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ABSTRACT 

Previous genetic evidence suggested that RecA was 

required in SOS mutagenesis for its regulatory role and 

perhaps some other nonregulatory role (Mount, 1977; Blanco 

et al., 1982). I undertook a genetic study which confirmed 

the above studies and provided further evidence that RecA 

protein appeared to have a dual "role in mutagenesis; first, 

the cleavage of LexA repressor for the derepression of 

specific SOS genes and second, one or more additional 

role(s). For these studies a new phage mutagenesis assay 

was developed which allows rapid scoring of SOS mutagenesis 

in a large number of host mutants. 

I next conducted a genetic analysis to determine if the 

newly defined RecA mutagenesis function was separable by 

mutation from the numerous other phenotypes which are known 

to be influenced by RecA protein. From the study of recA 

mutants it appears that the RecA mutagenesis function(s) is 

genetically separable from the following RecA phenotypes: 

LexA cleavage, lambda cI repressor cleavage, UV resistance 

and homologous recombination. In addition, I discovered 

that the LexA cleavage function and lambda QI cleavage 

function is also separable. 

I also studied in some detail the novel genetic 

properties that I uncovered for recA432 mutant strains. 

recA432 was defined as a mutagenesis defective allele (Kato 
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and Shinoura, 1977). LexA cleavage in recA432 cells was 

more easily induced that in recA+ cells, causing lethal 

filamentation of these mutant cells even at very low UV 

doses. I concluded that the basis for the Mut- phenotype 

was this strain's propensity to lethally filament, which 

complicated the detection of mutant cells. 

In another set of experiments, I examined the 

regulatory requirements for SOS mutagenesis and Weigle 

phage-reactivation; I wanted to determine which SOS operons 

must be derepressed for this process. lexA(Ind-) mutant 

cells are defective in mutagenesis because they cannot 

derepress specific SOS genes required in this process. I 

found that the selective derepression of umuDC was 

sufficient to restore mutagenesis to these lexA(Ind-) 

mutants; however, derepression of umuDC and recA was 

required for phage reactivation. 

xi 



CHAPTER 1 

INTRODUCTION 

overview of the SOS Response and SOS Mutagenesis 

In Escherichia coli about 20 identified operons 

comprise the SOS regu1on; expression from these operons is 

coordinately induced following DNA damage or stalled 

replication. Derepression of this large SOS regu10n 

influences changes in a variety of cellular processes that 

include: increased DNA repair, increased recombinational 

repair, increased SOS mutagenesis (formerly called error

prone repair), reinitiation of DNA replication, lytic 

induction of many temperate viruses and inhibition of cell 

division (for reviews, see Witkin, 1976; Gudas and Pardee, 

1976; Little and Mount, 1982; Walker, 1984; Walker, 1985; 

witkin et al., 1987). The products of two SOS genes, 1exA 

and recA play key roles in the expression of the SOS regulon 

(Figure 1). Transcription of the SOS genes are negatively 

regulated by the product of the 1exA gene and derepression 

occurs following the regulatory action the recA gene 

product. After DNA damage, RecA protein is reversibly 

activated to a conformation (RecA*) that facilitates the 

cleavage of LexA repressor and subsequently leads to the 

transient derepression of the SOS regulon. The nature of 

the in vivo signal which activates RecA protein has not yet 

1 



Figure 1. Genetic map of E. coli chromosome showing 
locations of some LexA target operons (Bachmann, 1983). LexA 
repressor is represented as the closed circle at the center. 
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Figure 1. Genetic map of E. coli chromosome showing 
locations of some LexA target operons (Bachmann, 1983). 
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been established but evidence from a variety of sources 

suggests that the signal is derived from nucleic acids. 

Genetic studies have indicated that the activating signal 

molecules are diffusible products possibly derived from the 

damaged sites themselves (D'Ari and Huisman, 1982; Ennis et 

al., 1985). 

Enhanced capacity for DNA repair results in part from 

the derepression of the excision repair genes uvrA, uvrB and 

uvrD and from the derepression of the phr gene (Little and 

Mount, 1982; Ihara et al., 1987) which encodes the 

photoreactivation enzyme (photolyase). Photolyase has been 

shown to assist in DNA repair in the dark as well as its 

well established light-dependent activity; in the dark 

photolyase was found to augment UvrABC-directed excision of 

pyrimidine dimers (Sancar et al., 1984). Increased levels 

of recombination by the recF pathway are thought to result 

from an increase in expression of several SOS regulated 

genes that are participants in this pathway, these include: 

recA, recN, ruv and uvrD (Clark, 1973; Karu and Belk, 1982; 

Smith, 1983; Smith, 1987; Peterson et al., 1988). The 

accumulation of UV-photoproducts in DNA inhibits 

replication; reinitiation of DNA synthesis for UV-blocked 

replication forks requires an increase of activated RecA 

protein (Khidhir et al., 1985; Friedberg, 1985; witkin et 

al., 1987). Induction of "lambdoid" temperate viruses 

requires expression of recA and possibly himA (Roberts and 
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Roberts, 1975; Miller et al., 1981; Roberts and Devoret, 

1983) while derepression of sulA, which encodes a cell 

division inhibitor is necessary for filamentation of the 

cell (George et al., 1975; Huisman and D'Ari, 1981; Cole, 

1983). Increased mutagenesis with SOS induction requires 

elevated expression of at least the recA, umuC and umuD 

genes (Mount, 1977; Kato and Shinoura, 1977; Blanco et al., 

1982; Ennis et al., 1985). 

Although intensely studied since 1953 (Weigle, 1953), 

most aspects for the molecular mechanism for SOS mutagenesis 

has remained speculative. Current models for SOS 

mutagenesis suggest that during SOS induction the fidelity 

of a DNA polymerase(s) becomes relaxed (Figure 2), 

permitting DNA synthesis and misincorporation of erroneous 

nucleotides opposite lesions in the template strand (called 

trans-lesion synthesis; Radman, 1974; Echols, 1982; Bridges 

and Woodgate, 1985; Friedberg, 1985). Consistent with such 

replication models, DNA polymerase III, the replication 

enzyme of ~. coli was recently shown to be involved in uv

induced mutagenesis (Hagensee et al., 1987). According to 

most trans-lesion synthesis models, SOS mutagenesis would 

not actually be a true repair process because the altered 

nucleotides would be tolerated rather than repaired. The 

requirements for SOS mutagenesis have proven to be complex; 

they may vary depending on the nature of DNA damage, the 

type of replicon, the single stranded or double stranded 
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state of the replicon DNA and the target sequences being 

subjected to mutagenesis (Miller, 1983; Wood and Hutchinson, 

1984; Wood et al., 1984; Ciesla and Clark, 1987). In spite 

of these complexities, several general requirements for 

maximal mutagenesis have been identified: first, functional 

umuDC products; second, functional and activated RecA 

protein; third, derepression of specific SOS genes and 

fourth, DNA damage to the replicon where the mutational 

events are being scored. 

Genetic Characterization of RecA Protein 

in SOS Mutagenesis 

Mutations that Block SOS Mutagenesis 

Extensive genetic analysis supports a central role for 

LexA and " RecA proteins in the regulation of the SOS 

response. The lexA gene was originally defined as a class 

of mutants which are defective for the induction of various 

SOS phenotypes (Mount et al., 1972). This class of 

radiation-sensitive lexA mutants were termed lexA(Ind-) 

mutants are are known to synthesize LexA repressor molecules 

which are resistant to RecA-mediated proteolysis (Little et 

al., 1980). The SOS genes of lexA(Ind-) cells remain 

repressed following inducing treatments (e.g., UV-light) 

because activated RecA protein cannot promote repressor 

5 



Figure 2. Bypass model for SOS mutagenesis. The bypass 
model presented here was derived from the earlier model 
proposed by Radman (1974) except that DNA pol III rather 
than DNA pol I is proposed to be involved. 
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Figure 2. Bypass model for SOS mutagenesis. 
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proteolysis; as a result of the continually repressed state 

of this regulon, no SOS functions are expressed (Mount et 

al., 1972; Kenyon and Walker, 1980). 

The recA gene encodes a product which influences 

numerous cellular processes and exhibits a variety of 

biochemical activities in vitro (Radding, 1982; 

Kowalczykowski, 1987; Kowalczykowski et al., 1987; Smith, 

1987; West, 1988). In addition to the central role RecA 

protein plays in homologous recombination (Smith, 1987) it 

also acts under activating conditions as an antirepressor 

for LexA and other phage repressors (Little and Mount, 1982; 

Roberts and Devoret, 1983; Walker, 1984). Recently RecA 

protein was shown not to be a "true" protease of these 

target peptides but instead was found to be an allosteric 

effector for an endoproteolytic event (autodigestion) for 

LexA and lambda 21 repressor (Little, 1984). Null mutants 

of recA (recA(Def-» exhibit numerous defects, many relate 

to an inability to promote homologous recombination and/or 

an inability to derepress the SOS regulon. recA(Def-) 

mutants were found to be sensitive to irradiation and 

defective in promoting SOS mutagenesis (Clark and Margulies, 

1965; Gudas and Pardee, 1975; Little and Mount, 1982). The 

failure to observe mutagenesis in recA(Def-) cells was 

previously interpreted to be the consequence of an inability 

to derepress umuDC and perhaps some other SOS genes (see 

below; Bagg et al., 1981). 
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The umuC locus was defined by mutants which were 

defective in promoting uv-induced mutagenesis of a cellular 

marker; unlike the lexA(Ind-) and recA(Def-) mutants, umuC

mutants were not sensitive to radiation and could express 

all other SOS responses (Kato and Shinoura, 1977; Bagg et 

al., 1981; Kenyon and Walker, 1980). Subsequent studies 

showed that the umuC locus was actually polysictronic, 

comprised of two genes (umuD and umuC) and that its 

transcription regulated by the LexA repressor (Bagg et al., 

1981; Shinagawa et al., 1983; Elledge and Walker, 1983). 

Based on these observations an attractive model was proposed 

for the regulation of SOS mutagenesis (Bagg et al., 1981). 

The model suggested that Ley~ negatively regulated 

mutagenesis and that the only role for RecA protein in this 

process was to promote cleavage of the repressor resulting 

in the derepression of specific SOS genes required for 

mutagenesis (i.e., umuDC). This simple and attractive model 

for regulation of SOS mutagenesis makes several straight

forward and testable predictions. One prediction was that 

mutagenesis should be expressed constitutively in cells that 

have no functional LexA repressor because they are 

expressing umuDC constitutively. About four years prior to 

the publication of the above model, Mount published an 

article where mutagenesis was not constitutively expressed 

in cells that lacked LexA (Mount, 1977). This earlier 

observation was inconsistent with the popular model and 
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could be interpreted to suggest that RecA protein has more 

than just a regulatory role in sos mutagenesis. 

The Objective 

In the first part of this work, I sought to follow-up 

the earlier studies by Mount (1977) and better characterize 

the role(s) which RecA plays in sos mutagenesis. I was able 

to demonstrate with a new phage mutagenesis assay, that RecA 

protein appeared to have at least a dual role in 

mutagenesis; first, a regulatory role (LexA proteolysis) and 

some nonregulatory role(s). In the second part of this work 

I conducted a genetic analysis of recA and its numerous 

functions in order to better characterize the newly defined 

RecA mutagenesis function(s). I was interested to learn if 

the nonregulatory role(s) of RecA protein in sos mutagenesis 

might be the consequence of a known activity or the 

consequence of some uncharacterized activity. My studies of 

numerous recA mutant strains indicated that the RecA 

mutagenesis function(s) is genetically separable from the 

other RecA functions tested. A hyperactive SOS response to 

DNA damage was uncovered for recA432 mutant cells and 

resulted in a propensity for these cells to lethally 

filament. I found that lethal filamentation by the recA432 

mutants interfered with the detection of cellular mutational 

events (but not phage mutagenesis) and accounts for why this 

mutant was originally designated a mutagenesis defective 
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(Mut-) marker (Kato and Shinoura, 1977). Previously all 

recA mutants that could not promote cellular mutagenesis 

events have been attributed to the loss of some RecA 

activity (Blanco et al., 1982; Ennis et al., 1985); in 

contrast, this is the first observation where an excess of 

an activity can produce the same Mut- phenotype. An account 

of portions of this work have appeared elsewhere (Mount et 

al., 1983; Ennis et al., 1985; Ennis et al., 1988a, in 

press; Ennis et al., 1988d; Ennis et al., 1988c, submitted). 

