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ABSTRACT 

The SOS regulon of Escherichia coli consists of more than two 

dozen genes which are induced by damage to the host chromosome. 

Most of the products of these genes are active in DNA repair and/or 

DNA replication processes. Expression of the SOS genes is 

negatively controlled by a repressor protein encoded by the lexA 

gene. The present work has used two very different experimental 

approaches to provide evidence that the SOS regulatory network is 

larger than previously recognized. The first method employed a 

novel genetic screening procedure to isolate new SOS genes as 

promoter fusions on high copy number plasmids. Three genes, dinG, 

dinH, and polB (dinA), were isolated and characterized. dinG, dinH, 

and polB were mapped to 17.8, 19.8, and 1.2 minutes on the E. coli 

chromosome, respectively. The sequences of the dinH and polB 

regulatory regions contained typical binding sites for LexA protein 

and were shown to bind LexA protein specifically in vitro. The LexA-
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responsive sequence element within the dinG regulatory region was 

defined experimentally by isolating and characterizing operator

constitutive mutations. Determination of the sequence of a 2,417 bp 

DNA fragment yielded the complete coding sequence of the dinG gene. 

Additional DNA sequencing revealed that the predicted amino acid 

sequence of DinH is extremely proline- and glutamine-rich and is 

homologous to a family of eucaryotic DNA damage-inducible proteins 

that are similarly rich in these amino acids. 

The second approach to the identification of new SOS genes 

employed a combination of mathematical and biochemical analysis 

methods. Mathematical modeling of the highly conserved 20 bp 

binding sites for LexA repressor permitted the design of a search 

method to identify new sites. Six new sites on the E. coli 

chromosome and four prospective bacteriophage elements were 

identified in a search of the GenBank database. In vitro binding 

studies indicated that DNA fragments containing at least six of the 

ten new sites bound Lex A specifically. The locations of several of 

the putative new operators relative to known genes and large 

uncharacterized open reading frames strongly suggest roles for most 
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of them in regulation of previously unrecognized SOS genes. 
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Chapter 1 

INTRODUCTION 

Inducible DNA repair in E. coli 

• 
Experiments performed over the last three decades have 

revealed that procaryotic and eucaryotic organisms have evolved a 

complex array of enzymes which act to maintain the integrity of 

chromosomal DNA. More recent studies have indicated that the many 

different types of DNA repair enzymes can be divided into two 

general categories: enzymes whose synthesis is responsive to a 

cell's changing environmental milieu and enzymes which are 

synthesized essentially constitutively (Walker, 1984; VanBogelen et 

aI., 1987). Members of the first group are typically referred to as 

"DNA damage-inducible" and are further subdivided on the basis of 

the specific type of chromosomal damage which elevates their 

synthesis. 
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Present knowledge of DNA repair in general, and inducible DNA 

repair in particular, has benefited greatly from studies involving the 

gram-negative bacterium Escherichia coli. Powerful genetic and 

molecular biological techniques have been developed for the study of 

E. coli biology which are not feasible in other organisms. One 

product of this experimental advantage is that the identification and 

characterization of DNA repair proteins and their cognate genes is 

much further advanced in E. coli than in any other system. 

A striking observation in E. coli is that exposure of cells to a 

known physical or chemical DNA damaging agent results in increased 

transcription of characteristic subsets of DNA repair genes. There 

are groups of proteins which respond primarily to specific 

environmental insults to chromosomal DNA such as ultraviolet light, 

destructive oxygen-derived free radicals, DNA-alkylating agents, 

DNA-crosslin king chemicals, exposure to high temperatures, ionizing 

radiation, etc. Some mutagens strongly induce more than one group 

of repair genes, presumably due to multiple types of nucleic acid 
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damage caused by the treatment. A total of at least five gene 

subsets, or regulons, have been identified in E. coli which respond to 

damage to the host chromosome (Little and Mount,1982; Walker, 

1984; VanBogelen et aI., 1987; Walkup and Kogoma, 1989; Storz et 

aI., 1990; Tsaneva and Weiss, 1990; Wu and Weiss, 1991). These are 

listed in Table 1.1. The oxy, sox, and adaptive response regulons are 

induced by a relatively limited number of types of chromosomal 

damage, as indicated in the table. The SOS and heat shock regulons 

are more general responders. The SOS regulon is the largest 

response network (more than 22 genes) and appears to react to the 

greatest number of cellular stresses (Little and Mount, 1982). The 

genes which make up the SOS system show enhanced transcription 

after exposure to a diverse array of DNA-modifying agents and also 

under conditions which inhibit chromosomal DNA replication. The 

experiments described in this dissertation have focused on this 

complex regulon. 
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Table 1.1. Regulons in E. coli That are Induced by Treatments Which 

Damage Chromosomal DNA. 

Induced No. of Method of Transcriptional 

RegulQna By Genes Regylat;! on 

1. Heat Shock Heat,EtOH, >17 Use of an alternative RNA polymerase 

UV, puro- sigma subunit which recognizes new 

mycin. promoters. 

2. Adaptive DNA- >4 Alkylation of the regulatory protein 

Response alkylating Ada converts it to a transcriptional 

agents activator. 

3. Oxy Peroxide >9 Oxidation of OxyR protein converts 

Regulon radicals, etc. it to a transcriptional activator. 

4. Sox superoxide >9 Regulation by SoxR and Soxs. 

Regulon anion 

radicals 

5. ,S.Q.S. Many phys. >22 Repression by LexA protein, which 

RAgnlon & chemical is cleaved by the activated 

damaging agents form of RecA. 

a References are heat shock: VanBogelen at al., 1987; adaptive response and SOS regulon: 
Walker, 1984; oxy regulon: Storz at aI., 1984; sox regulon: Wu and Weiss, 1991. 
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Genes and activities associated with the SOS regulon 

When E. coli cells are exposed to chemical or physical DNA

damaging agents, the primary function of the induced SOS genes is to 

attempt to repair the subsequent damage and ensure survival of the 

organism. The physiological changes associated with this response 

have indicated that it is an extremely complicated process. In 

addition to an enhanced capacity for DNA repair, a number of 

alternative phenotypes have also been observed. These include an 

inhibition of cellular division, alleviation of the host DNA 

restriction system, cessation of respiration, induction of an 

alternative mode of DNA replication (stable DNA replication), 

elevation of plasmid transformation efficiencies, increased 

formation of tandem duplications in the chromosome, enhancement 

of mutagenesis, and induction of several resident prophages and 

coliCinogenic plasm ids (Little and Mount, 1982; Walker, 1984; 

Vericat et aI., 1988; Dimpfl and Echols, 1989). 

Genes which had been identified as members of the SOS 

regulon when the present work was initiated are listed in Table 1.2. 
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For convenience the genes have been grouped into four general 

categories based upon related activities. The associations are not 

completely exclusive, however, as some genes have been implicated 

in multiple processes. Many of the induced proteins are directly 

involved in the repair of damaged DNA and participate in excision, 

mismatch, or recombinational DNA repair. The discovery in recent 

years that several SOS genes are intimately involved in 

chromosomal DNA replication remains an intriguing puzzle. The 

potential importance of these enzymes in the processes of SOS

induced stable DNA replication or SOS mutagenesis remains unclear. 

It should also be noted that some natural conjugative plasm ids of E. 

coli and at least one bacteriophage contain SOS genes in their 

genomes (Strike and Lodwick, 1987; Berg, 1988; Lamont et aI., 

1989). 
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Table 1.2. SOS Genes and Functions Determined Prior to This Work. 

PNA Repair Actiyities: 

uvrA Excision Repair 

uvrB Excision Repair 

recN Recombinational DNA Repair 

recQ Recombinational DNA Repair 

ruvAB Recombinational DNA Repair 

phr Photoreactivation of Pyrimidine Dimers 

DNA replication: 

ssb DNA Replication, Recombination 

uvrD DNA Replication (Helicase II), Mismatch 

Repair, etc. 

dnaQ(mutD) 

dnaN 

umuDC 

nrdAB 

E-subunit of Pol III (editting function) 

p-subunit of Pol III (processivity) 

SOS Mutagenesis ("Error-prone" DNA Repair) 

Ribonucleoside Diphosphate Reductase 

Regulation of the SOS Response: 

Repressor cleavage, Mutagenesis, Recombination 

Repressor of the SOS genes 
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other Actiyitie:s: 

sulA Cell Division Inhibition 

dinA ? 

dinB ? 

dinD ? 

dinF ? 

Regulation of the SOS response 

During the past several years numerous experiments have 

consistently supported a model for regulation of the SOS response in 

which two proteins, RecA and LexA, play key roles (Walker, 1984; 

Peterson et aI., 1988a). LexA protein represses transcription of the 

genes of the SOS regulon. RecA, in addition to its critical function 

as the primary enzyme of homologous DNA recombination, acts as a 

biological sensor of chromosomal damage and/or stalled DNA 

replication. Under such conditions RecA adopts an "activated" form 

which promotes the self-cleavage of LexA and derepresses 

expression of the SOS genes. Some details of the chemical 

mechanism by which activated RecA induces the autocleavage of 
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LexA are now known; a recent model has been described which 

postulates a method of proteolysis that is analogous to that of 

several serine proteases (Slilaty and Little, 1987; Roland and Little, 

1990). 

Despite intensive study, the early processes leading to 

activation of RecA remain incompletely understood. Several past 

studies and recent work in Jeff Roberts laboratory (Little, 1984; 

Walker, 1984; Sassanfar and Roberts, 1990) have suggested a 

critical role for single-stranded DNA in activation of RecA. Indeed, 

inclusion of single-stranded DNA and a nucleoside triphosphate is 

necessary and sufficient for RecA-promoted cleavage of LexA in 

vitro (Little, 1984). Previous experiments have indicated that 

single-stranded DNA regions required to initiate an SOS response are 

generated by at least two mechanisms in vivo. They may result from 

DNA damage-mediated inhibition of the DNA replication complex or 

from enzymatic processing of the ends of broken double-stranded 

DNA. The nuclease/helicase enzyme complex RecBCD has been shown 

to be important in this latter process (Sassanfar and Roberts, 1990). 
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LexA repressor:operator interaction 

LexA is a DNA binding protein which interacts with specific 

sites located at the 5' ends of most or all SOS genes. While evidence 

has been presented that LexA may exist in solution mostly in 

monomer form (Schnarr et aL, 1985), the recent isolation of 

dominant defective mutants implies that multimerization is 

important for repression in vivo (Thliveris et aL, 1991). 

Furthermore, additional experiments have indicated that 

dimerization of LexA protein occurs after repressor monomers have 

become associated with chromosomal DNA (B. Kim and J. W. Little, 

unpublished results). Classes of LexA mutants have been identified 

which are: 1. defective for operator binding; 2. dominant defective 

over /exA+; or 3. altered such that different binding sites are 

recognized (Thliveris and Mou nt, 1991; Thliveris et aL J 1991). All of 

these mutants contain amino acid substitutions in the amino 

terminus of LexA (residues 28-46) where recent NMR studies 

(Lamerichs et aL, 1989) have identified a modified helix-turn-helix 

motif which is somewhat different from the classical structures 
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seen in the A, 434 and Trp repressor proteins. 

The premise that Lex A binds operator DNA as a multimeric 

complex is also supported by the finding that all chromosomal 

binding sites which have been characterized are imperfect twenty 

base pair palindromes containing the sequence CTG(N10)CAG. It is 

most probable that a single protein monomer binds each half of the 

site in an approximately symmetrical fashion. Alignment of known 

sequences has produced a consensus sequence, 

TA.Q.IG.TATATATATA.Q.&lTA, which is perfectly symmetrical (Berg, 

1988). Binding constants determined experimentally have indicated 

that those operator sites which match this consensus sequence most 

closely also exhibit tightest binding to LexA protein (Wertman and 

Mount, 1985; Berg, 1988; Schnarr et aI., 1991). Furthermore, a 

systematic search for operator mutations (Wertman et aI., 1984; 

Wertman and Mount, 1985) has resulted in the identification of eight 

outer base pairs, CTGT .... ACAG, as most critical for binding. 
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Objectives and rationale for the study 

Precedents: 

The experiments described herein were designed to enhance 

our understanding of the regulation and scope of the complex SOS 

regulon of E. coli. At the present time, the SOS regulon is the 

largest network of coordinately regulated genes which has been 

identified in this organism (> 22 genes). Several past studies have 

suggested that additional members of this regulon exist (Kenyon and 

Walker, 1980; Finch et aI., 1985; Morgan et aI., 1986; VanBogelen et 

aI., 1987; Smith et aI., 1991), and at least four loci, dinA, B, D, and 

F, have been identified but their possible roles in DNA repair remain 

to be elucidated (Table 1.2.) 

Objectives: 

The primary goal of the present work was to identify and 

initiate a preliminary characterization of additional members of the 

SOS network. Two very different methodologies were employed to 

accomplish this goal. Both of these approaches are outgrowths of 
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several recent advances in modern molecular biological technique. 

In the first method a genetic screening scheme was developed which 

permitted the direct cloning of DNA damage-inducible (din) genes as 

promoter fusions on high copy' number plasmids in E. coli. The 

second approach was made possible by the explosive growth of DNA 

sequence information which has occurred during the past several 

years. Particularly important to this work was the fact that 

approximately one-third of the E. coli genome has been sequenced 

and is accessible through national databases such as GenBank and 

EMBL. A protocol was devised for systematically searching the DNA 

databases to identify binding sites for LexA, the transcriptional 

repressor of the SOS regulon, in the uncharacterized regions of 

sequenced E. coli DNA. Since most SOS genes contain this highly 

conserved 20 base pair binding site immediately upstream of their 

coding regions, the method has resulted in the identification of new 

members of the regulon. 



28 

Chapter 2 

MATERIALS AND METHODS 

Bacterial strains and plasmids are listed in Table 2.1. 

TABLE 2.1. Bacterial strains and plasm ids. 

reference 

Strain comments/relevant genotype pr spurce 

DM1415 recAl, lexA5l, galK2, sulA2ll lab strain 

DM1?90 recA+, lexA+ , dinA+ lab strain 

DM1O,123 galK2, sulAll, recA+, lexA+ lab strain 

DM1O,16? dinAl: : Mud (Amp, lacZ) from GW1010 

DM1O,169 dinBl::Mud(Amp,lacZ) from GW1030 

DM1O,181 dinFl::Mud(Amp,lacZ) from GW10?O 

DM1O,258 dinDl::Mud(Amp,lacZ) from GW1040 

DM13,OlO recAl, lexA5l, galK2, sulA2ll, this work 

A.lacZop: :lexA+ /pMS421 

Q358 Kohara library host strain Kohara et al.,198? 



DH5a 

Plasmids 

pLKL5 

pLKL27 

pLKL27-1 

pLKL27-2 

pLKL27-3 

pLKL29 

pLKL29-1 

pLKL29-2 

pLKL29-3 

pLKL29-4 

pLKL29-5 

pLKL31 

pLKL32 

pLKL59 

pLKL59-3 

29 

recAl, ~80dlacZ4M15, 4 (lacZYA-argF) BRL Focus, 1986 

U169, endAl, supE44 

M13mp18 MCS::galK, Aropr this work 

pBS (KS+)-derivative from Kohara this work 

phage fl07 (dinAf) 

4dinA (from pLKL27) this work 

4dinA " this work 

4dinA " this work 

pBS (KSt)-derivative from Kohara this work 

phage #204 (dinGt) 

deleted pLKL29-derivative this work 

" this work 

" this work 

" this work 

" this work 

pBS (KSt)-derivative with 654bp this work 

(BglII) ~ A. oop gene fragment 

pBS(KSt)-derivative with 20bp this work 

consensus operator inserted 

dinGop::galK, Aropr this work 

dinGoc::galK, Aropr this work 



pLKL59-47 

pLKL66 

pLKL66-1 

pLKL68 

pLKL68-4 

pKW8 

pKW872 

pKW890 

pMS421 

pATT20 

pATT35 

pAP105 

pNS2353 

pGRH5 

pLJ2 

pLJ8 

dinGoc: :galK, Ampr 

dinAop: :galK, n 

dinAop: :galK, n 

dinHop: :galK, It 

dinHop: :galK, n 

reeAop: :galK, Ampr 

reeAoc1401::galK, Ampr 

reeAoc1407::galK, Ampr 

(from pGB2) lacIO, Spectinomycinr 

laeZop::lexA+, Speer 

(from pJL147+pAT18) 

this work 

this work 

this work 

this work 

this work 

Wertman and 

Mount, 1985 

It 

It 

Churchward et 

al., 1984 

Andy Thli veris 
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lexAl, Speer (EeoRI-PstI genomic DNA Andy Thliveris 

fragment from DM1012 cloned in pAT18) 

ntrla insert 

cjlP 1 ere insert 

pyrC'-orfC'::galK, Ampr 

pBS(KS+)-derivative of Kohara 

phage #214 (NotI-PstI fragment) 

pBS(KS+)-derivative of Kohara 

phage #214 (EeoRI-BamHI fragment) 

Allibert et al., 

1987 

Sternberg et 

al., 1986 

from G.R. Harlow 

from L.A. Jolly 

from L.A. Jolly 
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Enzymes and reagents. 

14C-galactose and 32P-dATP were from leN Radiochemicals, 

Irvine, CA. 35S-dATP and 35S-Methionine came from Dupont, NEN 

Research Products, Boston, MA. Cellular growth media and 

MacConkey agar base were obtained from Difco laboratories, Detroit, 

MI. Mitomycin C, isopropyl b-D-thiogalactopyranoside (IPTG), and 

hydroxylamine were from Sigma Chemical Co., St. Louis, MO. Pre

weighed acrylamide (37.5:1 acrylamide:bis) was purchased from Bio

Rad. Urea was obtained from Bethesda Research Laboratories. "Low 

melting" agarose was from International Biotechnologies, Inc. 

Galactokinase assays and maxicell experiments. 

Galactokinase assays were performed as described (Mckenney 

et aI., 1981), with slight modification. Cells were cultured in 

lambda broth (1 % Bactotryptone, 0.5% NaCI, 2 mg/ml vitamin B1, pH 

7.3). The specific activity of the galactose was adjusted by mixing 

1 volume of stock 14C-galactose with 6.1 volumes of 11 mM 

galactose before combining these with Mix1 and Mix2+ATP as 
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described by McKenney et al. (1981.). Finally, all filters were 

washed a total of 12 times using 5ml of ddH20 for each wash. For 

mitomycin C induction studies, cells were grown to 50 Klett units 

and then split into duplicate samples with and without 1 J.1g/ml 

mitomycin C. All reported galactokinase (gall<) units are averages of 

2 separate experiments; each such experiment was performed in 

duplicate. The standard error for each value was less than 9%. GalK 

units are nmoles of galactose phosphorylated per min per ml of cells 

at an 00650 of 1.0. Maxicell analysis was performed using SOS-PAGE 

with 10% acrylamide gels as described (Stoker et aI., 1984). Protein 

molecular weight standards used were the "High Range" mixture 

(14.3 kOa - 200 kOa) from Bethesda Research Laboratories, 

Gaithersburg, MO. 

ONA sequence analysis 

All sequencing was performed using the dideoxy method in 

conjunction with Sequenase (U. S. Biochemical) as described 

(Toneguzzo et aI., 1988). The inserts within plasmids pLKL59 and 
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pLKL66-1 were sequenced directly using the primer GalK1 and 

another primer (Amp1S) specific for the region between the EcoR 1 

site in pLKLS and the p-Iactamase gene (Table 2.2). The dinH 

regulatory region was sequenced after subcloning a Thal-Smal 

fragment containing the 212 bp downstream portion of the insert 

from pLKL68 into pBluescript (KS+) (Stratagene Cloning Systems). 

