simpson et al.,
2000) and Bacillus subtilis (Kunst et al., 1997), plasmids
and individual genes were extracted from GenBank (http://
www.ncbi.nlm.nih.gov/genbank). Sequences of partially
sequenced genomes of Salmonella typhi and Klebsiella
pneumoniae were obtained from the TIGR web site
(http://www.tigr.org).

2.3. Programs and databases

Genomic analyses (genomic scale similarity searches,
site searches using profiles etc.) were made using Geno-
meExplorer (Mironov et al., 2000). ClustalX 1.5 (Thompson
et al,, 1997) and Phylip (Felsenstein, 1989) with default
parameters were used for multiple alignment and for

Table 1
Profiles for the SOS box (a) and the Cheo box (b)

A C G T

(a)

-0.01 0.03 -0.15 0.12
0.23 —0.05 —0.01 —-0.17

-0.15 0.46 -0.15 -0.15

-0.15 —-0.15 -0.15 0.46

-0.15 —-0.15 0.46 -0.15

—-0.13 —-0.13 -0.05 0.30
0.28 —0.07 —0.14 -0.07

-0.22 0.07 -0.22 0.37
0.23 —-0.31 0.10 —-0.03
0.08 -0.07 —-0.19 0.18
0.15 —0.14 —0.05 0.04
0.01 —-0.01 —0.11 0.11
0.23 —-0.05 -0.17 —-0.01
0.05 0.03 -0.21 0.13
0.22 0.15 —0.31 —-0.07

-0.15 0.46 -0.15 -0.15
0.46 —-0.15 —-0.15 —0.15

-0.15 -0.15 0.46 -0.15

—-0.11 0.01 —0.11 0.21
0.12 —-0.15 0.01 0.01

(b)

—0.04 0.38 —0.30 —0.04
0.06 -0.32 0.32 —-0.06
0.55 —0.18 —0.18 —-0.18
0.55 —-0.18 —-0.18 —-0.18

—0.24 0.46 —0.24 0.02
0.23 -0.12 0.00 -0.12

—0.27 0.12 -0.27 0.41
0.41 -0.27 0.12 -0.27

—0.12 0.00 -0.12 0.23
0.02 -0.24 0.46 -0.24

—0.18 —-0.18 -0.18 0.55

-0.18 —-0.18 -0.18 0.55

—0.06 0.32 -0.32 0.06

—-0.04 —-0.30 0.38 —-0.04

construction of phylogenetic trees. The latter were plotted
using GeneMaster (Mironov, A.A., unpublished). Database
similarity searches were made using BLAST (Altschul et
al., 1997) at the NCBI web site (http://www.ncbi.nlm.ni-
h.org/BLAST).

3. Results and discussion
3.1. Phylogeny of DNA polymerases IV and V

The UmuC protein family is related to several families of
proteins. One such a family is DinP/DinB found in Archaea,
Eubacteria and Eukaryotae (Fig. 1, eukaryotic members are
not shown in the tree). This family contains UvrX from B.
subtilis, its paralogs, and homologs from other Gram-posi-
tive bacteria. Fig. 1 features the tree of proteins from the
DinP and UvrX sub-families from Gram-positive and Gram-
negative bacteria, and archaebacterium Sulfolobus solfatar-
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Fig. 1. Phylogenetic tree of UmuC homologs in different groups of organisms (Eubacteria: Firmicutes and gamma subdivision of Proteobacteria; Archaea). EC,
Escherichia coli; KP, Klebsiella pneumoniae; ST, Salmonella typhi; MM, Morganella morganii; SM, Serratia marcescens; 11, Incj plasmid; BS, Bacillus
subtilis; BA, Bacillus anthracis; EN, Enterococcus faecalis; EF, Enterococcus faecium; SN, Streptococcus pneumoniae; LL, Lactococcus lactis; SS, Sulfo-
lobus solfataricus; MT, Mycobacterium tuberculosis. Bootstrap values are shown on the nodes of the tree.

icus, the only one that has a homolog of the error-prone
polymerase. The tree was constructed using the conserved
portion of the protein alignment, cut at the end of orf6 of E.
faecium (GenBank AF076604) which is the shortest protein.
High bootstrap values show that trees are stable and reliable.
The overall length of the alignment is 222 positions. The
tree is formed by three branches: UmuC-like proteins from
Gram-negatives, UvrX-like proteins from Gram-positives
(including a plasmid protein from Bacillus anthracis,
GenBank AF188935, and a Lactococcus lactis protein
from plasmid pNP40, GenBank LLLU36837), and the branch
of DinP proteins from eubacteria and S. solfataricus (the
eukaryotic proteins also belong to this branch, not shown).