Regulation of SOS Mutagenesis 

There is now abundant evidence that the products of 

recA and umuDC operons are required for the expression of 

SOS mutagenesis. Cells that are always in a repressed state 

because they carry a noncleavable LexA(Ind-) mutant 

repressor cannot promote mutagenesis presumably because one 

or more SOS regulated product is limiting (Mount et al., 

1972; Mount and Kosel, 1975). Since both recA and umuDC 

gene products are required for mutagenesis and because they 

are negatively regulated by LexA (Bagg et al., 1981; Little 

et al., 1981; caseregola et al., 1982), it has been widely 

assumed that the derepression of one or both of these 

operons probably accounts for the induction of SOS 

mutagenesis (Witkin and Kogoma, 1984). Although this 

assumption appears reasonable, it had not been tested 

10 



experimentally. This same assumption also overlooked 

another possibility; it is conceivable that sos mutagenesis 

also requires the derepression of some unidentified SOS 

operons. 

The Objective 

In the third part of this work, I wanted to better 

characterize the regulation of SOS mutagenesis. I studied 

the Mut- phenotypes in cells which carried one of two 

lexA(Ind-) alleles (lexA3 and lexA41), both known to code 

for mutant repressor molecules which are resistant to RecA

mediated proteolysis. LexA41 is a semidefective repressor 

capable of repressing only a subset of SOS operons; however, 

lexA41 (Ind-) mutants cannot promote a normal degree of SOS 

mutagenesis nor Weigle reactivation, presumable because one 

or more operons remain repressed by this mutant repressor. 

I learned the selective derepression of the umuDC operon 

could restore both mutagenesis and Weigle-reactivation to 

lexA41 (Ind-) mutant cells. 

Unlike lexA41(Ind-) mutants, the SOS genes of 

lexA3(Ind-) cells are expressed at low basal levels because 

the LexA3 mutant protein has full repressor activity. I 

demonstrated that the selective derepression of the urnuDC 

operon is also sufficient to restore mutagenesis to 

lexA3(Ind-) mutant hosts. I also found that under such 

conditions Weigle phage-reactivation was not restored to 
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these lexA3(Ind-) cells. In light of current models for sos 

mutagenesis (Figure 2) a lack of Weigle-reactivation was an 

unexpected observation. I next found that the selective 

derepression of both recA and umuDC operons restored both 

mutagenesis and Weigle-reactivation to lexA3(Ind-) cells. 

Taken together these results indicate that mutagenesis 

requires an increase in umuDC expression, that Weigle

reactivation requires an increase in both recA and umuDC 

operons and that mutagenesis and Weigle-reactivation are not 

the result of a mutually inclusive phenomenon. This 

analysis also provides evidence which suggests that there 

may be some unknown lexA regulated gene product(s) which 

serves to augment sos mutagenesis. An account of portions 

of this work have appeared elsewhere (Ennis et al., 1988b; 

Thliveris et al., 1988, in press). 
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CHAPTER 2 

MATERIALS AND METHODS 

Media 

L Broth was routinely used for growth of bacteria for 

propagation of plasmids and for.bacterial constructions, it 

contained 10 g Bacto-tryptone (Difco), 5 g yeast-extract 

(Difco), 10 g NaC1 per lieter of water, pH 7 (Miller, 1972). 

For propagation of phage lambda (and related phage) or 

experiments using lambda, cells were grown in 3x lambda 

broth with maltose, it contained 30g Bacto-tryptone (Difco), 

5 g NaC1 per liter of water: following sterilization maltose 

was added to 0.2% final concentration (Arber et al., 1983). 

For mating of plasmid pKM101 from a strain of Salmonella 

typhimarium (TA92) into ~. coli strains, the donor strain 

was grown in N-Z broth, it contained 10 g N-Z-amine (Humko

Sheffield) 5 g NaC1, 2 9 MgC12-6H20 per liter of water, pH 7 

(Arber et al., 1983). When needed, cells were grown in M9 

minimal broth and supplemented with .5% witamin-free 

casamina acids (Difco), or supplemented with other amino 

acids as noted elsewhere (Miller, 1972). SEM agar plates 

were made according to Kato et al. 1977. LB agar, LC agar, 

BBL tryptone agar, MacConkey agar, YT agar, M9 (Casamino 

acid-supplemented or specific amino acid-supplemented) agar 

plates were used in various bacterial or phage strain 
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constructions and phage plaque assays (Miller, 1972: Arber 

et al., 1983). When required, plates were supplemented with 

one of several carbohydrates (glucose, maltose, sorbitol, 

galactose or mannitol) at 0.2 percent. When necessary, 

additions to plates were made at the following 

concentrations: 20 ug/ml chloramphenicol, 100 ug/ml 

ampicillin, 25 ug/ml tetracycline, 80 ug/ml kanamycin, 25 

ug/ml streptomycin, 40 ug/ml uracil, 50 ug/ml thymine, 50 

ug/ml adenine, 0.5 ug/ml nalidixic acid, 0.5 ug/ml 

mitomycin-C, 50 ug/ml X-gal (5-bromo-4-chloro-3-indolyl-B-D

galactopyranodise), 100 ug/ml thiamine, 3 uM biotin, 3 giL 

sodium citrate, 2 g/l potassium chlorate and 25 ug/ml 

triphenyl-tetrazolium-chloride. SM buffered diluent was 

routinedly used for storage of phage stocks, it contained 10 

roM Tris-HC1, pH 7.4, 5 roM MgS04' 0.2 M NaC1 and 0.1% gelatin 

in water (Arber et al., 1983). For lambda plaque assays BBL 

plates were used with 2.5 ml BBL top agar. For phage P1 or 

P2 plaque assays LC plates were used with 2.5 ml LC top agar 

that was supplemented with 5 roM CaC12 and 10 roM MgS04 

(Miller 1972 and Arber et al. 1983). 

uv Survival of Cells 

Exponential phase culture grown in 3x lambda broth 

shaking at 37 C were resuspended in 10 roM MgS04 then 

diluted to one-tenth the original concentration. The 

diluted cell suspension was irradicated with agitation in a 
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glass petri dish under a standard 15 W GE germicidal lamp at 

the desired dose. Irradiated cells were diluted in SM and 

plated on LB plates then incubated at 37°C. All 

manipulations were performed under yellow lights to avoid 

photoreactivation. 

Mutagenesis 

susL63 sus+ mutagenesis assay was conducted 

essentially as described previously (Ennis et al., 1985). 

When phage was UV-irradiated, phage stocks were diluted in 

SM to one-tenth its original concentration and exposed to 

about 200 J/m2 , giving a survival of about 5% when assayed 

on DE391. Pairs of host strains of a particular genotype 

with respect to DNA repair, one carrying the amber 

suppressor supD43 and the other sup+, grown to logarythmic 

phase (3-5X108 cells/ml) in 3x lambda broth supplemented 

with 0.2% maltose. Cells were UV irradiated as described in 

the UV Survival section. When cells were exposed to 

mitomycin-C (MC) as an SOS inducer, it was added to the 

liquid culture for the last 40 minutes of incubation at a 

final concentration of 0.5 ug/ml. Following exposures to 

either UV or MC, cells were resuspended in 10 roM MgS04 at a 

density of about 109 cells per ml and infected with phage 

susL63 cI857 (ADE57). After absorption, additional 

unexposed cells (to UV or MC) of the same genotype were 

sometimes added when survival of the host strain was too low 
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Table 1. Plasmids, phage and Escherichia coli K-12 strains 

Plasmids 

Name 

A 

B pDE-FL54 

C pKl·U01 

D pSK621 

E pSE192 

F pBEU436 

G pBEU33 

Relevant markers 

F'128 lacIQ1L8, proA+B+ 

F'128 lacIQ1L8 , 
lacZ4505::Tna, proA+B+ 

mucAB (Ampr) 

umuDC (Kanr) 

lacO/P::umuDC (Ampr) 

F'lac::Tn1946 
(Tn~ BamH1::recA430) 

F'lac+ ::Tn1943 
(Tn~ BamH1::recA56) 

Phage lambda strains 

Phage Genotype 

wild type 

AGE271 recAo/p::lacZ clind-

~DE8(S1389) b221 red3 ral::ls10 
rex173::Tn10deI267 
cI857 ~CII157 ---

,ADE48 b1453 cI857 nin5 X+D143 

Source 

Mount 

This work 

B. Ames 

H. Shinagawa 

G. Walker 

A.J. Clark 

A.J. Clark 

Source 

Mount 

Mount 

Mount 

Mount 

(Weiseman 
et al., 1984) 

(Ennis 
et al., 1987) 

This work 
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Table 1. continued 

Phage Genotype Source 

ADE57 Lam63 cI857 This worka 

?J)E83 
(MMS1006) delspi6 imm434 F. Stahl 

~E177 cIindr 543 This workb 

?J)E178 cIindr (isolate R12) This workc 

IIDE179 cIindr (isolate R13) This workc 

?DE180 cIindr (isolate R21) This workc 

?J)E181 cIindr (isolate R24) This workc 

~E182 cIindr (isolate R25) This workc 

/\DE183 cIindr (isolate R26) This workc 

?DE184 cIindr (TI122) R. Sauer 

ADE185 cIindr (DN125) R. Sauer 

tJ)E186 cIindr (DY125) R. Sauer 

"DE187 ciIndr (GD12 4/DV12 5) R. Sauer 

/iDE188 cIindr (EK127) R. Sauer 

Bacterial strains 

strains used in lambda reversion mutagenesisd 

strain pairs Relevant genotypes Source 

recA lexA umu sulA plas. e 
DM2550/DM2551 + + + + Mount f 

DM2554/DM2555 441 51 + 211 Mount f 

DM2556/DM2558 + + + + DM2550/DM2551g 
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Table 1. continued 

strain pairs Relevant genotypes Source 

recA lexA YmY sulA plas. e 
DM2550/DM2551h DM2557/DM2559 306 + + + 

DM2568/DM2570 + 51 + 211 DM2554/DM2555h 

DM2569/DM2571 306 51 + 211 DM2554/DM2555h 

DM2572/DM2573 430 51 + 211 DM2554/DM2555h 

KP225/KP227 + 41 + 211 DE357/DE361i 

KP229/KP230 098 41 + 211 DE486/DE489 i 

KP320/KP321 + 41 + 211 B,E DE755/DE756j 

DE175/DE177 + 51 + 211 A DM2568/DM2570k 

DE183/DE185 +/56 51 + 211 F DM2568/DM2570k 

DE190/DE192 + 51 + 211 DM2568/DM2570 l 

DE212/DE214 306 51 + 211 A DM2556/DM2558k 

DE216/DE218 + + + + A DM2556/DM2558k 

DE239/DE241 1 + + + DM2556/DM2558m 

DE270/DE268 430/430 51 + 211 F DM2572/DM2573 k 

DE272/DE274 730 51 + 211 DE190/DE192h 

DE277/DE259 56 51 + 211 DE190/DE192h 

DE345/DE347 306 51 + 211 C DM2569/DM2571k 

DE357/DE361 + 3 + 211 DE190/DE192n 

DE364/DE367 + 51 D44 211 DE190/DE192 oP 

DE369/DE372 + 51 C122 211 DE190/DE192oP 

DE376/DE378 306 51 + 211 D DM2569/DM2571j 

DE391/DE392 730 51 C122 211 DE369/DE372h 

DE405/DE407 + 3 + 211 DE190/DE192 Q 
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Table 1. continued 