This new construct, pLKL26, was sequenced using M13 universal and 

reverse ·primers. Additional sequence downstream of the dinH 

promoter region was obtained using pLJ2 and pLJ8. pLJ2 contains 

the 1.1 kb Notl-Pstl fragment from Kohara phage #214 cloned into 

pBluescript. pLJ8 contains the -3 kb Pstl-BamHI fragment of phage 

#214 (encompassing the downstream portion of the dinH gene) 

cloned into pBluescript. 

Table 2.2. Oligonucleotide primers used for DNA sequencing of dinA, 

dinG. and dinH. 

(a)dinG gene primers 

Primer SeQuence 



G1 

G2 

G3 

G4 

G5 

G6 

G7 

G8 

G9 

(b) dinH gene primers 

H1 

H2 

H3 

HA 

(0) other primers 

GalK1 

Amp15 

CGCTTCAGGAACAGATC 

CTGCAATGCCACGTTG 

CGTCGTTTAAGTACCG 

CATCCGGCAGGTGAT 

ATCACCTGCCGGATG 

GCAGTGAAACCAGAGGT 

GGATGTTCGAGGCGCAA 

GGCTTACAGTCATTTGC 

CCTTTAACCACTGCGAAC 

TCATCAGTCCAGCGACG 

GTAATCGTACCCGTCGC 

TTGTGGAGCCTGAACCC 

GGCTGCCGCAACCGIT 

AAAGTGCGCGTGCAGCC 

CACCTGACGTCTAAG 

34 
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Computer Methods 

Operator searches were performed as described in Results 

using the N-match program (Myers and Mount,1986). This program 

searches for approximate matches to a query sequence and permits 

the number of allowable mismatches, insertions, or deletions to be 

pre-determined. E. coli promoter searches used two rule-based 

programs which have been described (O'Neill, 1989a,b): 1. "alignic2" 

analyzes potential promoter sequences using information content 

theory as described by Schneider et al. (1986); "molbvhi3" predicts 

promoter sites using algorithms derived from the statistical 

mechanics theory of Otto Berg and Peter von Hippel (Berg and von 

Hippel, 1987,1988). A third promoter screening method utilized a 

novel neural networking search program developed by Michael O'Neill 

(O'Neill, 1991). This program has been "trained" to distinguish 

between promoter sequences and either random DNA sequences, A+ T

rich DNA sequences, or known promoter sequences that have been 

mutated and are non-functional in vivo. These 3 programs have been 
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shown to identify E. coli promoters very accurately when used to 

analyze the compiled promoter sequences of Hawley and McClure 

(1983). Recent modifications to the neural net search program have 

resulted in increased promoter recognition capability and lower 

false-positive rates and it is the most accurate of the three 

programs (Michael O'Neill, personal communication). 

Comparisons of newly sequenced DNA and predicted amino acid 

sequences to those in the GenBank and PIR databases were performed 

using both Fasta and Blast (Altschul et aI., 1990). These computer 

programs identify the closest sequence matches in a protein or DNA 

sequence database to an input test sequence. The programs locate 

these similarities by searching for the maximum number of 

consecutive matches between two sequences (Fasta) or by 

identifying regions that have the maximum density of local matches, 

consecutive' or not (Blast). LexA operator searches utilized the Find 

(Devereux et aI., 1984) and Fasta programs as described in Results. 

The Find search program identifies exact matches in a database to 

short query sequences, but can be adjusted to permit a specified 



number of mismatches. 

Construction of deletions within the dinA(poIB) and dinG coding 

regions. 
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The dinA deletion plasmids plKl27-1 ("AAcc") and plKl27-2 

("A Cia") shown in Figure 3.8 were generated by digestion with each 

enzyme, purification of the vector fragment, and 

religation/transformation. plKl27-3 ("AHpa") was created by 

digesting with Hpal and Hind"', filling in the sticky ends with 

Sequenase and dNTP's, and religating the larger fragment. 

plKl29 contains the 5.7 kb (BamHI) dinG gene insert from 

Kohara phage #204. plKl29-1 was created by digestion of plKl29 

with BglII, gel-purification of the vector fragment, and self

ligation. plKl29-2 was made by purifying the 4.3 kb BgllI fragment 

from plKl29 and ligating this into BamHI-digested pBluescript. 

plKl29-3 was constructed by digestion of plKl29 with Ndel, 

purification of the larger vector piece, and self-ligation. plKl29-4 
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was formed by digestion of pLKL29 with Nrul and Hpal, purification 

of the vector fragment, and self-ligation. pLKL29-5 was created by 

digestion of pLKL29-2 with Smal and Ndel, filling in the sticky ends 

with Sequenase and dNTP's, purification of the vector fragment, and 

self-ligation. 

Gene mapping and Southern blots. 

Plaque hybridizations were performed by spotting 2J.11 of each 

of the 476 Kohara library phage onto 0358 lawns, transferring 

plaque DNA to nitrocellulose disc filters, and hybridizing to DNA 

which was randomly labelled with 32P-dATP as described (Judd, 

1984). The probes were EcoR1-Hindlll inserts purified from pLKL59, 

66-1, and 68. Southern blots were done using 0.7% agarose gels and 

the "sandwich" method (Maniatis et aI., 1982). 

Hydroxylamine mutagenesis. 

A 1 M hydroxylamine solution was prepared by adding 0.695 g of 

the mutagen to water, making the pH to 6.0 with 10N NaOH, and 

adjusting to a final volume of 10 mi. On the day of an experiment, 
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the incubation buffer was prepared by mixing O.S ml 1 M potassium 

phosphate (pH 6.0) + 0.01 ml O.SM EDTA + 0.49 ml water. 

Mutagenesis was effected by ethanol precipitating .... 20 J.lg of pLKLS9 

(dinG::ga/K) , washing with 70% ethanol, and resuspending in 100 J.l1 

incubation buffer + 100 J.l1 1 M hydroxylamine. This solution was 

heated at 670C for 40 min and then 800 J.l1 TE (pH 8.0) was added. 

The solution was dialyzed against 1 I of TE at 40C for 2 days with 3 

changes. Changes were approximately every 12 hours with a total of 

4 I of TE used. The DNA was then removed and precipitated normally 

with sodium acetate and ethanol, washed, and resuspended in SO J.l1 

TE. Four J.l1 of this solution was used to transform DM10,123. 

Transformed cells were spread onto galactose MacConkey plates 

containing ampicillin. Red colonies were cultured overnight in L

broth + ampicillin and plasmid DNA was prepared using the Kahn 

lysis protocol (Kahn et aI., 1979). Each plasmid was re-transformed 

back into DM1 0,123 to prove that the red colony phenotype was 

reproducible. The plasmids pLKLS9-3 and pLKLS9-47 were tested to 

confirm that the operator-constitutive phenotype was due to the 
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sequenced mutations in the regulatory region and not because of 

alterations in the coding sequence of galactokinase as follows: each 

plasmid was digested with EcoR1 and Hind'" and the inserts were 

gel-purified. These were ligated with EcoR1/Hindill-digested pLKL5 

/' and DM1 0,123 was again transformed. All transformants receiving 

inserts grew as red colonies. 

Electrophoretic Mobility Shift Assays (EMSA's). 

Assays were performed on either 4.5% or 5.0% acrylamide-bis 

gels (37.5:1 acryl:bis) using 1 X GBB as running buffer. A 10 X GBB 

stock was prepared by combining 67 ml 1 M Tris-Hel (pH 8.0), 11 ml 

3M sodium acetate (pH 7.0), 20 ml 0.5M EDTA and water to a volume 

of 1 I. Purified LexA protein was a generous gift of· Ken Roland and 

John Little. All Lex A dilutions and mixed protein/DNA incubations 

were performed in 1 X "200". A 4 X "200" stock was prepared by 

mixing 240 III 1 M Tris-Hel (pH 8.0), 600 III 4.0M Nael, 24 III 0.5M 

EDTA (pH 8.0), 1,440 III glycerol, 26 III 46mg/ml Bovine Serum 

Albumin, and 670 III water. Experiments were initiated by combining 
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reagents in the following order: 5.5 J.11 water, 2.5 J.11 4 X "200", 2 J.11 

radioactive DNA fragment (to a final concentration of 10-75pM 

unless specified otherwise in Results), and 10 J.11 diluted LexA 

protein. This solution was incubated at 250C for 20 min and 7-10 J.11 

was loaded directly onto gels which had been pre-electrophoresed 

for at least 60 min with recirculation of the buffer. 

Radioactive DNA fragments were prepared by restriction 

enzyme digestion in 1 X KGB (McClelland et al., 1988) and extension 

with 32P-dATP and Sequenase. The labelled fragments were purified 

from 6% acrylamide gels by eluting overnight in a high salt buffer 

(Maniatis et aI., 1982). The specific gene fragments used in this 

study are described in Table 2.3. 
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Table 2.3. Derivation of the DNA fragments used in electrophoretic 

mobility shift assays in Chapters 3 and 4. 

Gena ~ Enzymes used ~ 

dinA pLKL30 EcoRl and Psd 281bp 

dlnH pLKL26 EcoRl and BamHl 259bp 

dinG pLKL59 EeoRI and Hlndlll 260bp 

dlnG-3 pLKL59-3 EcoRI and Hlndlll 260bp 

dlnG-47 pLKL59-47 EcoRI and Hlndlll 260bp 

reeA1401 pKW872 NSll and Hlndlll 144bp 

reeA1407 pKW890 Nsn and Hlndlll 144bp 

pyrC-orfC'( ECOPYRC) pGRH5 Ndel and BamHI 550bp 

consensus SOS box pLKL32 Pvull and Hlndlll 190bp 

cj>P1 ere (PP1 CRE) pNS2353 Pvull and BamHI 830bp 

ntrla-orf2(ECONTRLA) pAP105 Stul and Afnl 294bp 

hsdS-merB(ECOHSDSK) Kohara phage #670 Be/l+Xbal + Hind II I 909bp 

A oop(LAMCG) Bacteriophage A DNA Bgn! 654bp 

A(12,002-623;AE:17.5) Bacteriophage A DNA Sphl· and Afnl 619bp 

Other plasmid constructions: pLKL31 was prepared by digesting 

bacteriophage lambda DNA with 8g/ll, isolating the 654bp oop gene 

fragment, and cloning this into the 8amHI site of pBluescript. 
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Plasmid pLKL31 was originally intended to be used for EMSA's and as 

an intermediate in the construction of subsequent Aoop::gaIK fusions 

for studies of transcriptional regulation in vivo. The plasmid was 

not used for these purposes but is described here to facilitate future 

studies of oop gene transcription in this laboratory. Plasmid pLKL32 

was created as follows: 10 ng of consensus 20mer oligonucleotide 

DNA was placed in 1 X Sequenase buffer (normal sequencing buffer), 

heated at 900C for 5 min, and allowed to cool slowly to room 

temperature. This DNA was then co-precipitated with 200 ng of 

Sma I-digested pBluescript and ligated. Proper insertion was 

checked by DNA sequencing. 

Site-directed mutagenesis using the Polymerase Chain Reaction 

(PCR) 

All PCR experiments described in this dissertation were the 

product of a collaboration between the author (LKL) and Greg R. 

Harlow and were performed using a DNA thermal cycler and 

AmpliTaq reagents purchased from Perkin-Elmer Cetus. Individual 

reactions contained 250 ng of each primer combined with 10 ng of 
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plasmid DNA in a 100 J.LI reaction. The incubation mixture was 

supplemented with 1.5mM MgCI2. Polymerization was initiated by 

adding 2.5 U of the AmpliTaq enzyme and cycling as follows: 940C 

for 3 min followed by 25 variable temperature cycles (each 

consisting of 1 min at 94oC, 1 min at 38oC, and 1 min at 720C). The 

final incubation was at 720C for 3 min. PCR products were purified 

away from contaminating dNTP's using "Centricon 30 

microconcentrators" from Amicon. Primers used for mutagenesis of 

the operator within ECOPYRC and PP1 CRE are listed in Table 2.4. 

Plasmid pGH5 was created by isolating the 937 bp 8amHI operator 

fragment from pCLT107 (Wilson et aI., 1987) and cloning this into 

the 8amHI site upstream from galK in pLKL5. Proper orientation 

(orfC'::gaIK) was confirmed by DNA sequencing. PCR experiments 

with the prospective LexA operator near the bacteriophage P1 ere 

gene used pNS2353 (Sternberg et aI., 1986) in conjunction with the 

primers indicated in Table 2.4. 



Table 2.4. Primers used for site-directed PCR mutagenesisa 

(a) Mutagenesis of the putative operator within ECOPYRC 

primer SeQuence 

Pyr TTAGGTTATTTTACCTGTATAAAT 

PyrM TTAGGTTATTTTACCkGTATAAAT 

GalK1 (listed in Table 2.2) 

(b) Mutagenesis of the prospective PP1 CRE site 

Cre 

CraM 

Cre2 

TATGATCAATTTACCIGTAAATCC 

TATGATCAATTTACCkGTAAATCC 

CTGGCGATCCCTGAACAT 
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a The portion of each primer sequence which corresponds to the newly Identified LexA 
binding site is written in boldface. The nucleotide positions which were modified to 
create mutant binding sites are underlined. Use of GalK1 and either pyr or PyrM 
creates a 219 bp PCR product. Use of Cre2 In conjunction with either Cre or CreM 
generates PCR products that are 504 bp in length. For additional details see Chapter 4. 



Chapter 3 

IDENTIFICATION OF NEW SOS GENES 

USING A NOVEL GENETIC SCREENING PROCEDURE 

Strategy for screening the E. coli genome 
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New SOS genes were identified by cloning their promoter 

regions 5' to a galK reporter gene and then demonstrating control of 

these regions by the SOS regulatory system (Figure 3.1). The 

promoterless galactokinase (galK) gene vector pKO-1 was initially 

modified by replacement of the 300bp EcoR1-Hindlll segment 

upstream of galK with the 55bp EcoR1-Hindlll region of M13mp18 

containing the multiple cloning sites. The resulting vector, pLKL5, 

was then used as a cloning vehicle for the specific isolation of E. 

coli promoters which are transcriptionally repressed in the presence 

of high levels of LexA protein. The plasmid contains translation 

stop codons in all three reading frames upstream from the galK gene 

(McKenney et aI., 1981). This construction assured use of the galK 

ribosome binding site for translation so that only transcriptional 
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regulation was detected. Chromosomal DNA from E. coli K-strain 

DM1790 was completely digested with Sau3A-1 to generate 

fragments of average size .... 300 bp. These fragments were 

subsequently ligated to phosphatased, BamH1-digested pLKL5 and 

used to transform DM 13,01 O. This host (Table 2.1) exhibits 

IPTG-dependent regulation of Lex A synthesis. Transformation 

mixtures were spread onto galactose-MacConkey indicator plates 

containing ampicillin and spectinomycin and cells with promoter 

fragments inserted upstream of the galK gene were scored as red 

(Gal+) colonies at 37oC. These transformants were picked and 

transferred to duplicate MacConkey agar plates containing either 
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1 mM IPTG to induce LexA expression or no IPTG as a repressed 

control. A subset of the initial promoter collection was identified 

which produced a more pronounced red color without LexA induction 

(described below). 

The initial plating of 30,000 transformants yielded 

approximately 1500 red (promoter-containing) colonies. A total of 

289 of these transformants exhibited subtle or extreme variation in 
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color with and without IPTG. Plasmids within 4 colonies showing 

the greatest difference were characterized initially: pLKL59, 63, 

66, and 68. Preliminary sequence analysis indicated that pLKL63 

contained the reeA promoter and it was not studied further. 

Experiments described below have led to the designation of the loci 

cloned within pLKL59, 66, and 68 as dinG, A, and H. 



E. coli chromosomal DNA 

Transform DM13010 

No IPTG: Cells synthesize very low levels of LexA repressor and form 
RED colonies. 

+ IPTG: Cells overproduce LexA and form WHITE colonies. 

Figure 3.1. Genetic screening method used to isolate SOS 
promoters as fusions to galactoklnase (gall<). Small fragments of 
Eo coli genomic DNA created by digestion with SaLi3A-1 were 
cloned In front of a promoterless galK gene In pLKL5. SOS 
promoter fragments exhibited higher levels of GalK synthesis 
when the lacZop::lexA fusion was repressed by Lacl. E=EcoRI; 
B=BamHI; H=Hindlll. t=translational termination codons in all 
three reading frames. 
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Regulation of dinA (poIB) , dinG, and dinH by Lex A repressor 

The effect of altering cellular levels of LexA protein on 

transcription from pLKL59, 66, and 68 is shown in Table 3.1. 

Quantitation of galactokinase expression was performed using .the 

filter-binding assay of McKenney et al. (1981) with some 

modifications. Increased levels of galactokinase activity were 

observed for all plasmids when the lacZop::lexA fusion in the cell 

was repressed by Lacl protein. Maximum (derepressed) levels of 

galK expression varied greatly, from 17.5 units for dinG to 114.5 

units for dinH. A high level of galactokinase synthesis was observed 

for recA, which is known to contain a strong promoter (Caseregola 

et aI., 1982; Markham et aI., 1984). 
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TABLE 3.1. Regulation of din fusions by lexAa. 

Fu3iQD tlmM :rPTG ltLexA) Np tpTG (-Led) Ratio 

rec:A: : galle 10.9 U 160 t7 14.7 

dinA: : galle 3.24 U 35.9 t7 11.1 

dinG: : galle 3.63 U 17.5 t7 4.8 

dinB: :galK 19.1 t7 115 u 6.0 

a Expression from the (scA, dinA, dinG, and dlnH fusions to galK was studied using pKWB, 

pLKL66, pLKL59, and pLKL6B, respectively. 

To examine the response of the three din::gaIK fusions to 

treatments which damage DNA, the plasmids were transformed into 

DM10,123 (reeA+,/exA+, galK2, suIA11). Exponentially growing cells 

were cultured at 370 C with and without the DNA-alkylating agent, 

mitomycin C (1 Jlg/ml). Galactokinase levels increased within the 

first hour and were monitored for an additional two hours (Figure 

3.2). Induction kinetics for all three din fusions were very similar 

to that shown by the reeA control. Maximum induction ratios 

calculated for reeA, dinA, dinG, and dinH were 8.5, 6.5, 4.7, and 3.6, 

respectively. 
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Figure 3.2. Effect of mitomycin C (MMC) treatment on din::gaIK expression in vivo. 
Exponentially growing cells were cultured for the indicated times after addition of 
1J,1g/ml MMC and then assayed for galactokinase activity. (A) pKW8; (8) plKL59; 
(C) plKl66 and plKl66-1; (D) plKl68. 