Two phylogenetic trees constructed for the members of
the umuDC operon of gamma-proteobacteria are very simi-

lar (Fig. 2). Clustering of the UmuC and UmuD homologs is
the same, with the only exception being the rumAB operon
of the IncJ plasmid: RumA belongs to the branch of chro-
mosome-encoded UmuD proteins from E. coli and S. typhi,
whereas RumB clusters with UmuC from K. pneumoniae
and ImpB from S. typhi.

3.2. Gamma-proteobacteria

All considered bacteria have standard SOS-response
elements, the genes recA and lexA. Operons highly similar
to umuDC were found in the genomes of S. typhi and K.
pneumoniae. Both these genomes contain two copies of the
umuDC homologs, each copy having an upstream candidate
SOS boxes (Table 2), and several isolated copies of umuC
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Fig. 2. Phylogenetic trees of umuD and umuC homologs from Gram-negative bacteria. For the legend see Fig. 1.

without upstream SOS boxes. Y. pestis and V. cholerae have
no orthologs of umuDC but contain orthologs of dinP with
upstream candidate SOS boxes. No orthologs of umuDC
were found in the genome of P. aeruginosa. There are no
candidate SOS boxes upstream of dinP of P. aeruginosa.
Neither umuDC, nor dinP orthologs were found in the
genomes of H. influenzae and X. fastidiosa.

Additional copies of umuDC homologs were found in
plasmids of enteric bacteria and also in genomic fragments
of Morganella morganii, Serratia marcescens and Pseudo-
monas syringae. Most of these genes have upstream SOS
boxes (Table 2).

Thus the complete umuDC operons are consistently regu-
lated by LexA, whereas the single umuC genes do not
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SOS boxes upstream of operons from gamma-proteobacteria and plasmids homologous to umuDC and dinP*
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Genome Operon (Candidate) site Score GenBank acc. no.
E. coli umuDC TACTGTATATAaAaACAGTA 5.46

K. pneumoniae ~ umuDC]1 TACTGTATgCATAacCAGTA 5.11

K. pneumoniae ~ umuDC2 TACTGTATgcATAacCAGTA 5.11

S.typhi ~ umuDCI TACTGYATATtTAacCAGTA 5.03

S.typhi ~ umuDC2 TACTGTATATAaAaACAGTA 5.46

Y. pestis ~ dinP GACTGTATAcCtTATACAGct 4.70

V. cholerae ~ dinP TACTGTtTATgTATACAGTA 5.09

E. coli plasmid pKM101 mucAB TACTGTATAaATAaACAGTt 5.35 D90147
M. morganii plasmid R446b mucAB TACTGTATgTATAaACAGTt 5.32 Ul13611

S. marcescens plasmid R471a mucAB CACTGTATgTATAaACAGTt 5.23 U13612

S. typhimurium plasmid R394 mucAB TACTGTATAaATgTACAGCt 4.83 AF039836
S. typhmurium plasmid umuDC TgCTGTATATAaAaACAGgC 4.63 D90202

S. typhimurium plasmid TP110 impCAB TACTGTATATACATACAGCA 5.32 X53528
Plasmid IncJ rumAB TACTGTATAaAcAaACAGTA 5.34 U13633
Phage N15 umuD TACTGTATAaAaAaACAGTtL 5.25 U13633

* E. coli plasmid pB171 contains umuC homolog, impB, but does not contain homologs of umuD or SOS-box sites. In most plasmids the SOS boxes were
annotated in GenBank entries by similarity to the SOS-box consensus, although the LexA regulation was not verified in experiment.

belong to the SOS-regulon. Phylogenetic trees of the UmuC
proteins are shown in Fig. 1. The chromosome-encoded
proteins UmuC encoded by the umuDC operons from E.
coli, S. typhi and K. pneumoniae are separated from the
plasmid proteins.

3.3. Bacillus subtilis

The genome of B. subtilis contains four UvrX-like
proteins. One of them, YqjH, is a clear orthologue of
DinP (Fig. 1). The gene ygjH has no upstream candidate
Cheo boxes. The gene ygjW has a pair of upstream candidate
Cheo boxes. The two other genes, uvrX and yozK, are likely

yolC

yozM

to be the second genes in operons (Fig. 3); upstream of these
operons there are also pairs of candidate Cheo boxes (Table
3). It is likely that the two open reading frames annotated as
independent genes yozK and yobH in fact form one gene
with a frameshift introduced either by a sequencing error or
a recent mutation. Anyway, the genes around uvrX and
yozKyobH are pairwise homologous (Fig. 3) and both
genes were shown to reside in prophage regions (Kunst et
al., 1997).