Phage Relevant genotype Source 

recA lexA YmY sulA plas. e 
DE272/DE274k DE441/DE443 730/56 51 + 211 G 

DE463/DE464 730 51 + 211 DE272/DE274r 

DE486/DE489 098 3 + 211 DE405/DE407h 

DE492/DE494 730 3 + . 211 DE463/DE464n 

DE548/DE550 431 51 + 211 DM2568/DM2570n 

DE582/DE584 730 51 + 211 DE364/DE367h 

DE732/DE736 80 51 + 211 DE190/DE192h 

DE755/DE756 + 41 + 211 B KP225/KP227k 

DE759/DE760 + 3 + 211 B DE405/DE407k 

DE761/DE762 098 3 + 211 B DE486/DE489k 

DE763/DE764 730 3 + 211 B DE492/DE494k 

DE765/DE766 730 51 D44 211 B DE582/DE584k 

DE785/DE786 + 3 + 211 B,E DE759/DE760j 

DE787/DE788 098 3 + 211 B,E DE761/DE762j 

DE789/DE790 730 3 + 211 B,E DE763/DE764j 

DE791/DE792 730 51 D44 211 B,E DE765/DE766j 

DE807/DE808 730 51 + 211 B DE272/DE274k 

DE840/DE841 + 51 C122 211 A,E DE369/DE372jk 

DE858/DE860 432 51 + 211 DM2568/DM2570n 

DE862/DE864 435 41 + 211 DM2568/DM2570ID 

DE866/DE868 433 51 + 211 DM2568/DM2570ID 

DE1185/DE1187 432 + + 211 DE858/DE860Qi 

DE1294/DE1296 432 + + + DE1185/DE1187sf 
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Table 1. continued 

SOS o/p:: lac fusion strains 

strain recA lexA Fused operon Source 

N056 + + sulA (Peterson 
et al., 1988) 

N062 730 + sulA N056h 

DE880 + + sulA N056g 

DE894 432 + sulA DE880m 

DE939 433 + sulA DE880m 

DE975 430 + sulA N056h 

DEl133 56 + sulA N056h 

KP250 + + umuC (Peterson and 
Mount, 1987) 

KP290 + 41 umuC (Peterson and 
Mount, 1987) 

KP222 + + recA (Peterson and 
Mount, 1987) 

KP242 + 41 recA (Peterson and 
Mount, 1987) 

His+ reversion mutagenesis strains 

strain relevant genotype Source 

recA sulA 
JC3890 + + T. Kato 

TK504 432 + T. Kato 

TK505 435 + T. Kato 

TK508 433 + T. Kato 



Table 1. continued 

strain relevant genotype Source 

DE991 432 TK504 s 

DE998 433 TK508s 

DE1052 + JC3890s 

DE1253 432 + JC3890h 

+ Lysogenic strains recA genotype Source 

DE621 + DE190v 

DE1265 433 DE866v 

DE1298 305 DE1265h 

DE1368 430 DM2572v 

Lambda plaque tester strains 

strain Relevant genotypeW Source 

recA lexA 
DE278 441 51 DM2555g 

DE561 82 51 DE192h 

DE902 801 51 DE874mx 

DE1277 730 41 DE464qi 

Bacterial strain constructions are detailed in Table 1. sulA 
fusion strains were derived from GC4572 (obtained from R. 
D'Ari); except for varying recA markers, they all carried 
HfrH, del (lac-afgF)U169, relA1,1 thi-l, cps-3, 
maIF55::Tn~,(Mu ), suIA::Mug(lac,Ap)XCam (Peterson et al., 
1988). umuC fusion strains were derived GW2755 (from G. 
Walker); except for varying lexA markers they carried 
maIE::Tna, su1A211, del (lac-argF)U169, thr-1, leu-6, hisG4, 
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Table 1. continued 

argE3, ilvts , galk2, rpsL31, supE44 (Peterson and Mount, 
1987. recA fusion strains all carried a lambda recA::lac 
fusion strain (i\GE271 from G. Weinstock); these strains 
were described previously by Peterson and Mount, 1987. 
recA80 was transduced from N060; recA32, recA435, recA433 
were transduced from TK504, TK505, TK508, respectively (from 
T. Kato), del (recA-srl) 305, srIR301::Tnl0 was transduced 
from JCI0288 (frOlil A. J. Clark); recA430 was transduced from 
DM2572; del(recA-srIR)306::Tnl0 was transduced from DM2569; 
recA730 was originally transduced from JM30-sp (from E. 
Witkin) to make DE272/DE274, all subsequent transductions 
were from DE272; recA56 was transduced from DE64 (C600, 
recA56, srIC300::Tnl0), recAl was from KL16-99 (from K. 
Low); recA431 was transduced from GY3428 (from R. Devoret); 
recA82 was transduced from N073; recA801 was transduced from 
MV1200 (from M. Volkert); the (uvrB-chIA) deletion was 
transduced from SR291 (from K. Smith); the suIA::TN~, ~ 
markers were cotransduced originally from GC4540 (from R. 
D'Ari via S. Gottesman) and later from DE1243; purB58, 
fadR613::Tnl0 markers were transduced from RS3032 (from B. 
Bachmann); umuCI22::Tn5 was transduced from GW2100 (from S. 
Linn); umuD44 was transduced from GW3200 (from G. Walker); 
plasmid pKMI0l was from TA92 (from B. Ames); F'lacIQl L8, 
proA+~+ was from DE44; F'lacIQl L8 lacZ4505::Tn5, proA+B 
(pDE-FL54) was from DE66; F'recA430 (pBEU436) and F'recA56 
(pBEU33) were from BEU328 and JCI0287, respectively (from A. 
J. Clark). All srf mutants (recA801, recA802, recA803) were 
crossed into recA-deleted, del (uvrB-chIA) strains; these 
recA alleles were crossed in opposite a deletion to confirm 
that the Rec+ Srl+ recombinants carried the mutational 
change(s) of this allele. These recA markers were then 
backcrossed by PI transduction into the appropriate recF
strain to confirm the constructs. The srf markers were 
introduced into the (uvrB-chIA) deleted strains as a 
precaution against the potential lethality that had been 
noted previously when these recA alleles were introduced 
into some uvr+ hosts (Volkert and Hartke, 1984). Later 
studies indicated that in our genetic backgrounds (lexA51, 
suIA211), uvr+, srf constructs were viable combinations 
(Ennis and Mount, data not shown). 

a Phage was obtained following thermal induction of lysogen 
DMll. 

b Phage was obtained following superinfection of lysogen 
GY4768 by DE83. Spi+ phage isolates were selected from 
lysate by plating on DM2569 and screened lambda immunity. 

c Independent isolates with indr phenotypes obtained from 
UV-irradiated stocks of lambda as described in Materials 
and Methods. 

d All strains listed include the following genetic markers: 
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Table 1. continued 

thi-l, del (lac-gpt)5, ilvts, rpsL3l, mtl-l 
(ara14?~?tsx?). The first member of each of the strain 
pairs carry supD43 and the second is sup+. 

e The presence of one or two of the plasmids listed above in 
Table 1 are indicated by a capital letter. 

f Origin of these strains were described by Ennis et ale 
(1985) and were constructed by B. Fisher and D. Mount. 

g srl::TnlO was transduced by phage Pl. 
h recA allele was transduced by phage Pl with srl::TnlO. 
i lexA allele was transduced by phage Pl with mal+ marker. 
j Plasmid DNA was introduced by transformation. 
k Plasmid was introduced by confugal transfer. 
I srl+ marker was transduced by phage Pl. 
m recA allele was transduced by phage Pl with srl+ marker. 
n lexA3 was transduced by phage Pl with Zja505::TnlO and 

ma1B45. 
o purB45 was transduced by phage Pl with fadR6l3::TnlO. 
p umu allele was transduced with purB+ and fadR+ by phage 

Pl. 
q lexA3 was transduced by phage Pl with maIB::Tn~. 
r spontaneous precise excision of TnlO from srI operon. 
s ~- was transduced by phage Pl with suIA::Tn5. 
t sulA marker was transduced by phage Pl with pyrD+ marker. 
u All strains share the genotype of JC3890 and was described 

by Kato and Shinoura, 1977 and carries the following 
genetic marker: thi-l, thr-l, leu-6, proA2, hisG4, argE3, 
del (gal-uvrB) 301, ara-14, supE44, xyl-5, mtl-l, tsx-33, 
r~sL3l. 

v ~ lysogen of the indicated host strain. 
w All strains are as listed above for d, except all strains 

carry sulA2ll and are sup+. 
x DE874 differs from the other strains it also carries a 

uvrB to chlA deletion. Identical results were obtained 
later from an equivalent strain (DE1059) that is uvrB+. 
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to support plaque development. After overnight incubation 

on plates at 37°C, total progeny and Sus+ revertants were 

scored. Again all manipulations were conducted under yellow 

lights. 

The method for determining frequency of His+ mutants 

was described previously by Kato et al., 1977. Cells were 

grown and irradiated essentially as described in the UV 

Survival section at a fluence of 1.0 J/m2 , then plated at 

the appropriate dilutions on SEM plates that contained 40 

ug/ml uracil. Plates were scored after incubation at 37u c 

for 72 hours. Incubation of plates and all experimental 

manipulations were conducted under yellow lights or in the 

dark to avoid photoreactivation. 

~+~Qlind- mutagenesis was conducted essentially as 

described previously (Mount 1976; Gimble and Sauer, 1985). 

Lambda stocks were irradiated as described above for ADE57 

and then plated on DE278 (recA441, lexA51) at 40°C with 

adenine, turbid plaques were considered AQlind- candidates. 

These candidates might have also been mutations in the cII 

and cIII genes (D. Mount, personal communication) but were 

considered unlikely. 

When umuDC products were being produced off plasmid 

pSE192 (laco!p:umuDC), cells were exposed to IPTG 

(isopropyl-beta-D-thiogalactopyranoside) at the indicated 

final concentration for the last 20 minutes of incubation. 

Cells were then resuspended in 10 roM MgS04 as described 
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above. 

SOS Induction of Lambda Prophage 

Exponentially growing cultures of lysogens were shaken 

in 3x lambda broth at 37°C to a density of about 3x108 cells 

per ml, cultures were split then half were exposed to 0.5 

ug/ml mitomycin-c (MC). Following two hours after exposure 

to MC, chloroform was added to all cultures and phage titres 

were determined on host DE1337. 

Beta-galactosidase Assays 

B-galactosidase activity was measured as previously 

described (Miller, 1972; Peterson and Mount, 1987). All 

values reported are the arithmetic means of duplicate 

experiments, two samples per experiment. Qualitative plate 

assays on lactose MacConkey agar were also employed for 

comparitive screening of recA mutants. Isolates were 

streaked on plates that contained different concentrations 

of MC and incubated overnight before the red color intensity 

of isolated colonies were scored (Lac+ phenotype). The best 

results were obtained when plates were incubated at 32 C for 

about 12 hours. Various recA and lexA mutants that carried 

a sulA-IacZ fusion were tested on Lac MacConkey plates under 

these conditions whose B-galactosidase activities had been 

independently measured by the method of Miller, 1972. 

Difference in color intensity for mutant cells which yielded 

B-galactosidase levels of 21, 45, 105, 140, 620, 1200 Miller 

units (Ennis et al., 1988c; Peterson et al., 1988) could be 
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readily distinguished using this plate method. Cells which 

were measured to have levels ranging from about 2000 to 9000 

Miller units were less readily distinguished on plates. 

When screening mutants on lactose MacConkey plates for 

control strains were plated in parallel as a comparison for 

color intensity. 

Determination of Recombination proficiency 

Several assays for homologous recombination were 

employed. P1 transduction of a strong selectable marker 

(e.g., maIB::Tn~, thr::Tn~ and gal::Tn10) was often used as 

an assay for recombination proficiency. The efficiencies of 

transduction into cells that carry various recA alleles was 

taken to indicate their relative recombination 

proficiencies. A simple qualitative but sensitive screen 

that utilizes lambda red- gam- phage (Aspi-) was frequently 

used (ADE48). These mutant phage have an absolute growth 

requirement for the RecA functions that promote homologous 

recombination; cells that cannot plate Aspi- phage are 

recombination deficient due to a recA- marker. Quantitative 

recombination assays using Aspi- x Aspi- crosses with 

closely linked phage markers were occasionally used. In 

addition, an intramolecular recombination assay of ~spi

(ADE8) phage was also employed (Ennis et al., 1987). Hfr 

matings were also used to measure recombination 

proficiencies; those assays however, were found to be less 
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sensitive than the above methods. One recA allele (recA142) 

was misattributed as a recombination defective (Rec-) 

allele by Hfr assays (Templin et al., 1978) but was shown by 

the other mentioned assays to be partially proficient 

(leaky) for its recombination activities (D. Ennis and D. 