= 
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The din promoter inserts in the above plasm ids were removed 

(using Smal) and their sizes were analyzed by agarose gel 

electrophoresis. The sizes of the pLKL59, 66 and 68 inserts were 

approximately 200bp, 950bp and 660bp, respectively. To simplify 

analysis of the dinA regulatory region within pLKL66, a 244bp Thai 

subfragment was identified which, when subcloned back into 

Sma I-digested pLKL5, exhibited the same phenotype on galactose 

MacConkey indicator plates as the original plasmid. The resultant 

plasmid, pLKL66-1, contains the downstream end of the insert 

within pLKL66. DM1 0,123 cells were transformed with pLKL66-1 

and the time course of mitomycin C induction was examined. As 

shown in Figure 3.2, the GalK induction profile was almost identical 

to that of pLKL66, indicating that the regulatory region of dinA had 

been retained on the 244bp fragment. Similarly, a 212 bp 

Thal-Sau3A-1 fragment from pLKL68 (in pLKL68-4; isolated through 

two subclonings) was identified which retained sequences required 

for promoter function and /exA regulation (data not shown). 
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Localization of the new din genes on the E. coli genetic and physical 

maps 

Mapping studies were performed using the bacteriophage 

lambda library of Kohara (Kohara et aI., 1987). This collection of 

476 independent and overlapping clones contains inserted E. coli DNA 

representing approximately 99% of the genome. Each phage is 

numbered and the approximate location of each E. coli DNA insert on 

the genetic map has been determined. The regulatory regions within 

pLKL59, 66-1, and 68 were removed by digestion with EcoRI and 

Hind II I and used as radioactive probes to screen the library by plaque 

hybridization. An example of this analysis is shown in Figure 3.3. 

The 209 bp dinG promoter fragment from pLKL59 hybridized to only 

one of the Kohara phages, #204. 



Kohara phage 
#204 -------> • 

,:J; , 
" 

r.··\~:;·;' ~\;l~:: ~ 

'i':, ~l'~~' '~? 
'I' 

. ;:~r. :~~: :"'.~'-~~;'<' 

,,4' 

:,~l ~ 

Figure 3.3. Mapping of the dinG locus to the E. coli chromosome by 
plaque hybridization. The 209 bp insert within pLKL59 was used as 
probe to screen the 476-phage E. coli DNA library of Kohara et al. 
(1987). Kohara phage stocks (2 ~I) were spotted onto 0358 bacterial 
lawns in linear arrays. Plaque' DNA was then transferred to 
nitrocellulose filters and probed. 
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Results obtained for all three genes are summarized in Table 

3.2. The inserts in pLKL59 (dinG) and pLKL68 (dinH) did not map near 

any previously identified genes within the SOS regulon. The dinH 

gene probe hybridized to three library phage, #213, 214, and 217. 

Phage #217 is not predicted to overlap the other two chromosomal 

inserts but is located less than 0.3 minutes away on the Kohara map. 

In an effort to unambiguously map the dinH locus, DM1790 

chromosomal DNA was digested with 7 of the 8 restriction enzymes 

used by Kohara and analyzed by Southern blotting using the pLKL68 

insert as probe. All bands clearly conformed to the published map of 

phages 213 and 214 but not 217 (data not Shown). The reason for the 

anomalous hybridization results remains unclear, but these may 

indicate that phage #217 contains portions of DNA from more than 

one region of the chromosome. The probe derived from pLKL66-1 

mapped to 1.2 minutes, which is very close to the dinA locus mapped 

genetically by Kenyon and Walker (1980). Experiments described 

below indicated that this was indeed the dinA gene. 
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TABLE 3.2. Locations of din loci on the E. coli chromosomea. 

Map position 

Plasmid LOClls I,j bra ty q J ODe Genetic Physical 

pLKL66 dinA 5H5 (fl07) 1.2 min. 64 Kb 

pLKL59 dinG 1B4 (1204) 17.8 min. 850 Kb 

pLKL68 dinH 1H1(*213) + 1F10(*214) 19.8 min. 942 Kb 

a Map numbering systems were taken from Bachmann, 1990 (genetic map) and Kohara 

et al., 1987 (physical map). 

Sequence analysis of the cloned din gene regulatory regions 

Nucleic acid sequences for the three din regulatory regions 

were determined using the dideoxy method as described (Toneguzzo 

et aI., 1988). The sequences are shown in Figure 3.4. In order to 

identify potential LexA binding sites ("SOS boxes") the computer 

program N-match was used (Myers and Mount, 1986). All previously 

characterized chromosomal operators for Lex A have been found to 

contain the symmetrical sequence CTG(N1o)CAG, with the central 

region typically very A+ T-rich. The program was directed to search 
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for CTG(N1o)CAG with no mismatches and with a single mismatch, 

insertion, or deletion. The dinA segment was found to contain a 

perfect match between positions 27-46 and dinH has a perfect 

match between base pairs 44-63. These sequences are overlined in 

Figure 3.4. Both of these sites contain the extended dyad symmetry 

(CTGT .... ACAG) seen in the consensus sequence for LexA operators 

and are A+ T-rich in the central 10 bp. A second operator-like 

sequence was found in the dinH regulatory region which takes the 

form CTG(N1o)IAG (positions 84-103). This sequence is relatively 

G+C-rich in the central region and differs from known sites at one 

position in the highly conserved outer 6 bp (underlined). These 

observations suggest that this sequence is unlikely to represent a 

functional LexA binding site. A search of the dinG sequence failed to 

identify a perfect match to the consensus sequence pattern, but a 

highly homologous sequence at nucleotides 109-128 was found 

which probably represents a LexA binding site (discussed below). 

This non-canonical 20 bp segment contains the sequence 

ITG(N1o)CAG. The sequence determined here for dinA differs from 

the overlapping sequence published for the araBAD operon (Lee et aI., 
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1986) at positions 69, 92, and 94 (Figure 3.4). 

Three search programs were used to identify potential din gene 

promoter sites (see Materials and Methods). The predicted -35 and 

-10 regions are underlined in Figure 3.4. Interestingly, one of the 

promoters identified for each of the three din genes overlaps the 

predicted LexA binding site in each sequence. This overlap between 

promoter and operator is typical of known SOS genes (and E. coli 

genes in general, with several exceptions). Comparison of the 

sequences determined here with those in the GenBank database 

produced a match only with dinA (described below). Unpublished 

sequence information encompassing the E. coli Irp gene (Kenneth 

Rudd, personal communication) indicated that the dinH regulatory 

region is located immediately downstream of this gene. 



Figure 3.4. Analysis of the nucleotide sequences of the cloned 
regulatory .regionsa 

(A) dinA (polB) 

1 [505] ___ _ 

60 

CGCGAAGGCATATTACGGGCAGTAATGACTGTATAAAACCACAGCCAATCAAACGAAACCAGGCTATACT 
AlaLysAlaTyrTyrGlyGlnTERTER -35 -10 (A) 

araD'----> 
71 
CAAGCCTGGTTTTTTGATGGATTTTCAGC~GCGCAGGCAGGTTTTATCTTAACCCGACACTGGCGGGA 

(A) (A) 
141 
CACCCCGCAAGGGACAGAAGTCTCCTTCTGGCTGGCGACGGACAACGGGCCGTTGCAGGTTACGCTTGCA 

211 
CCGCAAGAGTCCGTGGCGTTTATTCCCGCCGATC 

(B) dinG 

1 
GATCCTTTGTGCTCGAACGGGCATTAAACCGCATTATGTTGGTGGTTATTGCGAGCCGCTTTCCAGAAA 

71 [505] __ _ 

CAGAAAAACCATTACCCCTGAAAACCGAAAATGCCACAATATTGGCTGTTTATACAGTATTTCAGGTTTT 
-35 -10 

141 
CTCATGGCATTAACCGCCGCGCTTAAAGCGCAAATTGCCGCCTGGTATAAGGCGCTTCAGGAACAGATC 

(C) dinH 

1 [505] __ _ 

CGCTAACACGGAACAGGTGC8AAATCGGCGTATTTGATTACACTCCTGTTAATCCATACAGCAACAGTAC 
argTER -35 -10 
-->lrp gene 

71 
TGGGGTAACCTGGTACTGTTGTCCGTTTAGCATCGGGCAGGAAAAGCCTGTAACCTGGAGAGCCTTTCTT 

-35 -10 

141 
GAGCCAGGAATACATTGAAGACAAAGAAGTCACATTGACAAAGTTAAGTAGCGGCCGCCGCCGTTGCTGA 
211 
TC 
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a Putative LexA binding sites (overllned and designated "SOS") and promoter sequences 
(underlined with -35 and -10 regions labelled) were Identified as described In 
Materials and Methods. The start codon for dinA (GTG) Is also underlined (Myron 
Goodman and Kevin McEntee, personal communication). Sites for Sau3A-1 are printed 
In bold type. The three bases placed In parentheses In (A) represent differences between 
the sequence determined here and the overlapping sequence published for araBAD (Lee et 
al., 1986). 

Confirmation that pLKL66 contains the gene for dinA(poIB) 

din A, B, 0, and F were originally identified as Mud(Amp,laoZ) 

fusions that show increased ~-galactosidase activity in the 

presence of mitomycin C (Kenyon and Walker, 1980; Kenyon et aI., 

1982). This synthesis was observed to be dependent upon reoA and 

lexA and these genes have been provisionally classified as members 

of the SOS regulon. Mapping of the cloned DNA in pLKL66 revealed 

that it is located at approximately 1.2 minutes on the E. coli 

chromosome (Table 3.1), which is very close to the position 

determined for dinA by Kenyon and Walker (1980). 

Sequence analysis has indicated that the DNA inserted within 

pLKL66 lies just downstream of the araBAO operon. The Kohara 
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library phage which hybridizes to pLKL66, 5H5 (#107), contains the 