The third gene, ygjW, is thus the original chromosomal
orthologue of UvrX. It is noteworthy that the gene situated
downstream of ygjW, namely ygjX, is homologous to the
genes yolD and yozL situated upstream of wvrX and

yolD uvrX

yozL yozK-yob

yagWw) | yq

Fig. 3. Collinear gene chains containing homologs of umuC in B. subtilis. Genes homologous to uvrX are marked bold.
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Table 3

Cheo boxes upstream of B. subtilis, E. faecalis and E. faecium operons containing genes homologous to uvrX

Genome Operon (Candidate) site Score GenBank acc. no.
B. subtilis yozLyozKyobH CGAACETLTGTTCt 4.35

B. subtilis yolDuvrX CGAACETtTGTTCt 4.35

B. subtilis yqjWyqiX CGAACATACtTTCG 4.87

B. anthracis plasmid pX02 pX02-69 aGAACgTAGGTTCG 4.80 AF188935

E. faecalis Al aGAACgTtaGTTCG 4.12

E. faecalis A2 aGAACgTtaGTTCG 4.12

E. faecalis B aGAACATtcGTTCG 4.47

E. faecalis C CGAACATACGTTtG 5.31

E. faecium orf2-3-4 CtAACtTACGTTLG 4.58 AF076604

yozKyobH, respectively (the alignment of the three genes is
shown in Fig. 4). The different order of genes in the operons
proves that the prophage operons are not a result of a dupli-
cation of the chromosomal operon ygiWX and hence
suggests functional coupling of the UvrX/YqjW proteins
and the YqjX/YolD proteins.

No homologs of UmuD were found in Gram-positive
bacteria. Thus it is very tempting to predict that the proteins
of the YqjX/YolD/YozL family are functionally equivalent
to the UmuD subunit of the polymerase V from Gram-nega-
tives. However, since no representatives of this family could
be found in other Gram-positive bacteria, and thus this
protein seems to be dispensable, this prediction requires
strong experimental support. The regions upstream of the
yolD-uvrX and yozL-yozKyobH operons are very similar
(more than 90% identity). Thus it is likely that these two
loci were introduced either by a recent duplication, or by
independent recent integration of phage DNA.

3.4. Enterococus faecalis

A candidate Cheo box was observed upstream of a gene
from the E. faecalis plasmid pAD1 (Ozawa et al., 1997).
The gene, named uvrA, had about 20% identity to umuC of
E. coli. On the other hand, the similarity of this gene to uvrA
genes from both E. coli and B. subtilis is insignificant. Thus
E. faecalis is one of the genomes that has a plasmid copy of
umuC-like protein. The sequenced fraction of the E. faecalis
genome contains four genes that are homologous to umuC
and ygjW. Two of them (denoted Al and A2) are very
similar, whereas the two others (B and C) are more
diverged. A2 and C are located in one genomic locus. All
four genes contain candidate Cheo boxes in the upstream

regions (Table 3) which otherwise show no significant simi-
larity (Fig. 5). The four genes are clustered in the phyloge-
netic tree with a candidate gene from Enterococcus faecium,
the closest relative of the latter gene is the gene C.

The loci around the uvrX family genes of E. faecalis are
schematically shown in Fig. 6. In all cases these loci contain
genes encoding proteins involved in gene mobility, namely
resolvases and two types of transposases. Other genes form-
ing the collinear chains are homologous to the pheromone
binding protein gene traB from E. faecalis (GenBank
U0068), the plasmid copy control protein gene rapA from
Lactobacillus reuteri (GenBank AF036766), and the repli-
cation protein A gene repA from E. faecalis plasmid pAD1
(GenBank L01794). The transposases of the first type are
quite common in E. faecalis (11 copies in the 4.5 Mb
sequenced fraction of the genome). Since the collinear
chains are flanked by copies of the transposase genes, it is
highly likely that the described loci are transposons. On the
other hand, collinearity of the genes is not perfect. Thus the
complete characterization of this transposon family will be
possible only after the sequencing of the E. faecalis genome
is completed.