Mount, data not shown). 

spontaneous Expression of Lambda cI Proteolysis 

+ when plated on normal strains exhibit a turbid 

plaque morphology. When plated on recA mutant strains that 

expresses its SOS inducible functions constitutively A+ 

exhibit a clear plaque morphology (Mount, 1976; Quillandet 

et al., 1982; Gimble and Sauer, 1986). This clear plaque 

morphology is the result of constitutive cleavage of QI by 

mutant RecA protein being expressed at elevated levels. 

Various lambda strains that differ in their cI marker and 

confer altered proteolysis phenotypes were used to indicate 

levels of RecA* mediated cleavage. AcIind-1 was a cleavage 

resistant control, ~cIinds1 a hypersensitive cleavage 

mutant, cI60 was an unconditional clear plaque control. 

Three different cI hypocleavable controls were also 

employed; ~cIindr543 and two other mutants isolated by 

Gimble and Sauer, 1986 as Aind- mutants. The Aindr 

mutants were used to indicate the upper levels of 

constitutive QI cleavage for the different recA mutants. 

Conditions for plating lambda are essentially as described 
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CHAPTER 3 

RESULTS 

Evidence that RecA Protein is Required for a Role(s) in 

Addition to LexA Cleavage for SOS Mutagenesis 

Phage Mutagenesis Assay 

For this study we developed a lambda phage mutagenesis 

assay; we used the reversion of an amber nonsense codon in 

an essential gene (susL63), which allows rapid scoring of 

SOS mutagenesis in a large number of host mutants (Ennis et 

al. 1985). I first demonstrated that the phage mutagenesis 

assay was typical of other mutagenesis systems in its 

requirements for functional RecA protein, UmuC protein and a 

cleavable LexA repressor (Figure 3 and Table 2). Major 

features of this assay were as follows. First, as with 

other systems (Mount et al., 1976; Kato et al., 1977; Wood 

et al., 1984) there was a small (2.4-fold) stimulation of 

reversion when UV induced, SOS proficient cells were 

infected with unirradiated phage, compared to infection of 

unirradiated cells (Table 2, cell pair A). Second, when 

both host cell and phage were irradiated, phage reversion 

was stimulated 50-fold above the level for un irradiated 

phage and cells (Table 2, cell pair A). Third, mutagenesis 

required LexA protein cleavage because there was no phage 
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Figure 3. Genetic requirements for reversion of uv
irradiated phage lambda by SOS mutagenesis. The experimental 
conditions were described in the Materials and Methods and 
by Ennis et al., 1985. Full strain genotypes are given in 
Table 1. 0, DM2556/DM2558; 0, DM2557/DM2559; A, 
DE405/DE407; 0, DE239/DE241. 
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Figure 3. Genetic requirements for reversion of uv
irradiated phage lambda by sos mutagenesis. 
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Table 2. Mutagenesis and reactivation of phage in repair-
deficient hosts. 

UV Dose sus+ phage per phage 
Cell Host GenotYJ2e to cell 107 J2rogeny survival 
Pair recA lexA (J/m2) -uv +uv (s/So) 

A + + 0 5.8 34 0.045 

10 5.2 270 0.060 

18 14 280 0.28 

B + 51 0 6.4 11 0.056 

10 5.6 310 0.024 

18 11 300 0.45 

C 306 51 0 2.8 11 0.055 

10 5.0 8 0.045 

D 430 51 0 5 17 0.024 

10 7 40 0.027 

E 430 51 0 3 30 0.020 

(+F'recA430) 10 4 25 0.030 

F 730 51 0 49 450 0.37 

10 76 510 0.44 

strain pair A was DM2556/DM2558, B was DM2568/DM2570, C was 
DM2569/DM2571, D was DM2572/DM2573, E was DE270/DE268 and F 
was DE272/DE274. The experimental conditions are described 
in the materials and methods. First number of each strain 
pair carries sUJ2D43, the second is SUJ2+ and all strains are 
described in the materials and methods. -UV or +UV 
indicates phage were or were not irradiated, respectively. 
S/So is the fraction of UV-irradiated phage surviving when 
plated on the indicated sUJ2D43 strain. 
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mutagenesis in a host with noncleavable LexA protein (Figure 

3, genotype recA+ lexA3). Fourth, there was no mutagenesis 

in a host with the SOS regulon derepressed and the mutation 

umuC122::Tn5, demonstrating that the UmuC product is 

required (Figure 4). Fifth, there was no mutagenesis in the 

(recA-srlR)306 deletion and recA1 missense mutants 

(Kawashima et al., 1984), indicating a requirement for 

functional RecA protein (Figure 3). Sixth, infection of uv

treated repair-proficient cells with irradiated phage also 

resulted in a 5-fold higher phage survival (called Weigle

reactivation, Table 2). Finally, mutants deficient in 

mutagenesis did not show an increased ability to reactivate 

phage (Table 2, cell pairs C-E). 

In addition to the relative ease in conducting my 

mutagenesis assay, I found that this assay had some distinct 

advantages over several cellular and phage assays tested. 

As had been shown previously (Weigle, 1953) and indicated in 

Table 2, maximal mutagenesis is observed when the replicon 

being mutated is damaged and the cell has received a SOS 

inducing treatment; unlike cellular mutagenesis assays, 

these two variables can be independently controlled with 

phage assays. The most commonly used cellular assays 

involve the reversion of the hisG4 or argE3 ochre nonsense 

mutations (Kato et al., 1977; Nohmi et al., 1988). In many 

respects this phage assay appeared more sensitive than the 

mentioned cellular reversion assays, perhaps because the 
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apparent His+ or Arg+ revertants arise through tRNA ochre 

suppressor mutations as well as revertants of the nonsense 

marker, while my assay only measures the revertants (Kato et 

al., 1977). with cellular mutagenesis assays it is very 

difficult to measure mutagenesis in cells that are 

hypersensitive to uv-treatments in part because the doses 

that introduce a sufficient number of lesions in the target 

sequences often result in an inviable cell. As indicated in 

Table 3, with this phage assay the level of host viability 

at a given dose (20 J/m2) was not a factor in my ability to 

detect 50S mutagenesis. One host genotype (designated D) is 

exceptionally UV-sensitive (UVs ) and was first judged to be 

mutagenesis defective (Mut-) using the hisG4 cellular 

reversion assay. Using our phage assay (as well as other 

phage systems, see below) this mutant host was found to be 

highly proficient at promoting 50S mutagenesis (Table 3, 

strain pair D). I now conclude that the recA432 mutant was 

erroneously designated a Mut- allele because of the unique 

limitations of the cellular assay employed. The genetic 

basis for the sensitivity to UV observed for this strain and 

the above conclusion will be described in detail below. As 

shown in table 3, when both hypersensitive hosts, one Mut+ 

and the other Mut- (D and E), were irradiated they exhibited 

excellent efficiency of plating by phage (EOP), suggesting 

that even these doomed cells can produce phage progeny and 

thus permitting the frequency of mutants to be determined. 
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Table 3. Comparison of SOS mutagenesis, survival of host 
and phage. 

sus+ 
strain Host GenotY}2e UV S/50 EOP Frequencyd 
Pairs recA lexA sulA umuD Dosea Hostb PhageC (X10-7 ) 

A + 51 211 + 0 1.0 .97 15 

20 0.7 1.0 370 

B + 51 211 44 0 1.0 .96 6 

20 0.5 .84 9 

C 432 51 211 + 0 1.0 1.3 540 

20 0.5 .89 500 

0 432 + + + 0 1.0 .59 21 

20 8x10-6 .68 450 

E 433 51 211 + 0 1.0 .85 10 

20 2X10-5 .74 7 

strain pair A was DE190jDE192, B was DE364/DE367, C was 
DE858/DE860, 0 was DE1294/DE1296 and E was DE866/DE868. 
First strain in each pair was supD43 and the second is sup+; 
genotypes were described in table 2. All values represent a 
single experiment conducted on the same day. 

a UV dose in J/m2 given to host strains as described in 
materials and methods. 

b surviving fraction of supD43 containing hosts at the 
indicated dose. 

c efficiency of plating (EOP) of unirradiated ADE57 per 
input phage on supD43 containing host. 

d Sus+ mutant frequency of UV-irradiated ADE57 as described 
in the materials and methods. 
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I have also determined that other lambda mutagenesis assays 

exhibit a comparable utility that we have found with our 

assay; these include the AR221(am)~R+ reversion assay and 

the A y2y3~ vir forward mutagenesis assay. Assays such as 

the A+~ Q forward mutagenesis and the reversion of numerous 

other phage amber mutants proved to be less satisfactory. 

Mutagenesis in Derepressed Host Mutant Requires Activated 

RecA Protein 

As demonstrated in Figure J, mutagenesis of UV-damage 

phage was not observed in the absence of functional RecA 

protein or presence of noncleavable LexA protein. This 

result is most simply explained by the requirement of 

increased transcription from the SOS regulon for 

mutagenesis. However, unirradiated cells lacking LexA 

protein (recA+lexA51) showed no greater capacity for phage 

mutagenesis than did un irradiated recA+lexA+ cells (Figure 

4; Table 2, cell pairs A and B), but after irradiation they 

exhibited comparable levels of mutagenesis. 

We next considered the unlikely possibility that recA+ 

lexA51 cells require an inducing treatment because the 

mutant LexA protein has residual repressor activity that 

must be destroyed for mutagenesis. However, other null 

mutations of lexA (e.g., lexA71::Tn2; Krueger et al., 1983) 

showed a similiar requirement (data not shown). Finally, 

the requirement for UV treatment of a recA+lexA51 host is 
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Figure 4. Influence of recA upon SOS phage mutagenesis. 
The experimental conditions were as described in Figure 1, 
full strain genotypes are given in Table 1. 0, DE272/DE274i 
0, DM2568/DM2570i A, DM2556/DM2558i x, DM2572/DM2573i a, 

DE369/DE372; ~, DM2569/DM2571. 
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Figure 4. Influence of recA upon SOS phage mutagenesis. 
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not confined to the reversion of AL63 (am) , since a similiar 

requirement was also observed for the induction of mutations 

in the lambda £1 gene (Mount 1977) as well as with other 

lambda assays. Since RecA protein is the only known 

component in the SOS regulon which is activated following 

DNA damaging treatments (Little and Mount, 1982), I then 

speculated that the requirement for UV activation of recA+ 

lexA51 hosts (Table 2, cell pair B) was to activate RecA for 

some additional functions(s) in mutagenesis. To test this 

speculation I introduced a recA deletion into a lexA51 

containing cell and found that mutagenesis did not occur 

following UV activation (Table 2; cell pair c and Figure 4; 

recA306, lexA51). These results indicated that RecA protein 

may have a mutagenesis function(s) in addition to its LexA 

cleavage activity and that this function(s) is observed 

following the activation of RecA. 

constitutive Expression of the RecA Mutagenesis Function 

The recA730 mutant expresses the SOS system 

constitutively and promotes lambda c1 and LexA repressor 

cleavage in absence of an inducing treatment. I wished to 

test whether the newly identified mutagenesis function(s) of 

RecA protein is also expressed constitutively in the recA730 

mutant. A dramatic level of phage mutagenesis was observed 

in untreated recA730 cells that was almost twice the induced 

level in normal cells, and there was little if any 
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additional increase with irradiation of the host cells 

(Table 2; cell pairs Band F also Figure 4). I concluded 

that the RecA730 protein expresses the mutagenesis 

function(s) constitutively and is consistent with the above 

speculation that RecA protein is the component in a 

derepressed cell which is being activated for mutagenesis. 

Moreover, the recA730 mutant is not unique for constitutive 

expression of the mutagenesis function(s), several other 

independently isolated recA alleles confer the same 

phenotype (see below). 