entire araBAD operon and several kilo bases on each side. This phage 

is depicted schematically in Figure 3.5. 



~~~ ~ ~ ~ 

l1v -----.:=....:.. ksg A 
araC araBAD 

( m , E) B B p B p I )~ 
.(1 I I I I I I~, 

..- • Lambda Ann 
L<mbda Ann araC ara BAD 4' • a 9.2 kb 
- 20 kb dl;A 

E 
B 5.3 kb ~ I loE 

Figure 3.5. Derivation of Kohara phage #107 and pLKL27. Phage #107 is an 
EMBL4 construction and contains approximately 13.1 kb of E. coli DNA. pLKL27 
was created by clon1ng the 5.3 kb BamHI-EcoRI fragment shown 1n the f1gure 
into pBluescript (KS+). B=BamHI; E=EcoRI; P=Pvull. 

{ 
E. coli 
chromosome 

{ 
Kohara phage 
5H5 (# 107) 

{ pLKL27 
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Insertion of the Mu phage used by Walker into the coding region 

of dinA introduces a BamHI restriction site into the region (Kenyon 

et aI., 1982). Thus, if pLKL66 contains a portion of the gene, then 

the region of the chromosome corresponding to the insert in pLKL66 

should be altered in a dinA::Mut:!.(Amp,lacZ) strain. To test this 

possibility, chromosomal DNA was purified from a strain which is 

wild type for SOS functions and from four din fusion strains. These 

DNA's were digested with BamHI and used for Southern blotting 

experiments. Use of the EcoRI-Hindlll insert of pLKL66-1 as a 

hybridization probe yielded the autoradiogram shown in Figure 3.6a. 

Hybridization to BamHI-cut DNA from wildtype, dinB, 0, and F-fusion 

strains produced the expected band at 15 kb (lanes 1, 3, 4 and 5), but 

DNA from the dinA fusion strain yields a smaller band of size 12 kb 

(lane 2). This result strongly supports the proposition that pLKL66 

contains dinA. Further evidence that this altered restriction site 

pattern is a result of insertion of phage Mu (approximately 30 kb in 

size) in this region is presented in Figure 3.6b. The 5.3 kb 

EcoRI-BamHI fragment in Kohara phage 5H5 which hybridized to 

pLKL66 should contain chromosomal DNA residing both upstream and 



65 

downstream of the phage Mu insertion. Repeating the experiment in 

Figure 3.6a using this fragment as probe should result in the 

identification of two labelled bands: the approximately 12kb 

upstream fragment seen in Figure 3.6a and a much larger fragment 

representing the downstream portion of the phage and of the dinA 

gene/operon. The data in Figure 3.6b, lane 2, confirms this 

prediction. A very large upper band of size >25 kb appeared in the 

dinA fusion-derived DNA. Banding patterns for the other 

chromosomal DNA's remained unaffected. 

Identification of the product of the dinA(poIB) gene. 

In order to examine dinA gene/operon expression, a 5.3 kb 

BamHI-EcoRI DNA fragment encompassing the dinA region and a 

portion of the araD gene (Figure 3.5) was placed into the high copy 

number plasmid vector pBluescript and examined by maxicell 

analysis. Proteins expressed from the resultant plasmid, pLKL27, 

were analyzed in DM1415 [recA1, lexA51(Def-)] and in DM1415 cells 

containing the plasmid pATT35 [/exA 1(lnd-)] (Peterson et al., 1988), 

as shown in Figure 3.7. Three new proteins which have calculated 
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molecular weights of 84, 66, and 52 kOa were synthesized from the 

dinA construct. The 84 kOa band was consistantly expressed at 

lower levels in the lexA 1 strain than in lexA51(Oef-) cells when 

normalized against p-Iactamase synthesis (Figure 3.7). To confirm 

that this band represented the product of the dinA gene, three 

deleted derivatives of pLKL27 were constructed (Figure 3.8). Each of 

the deletions was predicted to remove the entire regulatory region 

of dinA. All three deletion plasm ids continued to synthesize the 52 

and 66 kOa peptides but the 84 kOa band was no longer observed 

(Figure 3.9, lanes 2-7). This result is consistent with the earlier 

data in Figure 3.7 and indicates that the 84 kOa protein is the dinA 

product. 



(A) 

(8) 

din: :Mud (lacZ): 

15 Kb ~ .. 

12 Kb .. 

B A F· D 

B A F D 

15 Kb ..... 

12 Kb ..... 

'"' : 

wt 

wt 

Figure 3.6. Determination that pLKL66 and pLKL66-1 encode the 
regulatory region of the dinA gene. (A) Use of the promoter insert 
within pLKL66-1 to probe E. coli genomic DNA's which had been 
digested with 8amHI. (8) Use of the 5.3 kb 8amHI-EcoRI insert from 
pLKL27 as probe. 
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Figure 3.7. Use of maxicells to identify 35S-labelled proteins 
synthesized from pLKL27 in DM1415 {reeA-, /exA(Def-)} and in 
DM1415 cells containing pATT35 {/exA 1(lnd-)}. The control plasmid 
pATT20 encodes a /aeZop::/exA+ promoter fusion. The molecular 
weight of LexA is 22 kDa. The 84, 66, and 52 kDa peptides were 
produced by the E. eoli DNA inserted into pLKL27. 
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Figure 3.9. Evidence that the product of the dinA(polB) gene is an approximately 84 kDa 
protein. Experiments were performed as in Figure 3.7. All three deletions (.dAcc, .dCla, 
and .dHpa) remove the regulatory region and part of the coding sequence of the dinA 
(polB) gene. The 84 kDa band was not detected among the proteins produced by the 
deletion plasmids after increasing exposure time by five-fold (data not shown). 
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Isolation of operator-constitutive mutations in the promoter region 

of dinG. 

The sequence determined for the promoter region of dinG 

contains a 20 bp seqment which is similar to known LexA operators, 

but which does not retain the symmetrical CTG(N1o)CAG motif 

common to all previously identified chromosomal binding sites. The 

putative dinG operator contains the asymmetric sequence 

. ITG(N1o)CAG. This sequence and the putative dinA and dinH sites are 

displayed along with all known chromosomal operators in Table 3.3. 

Past studies have provided evidence that operator sequences which 

are most similar to the consensus site generally interact with LexA 

protein most strongly (Wertman and Mount, 1985; Berg, 1988; 

Schnarr et aI., 1991; Chapter 4, this work). The predicted dinG site 

differs from the consensus sequence at 5 positions and most of the 

previously identified operators deviate from consensus at 4, 5, or 6 

separate positions. This suggests that, except for the disruption in 

the highly conserved "CTG .... CAG" motif observed in dinG, the site is 

otherwise rather typical of known SOS operators. A contrast to 

these observations is provided by two reports which indicate that a 
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similar alteration of the symmetry of at least two known operators 

from wild-type (CTG ..... CAG) to this TTG ..... CAG form leads to a 

reduced apparent affinity of Lex A for the sites (mucAB: McNally et 

aI., 1990; lexA "box1": Wertman and Mount, 1985). These 

considerations made it of great interest to determine if this 

sequence represents a functional LexA binding site in vivo. 



~. 

73 

Table 3.3. Chromosomal LexA binding sitesa. 

No. of 11011-

BJ..t.a Sequence con nen",!" bp 

wnuDC TA CTG TATATAaAaA CAG TA 2 
aulA TA CTG TAcATccATA CAG TA 3 
recA TA CTG TATgagcATA CAG TA 4 
recN 1 TA CTG TATATAaAac CAG Tt 4 
lexA 1 Tg CTG TATATActcA CAG cA 5 
recN 2 TA CTG TAcAcAataA CAG TA 5 
uvrA TA CTG TATATtcATt CAG gt 5 
uvrB aA CTG TtTtTtTATc CAG TA 5 
lexA 2 aA CTG TATATAcAcc CAG gg 6 
ruvAB cg CTG gATATcTATc CAG cA 6 
uvrD at CTG TATATATAcc CAG ct 6 

Consensus TA CTG TATATATATA CAG TA 

dinA gA CTG TATAaAaccA CAG cc 7 
dinG TA ~TG gcTgTtTATA CAG TA 5 
dinH Tc CTG TtaATccATA CAG cA 6 

a Consensus bases present in each operator are printed in capital letters. Operator 
sequences are from Berg, 1988. Spaces have been introduced into the sequences for 
clarity. All operators except dinG take the form NN CTG (N10) CAG NN. The position in 
the dinG sequence at which a T:A bp replaces the highly conserved C:G bp found in all 
other sites is underlined. 

If LexA regulates dinG expression directly, it should be 

possible to partially define the DNA binding site by identifying 

specific base pair substitutions in the 209 bp dinG regulatory region 

which inhibit LexA binding in vivo and in vitro. A genetic screen was 

devised to isolate mutations in the dinG promoter region which 

render transcription independent of LexA repressor. The plasmid 
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pLKL59 (dinGop::ga/K) was treated with hydroxylamine as described 

in Materials and Methods. This mutagen generates G > A (C > T) 

transition mutations. DM10,123 (recA+, /exA+, ga/K2) was 

transformed with treated DNA and cells were spread onto galactose

MacConkey plates containing ampicillin. Approximately 17,000 

colonies were plated, 20 of which produced a red phenotype in the 

initial transformation and also after isolating plasmid DNA from 

each colony and re-transforming the host once again. The 209 bp 

insert within each of the 20 plasmids was completely sequenced and 

4 were found to have mutations in this region. Each of the changes 

occurred in the putative asymmetric Lex A operator sequence. Three 

isolates, pLKL59-20 (dinG20) , 59-23 (dinG23) , and 59-47 (dinG47) , 

retained identical changes at position 127 in the dinG regulatory 

region (TTGG ..... ACAA; Figure 3.4). The remaining plasmid, pLKL59-3 

(dinG3), had a single change at position 115 (TTGA ..... ACAG). The 

substitutions are shown in Table 3.4a. The apparent LexA

independence of galactokinase expression was shown to be due to 

these mutations and not to possible galactokinase gene mutations in 

the original plasmids {see Materials and Methods}. 
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Characterization of dinG operator mutants in vitro and in vivo. 

The ability of Lex A to regulate transcription from the altered 

plasmids was quantitated by assaying levels of galactokinase in cell 

cultures as in Table 3.1. The results of this analysis are listed in 

Table 3.4b. The plasm ids pLKL59, pLKL59-3, and pLKL59-47 were 

assayed in strain DM13,010 as before. This host permits IPTG

dependent regulation of LexA synthesis. Galactokinase activity in 

cells harboring pLKL59 (wildtype) is 3.5 times higher when LexA 

expression is repressed by Lacl. Only very slight increases were 

observed for the mutant plasmids: 1.4-fold for pLKL59-3 and 1.2-

fold for pLKL59-47. The substitution in pLKL59-3 resulted in a 

much greater apparent promoter activity (137.6 units vs. 16.3 units) 

for this plasmid while transcription from pLKL59-47 was elevated 

about 2-fold. This data suggests that the dinG gene promoter is 

located in this region as indicated earlier by computer analysis 

(Figure 3.4). The single base pair change in pLKL59-3 converts the 

putative -35 region of the promoter to a better fit to the consensus 

E. coli sequence (TTGGCT > TIGACT). Other studies have also 
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reported that substitutions within known promoter regions which 

increase their similarity to the consensus promoter sequence result 

in increased activity (e.g. references within Berg and von Hippel, 

1987, and Hawley and McClure, 1983). 

Table 3.4. Analysis of operator-constitutive mutations within the 
dinG regulatory regiona 

(a) Sequences of the altered regulatory regions 

wt dinG operator: 

mutant 59-3: 

mutant 59-47: 

TA TTG GCTGTTTATA CAG TA 

T A TT G AC T G TT TAT A C A G T A 

T A TT G G C T G T TT A T A C AA T A 

(b) Regulation of galactokinase expression from wildtype and mutant dlnG::gaIKfusion 
plasm Ids 

Fusion ±IPTG I±LexA) -IPTG I-LexAl 

d:l.nG: :galK 4.6 U 16.3 U 

d:l.nG3: : galK 96.3 U 137.6 U 

d:l.nG4 7: : galK 28.5 U 35.4 U 

a Mutations Isolated after hydroxylamine mutagenesis are underlined. "wt": wildtype. 
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The effect of each mutation on the ability of LexA to form 

bound complexes with these sites was examined more directly using 

electophoretic mobility shift assays (EMSA's). The 209 bp inserts 

within each plasmid were radioactively labe"ed and EMSA's were 

performed as described in Materials and Methods. Figure 3.10 shows 

that a much greater amount of LexA protein was required to produce 

detectable binding to the two mutant operators. The concentration 

of LexA required to achieve half-maximal binding to the wildtype 

fragment is approximately SnM. This value is the apparent "Kd" for 

the interaction and is a measure of the affinity of LexA for the site. 

Although a mobility shift assay is a non-equilibrium method of 

studying DNA-protein interactions, it has proven very useful for the 

determination of relative affinities (Fried and Crothers, 1981, 1984; 

Schnarr et aI., 1991). The importance of the LexA concentration 

which binds one-half of the DNA fragments in an EMSA arises from 

the definition of the binding constant (written here based on LexA 

dimers as the binding species): 

K = [LexA monomers]2 x [free operator DNA] / [bound operator DNA] 
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When the free operator DNA and bound operator DNA concentrations 

are identical (half-maximal binding), the apparent affinity becomes 

a function of the square of the lexA concentration. The equation 

shown here suggests that doubling the lexA concentration in an 

experiment will give 4 times more binding to the DNA. 

The fragment containing the dinG47 site is not retarded at 5 

nM lexA and only a very small fraction the dinGS fragments are 

bound at this concentration. The mutation in plKl59-47 

(TTGG ..... ACAA) occurs in one of the 6 most highly conserved 

positions among lexA operators. This substitution had a much 

greater inhibitory effect on lexA binding than the mutation in 

plKl59-3 (TTGA ..... ACAG), which altered one of the less well 

conserved internal base pairs. This result is consistant with earlier 

studies which revealed that substitutions in the CTG ..... CAG motif 

inhibited lexA regulation in vivo more strongly than did alterations 

of the A+ T-rich central region (Wertman et aI., 1984; Wertman and 

Mount, 1985). The mutation in pLKL59-47 created an operator that 
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has "TTG ... " in both half-sites and no longer binds LexA; clearly, the 

surrounding sequence context in each half-site is of critical 

importance for a strong LexA:DNA interaction. 
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Figure 3.10. Analysis of LexA binding to the dinG, dinG-3, and dinG-
47 operator regions using electophoretic mobility shift assays. 
Upper bands represent shifted LexA-ONA complexes. 
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Complete nucleotide sequence of the dinG gene. 

The regulatory region of the dinG gene has been shown to 

contain a LexA-regulated promoter (Table 3.1 and Figure 3.28). 

Sequence analysis of the 209 bp Sau3A-1 fragment containing the 

dinG promoter and subsequent mutagenesis experiments indicated 

that Lex A regulates dinG expression by binding to a non-canonical 20 

bp sequence overlapping the probable promoter for this gene (Table 

3.4 and Figure 3.10). Most characterized SOS genes have been shown 

to be involved in either DNA replication or DNA repair (excision, 

recombinational, "error prone", etc.). It is possible that the product 

of the dinG gene is also active in these processes. In order to gain 

insight into the possible role of this new SOS gene in inducible 

repair, the complete sequence of the gene was determined. 

The dinG gene was cloned on a 5.7 kb BamHI fragment obtained 

from Kohara library phage #204. A partial restriction map of the 

fragment, which was cloned into the vector p81uescript (KS+) to 

yield pLKL29, is shown in Figure 3.11. Several derivatives of this 

construct were created in order to facilitate DNA sequencing of the 
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gene and these are shown at the bottom of Figure 3.11. A total of 

2,417 nucleotides initiated from one end of the 5.7 kb insert 

(between BamHI and Ndel) were sequenced using both strands. 

Several internal dinG gene primers were synthesized and used in 

conjunction with plasmids pLKL29-1, -2, -3, -4, and -5 to complete 

the work. The sequences of these primers are listed in Table 2.2. 

Immediately downstream of the previously cloned dinG 

regulatory region a large open reading frame was identified which 

contains three potential GTG translation initiation codons near the 

beginning (Figure 3.12). These codons are at positions 381, 384, and 

399 in the figure. About 8% of E. coli genes initiate protein 

synthesis at GTG codons and a few SOS genes (including dinA) have 

been shown to do so as well (Gold and Stormo, 1987; Myron Goodman, 

personal communication). Potential ribosome binding sites are 

located upstream of each GTG codon which satisfy criteria 

previously established for such sites, i.e. they are located 4 to 15 

nucleotides upstream of each start codon and are complementary to 

at least 3 bases in the 16S RNA sequence 5' ACCUCCUU 3' (Dreyfus, 
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1988}. Each of the potential ribosome binding sites is predicted to 

be among the weaker class of previously identified initiators of 

translation. Use of these three start codons would yield products of 

72.3, 72.8, or 72.9 kilodaltons. It should be noted that three in-

frame GTG's in a row exist much further downstream at position 798-

806 in Figure 3.12. There is a Shine-Delgarno sequence located here 

that is very similar to the consensus sequence. Use of the first of 

these three start sites would produce a 56.9 kDa peptide. Analysis 

of the dinG gene product will be required to establish the proper 

initiation codon. The dinG open reading frame is terminated at a site 

containing two consecutive stop codons (positions 2292-2297 in 

Figure 3.12) which is a relatively common configuration in known E. 

coli genes. A search of the sequence downstream of these 

termination codons did not reveal a typical transcription 

termination region. 

The predicted DinG protein sequences arising from each 

potential start codon were used to screen the PIR protein sequence 

database using Fasta and Blast (described in Materials and Methods). 



No significant homology with previously identified proteins was 

observed. Similarly, when the nucleotide sequence of this region 
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was compared against the sequences stored in the GenBank and EMBL 

databases, no striking similarities were detected. An unusual 

characteristic of the protein is that it is predicted to contain a poly

(Lys + Arg) "tail" at the carboxy-terminal end (residues 624-637). 

Use of this tail region as a query sequence in a subsequent database 

search revealed that an almost identical sequence is found in 

eucaryotic protamines, a family of histone-like proteins found 

associated with chromosomal DNA (Lapeyre et aI., 1987). The 

locations of the homologous regions in each protein are quite 

different and the significance of this sequence similarity is unclear. 
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Figure 3.11. Partial restriction map of the 5.7 kb fragment In pLKL29 and 
derivation of plasmids containing deletions within and near the dinG 
gene. Dark lines indicate regions that are retained in each new 
construct. B=BamHl; Sca=Scal; EV=EcoRV; P=Pvull; Bgl=Bgnl; Nd=Ndel; 
Nru=Nrul; Hp=Hpal; Stu=Stui. 



Figure 3.12. Complete nucleotide sequence of the dinG gene and 
regulatory region.a 

1 
GGATCCTTTGTGCTCGAACGGGCATTAAACCGCATTATGTTGGTGGTTATTGCGAGCCGCTTTCCAGAAACAGAAAAACC 

81 ___ [5051 ___ _ 

ATTACCCCTGAAAACCGAAAAATGCCACAAT~GTTTATACAGTATTTC~CTCATGGCATTAACCGCCG 

-35 -10 
161 
CGCTTAAAGCGCAAATTGCCGCCTGGTATAAGGCGCTTCAGGAACAGATCCCCGACTTTATTCCCCGTGCGCCGCAGCGG 

241 
CAGATGATTGCGGACGTCGCCAAAACGCTGGCCGGAGAAGAAGGGCGACATCTGGCGATTGAAGCCCCCACCGGCGTTGG 

321 
GAAAACGGTCTCTTATTTGATTCCCGGCATCGCATTGCCCGCGAAGAGCAAAAAACGCTG 

381/1 411/11 
GIG GIG AGT ACC GCC AAC GIG GCA TTG CAG GAT CAG ATT TAC AGC AAA GAT 
val val ser thr ala asn val ala leu gIn asp gIn 11e tyr ser lys asp 

441/21 471/31 
CTG AM MG ATC ATT CCC GAT CTT AAA TTC ACT GCC GCT TTT GGG CGT GGG 
leu lys lys 11e 11e pro asp leu lys phe thr ala ala phe gly arg gly 

501/41 531/51 
TGT CCG CGT MT CTG ACG GCG CTC GCC AGT ACT GM CCC ACG CM CAG GAT 
cys pro arg asn leu thr ala leu ala ser thr glu pro thr gIn gIn asp 

561/61 591/71 
TTT CTT GAC GAC GAA CTG ACG CCG MC MT CAG GM GAG CM AM CGT TGT 
phe leu asp asp glu leu thr pro asn asn gIn glu glu gIn lys arg cys 

621/81 651/91 
MG GGC GAT CTC GAT ACT TAT MA TGG GAT GGT CTG CGC GAT CAT ACT GAT 
lys gly asp leu asp thr tyr lys trp asp gly leu arg asp his thr asp 

681/101 711/111 
GAT GAC GAT CTC TGG CGT CGT TTA AGT ACC GAC AM GCC AGC TGC CTC AAC 