3.5. Other Gram-positive bacteria

Homologs of uvrX were found in the Bacillus anthracis
plasmid pX02, the Lactococcus lactis plasmid pNP40, and
the transposon Tn5252 of Streptococcus pneumoniae
(GenBank L.29324). Genes from the L. lactis plasmid and
the S. pneumoniae transposon lack upstream candidate Cheo
boxes, whereas the B. anthracis gene has a candidate site
(Table 3). The proteins encoded by the Cheo box-less genes
cluster together on the phylogenetic tree, as they contain

yozL
yolD

yajX

MML-EQLIQLKQDLIDGSKVEKPSLDDKQIDEMDILVSEALEFNKELKFKLFNKGFVENVTGRVH-YINFEQQKLHVKDONDNTVYINMNNIIRVI
MMLPEHLTQLKQDLIDVSKIEKPSLDDQQIEEMDILVSEALEFNKELQFKLFHNGFVENVTGRVH-YINFEQQKLHVKDONDNTVYINMNNIIGVT
MFLPEHKQSLLERKRLKQKLQKPILDPDKLEEMNQTLCAAMEFAQDITVSCFQDGEIVCCTGKICRYEEFEKAVWIKGDE-DQLYKLKLDQVLDIV
kokeks kg BAEALAR L EEL LI S A *kos Kk kK, *s *:

Fig. 4. Alignment of YqjX, YolD and YozL proteins of B. subtilis.
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Al ATTCGGAAAACTGAAATTTTGTTGTTGCAAAACAGAACGTTAGTTCGTATAATG--TAACTCGAAAGGACGGTTTTTTGCATGAAA

A2 ATTCGGAAAACTGAAATTTTGTTGTTGCAAAAAAGAACGTTAGTTCGTATAATG--TAACTCGAAAGGACGGTTTTTTGCATGAAA

c -TTGTGTGTTTAGCTATTTCTTCTTTACAATATCGAACATACGTTTGTATAATG--TAAAAAGAAGGG---GTGTTATTCATG———
B —TACGGAAAACTGAATTTTACTAGTTGCAAAAGAGAACATTCGTTCGTATAATGGGTTAGTAGAAAGAA-GGGATTTTGGATGAAT
* * * Kkk ok kk kkk k  kkkk Kk  kkk kkkkkkkk ok * *kk * * kK Kk kkk

Fig. 5. Multiple alignment of the upstream regions of umuC homologues from E. faecalis.

specific inserts of 27 (in Tn 5252) and 34 amino acids (in
pNP40) in the conserved N-domain.

3.6. Overview: regulated and non-regulated members of the
umuC/uvrX family

The error-prone DNA polymerase V is a special mechan-
ism for rapid reaction to the large-scale DNA damage (Tang
et al., 1999). It is dangerous to the cell in the normal state.
Thus the polymerase V is strictly regulated. Indeed, in E.
coli, the polymerase V activity is under dual control: the
operon is transcribed only after release of the repression by
LexA, and the active multisubunit complex is formed after
the cleavage of UmuD by RecA. The umuC-like genes in S.
typhi and K. pneumoniae lacking for SOS boxes constitute
monocistronic operons (without umuD) and thus cannot
produce the active polymerase V without UmuD expressed
from other operons. It is noteworthy that in all cases the
umuDC-like operons have upstream candidate SOS boxes,
as does the umuD gene from phage N15 (see Table 2 for the
site; GenBank AF064539). All members of the wuvrX

The first locus

subfamily have upstream Cheo boxes. The two exclusions,
the genes from the L. lactis plasmid and the S. pneumoniae
transposon, encode proteins with an insert. The function of
these proteins is probably altered or modified to prevent
possible damage to the genome.

4. Conclusions

We have demonstrated that polymerase V genes are asso-
ciated with mobile genetic elements not only in Gram-nega-
tive bacteria, but in Gram-positive ones. In most cases these
genes are known or predicted to be under transcriptional
control by repressors LexA or DinR. Exceptions are rare
and can be explained by control on the protein level. The
types of mobile elements are quite diverse: plasmids, phages
and prophages, transposons. It could mean that there is some
specific mechanism linking genome rearrangements and
error-prone repair. Finally, we tentatively assign a polymer-
ase-related function to the family of B. subtilis proteins
containing YolD, YozL and YqjX.

trans ‘ trans
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the third locus:

2 L> oA ropa Y728 ) frac
o) (it e

Fig. 6. E. faecalis uvrX-like genes are associated with transposon genes.
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