I further discovered that the presence of some plasmids 

promotes induction of mutagenesis in the absence of DNA 

damage. The presence of the sex factor F in lexA5l(Def-) 

cells stimulated mutagenesis 10-fold in the absence of any 

inducing treatment, and a small additional increase was 

observed when the host cell was UV-irradiated (Figure 5). A 

similiar and slightly larger increase of 20- to 40-fold in 

mutagenesis without induction was observed in the same 

lexA5l mutant carrying pBR322 or several of its derivatives 

(data not shown). There was also no stimulation of 

mutagenesis by factor F in a recA-deleted, derepressed host 

(Figure 5), indicating that the plasmid only stimulates the 

mutagenesis function of RecA protein rather than 

substituting for it. I conclude that these plasmids can 

lead to partial constitutive expression of RecA mutagenesis 

function but that they are not capable of stimulating both 
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Figure 5. Influence of plasmids and their products on RecA 
mutagenesis function. Experimental conditions were as Figure 
1, and full gneotypes are given in Table 1. For strains 
harboring pKM101 or pSK621, antibiotics were used in the 
growth medium before irradiation to avoid plasmid 
segregation and loss. a, DE216/DE218; 0, DM2568/DM2570; A, 
DE175/DE177i x, DE212/DE214i 0, DE376/DE378i ., DE345/DE347i 
+, DM2569/DM2571. 
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LexA protein cleavage and mutagenesis. 

RecA Protein is still Required with Elevated Expression of 

Umu or Muc Proteins 

To test whether a high level of UmuC and UmuD products 

or the functionally homologous MucA and MucB gene products 

would restore mutagenesis in a recA-deleted host, I 

introduced pSK621, a multicopy plasmid carrying the umuCD 

operon, or pKM10l carrying the mucAB operon into derepressed 

mutant hosts. There was no detectable mutagenesis in the 

absence of functional RecA protein (Figure 5). I also 

introduced a high copy number plasmid called pSE192 (see 

below), that carries the lac promoter driving the expression 

of the umuDC operon into the same recA-deleted lexA51(Def-) 

hosts and found that here too there was no detectable 

mutagenesis (data not shown). I thus conclude that the 

requirement for activated RecA protein for SOS mutagenesis 

cannot be bypassed by introducing plasmids that should 

increase the level of MucAB or UmuCD proteins. 

RecA430 Mutant Protein Lacks the RecA Mutagenesis 

Function(s) 

recA430 lexA+ mutants have been shown to be defective 

in expressing SOS mutagenesis of phage lambda and cellular 

markers. According to the above analysis, the recA430 

mutant might be defective in mutagenesis either because it 
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is unable to promote enough cleavage of LexA protein in vivo 

to derepress the SOS regulon or because the mutant protein 

is unable to support the RecA mutagenesis function. To 

distinguish these possibilities, I analyzed a host mutant 

lacking LexA protein and producing the altered RecA430 

protein (recA430 lexA51). The level of phage mutagenesis 

was drastically reduced (Table 2; Figure 4). To double the 

number of copies of recA430, I introduced a second copy of 

recA430 on an F factor, but there was still no detectable 

mutagenesis (Table 2; strain pair E). A similiar deficiency 

in mutagenesis in a recA430 lexA51 strain for induction of 

the cellular hisG4 to His+ mutagenesis was reported by 

Blanco et al. 1982. The observation described above that 

mutagenesis is also blocked by a deletion (Table 2, cell 

pair C) indicates that RecA protein plays a direct 

stimulatory role in mutagenesis. This conclusion in turn 

suggests that RecA430 protein is not blocking mutagenesis by 

poisoning a reaction but that the mutant protein is 

deficient in performing the RecA mutagenesis function 

described above. 

Evidence that the RecA Mutagenesis Function(s) is Separable 

from other RecA Mediated Functions 

Genetic strategy 

In this genetic analysis I examined to varying degrees 
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about 10 percent of recA alleles that we are aware of. The 

number of recA mutants of each class were the following: 31 

constitutively activated alleles, 19 putative null alleles, 

6 alleles that were UV-sensitive but recombination 

proficient, 4 conditional alleles and 3 alleles that 

suppress a recF- defect and 2 alleles with miscellaneous 

phenotypes. I screened for recA mutants that exhibit 

"split-phenotypes"; that is, mutants which express a subset 

of the phenotypes influenced by RecA protein under a given 

condition. The goal was to obtain at least a pair of 

mutants that exhibited contrasting split-phenotypes. I 

looked for mutants that were proficient for one cellular 

function yet defective for another (e.g., LexA cleavage 

proficient but defective for lambda QI cleavage). Such a 

mutant might indicate that the two functions are promoted by 

separate RecA activities. Alternatively, this observation 

might only reflect a quantitative difference involving the 

same activity; for example the proteolysis of one protein 

might be more readily catalyzed than another and the mutant 

RecA protein can only promote the proteolysis of the 

preferred substrate. The identification of a different recA 
Fl 

mutant under a given condition which ~~xhibits an opposite 

pattern for the two functions (e.g., LexA cleavage deficient 

but QI cleavage proficient) could not be easily explained by 

a quantitative difference; instead, such a result would 

indicate a genetic separation for the two RecA-mediated 
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activities. 

SOS Mutagenesis and LexA Cleavage 

To study further the non-regulatory role(s) of RecA 

protein in sos mutagenesis and to compare this role to the 

LexA proteolysis function, I analyzed these activities in a 

number of recA mutants. Since RecA* protein is required for 

at least two roles in SOS mutagenesis, I measured these 

functions as two independent variables; first LexA cleavage 

and second SOS mutagenesis. LexA cleavage was detected by 

measuring B-galactosidase expression from the LexA regulated 

sulA-lacZ fusion (sulA::Mug(lacZAp)XCam in presence or in 

the absence of SOS inducing agents (mitomycin-C (MC) or uv

light (UV». I chose to use derivatives of the sulA-lacZ 

fusion strains constructed by D'Ari because of its unusually 

large induction ratio (as large as 400-fold) might permit 

the detection of potentially subtle differences in sulA 

expression. SOS mutagenesis was measured by using the 

L63(am) phage reversion assay that was described in a 

previous section. To test if a recA mutant could promote 

SOS mutagenesis independent of its LexA cleavage activity, 

mutagenesis was measured in cells that have their lexA gene 

mutationally inactivated (lexA51) and hence obviating any 

requirement for LexA repressor cleavage. 

As expected, recA+ cells require UV- or MC-inducing 

treatments for the expression of SOS mutagenesis and LexA 
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cleavage, while both of these activities were expressed 

constitutively in recA730 cells (Figure 6). In untreated 

recA730 cells, about 2-fold greater mutagenesis than 

observed in sos induced recA+ cells and about 6-fold greater 

sulA-IacZ expression than in SOS induced recA+ cells were 

obtained. recA730 cells presumably express these functions 

at dramatic levels and without damage because the RecA730 

mutant protein is continually in an activated conformation. 

As had been shown previously (Devoret et al., 1983; Rebollo 

et al., 1984; Ennis et al., 1985; Blanco et al., 1986), 

strains that carry the altered RecA430 protein were 

defective in promoting SOS mutagenesis while LexA 

proteolysis could be induced only to moderate levels (Figure 

6). Following induction, recA433 strains were found to 

derepress the sulA gene to levels that were nearly twice of 

those found with the induced recA+ parental strains. 

Although the LexA cleavage activity of the RecA433 mutant 

protein is inducible the mutagenesis function of the mutant 

appeared to be defective (Figure 6). I also discovered that 

recA435 strains exhibited nearly identical behavior as was 

observed for recA433 strains, mutagenesis defective but LexA 

proteolysis proficient (Figure 7 and data not shown). I 

conclude that recA430, recA433 and recA435 strains under 

inducing conditions exhibit split-phenotypes, in that all 

exhibit some proficiency for LexA cleavage but deficient in 

SOS mutagenesis. 
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Figure 6. Influence of recA upon phage mutagenesis and 
LexA repressor cleavage. The top panel represents 
measurements of SOS mutagenesis using UV-irradiated phage as 
described in Materials and Methods. The first member of each 
cell pair carries supD43 and the second was sup+. All cell 
pairs carry the lexA51 null-allele. strain genotypes are 
given in Table 1, recA+; DE190/DE192, recA430; 
DM2572/DM2573, recA432; DE858/DE860, recA433; DE866/DE868, 
recA730; DE272/DE274. All mutagenesis values are the average 
of 2 to 4 experiments. MC signifies that the cells were 
pre-exposed to a final concentration of 0.5 mitomycinc for 
40 minutes before being used for plaque assay. UV indicates 
treatment of 18 J/m2 UV as described in Materials and 
Methods. - indicates that untreated cells were used. The 
bottom panel represents beta-galactosidase activity levels 
that were expressed from the LexA regulated 
suIA::Mug(Ap,lac)XCam fusion. Procedures were as described 
in Materials and Methods and were conducted by Nina Ossanna. 
strain genotypes are in Table 1; recA+, N056; recA430, 
DE894; recA432, DE939; recA433, DE975; recA730, N062. All 
values are expressed as the average of 4 different beta
galactosidase measurements. 
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Figure 7. SOS mutagenesis of UV-damaged phage in mutant 
hosts. The experimiental conditions are in Materials and 
Methods. strain genotypes are shown in Table 1 and relevant 
genetic markers on the right of this figure. The first 
member of each strain pair is supD43 and the second is sup+. 
0, DE858/DE860; ., DE732/DE736; .. , DE1294/DE1296; • , 
DEl185/DEl187; x, DE190/DE192; ., DE862/DE864. 
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In strains that harbor the RecA432 protein, maximal 

levels of mutagenesis were expressed without induction. The 

level of mutagenesis observed in both recA432 and recA730 

cells were found to be comparable and there was little 

change with MC- or UV-induction of the hosts (Figure 6). 

recA432 cells however, do not efficiently cleave the LexA 

repressor without induction, following damage they do 

exhibit nearly normal levels of derepression for sulA. 

Since non-induced recA432 cells exhibit the opposite pattern 

of Split-phenotypes (high level mutagenesis and low LexA 

cleavage) that was typified by SOS-induced recA433 cells (no 

mutagenesis but high level LexA cleavage), the existence of 

this pair of mutants argues that these two functions of 

RecA* protein are genetically separable. 

SOS Mutagenesis and Lambda £I cleavage 

To study further the mutagenesis function(s) of RecA* 

protein and to compare this role to the lambda cI 

proteolysis function of RecA* I also studied these 

activities in a variety of recA mutant hosts. Following DNA 

damage to normal lambda lysogens, activated RecA protein 

will cleave £I protein which in turn leads to the lytic 

induction and release of free phage. I chose to measure the 

release of phage following damage as a simple assay for 

lambda induction because of its relative ease in screening a 

number of hosts and because this assay was previously shown 
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Table 4. Spontaneous and Me-stimulated induction of lambda 
prophage. 

Phage Produced (PFULml) 
recA S12ontaneous Me-Induced 

lysogen GenotY12e Em1 Em2 Em1 EX122 

DE621 + 5.5xl05 1.7x106 2.1xl08 7.2x108 

DE1265 433 3.0xl06 3.9xl06 8.3x108 1.8x109 

DE1298 305 2x101 9.3xl01 2xl01 8.5x101 

DE1368 430 lx101 3.8x101 3XI01 3.8X101 

Exp 1 and Exp 2, represents results from two experiments 
conducted on different days. All strains lack functional 
LexA repressor (lexA51) as to obviate any requirement for 
LexA proteolysis; full genotypes are given in table 1. Me 
was added to culture medium to 0.5 ugjml final concentration 
as described in materials and methods. 
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to approximate the results obtained with other more direct 

and quantitative assays for in vivo £I proteolysis (Roberts 

and Roberts, 1981). In agreement with previous studies, I 

showed that recA+ 1ysogens efficiently induce lambda 

following MC exposure and that no induction of phage was 

observed in 1ysogens of recA deletion strains nor recA430 

containing strains (Table 4). Because all strains in Table 

4 lack functional LexA repressor (lexA51), the absence of 

lambda induction for recA305 and recA430 1ysogens did not 

result from a diminished capacity to derepress specific SOS 

genes involved in lambda induction (e.g. himA). Thus, the 

failure to induce lambda resulted from either no RecA 

protein in the deletion or a loss of the cI proteolysis 

activity for the RecA430 mutant protein (Roberts and 

Roberts, 1981; Morand et a1., 1977a). MC-induction of 

recA433 1ysogens was found to induce lambda slightly more 

efficient than observed in the recA+ parental strain. I 

concluded that recA433 strains exhibit an interesting sp1it

phenotype; with induction they are £I cleavage proficient 

but defective for SOS mutagenesis (Figure 6). 

recA mutants were also screened for the constitutive 

expression of lambda £I proteolysis by two different rapid 

qualitative assays; first, the failure of + to form 

stable 1ysogens in the mutant host and second, the formation 

of clear-plaques by + on the mutant hosts. This c1ear-

plaque phenotype has been shown to occur because cI 
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repressor molecules are being cleaved constitutively as a 

consequence of an increase in this RecA* activity and 

elevated intracellular concentrations of the RecA protein. 