asp asp asp leu trp arg arg leu ser thr asp lys ala ser cys leu asn 

741/121 771/131 

TTA CCG CTG 
leu pro leu 

CGC TAC GTT 
arg tyr val 

CTG CTG GCG 
leu leu ala 

GCG AAG CTG 
ala lys leu 

ATC GCT ATA 
11e ala 11e 

CGC AAT TGT 
arg asn cys 

TAC TAC TAT CGT GAA TGC CCG TTT TTT GTC GCT CGT CGG GAG ATT CAG GAA GCG GAA GTG 
tyr tyr tyr arg glu cys pro phe phe val ala arg arg glu 11e gIn glu ala glu val 

801/141 831/151 
GTG GTG GCA MC CAT GCG CTG GTG ATG GCG GCG ATG GAA AGC GAA GCG GTA TTG CCT GAC 
val val ala asn his ala leu val met ala ala met glu ser glu ala val leu pro asp 
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861/161 891/171 
CCG AAA AAT TTA CTG CTG GTG CTG GAC GAA GGC CAT CAC CTG CCG GAT GTG GCG CGG GAT 
pro lys asn leu leu leu val leu asp glu gly his his leu pro asp val ala arg asp 

921/181 951/191 
GCG CTT GAG ATG AGC GCC GAA ATC ACC GCG CCG TGG TAT CGG CTA CAG CTG GAC TTG TTC 
ala leu glu met ser ala glu ile thr ala pro trp tyr arg leu gln'leu asp leu phe 

981/201 1011/211 
ACG AAA CTG GTC GCT ACC TGC ATG GAG CAG TTT CGC CCG AAG ACC ATC CCA CCG CTG GCG 
thr lys leu val ala thr cys met glu gln phe arg pro lys thr ile pro pro leu ala 

1041/221 1071/231 
ATC CCT GAA CGT TTG AAT GCG CAT TGT GAA GAG TTG TAT GAG CTT ATC GCC TCG TTA AAC 
ile pro glu arg leu asn ala his cys glu glu leu tyr glu leu ile ala ser leu asn 

1101/241 1131/251 
AAC ATT CTC AAT CTC TAC ATG CCT GCC GGG CAG GAG GCA GAG CAC CGT TTT GCG ATG GGC 
asn ile leu asn leu tyr met pro ala gly gln glu ala glu his arg phe ala met gly 

1161/261 1191/271 
GAA CTC CCA GAT GAA GTG CTG GAG ATC TGC CAG CGG CTG GCA AAA CTC ACC GAG ATG CTG 
glu leu pro asp glu val leu glu ile cys gln arg leu ala lys leu thr glu met leu 

1221/281 1251/291 
CGT GGC CTG GCG GAG T'l'A TTT CTT MC GAT TTA AGT GAG MA ACC GGC AGC CAT GAC ATT 
arg qly leu ala glu leu phe leu asn asp leu ser glu lys thr gly ser his asp ile 

12811301 1311/311 
GTA CGT CTG CAT CGG TTG ATT TTG CAG ATG MC CGC GCG TTG GGG ATG TTC GAG GCG CM 
val arg leu his arg leu ile leu gIn met asn arq ala leu gly met phe glu ala gln 

1341/321 1371/331 
AGe AAA CTC TGG CGG CTG GCT TCG CTG GCG CAA TCT TCC GGT GCA CCG GTG ACC AAA TGG 
ser lys leu trp arg leu ala ser leu ala gln ser ser gly ala pro val thr lys trp 

1401/341 1431/351 
GCG ACG CGG GAA GAG CGC GAA GGG CAG CTA CAC CTC TGG TTT CAC TGC GTG GGA ATA CGT 
ala thr arg glu glu arg glu gly gIn leu his leu trp phe his cys val gly ile arg 

1461/361 1491/371 
GTC AGC GAT CAG CTG GM AGG CTG CTG TGG CGC AGT ATT CCG CAC ATT ATT GTC ACC TCC 
val ser asp gIn leu glu arg leu leu trp arg ser ile pro his ile ile val thr ser 

1521/381 1551/391 
GCA ACC TTG CGT TCG CTG AAC AGT TTT TCG CGT TTG CAG GAG ATG AGT GGT CTG AAA GAG 
ala thr leu arg ser leu asn ser phe ser arg leu gln glu met ser gly leu lys glu 

1581/401 1611/411 
AAA GCG GGC GAC CGT TTT GTG GCG CTG GAT TCC CCC TTT MC CAC TGC GAA CAG GGC AM 
lys ala gly asp arg phe val ala leu asp ser pro phe asn his cys glu gln gly lys 
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1641/421 1671/431 
ATT GTT ATT CCC CGG ATG CGC GTT GAG CCT TCC ATC GAC CAC GAA GAG CAG CAT ATT GCC 
ile val ile pro arg met arg val glu pro ser ile asp his glu glu gIn his ile ala 

1701/441 1731/451 
GAA ATG GCG GCC TTT TTC CGT AAG CAG GTG GAG AGC AAA AAA CAT CTC GGT ATG TTG GTA 
glu met ala ala phe phe arg lys gIn val glu ser lys lys his leu gly met leu val 

1761/461 1791/471 
CTG TTT GCC AGC GGA CGG GCG ATG CAG CGC TTT CTC GAC TAT GTG ACG GAT TTA CGT CTG 
leu phe ala ser gly arg ala met gIn arg phe leu asp tyr val thr asp leu arg leu 

1821/481 1851/491 
ATG TTG CTG GTT CAG GGC GAT CAG CCG CGT TAC CGT TTA GTT GAA CTG CAC CGC AAA CGC 
met leu leu val gIn gly asp gIn pro arg tyr arg leu val glu leu his arg lys arg 

1881/501 1911/511 
GTe GCC AAC GGT GAG CGC AGC GTG CTG GTG GGC TTA CAG TCA TTT GCC GAA GGG CTT GAT 
val ala asn gly glu arg ser val leu val gly leu gIn ser phe ala glu gly leu asp 

1941/521 1971/531 
TTG AAA GGT GAT CTG CTC AGC CAG GTG CAT ATC CAC AAA ATC GCT TTT CCG CCC ATC GAC 
leu lys gly asp leu leu ser gIn val his ile his lys ile ala phe pro pro ile asp 

2001/541 2031/551 
AGC CCG GTG GTG ATC ACe GAA GGG GAA TGG CTG AAA AGC CTC AAC CGC TAT CCG TTT GAG 
ser pro val val ile thr glu gly glu trp leu lys ser leu asn arg tyr pro phe glu 

2061/561 2091/571 
GTG CAA AGC CTG CCG AGC GCC TCG TTT AAC CTG ATT CAG CAG GTT GGG CGA CTG ATT CGA 
val gIn ser leu pro ser ala ser phe asn leu ile gIn gIn val gly arg leu ile arg 

2121/581 2151/591 
AGC CAe GGT TGC TGG GGC GAA GTG GTT ATC TAC GAC AAA CGC TTG CTG ACC AAA AAT TAT 
ser his gly cys trp gly glu val val ile tyr asp lys arg leu leu thr lys asn tyr 

2181/601 2211/611 
GGC MG CGA CTA CTG GAT GCA TTA CCG GTA TTT CCG ATA GAG CAA CCG GAA GTC CCT GAA 
gly lys arg leu leu asp ala leu pro val phe pro 11e glu gIn pro glu val pro glu 

2241/621 2271/631 
GGT ATA GTT AMMG AAA GM AM ACG AM TCC CCA CGC CGT CGG CGG CGT TAA TGA TGT 
gly 11e val lys lys lys glu lys thr lys ser pro arg arg arg arg arg OCR OPA 

2301/641 2331/651 
GAG TCA GGT AAG GAG TCG TAA ATG GAC TAT CGC AAA ATC ATT AAA GAG ATC GGG CGC GGG 

2361/661 2391/671 
AAA AAC CAC GCG CGC GAT TTA GAC CGG GAT ACT GCG CGC GGT CTG TAT GCT CAT ATG 
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a The LexA binding site is underlined and labelled "SOS". Promoter segments identified 
by computer analysis are underlined and the putative "-35" and "-10" regions are 
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Indicated. Termination codons are printed In boldface. The amino acid sequence Is numbered 
from the first putative GTG start codon at nucleotide position 381 (see text for detailS). 

Analysis of the coding region of dinH. 

The segment of DNA defined earlier as dinH was shown to contain 

a DNA damage-inducible promoter (Table 3.1 and Figure 3.20). In 

contrast to dinG, the sequence of this fragment contains a symmetrical 

20 bp segment (CTGT-Ns-ACAG) that is highly similar to known LexA 

operators (Figure 3.4). Additional experiments have established that 

LexA binds strongly to the regulatory region of dinH in vitro (discussed 

in Chapter 4). In an effort to determine if an open reading frame was 

associated with the promoter activity detected in dinH::gaIK fusion 

plasm ids, the nucleotide sequence of the dinH locus was advanced 

further downstream. 

A total of 2,225 bp was sequenced using the vectors pLKL26, 

pLJ2, and pLJ8 as described in Materials and Methods. A large ORF in 

the proper orientation was identified downstream of the dinH 

regulatory region (Figure 3.13). Two potential ATG initiation codons, at 
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positions 252 and 336, are located at the beginning of the ORF. Only 

the ATG at position 336 has an associated ribosome binding site and 

translation from this site is shown in the figure. Examination of the 

ORF (from base pair position 336-2,225) suggests that the dinH gene 

product is at least 69 kDa in size. The sequence of the predicted DinH 

protein contains several striking sequence motifs which have been 

observed in other proteins. The amino-terminal portion of the protein 

contains three repeating segments which are very acidic (residues 143-

161, 208-212, and 223-226). The spacing between segments and the 

nature of the surrounding sequence are highly homologous to similar 

regions in a number of eucaryotic nucleotins and other nucleosome

associated proteins (Lapeyre et aI., 1987). The putative DinH peptide, 

however, differs radically from these chromosome-associated proteins 

in the carboxy-terminal sequence reported here. The region extending 

from residues 271-630 is extremely rich in proline, glutamine, and 

alanine and these amino acids are typically found associated with each 

other, e.g. "Pro-Gin", "Gln-Gln-Pro", "Ala-Ala-Ala", etc. In this segment 

of 360 residues there are 51 prolines, 49 glutamines and 56 alanines, 

indicating that almost 50% of this region of the protein is composed of 
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only these 3 amino acids. A comparison of the DinH protein sequence 

with the PIR database yielded very high scores with a number of 

glutamine+proline-rich storage proteins found in plants and a family of 

similarly proline+glutamine-rich proteins induced by DNA damage in 

mammalian cells (Kartesova and van de Putte, 1988). The functions of 

these eucaryotic "din" genes has not been determined and their 

functional relatedness to dinH is unclear. 

Figure 3.13. Expanded nucleotide sequence information downstream 
of the dinH regulatory regiona. 

1 ___ (505] __ _ 

CGCTAACACGGAACAG~ATCGGCGTATTTTGAT~CCTGTTAATCCATACAGCAACAGTA 

argTER -35 -10 
-->(End of lrp gene) 

71 
CTGGGGTAACCTGGTACTGTTGTCCGTTT~CGGGCAGGAAAAGCCTG~GGAGAGCCTTTC 

-35 -10 
141 
TTGAGCCAGGAATACATTGAAGACAAAGAAGTCACATTGACAAAGTTAAGTAGCGGCCGCCGCCTTCTGG 

211 
AGGCGTTGCTGATCCTTATTGTCCTGTTTGCCGTCTGGTTGAIGGCTGCCTTACTAAGCTTTAACCCTTC 

281 
GGACCCCAGCTGGTCGCAAACGGCCTGGCATGAACCTATCCATAATTTAGGTGGG 

336/1 366/11 
AIG CCC GGT GCG TGG TTG GCA GAT ACG CTG TTC TTT ATT TTT GGC GTG ATG GCT TAC ACC 
Met pro gly ala trp leu ala asp thr leu phe phe ile phe gly val met ala tyr thr 

396/21 426/31 
ATT CCC GTC ATT ATT GTC GGC GGT TGT TGG TTT GCC TGG CGT CAT CAG TCC AGC GAC GAA 
ile pro val ile ile val gly gly cys trp phe ala trp arg his gln ser ser asp glu 



456/41 486/51 
TAC ATT GAT TAT TTT GCC GTT TCG CTA CGC ATC ATT GGC GTT TTG GCG CTC ATC CTT ACC 
tyr lIe asp tyr phe ala val ser leu arg lIe lIe gly val leu ala leu lIe leu thr 

516/61 546/71 
TCC TGT GGT CTG GCG GCA ATC AAC GCT GAC GAT ATC TGG TAT TTT GCC TCC GGT GGC GTC 
ser cys gly leu ala ala ile asn ala asp asp ile trp tyr phe ala ser gly gly val 

576/81 606/91 
ATT GGC AGC TTA CTA AGC ACT ACG CTA CAA CCA CTG CTA CAC AGT AGC GGG GGA ACT ATT 
ile gly ser leu leu ser thr thr leu gIn pro leu leu hls ser ser gly gly thr lIe 

636/101 666/111 
GCG CTG CTC TGC GTT TGG GCA GCG GGC CTG ACG TTG TTC ACC GGT TGG TCA TGG GTG ACC 
ala leu leu cys val trp ala ala gly leu thr leu phe thr gly trp ser trp val thr 

696/121 726/131 
ATT GCT GAA AAA CTC GGC GGC TGG ATT TTA AAC ATT CTC ACC TTC GCC AGT AAT CGT ACC 
He ala glu lys leu gly gly trp He leu asn He leu thr phe ala ser asn arg thr 

756/141 786/151 
CGT CGC GAT GAT ACC TGG GTC GAT GAA GAT GAG TAT GAA GAC GAC GAA GAG TAT GAA GAT 
arg arg asp asp thr trp val asp glu asp qlu tyr qlu asp asp qlu qlu tyr qlu asp 

816/161 846/171 
GAA AAT CAC GGC AAA CAG CAT GAA TCA CGC CGT GCC CGT ATT CTT CGC GGC GCG CTA GCG 
glu asn his qly lys gIn his glu ser arg arq ala arg He leu arg gly ala leu ala 

876/181 906/191 
CGT CGT AAA CGG TTG GCG GAA AAA TTC ATT AAT CCG ATG GGG CGG CAA ACA GAC GCT GCG 
arg arg lys arg leu ala glu lys phe He asn pro met gly arg gIn thr asp ala ala 

936/201 966/211 
TTG TTC TCC GGT AAG CGG ATG GAT GAT GAC GAA GAG ATT ACC TAC ACT GCA CGC GGT GTG 
leu phe ser gly lys arg met asp asp asp glu glu He thr tyr thr ala arg gly val 

996/221 1026/231 
GCT GCC GAC CCG GAC GAC GTC CTA TTT TCG GGC AAT CGT GCA ACG CAG CCA GAA TAT GAC 
ala ala asp pro asp asp val leu phe ser gly asn arg ala thr gIn pro glu tyr asp 

1056/241 1086/251 
GAA TAC GAT CCA TTA TTA AAC GGT GCG CCA ATT ACC GAA CCT GTC GCT GTA GCA GCT GCT 
glu tyr asp pro leu leu asn gly ala pro 11e thr glu pro val ala val ala ala ala 

1116/261 1146/271 
GCT ACC ACG GCG ACA CAA AGC TGG GCT GCG CCG GTT GAA CCT GTG ACT CAG ACG CCG CCT 
ala thr thr ala thr gIn ser trp ala ala pro val glu pro val thr gIn thr pro pro 

1176/281 1206/291 
GTT GCC TCT GTT GAT GTT CCA CCT GCG CAA CCT ACA GTA GCC TGG CAG CCT GTA CCG GGT 
val ala ser val asp val pro pro ala gIn pro thr val ala trp gIn pro val pro gly 
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1236/301 1266/311 
CCA CAA ACG GGA GAG CCG GTT ATT GCT CCT GCA CCG GAA GGT TAC CCA CAG CAG TCA CAA 
pro gIn thr gly glu pro val lIe ala pro ala pro glu gly tyr pro gIn gIn ser gIn 

1296/321 1326/331 
TAT GCG CAG CCT GCA GCT GAA CAA CCT GCG CAA CAG CCG TAT TAT GCC CCT GCG CCA GAA 
tyr ala gIn pro ala ala glu gIn pro ala gIn gIn pro tyr tyr ala pro ala pro glu 

1356/341 1396/351 
CAA CCG GTG GCA GGT AAC GCC TGG CAA GCC GAA GAG CAG CAA TCC ACT TTT GCT CCA CAG 
gIn pro val ala gly asn ala trp gIn ala glu glu gIn gIn ser thr phe ala pro gIn 

1416/361 1446/371 
TCT ACA TAC CAG ACT GAG CAA ACT TAT CAG CAG CCA GCC GCT CAG GAG CCG TTG TAC CAA 
ser thr tyr gIn thr glu gIn thr tyr gIn gIn pro ala ala gIn glu pro leu tyr gIn 

1476/391 1506/391 
CAG CCG CAA CCC GTT GAA CAG CAG CCT GTT GTG GAG CCT GAA CCC GTT GTA GAA GAG ACA 
gIn pro gIn pro val glu gIn gIn pro val val glu pro glu pro val val glu glu thr 
1536/401 1566/411 
AAA CCC GCG CGT CCG CCG CTT TAC TAC TTT GAA GAA GTT GAA GAG AAG CGA GCC CGT GAA 
lys pro ala arg pro pro leu tyr tyr phe glu glu val glu glu lys arg ala arg glu 

1596/421 1626/431 
CGT GAA CAA CTT GCG GCC TGG TAT CAA CCG ATT CCA GAA CCG GTT AAA GAA CCA GAA CCG 
arg glu gIn leu ala ala trp tyr gIn pro lIe pro glu pro val lys glu pro glu pro 

1656/441 1686/451 
ATC AAA TCT GCG CTG AAA GCA CCT TCT GTT GCA GCA GTA CCT CCA GTA GAA GCC GCT GCC 
lIe lys ser ala leu lys ala pro ser val ala ala val pro pro val glu ala ala ala 

1716/461 1746/471 
GCT GTT TCC CCG CTG GCA TCT GGC GTG AAA AAA GCG ACA CTG GCG ACG GGG GCT GCC GCA 
ala val ser pro leu ala ser gly val lys lys ala thr leu ala thr gly ala ala ala 

1776/481 1806/491 
ACC GTT GCC GCG CCA GTC TTC AGT CTG GCA AAT AGC GGT GGA CCG CGT CCT CAG GTC AAA 
thr val ala ala pro val phe ser leu ala asn ser gly gly pro arg pro gIn val lys 

1836/501 1866/511 
GAG GGG ATT GGT CCG CAG TTG CCA CGA CCG AAA CGT ATC CGC GTG CCA ACT CGT CGT GAA 
glu gly lIe gly pro gIn leu pro arg pro lys arg lIe arg val pro thr arg arg glu 

1896/521 1926/531 
CTG GCG TCT TAC GGT ATT AAG CTG CCC TCA CAG CGT GCG GCG GAA GAA AAA GCC CGT GAA 
leu ala ser tyr gly lIe lys leu pro ser gIn arg ala ala glu glu lys ala arg glu 

1956/541 1996/551 
GCC CAG CGC AAT CAG TAC GAT TCT GGC GAT CAG TAC AAC GAT GAT GAA ATC GAT GCG ATG 
ala gIn arg asn gIn tyr asp ser gly asp gIn tyr asn asp asp glu lIe asp ala met 
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2016/561 2046/571 
CAG CAG GAT GAA CTG GCA CGT CAG TTC GCC CAG ACA CAG CAG CAA CGC TAT GGC GAA CAG 
gln gln asp glu leu ala arg gln phe ala gln thr gln gln gln arg tyr gly glu gln 

2076/581 2106/591 
TAT CAA CAT GAT GTG CCC GTA AAC GCA GAA GAT GCA GAT GCT GCG GCA GAG GCT GAA CTG 
tyr gln his asp val pro val asn ala glu asp ala asp ala ala ala glu ala glu leu 

2136/601 2166/611 
GCT CGT CAG TTT GCG CAA ACT CAA CAA CAA CGT TAT TCC GGC GAA CAA CCG GCT GGG GCG 
ala arg gln phe ala gln thr gln gln gln arg tyr ser gly glu gln pro ala gly ala 

2196/621 
AAT CCG TCT CGC TGG ATG ATT TTG AAT TTT 
asn pro ser arg trp met i1e leu asn phe 

a Promoter elements, potential translational Initiation codons, and the putative LexA 
binding site are underlined and labelled as In Figure 3.12. Translation of the DlnH 
protein was begun at nucleotide position 336 for reasons discussed In the text. 
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Discussion 

The cloning and preliminary characterization of dinA(poIB) and 

two previously unidentified genes, dinG and dinH, have been 

described. The method used here involved screening a set of random, 

promoter-bearing chromosomal fragments for a subset that was 

responsive to the SOS regulatory system. Identification of these din 

gene promoter fusions as SOS gene regulatory regions was based on 

three properties: first, expression from the galK reporter gene was 

repressed by high cellular levels of LexA protein; second, the fusions 

could be induced by treatment with mitomycin C; third, the deduced 

nucleotide sequences of the fragments contained recognizable 

binding sites for LexA protein located near likely promoter 

sequences. 

The predicted LexA binding sites for dinA and dinH contain the 

consensus sequence CTGT(Ns)ACAG with an A+ T-rich central 

segment. In contrast, dinG contains the non-canonical sequence 

TTG(N1o)CAG as the only potential site. The following evidence 
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supports the prediction that this unusual site is, in fact, a true LexA 

binding site: first, when operator-constitutive mutations were 

obtained by mutagenesis of the entire cloned regulatory region of 

dinG, base pair changes in each end of this sequence were found 

(Table 3.4); second, binding of LexA to the mutant sites was greatly 

reduced relative to the wildtype site in vitro (Figure 3.10); third the 

only predicted promoter sequence overlaps the putative binding site 

and the operator mutations altered promoter activity in vivo; fourth, 

analysis of the sequence of the lexA gene of Salmonella typhimurium 

has revealed that one of the two LexA binding sites upstream of this 

gene ("box 2") also contains TTG(N10)CAG (Mustard, Thliveris and 

Mount, manuscript in preparation). The other LexA binding site in 

the Salmonella lexA gene is identical to that of the E. coli lexA gene. 

The observation that the mutation in pLKL59-47 

(TTGG ..... ACAA) has a much larger negative influence upon LexA 

binding than the alteration in pLKL59-3 (ITGA ..... ACAG) is consistent 

with several previous experiments. In an earlier study (Wertman and 

Mount, 1985), substitutions in the highly conserved 6 outer base 
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pairs of the recA operator (CTG ..... CAG) were found to inhibit Lex A 

regulation in vivo more strongly than did alterations of nucleotides 

in the A+ T-rich central region. Indeed, the vast majority of 

mutations which have been identified in known LexA operators are 

found at these 6 positions, suggesting that when substitutions do 

occur in the central region they generally do not produce detectable 

phenotypic changes. It may be significant that, in addition to the 

deviation from CTG .... CAG symmetry, the dinG sequence also contains 

a C:G base pair in the seventh position (TA TTG G,Q,TGTTTATA CAG 

TA) which is not seen in any other chromosomal site. The dinG 

operator is a strong LexA binding site while the modified TTG ... CAG 

forms of the lexA 1 and mucAB operators are not (McNa"y et aI., 

1990; Wertman and Mount, 1985); clearly, this is because of the 

differing half-site contexts in which each "TTG" is situated. It may 

be that the combination of the T at position 3 and the C at position 

7, neither of which is found in other known sites, is important for 

strong contact formation between LexA and the aberrant dinG 

sequence. Additional experiments will be required to assess this 

possibility. 
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The site in pLKL59-3 retains significant affinity for LexA 

protein in vitro, yet it is no longer responsive to changes in 

intracellular LexA concentration (Table 3.4b). The substitution in 

this construct converted the putative -35 region of the promoter to 

a better fit to the consensus element (TTGGCT > TTGACT) and its 

promoter activity was approximately 8 times greater than that of 

the wildtype regulatory region (Table 3.4b). It is possible that this 

promoter is no longer regulated by LexA in vivo because of the 

combined effects of a slightly reduced affinity for LexA and an 

increase in promoter function, e.g. through enhanced RNA polymerase 

affinity and/or an elevation of the rate of promoter clearance 

(Lanzer and Bujard, 1988). 

The DNA sequence deduced for the dinA regulatory region 

revealed that this gene was located immediately downstream from 

the araBAD operon. The putative LexA binding site for dinA partially 

overlaps the last termination codon of the araD gene. This position 

places the site of transcription termination for the ara operon 
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downstream from the LexA binding site. In addition, the dinH SOS 

box is found only 38 bp downstream of the stop codon for the Irp 

gene. Past experiments have demonstrated that by binding to a 

downstream site, LexA protein can stall in vitro transcription from 

a uvrB promoter (Sancar et aL, 1982). Additionally, experiments 

performed in vivo have shown that the Lac repressor regulates the 

length of its own transcript by interacting with its principal 

operator near the lacZ promoter (Selliti et aL, 1987). A possible 

role for Lex A in regulation of araBAD or Irp transcription, however, 

remains speculative. Interestingly, the araBAD operon of the closely 

related organism S. typhimurium has been sequenced and does not 

contain a binding site for LexA or a potential dinA coding sequence 

downstream of araD (Lin et aL, 1985). 

Further analysis of the dinG sequence revealed that it contains 

an unusually dense cluster of binding sites for the Dam methylase 

protein of E. coli (positions 411, 449, 459, 549, 627, 660, and 687). 

This enzyme transfers methyl groups to the adenine in the sequence 

"GATC". Most such sites in the E. coli genome occur approximately 



100 

every 300 bp. The activity of Dam in maintenance of GA Te

methylation has been shown to be important for normal DNA 

replication, mismatch repair, and regulation of transposition (Barras 

and Marinus, 1988,1989). "GATe clusters" have been identified at a 

few sites in the E. coli genome. Martin Marinus (ibid.) has suggested 

that these regions may represent secondary origins of replication 

but this has not been confirmed. 

Although the cloning method employed here to isolate new SOS 

promoters was successful, some limitations should be noted. The 

initial promoter collection (approximately 1500 galK+ colonies) was 

composed of Sau3A-1 fragments and may have lacked some 

promoters which contained a site for this enzyme. In addition, the 

vector pLKL5 is a high copy number pBR322-derivative. Some 

lexA-regulated promoters may have been missed because they were 

insufficiently repressed. The combination of a strong promoter and 

increased galK gene dosage from the high copy number plasmid could 

have produced a GaIK+ phenotype. Finally, it appears that some 

members of the SOS regulon may not be repressed directly by LexA 
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(e.g. phr, discussed below) and such genes might not have been 

detected by a direct repression screen. Over two hundred isolates 

displaying varying degrees of IPTG/LexA-dependent galactokinase 

synthesis were originally isolated in this work. Surprisingly, 

preliminary analysis of four of these yielded only one well-known 

50S gene, recA. An earlier screen performed by Kenyon and Walker 

(1980) using Mud(Amp,/acZ) fusions also initially identified only one 

known locus, uvrA, along with dinA, B, 0, and F. The reason for these 

results is not clear, but they may indicate that the 50S network is 

much larger than previously believed. Additional support for this 

premise is provided in Chapter 4 of this work. 

Bonner et al (1988) recently purified a a DNA polymerase 

activity from E. coli protein extracts which is capable of insertion 

and bypass past abasic sites in vitro. This activity, which is unique 

among E. coli polymerases, was subsequently identified as DNA 

polymerase II (Pol II) and mapped to dinA (Myron Goodman, personal 

communication). Past studies of Pol II have resulted in very 

different estimates for the size of this protein. Molecular weights 
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of 120, 99, 86, and 84 kOa have been reported (Wickner et al., 1972; 

Sherman and Getter, 1976; Bonner et aI., 1988; Chen et al., 1989;). 

In the two most recent reports, Bonner et al obtained a value of 84 

kOa (with a minor Pol II component of 102 kOa found in their 

preparations), and Chen et al determined the mature enzyme to be a 

99 kOa protein with major degradation products of 82 and 55 kOa. 

Experiments described here have attempted to resolve this 

controversy by using maxicells and dinA(poIB) mutants to determine 

the size of the product(s) of the cistron. A single LexA-regulated 

band of 84 kOa was produced from the dinA(poIB) locus which could 

be eliminated by selective deletion of the promoter region of the 

gene (Figures 3.7-3.9). Even with prolonged exposure of the protein 

gels shown in Figures 3.7 and 3.9, no bands of approximately 99 kOa 

or 102 kOa were detected (data not shown). These results strongly 

suggest that Pol " is not part of a multigene operon and that the 

molecular weight determination of approximately 84 kOa by Bonner 

et al is correct. While this manuscript was in preparation, two 

studies of the dinA (po/B) gene and protein (Iwasaki et aI., 1991; 

Bonner et aI., 1990) arrived at similar conclusions. 
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The data presented here and in past experiments have yielded a 

provisional estimate of at least 24 SOS genes in E. coli. This 

coordinately regulated collection of unlinked genes is placed on the 

genetic map of E. coli in Figure 3.15. Conflicting evidence has been 

reported for an additional gene, uvrC (GrangereSchnarr et aI., 1986; 

Stark and Moses, 1989), and it is not included here. Loci identified 

in this study are boxed in the figure. At least 17 of the identified 

genes appear to be repressed by LexA based on sequence information, 

footprinting studies, analysis of operator mutants, and in vitro 

transcription experiments. Of the remaining seven (dinD, dnaN, dna 0, 

nrdAB, phr, and reoO), dinD has not been sequenced and the others do 

not have clearly identifiable LexA binding sites. A recent study by 

Payne and Sancar (1989) indicated that LexA does not bind 

specifically to the regulatory region of the phr gene even though phr 

showed recA+, lexA+-dependent DNA damage induction of about 

10-fold. Furthermore, mitomycin C-induction of dinD, dnaN, and 

dnaO transcription exhibits an abnormally delayed response (Kenyon 

and Walker, 1980; Kaasch et aI., 1989), suggesting that regulation of 
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these genes is more complex than through simple LexA repression. 

Such genes may be difficult to detect by the method used here. 
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Figure 3.14. Genes which are components of the SOS regulon. The 
three genes which were Isolated In this study using a genetic 
screening procedure are boxed. Genes In parentheses exhibit 
recA, lexA-dependent expression, but do not contain 
recognizable LexA binding sites In their sequenced regulatory 
regions. Asterisks refer to genes which have not yet been 
sequenced. . 



Chapter 4 

IDENTIFICATION OF BINDING SITES FOR LEXA REPRESSOR 

IN THE SEQUENCED PORTIONS OF THE GENOMES 

OF E. COLI AND ITS PLASM IDS AND PHAGES 
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A second, quite different approach to the identification of 

genes which are members of the SOS regulon was developed 

concurrently with the first protocol (Chapter 3). This alternative 

method relies upon the observation that most SOS genes contain a 

highly conserved 20 bp binding site for LexA repressor immediately 

upstream of their coding regions. Important precedents for this 

procedure were the following: 1. approximately one-third of the E. 

coli genome has now been sequenced and is available for analysis 

through the GenBank and EMBL national databases; 2. E. coli database 

entries typically contain the sequence of one or more genes plus 

hundreds (or even thousands) of uncharacterized nucleotides 

upstream and downstream of the known coding region; 3. 
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sophisticated database search programs such as Find, Fasta, and 

Blast (Devereux et aI., 1984; Altschul et aI., 1990) have been created 

during the past few years which make sequence homology searches 

relatively routine procedures. The goal of this new method was to 

identify potential LexA binding sites in the sequenced portions of 

the E. coli genome. The presumption was that such sites should be 

found adjacent to the coding regions of previously unrecognized SOS 

genes. The protocol developed here consisted essentially of three 

steps. The first procedure which was performed was a search of the 

databases for 20 bp segments that resemble LexA binding sites. 

These sequences were then evaluated using a rigorous mathematical 

modelling procedure to identify a subset of sites which were very 

likely to represent LexA operators. Finally, the affinity of purified 

LexA protein for several of the putative new binding sites was 

assessed using site-directed mutagenesis and quantitative 

electrophoretic mobility shift assays. 

Application of Berg/von Hippel theory to SOS operators. 

Several distinct theoretical approaches to the quantitative 
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mathematical analysis of protein recognition sites on DNA have been 

developed (Schneider et aI., 1986; Berg and von Hippel, 1987,1988; 

O'Neill, 1989a,b). The statistical mechanics approach derived and 

tested by Peter von Hippel and Otto Berg has been shown to be very 

successful at both identifying protein binding sites and in 

determining the relative strengths of binding to individual sites 

within a group (Berg and von Hippel, 1987,1988; Berg, 1988; 

O'Neill,1989b). Their approach is essentially to examine each base 

position in a recognition site and assign a numerical score which 

reflects how frequently that base occurs at that same position in all 

known binding sites. If the base at that position is highly conserved 

in many other sites, then the assigned number, or "penalty", will be 

low. If, however, a base is present that is only sometimes seen 

there in other sites, then a larger penalty is assessed that is 

proportionate to the frequency with which that nucleotide was 

present at the same position in the other binding sites. After every 

position in a recognition site has been examined in this way the 

scores are all added to each other. The sum represents the 

"Heterology Index" for that site, an artificial number which can be 
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compared to the Index values determined for all other known sites. 

Empirical studies have indicated that for protein binding sites which 

have been subjected to such an analysis, those with the "best" 

Heterology Index, i.e. the lowest penalties for infrequently occurring 

bases, are bound most strongly by the specific DNA binding protein 

(ibid.). 

The Heterology Index for a site is obtained by calculating a 

sum of natural logarithms as shown in this equation: 

~ In [ "(consensus) + 0.5 I "(actual) + 0.5 ] 

"(consensus) refers to the number of times that the most common, or 

consensus, base occurs at a given position in a set of known binding 

sites. Similarly, "(actual) represents the number of instances where 

known binding sites have the base being analyzed at that position. 

The value of 0.5 is an approximation used to correct for the use of a 

small sample size (Berg and von Hippel, 1988). Lower values of the 
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Heterology Index indicate.a better fit to the consensus sequence and 

a stronger protein-DNA interaction. A recognition site composed 

entirely of consensus bases at every position would have an Index of 

0.0 because the score at each position would be the natural 

logarithm of 1. 

Otto Berg has applied the theory to a group of Lex A operators 

(Berg, 1988) and this analysis has served as a starting point for the 

present work. In his analysis Berg was able to show that those 

operators which had better Heterology Indices had been shown 

previously to bind LexA most strongly in DNase I footprinting 

experiments performed under a set of standardized conditions. 

Although the derivation of the statistical mechanics approach of 

Berg and von Hippel is complex, the application of the theory to a set 

of protein binding sites is quite straightforward. The procedure 

used here is identical to that of Berg with the following 

modifications: 1. Additional SOS operators have been discovered 

since the earlier work was performed and these new sites were 

included here; 2. The non-canonical site near recO (CTG-Ng-CAG 
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instead of CTG-N10-CAG) was used by Berg to calculate frequencies. 

This site has not been shown to bind Lex A and was not included in 

this work; 3. The lexA 1 operator was written incorrectly and then 

used to determine frequencies. This error was corrected; 4. The 

overlapping two-operator systems observed for several colicin 

genes were not used to determine base frequencies here because 

they utilize a nucleotide specificity which is not seen in operators 

which do not overlap. The interaction of Lex A with two overlapping 

sites is likely to be somewhat different from its interaction with 

non-overlapping operators. There may be restraints on sequence 

choice which are the result of minimizing steric conflicts between 

adjacent dimers attempting to bind the overlapping sites or are a 

result of optimizing cooperative interactions between subunits. All 

known chromosomal sites are non-overlapping and these additional 

sequence constraints would therefore not be present. 

The base frequencies which have been observed in 19 

previously identified LexA operators are shown in Table 4.1. The 

numbers in the table were derived by aligning all 19 sites, and their 
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complements, to create a total of 38 operators. The dyad symmetry 

present in these sequences and the observation that some operators 

regulate transcription in two directions (e.g. uvrA/ssb, coIE1/RNA

C, etc.) is the justification for the use of the complementary 

sequences (Berg, 1988). This "artificial" enlargement of the data 

set is useful because predictive capability is enhanced when a 

larger number of sites is used to calculate base frequencies. The 

data indicates that six nucleotide positions are almost 100% 

conserved: "CTG" at nucleotides 3-5 and "CAG" at nucleotides 16-18. 

The central 10 base pairs are very A+ T-rich and are less well 

conserved. The data in Table 4.1 was used to calculate Heterology 

Indices for all 19 sites and this information is shown in Table 4.2a. 

The designation AEN20 refers to the calculated Heterology Index for 

each operator. "N20" indicates that the data set used for analysis 

includes lion-overlapping sites that are 2..Q. base pairs in length. 



Table 4.1. Calculation of base frequencies for 1,9 known LexA 

operators and their complementary sequences. 
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Position: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

T ACT G TAT A TAT A T A C A G T A 

A: 9 24 0 0 0 1 26 3 21 9 24 5 30 6 30 0 38 1 1 25 

C: 2 5 37 0 0 0 1 3 0 2 3 12 2 5 7 38 0 0 8 2 

G: 2 8 0 0 38 7 5 2 12 3 2 0 3 1 0 0 0 37 5 2 

T: 25 1 1 38 0 30 6 30 5 24 9 21 3 26 1 0 0 0 24 9 

It should be noted that a few other LexA binding sites exist 

which were not included in this list. Two mutant lexA gene 

operators with enhanced affinity (Wertman and Mount, 1985; lexA 1-

C11 [plasmid pKW13]: TG,QIGTATATACTTA,QAGCA and lexA2-C15 

[plasmid pKW14]: AA.c.mTATATATACCQA,GGG; Heterology Indices 

(AEN20) calculated for each of these using the data set in Table 4.1 

are 4.82 and 7.77, respectively; boldface indicates the altered base) 

and a synthetic consensus-like site (Brent and Ptashne, 1984; 
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TA.QIGTATGT ACAT A,QAGTA, AEN20 ... 1.08) were not used because of 

the possibility of biasing the data set toward a particular sequence. 

A non-canonical site near the recN gene promoter called 03 (Schnarr 

et al., 1991; TAAIG,GTTTTTCATA.cAGGA, AEN20 II: 11.47) appears to 

bind LexA significantly only in the presence of a nearby site and the 

correctness of its inclusion is unclear. Furthermore, an asymmetric 

sequence upstream of the colicin la and colicin Ib operons 

(Mankovich et aI., 1984; TA.QI.GTAT.ATGTATC.QAIAT, AEN20 = 11.78) 

has been suggested as a potential binding site for Lex A but this has 

not been confirmed. 

The operators listed in Table 4.2a are ordered according to 

their predicted affinities with strongest sites at the top and 

weakest at the bottom. Spaces have been introduced into the 

operator sequences for clarity. The highly conserved CTG ... CAG motif 

underlined in the consensus sequence is present in 18 of the 19 

sites. Equilibrium binding constants determined for several of these 

operators in DNasel footprinting experiments indicate that the 
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predictive accuracy of the method is quite good and is consistant 

with the analysis performed by Berg with a very different data set. 

Each binding constant is defined here as the concentration of LexA 

protein required to achieve half-maximal protection under 

previously defined incubation conditions (Burggraf et aI., 1987). 

Another prediction derived from the data in Table 4.2a is that the 

two operators in front of the lexA gene (lexA 1 and lexA2) have quite 

similar affinities. This result has already been suggested in a prior 

study (Brent, 1982). 
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Table 4.2. Relative Operator Affinities Predicted by the Statistical 
Mechanics' Theory of Berg and von Hippel. 

(a) 

IUod,ioQ: 
aJ..t..a&b SequftnceO ACODneocsund Xode"· E.d..,f 

Consensus: TA ~ TATATATATA ~ TA 0 

tllm!!i!l!Hil TA CTG TATGTTTATA CAG TA 2 1. 49 
cleacjeIlElJ TA eTG TGTATATATA eAG TA 1 1.57 
~ TA eTG TATATACATA CAG CA 2 1. 60 
umuDe TA eTG TATATAAAAA eAG TA 2 2.77 ~2x10-10 M 
~ TA CTG TATAAATAAA CAG TT 3 3.34 
recNl TA CTG TATATAAAAC CAG TT 4 4.17 
recA TA CTG TATGAGCATA CAG TA 4 4.31 ~2x10-9 M 
sulA TA CTG TACATCCATA CAG TA 3 4.65 
uvrB AA CTG TTTTTTTATC CAG TA 5 6.10 ~2x10-8 M 
1exA1 TG CTG TATATACTCA CAG CA 5 6.39 ~2x10-8 M 
uvrA/ssb TA CTG TATATTCATT CAG GT 5 6.98 ~2x10-8 M 
lexA2 AA eTG TATATACACC CAG GG 6 8.31 ~2x10-D M 
dinH TC eTG TTAATCCATA CAG CA 6 8.61 
uvrD AT CTG TATATATACC CAG CT 6 8.79 
dinG TA TTG GCTGTTTATA CAG TA 5 8.98 
ruvAB CG CTG GATATCTATC CAG CA 6 9.19 ~3-4x10-8 M 
recN2 TA eTG TACACAATAA CAG TA 5 9.37 
polB (dinA) GA CTG TATAAAACCA CAG ec 7 12.1 
V flux AC eTG TAGGATCGTA eAG GT 10 12.6 

(b) 

Operator-like aequeocea which d,o not fOQtpriot'Q 

near ruv: TA CTG TGCCATTTTT CAG TT 8 15.5 
near lexA: CT CTG GTTTATTGTG CAG TT 10 18.4 
near phr(l): GG eTG CGCTTATCGA CAG TT 9 18.9 
near umuDC: AT eTG CTGGCAAGAA CAG AC 12 24.7 
near phr(2) : GC CTG GCTTTCAGGG CAG CG 12 25.3 

a Sites which are underlined are from genomes other than the E. coli chromosome. The 
numbers 1 and 2 next to the site names (e.g. JexA 1 and JexA2) refer to the upstream and 
downstream operator sequences, respectively. 
b Sources for the 19 operators were: (Strike and Lodwick, 1987; Berg, 1988; 
Shlnagawa et al., 1988; Lamont et al., 1989; Shadel et al., 1990). 
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c Sequences are written In the direction of transcription (except uvrNssb). 
d The number of base pairs In each operator which deviates from the consensus sequence. 
8 The Heterology Index (AEN20) for each operator. 
f Equilibrium binding constants determined under standardized conditions using DNasel 
footprlntlng. The value for lexA 1 and lexA2 was derived for both sites. Kd values were 
taken from: (Berg, 1988; Shlnagawa et al., 1988). 
g The sequences In (b) were taken from: (Little et al., 1981; Kitagawa et al., 1985; 
Shlnagawa et aI., 1988; Payne and Sancar, 1989). 

The sequences listed in Table 4.2b represent operator-like 

sites which were not protected by LexA in past footprinting 

experiments. Significantly, each site has a Heterology Index which 

falls outside the range of values calculated for the 19 known 

operators. Manfred Schnarr et al (1991) have recently determined 

the relative affinities of LexA protein for several of the operators 

in Table 4.2a using quantitative mobility shift assays (Schnarr et 

aI., 1991). The deduced order of affinities can be summarized as 

consensus> sulA + umuDC > recA > uvrB > uvrA + lexA (both sites) > 

uvrD. This experimental result is very similar to the order of 

relative affinities displayed in Table 4.2a. The most significant 

difference is that the sulA operator is predicted to be somewhat 

weaker by Berg/von Hippel analysis than the experiments suggest, 

although the operator did receive one of the highest scores in the 



table. 

Analysis of the sequences within GenBank and EMBL to identify 

binding sites for LexA repressor. 
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The operators listed in Table 4.2a can be defined completely by 

the following 6 ambiguous sequences: CTGT(Ng)CAG, CTG(Ng)ACAG, 

CTGG(Ng)CAG, CTG(Ng)CCAG, ITGG(Ng)CAG, and CTG(Ng)CCAA. E. coli, 

Salmonella typhimurium, bacteriophage, and plasmid sequences 

listed in GenBank (release 67) and EMBL (release 27) were screened 

using the search program Find to identify perfect matches to these 

input sequences. The databases were also analyzed using the 

program Fasta to identify close matches to the consensus sequence 

TACTGTATATATATACAGTA. The output of the two search strategies 

consisted of several hundred operator-like sequences. A" 

previously identified SOS boxes which have been registered in the 

databases were pulled out in the searches. Heterology Indices were 

calculated for every prospective site which contained nine or fewer 

deviations from the consensus sequence. A" sites which scored 