This quick assay has been extensively used for the 

characterization of recA mutants, lexA mutants and isolation 

of £Iind- mutants (Eshima et al., 1972; Mount, 1976; Gimble 

and Sauer, 1985); again I chose to use this assay because it 

offered us a convenient method to rapidly screen a large 

number of mutants. To improve on the range of sensitivities 

of the clear-plaque assay we used other mutant phage strains 

with different £I alleles that differ in their 

susceptibility to RecA*-mediated proteolysis (Cohen et al., 

1981; Dutreix et al., 1985); in addition to A+, these 

included hypo-cleavable mutants, (?£Iindr S43 and two 

others), a hyper-cleavable mutant (~£Iindsl) and a non

cleavable mutant (~clind-l). By using this expanded clear

plaque assay, recA mutants could be ranked and classified 

with respect to their relative constitutive £I cleavage 

activities; non-activated (recA+, recA433, recA43S), 

slightly activated (recA80, recA718, recA801), moderately 

activated (recA441) and highly activated (recA432, recA730, 

recA82) (Table S and data not shown). By using several 

hypocleavable phage mutants with different susceptibilities 

to RecA*-mediated proteolysis the highly activated recA 

mutants could be ranked further; I will discuss those 

rankings in a later section. Although such qualitative 

so 



comparison were made possible using this expanded clear

plaque assay, more quantitative comparisons will require 

other in vivo assays and in vitro experiments with purified 

mutant proteins. I could demonstrate with the expanded 

clear-plaque assay that even the highly activated mutants 

required maximal recA expression to exhibit maximal cI 

cleavage (Table 3). When recA730 was expressed at maximal 

levels in cells because they lack the LexA repressor (DE464; 

recA730, lexA51) the hypocleavable £Iindr 543 mutant phage 

exhibited a clear plaque phenotype but this same phage 

plated turbid on cells that express recA730 at half maximal 

levels (DE1277; recA730, lexA41) and finally even the 

hypercleavable £I inds mutant plated turbid when recA730 was 

expressed at low basal levels due to the presence of the 

non-cleavable LexA3 mutant repressor (DE492; recA730, 

lexA3). 

Based on the above criteria where the hypercleavable £I 

inds 1 mutant plated clear and ~+ plated turbid with recA80 

strains, I inferred that this mutant RecA80 protein in 

absence of induction expresses only weakly the cleavage of 

£I repressor (Table 5). recA80 strains however, expressed a 

high level of SOS mutagenesis without induction (Figure 7), 

levels that were comparable to those in SOS induced recA+ 

strains (Figure 6). My results indicate that non-induced 

recA80 strains exhibit an interesting split-phenotype; they 

express high levels of SOS mutagenesis but low levels of 
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Table 5. Spontaneous expression of lambda £I proteolysis. 

Cell Plagge Mo~hology 
Host GenotY12e i\ cI GenotY12e 

strain recA lexA + ind-1 inds 1 indr 60 
543 EK127 DY125 

DE192 + 51 T T T T T T C 

DE278a 441 51 C T C T T T C 

DE464 730 51 C T C C C FT C 

DE1277b 730 41 C T C T T T C 

DE492 730 3 T T T T T T C 

DE860 432 51 C T C C T T C 

DE736 80 51 T T C T T T C 

DE561 82 51 C T C C C C C 

DE902 801 51 T T C T T T C 

All host strains are SU12+ strains whose genotypes are 
described in table 1. T, FT and C represents that the 
indicated phage strain plated turbid, faintly turbid or 
clear, respectively on the indicated host strain. The 
conditions are described in the materials and methods. The 
phage strains are described in Table 1. 

a The conditions used for strain DE278 were essentially as 
described by Mount, 1976 for strain DM1187. 

b Phage were plated at 32 C. 

52 



lambda QI cleavage. A comparable split-phenotype pattern 

was also observed in non-induced recA718 strains (McCall et 

al., 1987, and data not shown). I noted that the split

phenotype observed with non-induced recA80 strains was in 

contrast to the split-phenotype I observed with induced 

recA433 strains. Taken together, the contrasting split

phenotype patterns observed in these two recA mutants 

indicate that the 50S mutagenesis function(s) of RecA* 

protein are genetically separable from the lambda cI 

proteolysis activity. 

LexA Repressor Cleavage and Lambda QI Repressor Cleavage 

I next compared the LexA proteolysis and lambda cI 

proteolysis in several recA mutants. I deduce from the 

observations presented in Table 3, that non-induced recA432 

strains exhibited a high level of constitutive QI cleavage. 

Because the Qlindr 543 hypocleavable lambda mutant exhibited 

a clear plaque phenotype on recA432 strains and recA730 

strains (Table 5) it suggests that these strains express a 

high level of constitutive cI cleavage, but in contrast to 

recA730 strains, recA432 mutants do not express high levels 

of LexA cleavage until exposed to damage (Figure 6). I 

conclude that non-induced recA432 strains exhibit a novel 

split-phenotype; high levels of cI cleavage but low levels 

of LexA cleavage. 50S-induced recA430 strains exhibit the 

opposite split-phenotype than I noted for uninduced recA432 
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strains. As has been shown previously as well as in Figure 

6 and Table 5, cells that carry the altered RecA430 protein 

are defective for lambda QI proteolysis but partially 

proficient for LexA proteolysis (Mornad et al., 1977a; 

Devoret et al., 1983; Ennis et al., 1985; Blanco et al., 

1986). recA80 and recA730 cells both exhibit very high 

comparable derepression levels of the sulA-IacZ fusion 

without induction (Figure 6 and data not shown) which 

suggest that both mutants are constitutively expressing very 

high levels of LexA cleavage; unlike recA730 strains, only 

low levels of QI cleavage was detected in recA80 strains 

(Table 3). I conclude that the non-induced recA80 strains 

also express a split-phenotype (high level LexA cleavage but 

low level cI cleavage) that is in contrast to the split

phenotype I described for non-induced recA432 strains. 

Based on the contrasting split-phenotypes typified by 

recA430 and recA432 mutants, I conclude that these two RecA* 

mediated activities are also genetically separable. 

The Genetic Basis for the Novel Phenotypes of recA432 

Mutants 

The recA432 allele was isolated by Kato and Shinoura 

(formerly designated umuB52 and then lexB32) as a 

recombination proficient (Rec+), UV-sensitive mutant (UVs ) 

that could not express UV-inducible mutagenesis of a 

cellular marker (Mut-). The recA433 and recA435 alleles 
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(first designated umuB64 and umuB108, respectively; then 

lexB33 and lexB35, respectively) were isolated during the 

same mutant hunt that uncovered the recA432 mutant; all 

three were reported to have comparable Rec+, UVS and Mut

phenotypes in their original genetic backgrounds (Kato and 

Shinoura 1977; Glickman et al., 1977). I have generally 

assumed that recA mutants exhibit a mutagenesis defective 

phenotype because they cannot efficiently cleave LexA to 

derepress the SOS regulon and/or because the mutant RecA 

protein lacks the additional function(s) required to promote 

SOS mutagenesis (Ennis et al., 1985). consistent with this 

assumption both the recA433 and recA435 mutagenesis 

defective mutants were found to be proficient at LexA 

proteolysis, but these mutants lack the RecA mutagenesis 

function(s). It thus came as some surprise when I found 

that recA432 strains were proficient for both activities 

(inducible for LexA cleavage and constitutive for 

mutagenesis, Figure 6). To understand this apparent paradox 

I started by considering three possible explanations: first, 

the B-galactosidase measurements from the sulA-IacZ fusion 

were misleading, that somehow the RecA432 protein was not 

cleaving enough LexA for efficient expression of certain SOS 

genes; second, the mutagenesis proficient or deficient 

phenotypes that were determined might have been a reflection 

of difference between the assays used here and those used by 

Kato; and third, the recA432 mutant had been altered (e.g., 
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second site mutation, pseudorevertants, loss of a second 

site mutation, etc.) in the original strain (TK504) and/or 

during construction of my strains. 

According to this first proposed explanation, recA432 

lexA+ cells would be expected to be mutagenesis deficient 

because they could not efficiently derepress the SOS genes 

involved in mutagenesis: instead, I found that these cells 

were proficient in phage mutagenesis with UV-induction 

(Figure 7). Derepressed cells that carry the RecA432 

protein (Figure 7, genotype: recA432 lexA51 sulA211) do not 

require exposure to UV to promote mutagenesis of UV-damaged 

phage but derivatives that carry an intact lexA+ gene do 

require UV-induction (Figure 7, genotype: recA432 lexA+ 

sulA211). Because the RecA432 protein is constitutively 

activated for mutagenesis but not for LexA cleavage (Figure 

6): the requirement for irradiation in recA432 lexA+ strains 

is to activate the LexA proteolysis activity and thereby 

derepress certain SOS genes. I conclude that those data are 

inconsistent with the first possibility and that the RecA432 

mutant protein is sufficiently proficient at the cleavage of 

the LexA repressor in vivo for the expression of SOS 

mutagenesis. 

The second and the third possibilities are difficult if 

not impossible to totally exclude: however, results obtained 

from a series of genetic experiments were inconsistent with 

these notions (see below). According to the second 
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possibility the results I obtained in recA432 strains using 

the susL63 reversion assay might have been misleading. As 

a step towards addressing this possibility I also measured 

mutagenesis using alternate phage assays in the same recA432 

and recA433 containing strains that are presented in Figure 

7; those were the AsusR221 reversion assay as well as the~ 

V2Y3 to Avir forward mutagenesis assay (these assays were 

described in an earlier section). I found that the results 

I obtained with the AsusL63 assay (Figure 7) could be 

reproduced reasonably well with these other assays (data not 

shown); these observations in turn indicate that the susL63 

results were reproducible using these two other phage 

assays. Admittedly this line of study does not totally 

rule-out the second possibility but is at least inconsistent 

with it; and I will present other data below, which argues 

further against the second notion. 

According to the third proposed possibility, the 

recA432 strain I received from Kato (TK504) had been altered 

(pseudorevertant?) or possibly the mutant recA gene was 

altered by me during construction of strains. Perhaps the 

phenotypes originally assigned to the recA432 allele might 

be the results of multiple mutations (either intragenic or 

extragenic) and that during my construction of strains I 

could have separated one or more of these mutations. I 

first examined the original recA432 strain (TK504) and 

demonstrated that this strain was mutagenesis defective 
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(Mut-) using the same hisG4 cellular reversion assay that 

had been originally used to characterize this mutant (see 

below). I also found that TK504 exhibited a sensitivity to 

uv (UVs ) that was comparable to that published by Kato. I 

then introduced the recA432 marker into its recA+ parental 

genetic background (JC3890) and found that the resultant 

strain behaved like TK504 (UVs,Mut-) and not like the 

parental strain (UVr,Mut+). Experiments in the original 

genetic backgrounds with three factor crosses and linkage 

determinations with the proximal (srlR,srIC) and distal 

(alaS) flanking genes were consistent with the notion that 

the UVS phenotype was caused by a mutant that maps between 

the srI and alaS genes ( Mornad et al., 1977b: Csonka and 

Clark, 1979): thus suggesting a mutant recA marker and not 

some unlinked extragenic mutant (data not shown). 

Consistent with this view, I also noted that the recA432 UVS 

phenotype mapped under three different recA deletions each 

with different end-points (recA302, recA305 and recA306). 

Taken together these data indicate that the original recA432 

strain (TK504) had not been demonstrably altered since 

Kato's earlier experiments and that these mutant phenotypes 

(UVs,Mut-) were conferred by an alteration in the recA gene. 

Based on other genetic experiments with recA432 cells, 

I found that the apparent paradox with recA432 could be 

accounted for by a fourth unexpected explanation. I now 

propose that the original recA432 strain (TK504) appeared to 
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be mutagenesis defective and UV-sensitive because of 

complications associated with lethal filamentation. In the 

process of constructing various strains, I noticed that the 

UVS phenotype of the recA432 allele was suppressed upon 

introduction into cells that carry a sulA mutation (suIA2ll) 

and where the SOS regulon was constitutively derepressed due 

to the mutational inactivation ~f the lexA gene (lexA5l). 