between 0.0 and 12.0 were designated as most likely to represent 
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new Lex A binding sites. 

A total of 6 potential new E. coli operators were obtained and 

these sequences are listed in Table 4.3. The sites are defined by 

their GenBank or EMBL entry designations. Approximate positions on 

the genetic map of E. coli are noted. Heterology Indices ranged from 

6.23 for the site near the pyrC gene to 11.87 for the segment within 

ECOAPAH. Interestingly, four of the six sites (near pyrC, hsdS, ntrla, 

and mrp) are located upstream or downstream of known genes. This 

observation is addressed more fully in the discussion below. Not 

shown here is a high scoring site found in the genome of a non-K12 

strain of E. coli. This sequence is located in the promoter region of 

the EcoRII methylase gene (ECOEC02M/ECOENDX; AC .Qm 

TTTAAATATC ~ AT, AEN20 = 10.0). 



Table 4.3. Chromosomal E. coli DNA sequences identified in the 
GenBank and EMBL database searches. 

GenBank/EMBL Index 
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Sermence Map Position fmtaa ( AEN20.l. 

1.AC CTG TATAAATAAC CAG TA 23.4 min ECOl?YRC 6.23 

2.TA CTG ATGATATATA CAG GT 98.5 min ECOHSDSK 9.40 

3.CA CTG GATAGATAAC CAG CA 38 min ECONTRLA 9.54 

4.GC CTG TCTGAACAAA CAG TA 36 min ECOTYRS 10.12 

5.AA CTG GATAAAATTA CAG GG 45.7 min ECMRl?MET 10.67 

6.TA CTG TTTATCTTCC CAG CG 0.95 min ECOFOLA 11.87 
(+ECOAl?AH) 

a Ecmrpmet Is an EMBL entry. All others are from GenBank. 

Potential bacteriophage, plasmid, and transposon sites are 

shown in Table 4.4a, b, and c. The sequence located on bacteriophage 

T5 is predicted to be the highest affinity LexA binding site yet 

discovered (A.EN20 = 0.95). Interestingly, the putative bacteriophage 

P1 SOS box lies adjacent to the promoters for the ere recombinase 

gene (Sternberg et aI., 1986). The site does not actually overlap the 

known ere promoters and its potential for mediating LexA regulation 

of the recombinase gene is unclear. Evidence presented below 



indicates that LexA does bind the site, however. The single 

bacteriophage lambda site predicted to bind Lex A lies in the 

promoter region of the oop gene (see Discussion). 

Table 4.4. Putative bacteriophage, plasmid, and transposon
associated LexA operators. 

GenBanklEMBL 
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Phage, Plasmid 
or transposon i1ll1O!8 __ _ SeQuenceb Index(A.EN201 

(a) bacteriophage sites: 

Phage T5 PT5SS1 TA CTG TATAAATATA CAG TA 0.95 

Phage P1 PP1CRE AC CTG TAAATCCATA CAG TT 8.12 

Phage A. LAMCG TC CTG TTGATAGATC CAG TA 10.56 

Phage T4 ECRIIA TT CTG TTTATTAATC CAG AA 10.70 

(b) plasmid-encoded colicin operators: 

ColEl (1) C CE1CG TG CTG TATATAAAAC CAG TG 7.55 
(2 ) CA GTG GTTATATGTA CAG TA 11.61 

ColE2(1) CE2CEALIB AT CTG TACATAAAAC CAG TG 12.43 
(2) CA GTG GTTTTATGTA CAG TA 12.97 

ColB (1) ECOCOLB AT CTG TACATAAAAC CAG TG 12.43 
(2) CA GTG GTTATATGTA CAG TA 11.61 

ColN (1) ECOCNA AA CTG TATATAAAAC CAG TG 7.48 
(2) CA GTG GTTATGTGTA CAG TA 13.89 

pMB1Col(1) (van den GG CTG TACGTAAAAC CAG TG 12.57 
(2) Elzen et CA GTG ATTTTATGTA CAG TA 14.58 

al.,1982) 



If 

ColA (1)0 
(2) . 

ColIa&Ibd 

CLACG 

CIAIAIMM 
+CIBCOLI 

(c) other plasmid loci: 

RSF1010 RSFRMRA 

ret ron 67 EC067RTDM 

IS150 INS150CG 

R46 ECOOXA2 
R751 ECODHFR1 
R388 R38DHFR 
pDG0100 PDGOAADB 
pLM020 LMODHFRV 

TA CTG TATATAAACA CAT GT 
AC ATG TGAATATATA CAG TT 

TA CTG TATATGTATC CAT AT 

TA CTG TGTTTACATA CAG TC 

TA CTG TAAATATAAA CAG TG 

AG CTG TATTTGTCTC CAG TA 

GA CTG TTTTTTTGTA CAG TC 
" 
" 
" 
" 

a The pMB1 colicin site is taken from the indicated reference. 

9.57 
11.51 

11. 78 

5.79 

5.89 

9.59 

10.52 
n 

" 
n 

" 
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b Overlapping base pairs within the colicin operators are underlined. The sequence 
labelled as (1) is located upstream of the sequence designated as (2). 
c The colicin E1 and colicin A operators have been footprinted using DNasel (Berg, 
1988). 
d The colicin la and Ib operons are induced by treatment with mitomycin C but the 
ability of LexA to bind this asymmetric CTG .... CAT sequence has not been tested. 

DNasel footprinting studies have shown that LexA binds tightly 

to the overlapping operators upstream of the colicin A and E 1 

operons and these are listed in Table 4.4b. The colicin E2 and pMBI 

colicin sites have been included because of their obvious Similarity 

to the other colicin genes' operators. Additional plasmid and 

transposon sites are listed in Table 4.4c. The functional 
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significance of each of these sites is unknown, though the site found 

in plasmid R46 and several related plasmids is located in the 

promoter region of a putative "integrase" gene (described in the 

ECOOXA2 entry). The very high-scoring site found in plasmid 

RSF1 01 0 lies adjacent to an uncharacterized ORF capable of 

encoding a 20 kilodalton protein. 

New and previously described LexA operators in the closely 

related organism S. typhimurium are listed in Table 4.5. Tne S. 

typhimurium lexA gene has recently been sequenced in this 

laboratory (J. A. Mustard, A. T. Thliveris and D. W. Mount). The 

predicted LexA product is almost identical to its E. coli counterpart 

and it is therefore not surprising that the operators for the S. 

typhimurium sulA, umuDC, and lexA genes are similar or identical to 

the equivalent E. coli sites. Two interesting observations may be 

drawn from the data in Table 4.5: first, one of the sites in front of 

the S. typhimurium lexA gene ("box 2"; downstream of the other 

operator sequence) contains the asymmetric TTG(N10)CAG motif 

observed in the E. coli dinG operator (see Chapter 3). As noted 
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earlier at least two known binding sites, mucAB and E. coli lexA 1 , 

have a reduced ability to bind LexA when their sequences are 

converted from the CTG .... CAG form to TTG .... CAG. The second 

observation is that the strong binding site located immediately 

downstream of the E. coli pyrC gene (Table 4.2a, )"EN20 = 6.23) is also 

present downstream of the S. typhimurium pyrC gene. Indeed, the S. 

typhimurium site ()"EN20 ... 2.39) is predicted to be even stronger than 

the one in E. coli. 

Table 4.5. Sites identified in Salmonella typhimurium and its 
plasmjds, 

GenBanklEMBL Index 
entry SeQyence .(6fN201 

STYSULA TA CTG TATGAATATA CAG TA 1.49 

STYPYRC AA CTG TATATATATC CAG TA 2.39 

STYUMUDC TA CTG TATATAAAAA CAG TA 2.77 

lexA (1) a AA CTG TATATACTCA CAG CA 6.32 
lexA (2) GA TTG TATATACACC CAG GG 12.86 

samABa,b TG CTG TATATAAAAA CAG GC 7.64 

STYPGTA TA CTG TAAGCAAACT CAG CA 11. 98 

a The sequences of the S. typhlmurium JexA operators were derived from experiments 
performed In this laboratory and the samAB site Is from (Nohml et al., 1991). 
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b The samAB operon Is present on a cryptic plasmid In a number of S. typhlmurlum 
strains and shares sequence homology with the umuDC, mucAB, and ImpAB operons. 

Determination of relative affinities of Lex A for previously 

identified operators, mutant sites, and potential new sites using 

EMSA's and peR 

Electrophoretic mobility shift assays (EMSA's) have been used 

extensively to characterize LexA:DNA complexes in past studies. 

They have been successfully employed to evaluate prospective new 

operator sequences (Granger-Schnarr et aI., 1986; Payne and Sancar, 

1989; Benson et aI., 1988), to compare binding to wildtype and newly 

isolated mutant operators (McNally et aI., 1990; Thliveris et aI., 

1991), to study cooperative interactions and LexA-induced DNA 

bending (Lloubes et aI., 1988, 1991), to characterize mutant LexA 

proteins (Thliveris and Mount, 1991; Thliveris et aI., 1991), and 

finally, to assess the relative affinities of LexA for several 

different operators (Schnarr et aI., 1991). For the following 

mobility shift experiments, incubation conditions (described in 

Materials and Methods) were optimized to permit detection of 
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specific DNA binding and eliminate retardation due to non-specific 

interactions within the range of LexA concentrations employed. 

Results of this experimental strategy are illustrated in 

Figures 4.1 a, b, and c. Purified LexA protein does not form bound 

complexes with two recA operator mutants, recAoe 140 1 and 

recAoe1407, using LexA concentrations up to 100nM (Figure 4.1 a and 

b; the sequences of each site are shown in the figure). These mutant 

sites were originally isolated as recA promoter fusions to 

galactokinase which are not repressed by LexA in vivo (Wertman et 

aI., 1984; Wertman and Mount, 1985). Perhaps more significantly, 

under the conditions used here no binding was detected to a 

fragment containing an operator-like sequence found in 

bacteriophage lambda (12,592-12,611 base pairs on the lambda map) 

which retains the conserved CTG(N10)CAG motif but has a poor 

Heterology Index of 17.5. This Index falls outside the range of 

values in Table 4.2a and therefore the site is not predicted to 

interact strongly with LexA. 
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Figure 4.2 depicts the association of LexA with dinA (poIB), 

dinG, and dinH operator-containing DNA fragments as well as with a 

synthetic consensus operator sequence under the same experimental 

conditions employed in Figure 4.1. Half-maximal binding to the 

three din gene sites was observed at similar concentrations of LexA 

(1-5 nM) and was significantly weaker than the interaction with the 

consensus site. Half-maximal binding to the consensus site was 

achieved at a concentration of LexA that was approximately ten 

times lower than that required for the dinA, dinG, or dinH sites. 

This result is consistent with the relative affinities predicted by 

Berglvon Hippel analysis in Table 4.2a. It is worth pointing out here 

that past experiments have suggested that DNA fragment length and 

relative operator location within a fragment can influence 

protein:DNA association measurements in vitro (Fried and Crothers, 

1981,1984). Specifically, fragments that are very small and/or 

have a specific DNA binding site very close to one end may exhibit a 

somewhat reduced affinity compared to double-stranded segments 

that are larger and have centrally located operators. The dinA, dinG, 

and dinH operator fragments used here have more centrally placed 
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binding sites than the consensus fragment studied in Figure 4.2. 

While the consensus site has a much stronger apparent affinity for 

Lex A protein than the three din gene fragments, it remains possible 

that this observed difference in binding strengths would be 

somewhat more pronounced if alternative consensus fragments were 

constructed. An additional parameter which has not been 

extensively addressed in past EMSA experiments is the importance 

of DNA fragment concentration in measurements of different types 

of binding constants by this method, though this variable has been 

investigated thoroughly for true equilibrium binding methods such as 

DNasel footprinting (Ausubel et aI., 1988). Unless otherwise stated, 

labe"ed DNA fragment concentrations used in a" of the experiments 

performed here were kept between 1 0 and 75pM. This concentration 

is similar to or less than the DNA concentrations used in past DNasel 

footprinting studies of LexA operators, but it may not be optimum 

for very high affinity sites. 
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Figure 4.1. Binding of LexA to two operator-constitutive recA 
mutants and an operator-like sequence found in the bacteriophage 
lambda genome. 



(a) dinA (pol B) 

o 0.5 2.5 5 10 100 nM LexA 

(b) dinG 

o 0.5 2.5 5 10 100 nM LexA 

Figure 4.2. Analysis of Lex A binding to DNA fragments containing 
the dinA, dinG, dinH, and consensus operators. 



(c) dlnH 

o 0.5 2.5 5 10 100nM Lr:d\ 

, III''''''''. k:, .. :iW::';",,;·:;, W'1':\,i" j:I:lJ _(:i":'",/i ,~,' ;~ _ _ ........ Ji~" 

'., ,"' ' . 

(d) consensus 

o .01 0.1 0.5 5 10nM LexA 

Figure 4.2-Continued. 
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Binding of the sequence downstream of the pyrC gene (Table 

4.3, AE = 6.23) to LexA has been studied in Figure 4.3. Initial LexA 

titration experiments revealed a strong interaction with the 

fragment containing this site. Polymerase Chain Reaction (peR)

mediated site-directed mutagenesis was employed in order to 

ascertain whether this tight binding was due to contacts formed 

with the CTG(N10)CAG sequence indicated in Table 4.3. 

Oligonucleotide primers (24 bases in length) were synthesized which 

produced fragments containing the wildtype sequence (AC CTG 

TAT AAATAAC CAG T A) or a mutant sequence (AC C,C,G T ATAAAT AAC 

CAG TA) after PCR amplification. Each of the operator-specific 

primers was used in conjunction with the primer GalK1 and plasmid 

pGH5 (pyrC'-orfC'::ga/K) to generate 219 bp PCR products. These 

DNA's were subsequently digested with Hindlll to produce labelled 

147 bp fragments which retained the operator sequence 12 bp from 

one end. The ability of Lex A to bind each DNA was examined in 

parallel EMSA experiments (Figure 4.4). The concentration of DNA 

used in each assay was 100pM. The fragment containing a mutant 

half-site was not retarded at the highest concentration of LexA 
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used, indicating the importance of this region in specific LexA::DNA 

complex formation. 

The affinity of LexA protein for the putative site near the 

bacteriophage P1 ere gene (entry designation PP1 CRE) was studied in 

Figure 4.S. The interaction was observed to be very strong (half

maximal binding between 0.1 and O.S nM LexA). To determine 

whether this strong binding was due to the 20 bp sequence identified 

in the database search, mutant and wildtype DNA fragments were 

created using PCR as before. The primer "Cre2" was used in 

conjunction with either "Cre" (wildtype primer) or "CreM" (mutant 

primer) to produce S04 bp PCR products that differed at only one 

position. Fragments contained the wildtype sequence AC CTG 

TAAATCCATA CAG TT or the mutant sequence AC C,Q,G TAAATCCATA 

CAG TT located 12 bp from one end (see Materials and Methods). The 

plasmid pNS23S3 served as template for the mutagenesis (Sternberg 

et aI., 1986). Each S04 bp DNA fragment was digested with Hpall and 

labe"ed by extension with 32P-dCTP to generate 442 bp products for 

analysis using EMSA's. As shown in Figure 4.6, the wildtype product 
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was bound by LexA protein but the' mutant operator fragment was not 

detectably retarded even at concentrations of LexA that shifted 

100% of the wildtype fragments. Figures 4.3-4.6 reveal that the PCR

generated fragments which contained the wildtype ECOPYRC and 

PP1 CRE sequences interacted less strongly with LexA protein than 

the "natural" restriction fragments (compare Figure 4.3 vs. Figure 

4.4a and Figure 4.S vs. Figure 4.6a). It is most likely that this result 

is due to the fact that the PCR fragments are smaller and have 

operator sequences located very near one end (Fried and Crothers, 

1981,1984). 

Binding of LexA to the putative sites near hsdS, ntr/a, and the 

bacteriophage A. oop gene is illustrated in Figure 4.7. The 

concentration of Lex A protein required to shift half of the labelled 

ECOHSDSK and ECONTRLA DNA fragments is very similar to the 

values established in Figure 4.2. The apparent relative affinity of 

Lex A for the oop site, however, is slightly weaker than for the dinA, 

dinG, and dinH gene operators (half-maximal binding at S-10nM for 

oop versus 1-SnM for the din sites). A bacteriophage TS sequence 
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was identified in the database search which has the best Heterology 

Index of any natural sequence known (PT5SSI, AEN20 III 0.95). Recent 

experiments have confirmed that LexA binds tightly to this region of 

the bacteriophage T5 genome (data not shown). 



"ECOPYRC"· (AC CTG TATAAATMC CAG TA) 

o .01 .05 0.1 0.5 10 nM LexA 

Figure 4.3. Binding of LexA to the sequence within ECOPYRC (AEN20 = 
6.23). The lower band which is not retarded by LexA represents a 
non-operator fragment which was co-purified and run as a control. 



(a) wlldtype 
(AC CTG TATAAATAAC CAG TA) 

o .01 0.1 0.5 5 10 nM LexA 

wwW" 
" ~." .. ' . '~i".i:,'i·;t'· ',; W"":W" _ ,"~i*"; 

(b) mutant 
(AC Oro TATAAATAAC CAG TA) 

o .01 0.1 0.5 5 10 nM LexA 

Figure 4.4. Binding of LexA to the high-scoring sequence 
downstream of pyre (ECOPVRC) and to an altered form of the site 
which was created by PCR-mutagenesis. 



PP1CRE: (AC CTG TMATCCATA CAG TTl 

o .01 0.05 0.1 0.5 1.0 10 nM LoxA 

Figure 4.5. Interaction of LexA with the site near the bacteriophage 
P1 ere gene. The fragment used for the assay was derived from the 
plasmid pNS2353. 



(a) wild type PP1CRE 
(AC CTG TAAATCCATA CAG TI) 

o 0.5 1.0 5.0 10 20 40 nM LexA 

(b) mutant PP1 CRE 
(AC C~ TAAATCCATA CAG TIl 

o 0.5 1.0 5.0 10 20 40 nM Lox/\ 

. · ':"".".':.'; .~ .. ': W ...... 
. ,-~. 

Figure 4.6. Binding of LexA to the high-scoring sequence upstream 
of the bacteriophage P1 cre gene (PP1 CRE) and to an altered form of 
the site which was created by PCR-mutagenesis. See text for 
details. 



(a) ECOHSDSK: (IIC CTG TllTIITIITCIIT CIIG TA) 

o .01 0.1 5 10 100 nM Loxll 

·· ...... w 
_.-.. ,¢.~, 

(b) ECONTRLA: (CA CTG GATAGATAAC CAG CAl 

o .01 0.1 5 10 100 nM LexA 

~,~,.""",,.: ..... -" ...... . ~.~ ......... M'" .• ', 

(e) LAMCG (oopgene: TC CTG TTGATAGATC CAG TA) 

o 5 10 20 50 nM LoxA 

Figure 4.7. Interaction of LexA with the putative SOS boxes 
downstream of the E. coli hsdS and ntrla genes (a and b) and with the 
high-scoring site near the oop gene promoter of bacteriophage A. (c). 
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Analysis of regional gene configurations and open reading frames 

(ORF's) proximal to the suggested chromosomal and bacteriophage 

sites. 

All LexA operators which have been characterized to date are 

found immediately 5' to the coding regions of their repressed genes. 

The locations of each operator relative to the -35, -10, and 

transcription initiation site(s) are highly variable, however. The 

regulatory elements for several SOS genes are illustrated in Figure 

4.8. The figure reveals that operators have been identified which 

overlap the -35 region (uvrA), the -10 region (umuDC, lexA1, uvrB, 

sulA, ruvAB, etc.), both of these (recA), or which are in the 

transcribed region of the gene (uvrD, lexA2). It is probable that 

sites identified in the current database search which are functional 

in vivo will be located in analogous positions. 

The positions of six of the putative new LexA binding sites 

relative to previously identified genes and large open reading frames 

are depicted schematically in Figure 4.9. Four of the six new loci 



142 

are located upstream or downstream of known genes and at least 

three (ECOPYRC, ECOHSDSK, and ECONTRLA) are located directly 5' to 

large ORF's. Proof that these prospective LexA binding sites are 

located in the regulatory regions of previously unknown DNA damage

inducible genes will require an analysis of transcriptional activity 

proceeding in both directions from each operator sequence, but the 

placements of several of the new sites strongly suggest roles in 

gene regulation (see Discussion). 

A re-evaluation of nucleotide conservation within known binding 

sites for Lex A protein. 

Early studies of SOS gene regulatory elements identified Lex A 

operators as 16 bp segments of the general form CTG(N1o)CAG 

(Wertman and Mount, 1985). As the pool of operator sequences 

available for comparison increased, the number of conserved 

nucleotides in each site was found to extend to at least 20 bp and a 

perfectly symmetrical consensus sequence was derived (Berg, 1988; 

Table 4.2a). The large number of sequenced LexA binding sites 

compiled in this work presented an opportunity to re-investigate the 
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ex'tent of nucleotide conservation in greater detail. In Figure 4.10a 

base pair frequencies were calculated for the 15 operators listed in 

Table 4.2a which function alone in regulation of their cognate genes. 

The occurrence of each base pair was tabulated for 10 additional 

positions outside the central CTG-N1o-CAG region. The complements 

of each sequence were included because of considerations discussed 

earlier for Table 4.1. The compilation of solitary sites only in 

Figure 4.10a was examined initially to avoid neighboring operator 

sequences which are encountered in extending the lexA and reeN 

sites. The data indicate that conservation of sequence choice 

extends to at least 22 base pairs and proposes a consensus sequence 

which retains the symmetry of the 20 bp consensus site (AT A CTG 

TATATATATA CAG TAT). The outer base pairs of this sequence are 

about as well conserved as the central 4 nucleotides of the operator 

(53% versus 57%). Analysis of all 19 of the known operators which 

were listed in Table 4.2a plus the sites within ECOPVRC, ECOHSDSK, 

ECONTRLA, PT5SSI, and PP1 CRE yields a slightly reduced tendency 

toward the extended 22 bp consensus sequence (Figure 4.10b), though 

the preference is still quite strong. The significance of 



144 

conservation of nucleotides outside the 16 bp CTG(N10)CAG core is 

unclear. No mutations have been isolated in this peripheral region 

which affect binding to a known operator. The conservation cannot 

be attributed to the presence of other regulatory elements because 

LexA binding sites are found at many different locations relative to 

the -35 and -10 region of each promoter (Figure 4.8). Past studies 

of the recA operator have revealed that ethylation of 5 different 

phosphates in the outer segment (ApTpApCpTpG) inhibits the 

interaction of LexA with this operator (Schnarr et aI., 1991). This 

result and the preference for alternating A.T and T·A base pairs at 

the ends of each site may reflect a need for helix deformation in 

these regions for strong complex formation with Lex A (see 

Discussion), but this remains to be proven. 



uvrA 

recA 

uvrB 

ruvAB 

lexA 

sulA 

umuDC 

uvrD 

-35 -10 

t t 
r------....... mRNA 

1\TT'l'GTI:;T~~W',I\ACI:GT~rTG~rGA~rCGI:CGGTAGCACCATGCC1\C 

50S 

CAA1\ACAC~TGTATGAGCATACAG~TGCTTCAACAGAACATATTGACTATCCGGTATTA 

TATGGTGATGm'1'Gl"1'l'iijj1'A'1'CCAilTAATTTGTTGGCATAATTAAGTACGACGAGTAAAATTA 
• : " '.', ..... ~: ': r .. ·.: t' 

_ - mmmmIiI -

50S 
',~~~' .',' .. ,' ..... -: .... ~.~.'.( 

CGCAAG~CATCCTTCGCTGGA~TCCAGCATTTTTTTATCATACAGCATTATCTTTG 

50S 50S 

ATGGTTCCAAA1\TCGCCTTT·l'(iCTG·j·A"tCTCAl:A~~l'~l:·l'G'.l·A·.l·A'l'Al:Al:(;l:~l!GGCGGA - -
GGGiTGAT)TTTGTTGTCACTGGATG~CATCCATACAGTAACTCACAGGGGCTGGATTGA 

rs 
CCCGGii,y,GCA,TCTCTGACCTCGCTGATATAATCAGCAA1\'l'C'l'G'l'~'1' 'l'A'l'ACCCAGC'l'TTTTGGCG 

F1gure 4.8. Arrangements of LexA operators relat1ve to the 
-35 and -10 reg10ns of known 50S gene promoters. "50S" = 
20 bp LexA b1nd1ng s1te upstream of each gene. The long 
arrow 1nd1 cates the approx1 mate start s1 te of transcr1pt 1 on 
for all genes. 



E,co1l9I1e9; 

ECOPVRC 

ECOHSDSK 

ECONTRLA 

pyre ·orfC· 
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50S 
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~.~ ~ ... 
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ntrla 
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"orf2" 
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bacteriophage sites; 
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PPICRE ..... Lox 50S 
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CI oop RNA 

F1gure 4.9. Pos1t1ons of the putat1ve LexA b1nd1ng s1tes 
1 dent Hi ed in the database search re 1 at ive to know n 
genes and sequenced ORF's. 



(a) 15 sites found in genes regulated by one operator only. 

(A1 :I: A !;C :I: Si :I: A :I: A :I: A :I: A :I: A !;C A Si :I: A (:1:1 
A: 12 13 16 7 19 0 0 0 1 22 1 17 9 17 3 25 4 24 0 30 1 1 20 8 9 10 
c: 6 1 3 1 4 29 0 0 0 1 2 0 1 3 10 2 3 5 30 0 0 6 2 3 7 2 
G: 2 7 3 2 6 0 0 30 5 3 2 10 3 1 0 2 1 0 0 0 29 4 1 3 1 6 
T: 10 9 8 20 1 1 30 0 24 4 25 3 17 9 17 1 22 1 0 0 0 19 7 16 13 12 

lis: 53 67 63 97 100 100 80 73 83 57 57 57 57 83 73 80 100 100 97 63 67 53 

(b) 24 operators 

!a.1 :I: A !;C :I: Si 2: A :I: A :I: A :I: A :I: A !;C A !.i :I: A (:1:1 
A: 
c: 

16 18 23 13 30 0 0 0 2 33 4 30 11 30 5 38 9 35 0 48 1 1 30 16 20 18 
9 3 5 3 8 47 0 0 0 1 3 0 2 5 13 3 5 11 48 0 0 9 2 4 7 5 

G: 5 7 4 2 9 0 0 48 11 5 3 13 5 2 0 3 1 0 0 0 47 8 3 5 3 9 
T: 18 20 16 30 1 1 48 0 35 9 38 5 30 11 30 4 33 2 0 0 0 30 13 23 18 16 

lis: 48 62 62 98 100 100 73 69 79 62 62 62 62 79 69 73 100 100 98 62 62 48 

Figure 4.10. Determination of base frequencies at 26 positions near known LexA 
operators. (a) Tabulation of frequencies in the 15 solitary operators from Table 
4.2. (b) Tabulation of frequencies using all sites in Table 4.2 plus the sites in 
ECOPYRC, ECOHSDSK, ECONTRLA, PP1 CRE, and PT5SSI. "%"indicates the 
percent frequency of occurrence of the single most common base at each position. 

I-
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Discussion 

The experiments described in this chapter have resulted in the 

identification of additional binding sites for LexA repressor in the 

genomes of E. coli and its plasmids and phages. All six of the 

putative new SOS regulatory regions which were tested interacted 

strongly with LexA protein in vitro. This result suggests that many 

of the other sites predicted to bind LexA by Berg/von Hippel analysis 

will also form specific complexes. 

LexA bound with high affinity to a native fragment 

encompassing the putative SOS box in GenBank entry ECOPYRC and no 

longer bound when the 20 bp operator region is altered at one 

position (CTG-N1o-CAG > C.Q.G-N1O-CAG; Figures 4.3 and 4.4). The 

segment, which lies immediately downstream of pyrC and is 

conserved in S. typhimurium, is predicted to be the strongest of the 

six new chromosomal sites (AEN20 = 6.23). There is a small ORF 

(capable of encoding a 9 kDa protein) just beyond the pyrC gene. This 

ORF, called orfC, was originally noted by Charles Turnbough in the 
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course of studies of pyrC and probable -35 and -10 promoter 

elements were identified by his group (Wilson at aI., 1987; C. 

Turnbough, personal communication). Interestingly, the -10 region 

suggested by that work overlaps the newly identified SOS box, which 

is a common feature of known SOS genes. Furthermore, experiments 

using orIC'::gaIK and orIC'::lacZ fusions and recent DNasel 

footprinting experiments have revealed that transcription of orlC 

occurs in vivo and is under Lex A regulation (Ken Roland and Greg 

Harlow, unpublished results). A search of the PIR protein database 

did not reveal any striking homologies with the predicted amino acid 

sequence of the OrfC peptide. 

Figure 4.7 reveals that Lex A binds specifically to the 

sequenced region within GenBank entry ECOHSDSK with an apparent 

affinity that is similar to that seen for the dinA, dinG, and dinH 

operators. The high-scoring site lies between the hsdS gene, 

encoding the specificity subunit for the EcoK restriction system, and 

mcrB and C, which encode proteins active in cytosine methylation 

and restriction. This segment of the E. coli chromosome is referred 
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to as the "immigration control region" and contains the genes for 

three restriction/modification systems within a span of 14 kb (Dila 

et aI., 1990). The intervening portion between hsdS and mcrB 

encompasses 710 bp and contains a potential ORF located just 

downstream of the putative SOS box (Figure 4.9). Experiments have 

indicated that a small protein is produced from this region (Gough 

and Murray, 1983), but its size is slightly larger than the product 

expected from the ORF sequence. Resolution of this descrepancy 

will require additional study. This portion of the genomes of E. coli 

strains Band D has also been sequenced and the small ORF is 

conserved in each (GenBank entries ECOHSDSB and ECOHSDSD). The 

operator-like site has one base pair difference in E. coli B 

(AC.Q.IGGATATATCAT~TA; AEN20 = 10.8) and two changes in strain 

D (AC.QE1GACAT ATCAT.QAG.TA; AEN20 = 12.9). It has been known for 

several years that one phenotype associated with the SOS response 

in E. coli K strains is alleviation of the host EcoK restriction system 

(Little and Mount, 1982). The molecular basis for this phenomenon 

remains unknown. A possible role for LexA-mediated inhibition of 
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transcription from the site downstream of hsdS in this process 

merits further investigation. The operator sequence noted in the 

ECONTRLA entry is located downstream of the ntrla gene and lies 

immediately 5' to large open reading frames proceeding in both 

directions (Figure 4.9). The nucleotide sequence of the largest ORF 

has been determined but is not yet available for analysis (Allibert et 

aI., 1987). The smaller ORF (potentia"y encoding a 16 kDa protein) 

did not display extensive homology with sequences within the PIR 

database. 

A DNA fragment containing the LexA operator predicted to 

reside near the bacteriophage P1 ere gene binds LexA strongly in 

vitro (Figure 4.5). Site-specific mutagenesis of this 20 bp sequence 

was shown to eliminate complex formation (Figure 4.6a and 4.6b). 

The putative regulatory site is located between the coding 

sequences for ere and the divergently transcribed C 1 repressor gene 

(Figure 4.9). This sequence does not overlap the known promoters 

for ere or C 1 and its possible function in regulation of bacteriophage 

P1 biology is not clear. 
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The putative site in the bacteriophage lambda genome is 

located near the oop promoter (LAMCG; Figure 4.9). A restriction 

fragment containing this site forms a shifted complex with LexA 

protein in mobility shift experiments performed under stringent 

conditions (Figure 4.7). The concentration of LexA required to yield 

half-maximal binding was slightly larger than that required in the 

dinA, dinG, or dinH experiments (compare Figure 4.2a, b, and c versus 

Figure 4.7). The oop gene encodes a transcript which has been shown 

to negatively regulate CII gene expression through an antisense 

mechanism. Artificial expression of the 77 base RNA in host cells 

results in clear plaques upon infection with bacteriophage lambda 

(Krinke and Wulff, 1987; Takayama et aI., 1987). The potential SOS 

box was suggested in an earlier sequence analysis (Sprizhitsky and 

Kopylov, 1983) and has been discussed by Egan (Lamont et aI., 1989). 

A possible role for LexA regulation of oop (and therefore CII protein) 

is suggested by two previous reports that lambda prophage induction 

is inhibited in /exA(lnd-) hosts which have derepressed RecA 

synthesis (Quillardet et aI., 1982; Lamont et aI., 1989). The 
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mechanism by which CII protein might influence prophage induction 

is unclear. It is conceivable that excision of the phage genome from 

a lysogen which received relatively small amounts of DNA damage 

can be a reversible process. This mechanism would provide a role 

for CII-activated CI synthesis from PRE in the subsequent re

establishment of the prophage state. The high-scoring site is also 

found in the equivalent position of the closely related bacteriophage 

434. The 434 sequence is altered at one position relative to the 

lambda oop site and has a Heterology Index which is slightly outside 

the range of values in Table 4.2a (AEN20 = 12.72; TC CTG TTGATAGITC 

CAG TA). If future experiments confirm LexA regulation of oop 

transcription, it would be the second DNA damage-inducible 

antisense RNA transcript to be characterized. An antisense inhibitor 

of the ompF gene is a component of the sox regulon (Wu and Weiss, 

1991 ). 

It is important to recognize that Berg/von Hippel analysis 

cannot be applied indiscriminately to any sequence suspected of 

being a LexA binding site. The method yields good results when 
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applied to a 20 bp sequence that takes the form NN-NTG-N1 a-CAG-

NN. An examination of the sequences of known binding sites and 

mutant sites which have reduced affinity for LexA suggests that the 

five defined nucleotides in the above sequence (TG ....... CAG) are 

essential for binding and cannot be altered. Additional Lex A 

operators and new mutant sites may be identified in the future 

which indicate that these 5 base pairs are not absolutely required 

for the formation of strong contacts with LexA protein when the 

surrounding sequence context is changed. However, the present 

analysis is based on and constrained by the 19 sites in Table 4.2a in 

which each of the 5 positions is 100 percent conserved. An example 

of an incorrect application is the sequence TA C,Q,G TAT AT AT AT A 

CAG TA which deviates from consensus by only one base pair but in 

which one of the five perfectly conserved nucleotides has been 

altered. This site would receive a Heterology Index of 4.34, which 

suggests high affinity, but is likely to be a gross overestimation of 

the strength of the interaction of LexA with this site. Throughout 

the work reported here, only potential operator sequences containing 

the 5 perfectly conserved sites were considered for analysis. 
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Recent NMR studies have suggested that LexA protein forms 

contacts with DNA via a helix-turn-helix structure formed by amino 

acids in the amino-terminal portion of the protein (Lamerichs et aI., 

1989). The proposed conformation of this region is somewhat 

different from the helix-turn-helix structures observed in the well

known Trp, A, and 434 repressors. Despite these apparent 

differences, DNA binding experiments performed with one of these 

proteins, 434 repressor, indicate that many aspects of DNA:protein 

recognition for this protein and LexA are strikingly similar. 

Crystallographic analysis of a 434 repressor:DNA complex has 

revealed that its "recognition a-helix" does not form contacts with 

the central 4 bp of its 14 bp operator (Anderson et aI., 1987). The 

natural operators for this repressor have 4 highly conserved base

pairs at the outer ends of each site (which can form bonds with a

helix residues) and a poorly conserved, very A+ T-rich central region. 

Lex A operators display a similar nucleotide specificity, i.e. 4-5 

outer nucleotiides in each half-site are highly conserved and central 
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regions are A+ T-rich and much more variable in sequence (Figure 

4.10). The A+ T -rich central base-pairs within the bound 434-DNA 

complex are overtwisted and bent. Replacement of these central 

base-pairs with G·C's greatly reduces the strength of binding, 

despite the fact that this region is not contacted directly by 

repressor. It has been concluded that the prevalent A.T base-pairs 

within this region are essential for a strong repressor:operator 

interaction because they more easily permit the torsional and 

bending deformation necessary for complex formation (Hogan and 

Austin, 1987; Koudelka et aI., 1987). The strongest LexA binding 

sites contain an alternating "ATATAT ... " pattern in the center. 

Studies have shown that a synthetic 434 operator with this motif 

(AT AT ... ) in the center is one of the strongest sites assayed among a 

group of several altered operators (ibid.). These data suggest that 

the general mechanism by which LexA and 434 form specific 

contacts with short sequences in the presence of a huge excess of 

competing DNA (the bacterial chromosome) may be very similar. A 

proper assessment of this analogy awaits a determination of the 

structure of LexA bound to DNA. 
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Chapter 5 

SUMMARY AND PERSPECTIVES 

The experiments described within this thesis have utilized a 

combination of genetic, biochemical, and computer modelling 

techniques in order to isolate DNA damage-inducible genes from E. 

coli. The application of genetic fusion studies chronicled in Chapter 

3 led to the cloning of three DNA damage-inducible genes: dinG, dinH, 

and dinA (poIB). Assays performed in vivo and in vitro established 

that the promoter regions of each of these genes is under negative 

control by LexA protein. The dinA and dinH regulatory regions 

contain typical LexA operator sequences, but the binding site 

upstream of the dinG gene was determined experimentally to be an 

asymmetric, non-canonical 20 bp sequence. The promoter region of 

dinG was subsequently shown to lie upstream of a long open reading 

frame which could potentially encode a protein with a molecular 

weight of 72.9 kDa. Additional DNA sequence reported here indicated 

that the dinH locus encodes a protein with an unusual juxtaposition 
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of known sequence motifs. The nucleotide sequence of the gene 

indicated that the molecular weight of the DinH product is at least 

69 kDa. The predicted DinH peptide contains an acidic amino

terminal domain and a proline + glutamine-rich carboxy-terminal 

region. Two similarly Pro- and Gin-rich DNA damage-inducible 

mammalian proteins have been identified but their functions remain 

to be elucidated (Kartasova and van de Putte, 1988). A few other 

Pro/Gin-rich proteins have been characterized but their relatedness 

to DinH is unclear (described in Hoekstra et aI., 1991) 

The combinatorial approach described in Chapter 4 used 

computer modeling and in vitro biochemical methods to identify new 

Lex A binding sites in E. coli, S. typhimurium, and several plasmid and 

phage genomes. Potential LexA operator sequences in the databases 

were stringently evaluated using a statistical mechanical analysis 

originally developed by Berg and von Hippe!. DNA fragments 

containing six of the highest scoring sites identified in the database 

search were shown to interact strongly with LexA in vitro. Five of 

these prospective regulatory regions bound LexA protein with a 
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relative affinity that was very similar to control SOS regulatory 

regions. The affinity of LexA protein for the putative operator 

sequence near the bacteriophage A oop gene was slightly less than 

that seen for the dinA, dinG, and dinH regulatory regions. The 

locations of several of the prospective sites relative to known genes 

and sequenced ORF's strongly suggest roles for each sequence in 

regulating the transcription of previously unrecognized SOS genes. 

Quantitative transcriptional assays will be required to establish 

these loci unambiguously as components of the SOS regulon. 

The experiments reported here confirm the efficacy of 

8erg/von Hippel analysis for identification and evaluation of Lex A 

binding sites and they imply that future searches for other 

regulatory sites may also be fruitful. Indeed, the present 

exponential increase in DNA sequence information suggests that the 

combined use of database searching methods and in vitro binding 

studies is likely to be quite common in the future. 

The results described in this dissertation and accumulative 
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data from past studies of inducible regulons indicate that E. coli 

cells have evolved a very large number of DNA damage-inducible 

genes responsible for repair and defense. The products of the SOS, 

ada, oxy, and sox regulons (approximately 55 genes at present) 

represent about 3% of the total complement of genes encoded by the 

genome, which is estimated to contain "'2,000 genes. Current 

knowledge of DNA repair (inducible and otherwise) is more advanced 

in this organism than with any other system. The extent to which 

inducible DNA repair processes in E. coli can be compared to those 

found in other species, especially eucaryotic organisms, is an 

interesting and important question. Recent studies in the budding 

yeast Saccharomyces cerevisiae have revealed that functional 

bomologues of many DNA-damage inducible E. coli proteins are 

present in the yeast genome (see Table 1.2 in the Introduction). 

Several examples: yeast RAD2 (excision repair; functionally 

analogous to the E. coli UvrA, 8, and D proteins), RAD54 

(recombinational DNA repair; analogous to E. coli recA, recN, recO, 

ru vA B) , RNR1, 2, and 3 (ribonucleoside reductase; analogous to E. coli 

nrdAB) , DDR48 (mutagenesis; potentially similar to E. coli umuDC) , 
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and POll (an inducible yeast DNA polymerase; analogous to E. coli 

polS/dinA) [Elledge and Davis, 1989; Treger and McEntee, 1990]. A 

DNA ligase gene (CDC9) and a thymidylate kinase gene (CDC8) are 

also induced by DNA damaging treatments in yeast cells (ibid.). The 

molecular mechanisms of induction and repair in yeast cells are 

still poorly understood at present but the comparative data cited 

above suggest that many details of these processes will be found to 

be strikingly similar in procaryotic and eucaryotic organisms. 
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