The original recA432 strain (Tk504) as well as the original 

recA433 and recA4435 strains (Tk508 and Tk505, respectively) 

were all lexA+ and sUIA+, they all exhibited comparable 

sensitivity to UV. As depicted in Figure 8, derepressed 

recA432 cells were almost as resistant to UV as the isogenic 

recA+ and recA730 strains and are considerably more 

resistant than either recA433 or recA435 strains. The 

suppression of the UVS phenotype was unique to recA432. All 

other recA alleles tested (recAl, recA2, recA13, recA35, 

recA36, recA52, recA5q, J~~cA99, recA123, recA142, recA200, 

recA306, recA430, recA431, recA433, recA434, recA435) 

remained sensitive when introduced in these lexA5l, sulA2ll 

genetic backgrounds (Figure 8 and data not shown). 

I next wanted to determine if the basis of the 

suppression for the UVS phenotype in these cells was related 

to the inactivation of the lexA gene and/or the sulA gene. 

I constructed recA432 strains that carried an intact lexA+ 

gene and a sulA- mutation (suIA2ll), these cells were only 

slightly less resistant to UV-irradiation than strains with 
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Figure 8. Influence of recA upon UV-sensitivity. uv
survival was measured as described in Materials and Methods. 
Full strain genotypes are given in Table 1. A, DE190: a, 
DE463: 0, DE858;., DM2572; ., DE862: 0, DE548; <>, DE866: 6, 
DM2569. All strains also carry the lexA51 and sulA211 
mutations. 
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both genes inactivated, suggesting that the inactivation of 

lexA was not a significant contributor to the suppression 

(Figure 9). However, recA432 strains with both genes were 

intact (lexA+ sUIA+) were as UV-sensitive as the 

hypersensitive recA433 mutants (Figure 9). The dramatic 

increase of survival for recA432 lexA+ cells when the 

sulA211 mutation was present (at 20J/m2, about 30,000-fold 

greater survival; Figure 9) was also observed with other 

sulA- mutations (e.g., suIA::Tn5 and suIA::Mu-g, data not 

shown), indicating that the suppression resulted from a loss 

of SulA function rather than from an allele-specific 

compensation phenomenon. Based on the observations 

presented here, I conclude that the suppression of the UVS 

phenotype for these recA432 strains resulted from the 

inactivation of the sulA gene. 

The sulA gene is known to encode for a protein which 

inhibits septum formation of growing cells and thereby 

interferes with cell division (George et al., 1975; Huisman 

et al., 1982). Because SulA protein blocks septum formation 

but does not stop cell growth, an excess of this protein has 

been shown to lead to filamentous cells that are inviable 

(called lethal filamentation). I next conducted a 

microscopic inspection for filamenting cells in cultures 

that were UV-irradiated (5 J/m2). Cultures of recA432 lexA+ 

sulA+ cells (DE1294 from Figure 9) were found to be 

predominantly filaments (about 90%), while cultures of 
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Figure 9. UV-sensitivity of a recA432 strain is suppressed 
by a sulA- mutation. uv-survival was measured as described 
in Materials and Methods. Full strain genotype are given in 
Table 1 and relevant sos genotypes are listed on lower right 
corner of this figure. 0, DE858; II, DEl185; ¢, DE866; ., 
DE1294. 
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recA432 lexA+ sulA- cells (DEl185 from Figure 9) possessed 

only rare filaments (less than 1%). Filamenting cells were 

also infrequent (about 1%) for recA+ lexA+ sulA+ cells 

(DM2558 from Figure 3). Un irradiated cultures of the above 

three strains possessed even fewer filamenting cells than 

the irradiated cultures; of the unirradiated cultures, the 

recA432 lexA+ sulA+ cells did a~pear to have greater numbers 

of filaments (about 5%). Taken together, these lines of 

study indicate that the basis for UV-sensitivity in recA432 

lexA+ sulA+ strains (Figure 9) resulted from their 

propensity to lethally filament, perhaps due to an excess of 

sulA protein. Although lethal filamentation is indicated as 

the basis for the UV-sensitivity, it is not evident from the 

sulA-IacZ fusion studies (Figure 6), that induced recA432 

mutant cells overproduce sulA protein. I will return to 

this point later. 

To be certain that this UVS suppression phenomenon for 

recA432 cells was not unique to the genetic background 

shared by the strains used in Figures 8 and 9, I next tested 

the effect of introducing a sulA- mutation into the original 

recA432 strain (TK504). A sulA::Tn2 mutation was introduced 

into the recA432 strain (TK504), also into its recA433 

companion strain (Tk508) and into the recA+ parental strain 

(JC3890). After exposures to a UV dose of 1 J/m2, the 

surviving fractions of these strains and the sulA::Tn2 

containing derivatives were determined. For the original 
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recA432 and recA433 strains their surviving fractions were 

1.2 x 10-4 and 2.0 x 10-4 , respectively. The surviving 

fraction of recA432 suIA::Tn5 derivative strain was 2.3 x 

10-1 ; thus the introduction of a sulA- mutation resulted in 

about 2,000-fold increase in survival and approached the 

value obtained for the recA+ strain (5.5 x 10-1 ). The 

introduction of the sulA::Tn5 mutation in the recA+ and 

recA433 strains appeared to have little effect on survival 

(data not shown). Again, I looked for the presence of 

filamenting cells after UV-irradiation: the recA432 sulA+ 

cells contained predominantly filaments while the sulA

derivative did not. I therefore conclude that this 

suppression phenomenon for recA432 cells was not unique to 

the strains used in Figures 8 and 9, that it could be 

reproduced in Kato's original strains and that the basis for 

the UVS phenotype of the original recA432 strain was also 

lethal filamentation. 

I next wanted to determine if a sulA- mutation could 

also suppress the Mut- phenotype of the original recA432 

strain. I measured UV-induced mutagenesis using Kato's 

hisG4 cellular reversion assay, in Kato's recA432 and 

recA433 strains, in their recA+ parental strain and in the 

suIA::Tna containing derivatives of the above three strains. 

Cells were again UV-irradiated with a dose of 1 J/m2 and 

His+ reversion frequencies were determined according to Kato 

and Shinoura 1977. The recA433 strain yielded a frequency 
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of about 2.9 x 10-6 His+ revertants, in contrast the 

mutagenesis proficient recA+ strain which produced a 

frequency of 3.5 x 10-5 His+ revertants; thus the recA+ 

strain (Mut+) gave greater than 10-fold more His+ mutants 

per survivor than the recA433 strain (Mut-). I found that 

my values for UV-induced His+ reversion in these strains did 

not match the published values ~f Kato and Shinoura, 1977; 

all my values were approximately five-fold higher; although, 

the differences between these Mut+ and Mut- cells were 

similar in both studies (about 10-fold). I am unable to 

explain the differences from the published values; I 

attribute the differences to the high variability of the 

method. The recA432 strain produced a frequency of 3.5 x 

10-6 His+ revertants (a value comparable to the above 

recA433 strain) while its sulA- derivative gave a frequency 

of 4.1 x 10-5 His+ revertants; thus the suIA::Tn2 containing 

strain gave about 10-fold greater His+ revertants than the 

parental recA432 strain (TK504). As was the case for UV

sensitivity, the introduction of the sulA- mutation into 

either the recA433 or recA+ strains had little effect on the 

UV-induced His+ reversion frequencies. I therefore conclude 

that like the suppression of the UVS phenotype, the 

introduction of a sulA- mutation can also suppress the Mut

phenotype for this recA432 strain. Unlike other recA 

mutants that confer UVS and Mut- phenotypes (e.g., recA430, 

recA431, recA433, recA435 and others), these data suggest 
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that the apparent UVS and Mut- phenotypes that were 

originally determined for the recA432 mutant (TK504) are 

probably the result of a secondary effect (i.e., some 

imbalance of sulA regulation) and not the result of an 

inability of the RecA432 protein to promote LexA cleavage 

and/or its mutagenesis function(s). In fact, as shown in 

different genetic backgrounds, cells that carry the RecA432 

mutant protein were proficient for 50S mutagenesis and for 

LexA cleavage (Figure 6). 

This is the first observation showing that mutagenesis 

of a cellular marker could not be detected because of some 

interference by lethal filamentation. I next wanted to 

determine if the interference was unique to this cellular 

reversion assay or if lethal filamentation might in some way 

block the detection of mutagenesis using phage assays. 

susL63 reversion was therefore measured in the recA432 host 

strains that were shown to be especially UV-sensitive due to 

filamentation (Figure 9, genotype; recA432 lexA+ sUIA+) and 

compared with the reversion measured in their nonfilamenting 

sulA- companion strains (Figure 9). As depicted in Figure 

7, the hyperfilamenting recA432 strains (recA432 lexA+ 

sUIA+) were found to be equally proficient at promoting UV

induced phage mutagenesis as the sulA- strains (recA432 

lexA+ su1A211), indicating that filamentation did not 

interfere with the detection of mutagenesis with this phage 

assay. Phage mutagenesis in recA432 strains was even 
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detected at the high dose of 30 J/m2 where filamentation was 

extensive and the surviving fraction for the sulA+ hosts 

were only 2 x 10-8 compared to 5 x 10-3 for the sulA

strain. I then discovered that phage mutagenesis, as 

measured by the AsusR221 and ~V2 v3 assays, could also be 

detected in recA432 hosts that are undergoing lethal 

filamentation (data not shown). I next tested for phage 

mutagenesis in Kato's original recA432 mutant (TK504) to 

determine if lethal filamentation by this strain (which 

interfered with the detection of His+ revertants) might 

effect the detection of AsusL63 revertants. UV-induced 

reversion of this phage marker was detected in the 

hyperfilamenting TK504 strain that was roughly equal to the 

reversion level determined for the non-filamenting sulA

derivative (data not shown). The level of phage mutagenesis 

for Tk504 was comparable to that observed in the recA+ 

parental host (JC3890) while no phage mutagenesis was 

detected in the recA433 Mut- control strain (Tk508). These 

observations are consistant with the above conclusion that 

lethal filamentation does not appear to be a factor in the 

detection of phage mutants. As noted earlier (Table 3) the 

inviability of a particular host to UV was shown not to be a 

factor in detecting AsusL63 revertants and hence 

demonstrates an advantage over cellular assays where the 

inviability of a hypersensitive strain following irradiation 

might preclude the detection of rare cellular mutational 
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events. These conclusions also demonstrate that if Kato and 

Shinoura had originally characterized their recA mutants 

using a phage assay as well as a cellular mutagenesis assay, 

their conclusions about the recA432 mutant would have been 

different. 

Lethal filamentation with induced recA432 mutant cells 

might be achieved if the mutant RecA432 polypeptide was more 

active for LexA proteolysis which inturn would cause 

abnormally high levels of sulA expression and thus the 

accumulation of an excess of SulA protein. In Figure 6, 

maximal sulA-IacZ expression levels are presented for "fully 

induced" recA and recA432 strains (induced with 0.5 ug/ml Me 

and 18J/m2 UV); these data indicate that sulA expression in 

recA432 cells is not abnormally high and argues that an 

excess of sulA protein is achieved by a different mechanism. 

Next, using a semiquantitative plate assay for B

galactosidase activity, I compared the sulA-IacZ expression 

levels in recA432 and recA+ strains while varying the Me 

doses (see Materials and Methods section). I found that at 

a 250-fold lower Me dose than normally used (0.002 ug/ml) 

the recA432 mutant strains exhibited a moderate level of 

induction while the recA+ parental strains showed no 

observable induction of Lac expression. At a concentration 

of 0.01 ug/ml Me, the recA432 strains showed a high level of 

Lac activity but the recA+ control gave only a slight 

increase in sulA-IacZ expression. At 0.1 ug/ml Me, both 
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fusion strains exhibited high levels of Lac activity but 

expression by the recA432 strain appeared to be higher. 

with doses that ranged from 0.2 ug/ml to 0.5 ug/ml Me both 

recA+ and recA432 strains showed high Lac activities that 

were indistinguishable. In short, the recA432 mutants 

appear to possess a "hair-trigger" for the derepression of 

the sulA-IacZ fusion: this is, less DNA damage is required 

to achieve full induction of the SOS response for the mutant 

cells than is required for recA+ cells. These observations 

inturn suggest that the RecA432 mutant protein might be 

altered so that it is more easily activated for LexA 

proteolysis (hyperactivated). 

The "hair trigger" (or hyperactivation) phenotype might 

be the consequence of a recA mutant polypeptide which can be 

activated by lower thresholds of signal molecules. SOS 

induction in normal cells is a transient physiological state 

(Little, 1983: Markham et al., 1985). Once damage has been 

repaired, the intracellular concentration of signal 

molecules is thought to drop, when the concentration is 

below some threshold RecA is no longer activated, LexA 

repressor ~ccumulates and the SOS genes are again repressed. 

In contrast, the induced state would be expected to be 

prolonged in a mutant cell which is activated and 

deactivated by lower thresholds of signal because it would 

take longer to reduce the intracellular signal concentration 

to this lower threshold. Inturn, I would expect some SOS 
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gene products would accumulate at higher levels in this 

mutant because these operons would remain derepressed for 

longer periods of time than normal cells. I therefore 

propose that recA432 cells accumulate an excess of sulA 

protein and filament because the induced state of this 

mutant is prolonged. 

More study will be required to determine the validity 

of this model for the recA432 hyperfilamention phenotype. 

Two established experimental approaches have come to mind 

that could examine further if the induced state for recA432 

cells is prolonged. The first approach would examine the 

kinetics of mRNA synthesis of the sulA operon (or some other 

50S operon) following induction, similar to the published 

work by Markham et ale (1985). I would predict that sulA 

expression would remain at an induced level in the recA432 

mutant cells longer than in the recA+ parental cells. The 

second approach would determine the amount of time required 

for cells to return to the state where RecA is no longer 

activated for LexA proteolysis; this experimental approach 

was previously reported by Little (1983). Using this latter 

approach, I would expect that the recA432 mutant cells would 

require greater time to be deactivated for LexA proteolysis. 

In summary, the body of the genetic data described here 

is consistent with the idea that hyperfilamentation was the 

basis for why the original recA432 mutant strain appeared to 

be UV-sensitive and mutagenesis defective. These genetic 
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experiments are inturn inconsistent with the three other 

possibilities entertained in this section. 

RecA56 is a Dominant Defective Mutant for SOS Mutagenesis 

Early in the study of homologous recombination, several 

E. coli recA- alleles (recA1, recA12, recA13 and recA65) 

were identified that exhibited some dominance over a recA+ 

marker for recombination (Willets et al., 1969). The degree 

of dominance for a given recA- allele ranged from partial 

dominance (or codominance) to greater dominance over recA+. 

Based on earlier conclusions drawn from complementation 

studies of lacI- and lacZ-dominant mutants (for review see 

Ullmann and perrin, 1970; Miller, 1978), "negative 

complementation" phenotypes for these dominant recA- mutants 

were predicted to be caused by subunit mixing. Defective 

RecA polypeptides were predicted to mix with active 

polypeptides, these heteromultimeric complexes were believed 

to be less functional (Willets et al. 1969). Purified RecA 

protein is known to form multimeric aggregates in free 

solution as well as on regions of single stranded DNA. It 

has been indicated that RecA multimerization is required for 

its enzymatic and allosteric activities (Kowalczykowski, 

1987; Brenner et al., 1988). recA- mutants that confer 

dominant defective phenotypes were therefore considered to 

code for mutant polypeptides which have retained their 

capacity to multimerize. It has also been suggested that 
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the varying degrees of dominance conferred by a given mutant 

allele might be a reflection of the mutant protein's ability 

to multimerize and interfere with the functional protein 

(Willets et al., 1969; Moreau and Roberts, 1984). 

consistent with this logic, several recessive recA- mutants 

exhibited some dominance only when they were expressed off 

multicopy plasmids; these mutant proteins presumably have a 

minimal capacity to multimerize with RecA+ protein and a 

vast excess of the mutant product compensates for this 

defect (Ogawa et al., 1979; Sedgwick and Yarranton, 1982; 

Rebollo et al., 1984; Yancey and Porter, 1984). At least 

two observations with purified RecA1 mutant protein are 

consistent with this subunit poisoning model for negative 

complementation with recA: first, purified RecA1 was found 

to efficiently multimerize in vitro and second, the addition 

of RecA1 protein inhibited the ATPase activity of purified 

RecA+ protein (Ogawa et al., 1979; S. Kowalczykowski, 

personal communication). Negative complementation by 

dominant defective mutants (also called negative dominant 

mutants or antimorphs) were found for many different genes 

in prokaryotes and eUkaryotes; the use of such mutants were 

suggested to be useful tools in modern molecular genetics 

(Herskowitz, 1987). 

As an extension of my genetic analysis of the RecA 

mutagenesis function (see previous section), I constructed 

various strains that were heterodiploids for recA. I used 
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recA-containing derivatives of sex factor F (F'recA) instead 

of cloned genes on multicopy plasmids so that each recA 

allele of the heterodiploid was expressed as a single copy 

marker. I reasoned that as a result of subunit mixing and 

selective poisoning of a given RecA-mediated activity(s), 

some heterozygous recA diploid combinations might confer 

novel split-phenotypes. I also wanted to learn if any recA-

allele could be found that was dominant for mutagenesis; if 

such an allele existed, it could implicate a requirement for 

RecA multimers in 50S mutagenesis. with these objectives in 

mind, I systematically screened numerous recA heterodiploid 

strains for their ability to promote sos mutagenesis, 

homologous recombination, lambda £I cleavage and their 

survival after UV-damage. In general, this search for novel 

split-phenotypes proved to be only marginally productive; 

however, some interesting observations were made with 

several recA56 heterodiploid strains. 

recA56 mutant strains are defective in recombination, 

phage lambda induction and LexA cleavage (Templin et al., 

1978; Bagg et al., 1981; Weisemann et al., 1984; Chaudhry 

and Smith, 1985; and data not shown). The recA+/recA56 

heterodiploids exhibited only a modest reduction in 

homologous recombination (i.e., codominance) that was 

comparable with that found with recA+/recA1 heterodiploid 

strains (data not shown). Full dominance by recA1 for 

recombination in vivo was previously shown to require a 
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copy number of the mutant gene that is four-fold or greater 

(Yancey and Porter, 1984). Because I used the single copy 

F'recA vectors to construct these heterodiploid strains, the 

presence of recA56 mutation on either the episome 

(recA+/F'recA56) or on the chromosome (recA56/F'recA+) made 

no detectable difference for any of the phenotypes tested. 

The recA56 mutant exhibited a high degree of dominance over 

recA+ for Me induction of lambda prophage which again was 

comparable for recA+/recA1 heterodiploid strains (data not 

shown). Homologous recombination and induction of prophage 

have been implicated as RecA activities where 

multimerization is required (Kowalczykowski, 1987), and 

because recA1 and recA56 exhibit dominance phenotypes could 

in turn suggest that RecA1 and RecA56 mutant proteins are 

roughly equivalent at forming defective mixed multimers with 

RecA+ protein. Again consistent with the interpretation 

that negative complimentation occurs through subunit mixing, 

purified RecA56 mutant protein was shown to multimerize in 

free solution; on single-stranded DNA and form RecA+-RecA56 

mixed multimers (S. Kowalczykowski, personal communication). 

Whereas recA1 and recA56 mutant strains were hypersensitive 

to UV-irradiation, their recA+ diploid derivatives 

(recA+/recA1 or recA+/recA56) were as UV-resistant as was a 

recA+ haploid control, demonstrating that both of these 

defective alleles are recessive for this phenotype (Morand 

et al., 1977b; data not shown). The significance of the UV-
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resistance phenotype in these heterodiploid strains will be 

discussed in the subsequent section. In summary, recA1 and 

recA56 markers confer roughly the same dominance-recessive 

phenotypic patterns over a recA+ gene; recessive for UV

resistance, codominant for homologous recombination and 

increased dominance for induction of lambda prophage. 

I next tested for the expr~ssion of SOS mutagenesis in 

strains that carried the recA56 mutant allele. Since recA56 

strains are known to be defective for LexA cleavage (Bagg et 

al., 1980), phage mutagenesis was studied in cells that have 

their lexA gene inactivated by mutation (lexA51). recA56 

lexA51 host cells could not promote phage mutagenesis 

following UV-activation (Figure 10), indicating that the 

RecA56 mutant protein is also defective for the mutagenesis 

function(s). As shown in Figure 10, recA+/recA56 

heterodiploids were also defective in mutagenesis; however, 

minimal increases in mutagenesis were detected with UV

irradiation of this heterodiploid host. These data 

demonstrate that recA56 is dominant over recA+ for SOS 

mutagenesis. Mutagenesis in untreated recA730/recA56 

strains were low, about one-tenth of the phage mutagenesis 

measured in untreated recA730 host cells. UV-irradiation of 

the recA730/recA56 heterodiploid host increased phage 

mutagenesis slightly, to about one-fourth of that determined 

for irradiated recA730 cells (Figure 10). As noted in 

earlier sections (Figures 4 and 6), dramatic levels of 
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Figure 10. Dominance of recA56 on sos mutagenesis of UV
damaged phage lambda. The experimental conditions are in 
Materials and Methods. strain genotypes are shown in Table 1 
and recA genotype on the right of this figure. All cell 
pairs carry the lexA51 null-allele. A, DE272/DE274; • I 

DE190/DE192; C I DE441/DE443; 0 I DE183/DE185; ., I 

DE277/DE259. 
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Figure 10. Dominance of recA56 on SOS mutagenesis of uv
damaged phage lambda. 
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mutagenesis with damaged phage were observed in untreated 

recA730 hosts, with little additional increase occurring 

with UV-irradiation (Figure 10). These data indicate that 

the recA56 marker exhibits dominance over both recA+ and 

recA730 alleles for SOS mutagenesis. since negative 

complementation by dominant defective recA mutants are 

considered to be the result of nonfunctional mixed multimers 

(Moreau and Roberts, 1984), these data can be taken as 

further evidence that RecA56 protein form heteromultimers 

and that the mutagenesis function(s) is possibly the 

property of multimeric RecA protein. 

As described above, the recA56 mutant allele exhibited 

only marginal dominance over recA+ for homologous 

recombination; recA56 was also found to confer a marginal 

dominance phenotype over recA432, recA441, and recA730 

markers. In contrast, recA56 was fully dominant over 

recA430, recA431, recA433 and recA435 for recombination 

(data not shown). These observations indicate that there 

are different degrees of poisoning by the RecA56 mutant 

protein. I suspect that this dominance might be a 

reflection of some reduced structural integrity of the 

mutant polypeptides encoded by the above mentioned recessive 

recA alleles and that the presence of RecA56 in a 

heteroprotein aggregate could be more disruptive. 

consistent with this suspicion, three of these recessive 

mutant proteins (RecA430, RecA433 and RecA435) were found to 
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be more easily denatured in cell extracts by high salt or 

high pH than the dominant proteins tested (RecA+ and 

RecA441; A. Karu and H. Echols, personal communication). 

Full dominance for homologous recombination was not unique 

to the defective recA56 allele, more than half of the 16 

recombination defective recA mutants tested were also 

dominant over recA430. 

In summary, the presence of the defective recA56 allele 

exhibits varying degrees of dominance over a fully 

functional recA copy for the several different RecA-mediated 

phenotypes tested. recA56 was found to be dominant over 

recA+ for mutagenesis as well as the constitutively 

activated recA730 mutant. Dominance by such recA- mutants 

are thought to result from the formation of mixed multimers 

which are less functional. These data in turn suggest that 

a RecA mutagenesis function is the property of a multimeric 

form of RecA protein. After I discovered this dominance 

property for recA56, RecA-mediated cleavage of the UmuD 

protein was discovered and determined to be one of the RecA 

mutagenesis functions (Burckhardt et al., 1988; Nohmi et 

al., 1988; shinagawa et al., 1988). The in vitro 

requirements for RecA-mediated UmuD proteolysis (Burckhardt 

et al., 1988) were identical as those for LexA and lambda cI 

proteolysis; conditions which are known to favor the 

formation of RecA multimers on single-stranded DNA 

(Kowalczykowski, 1987; Brenner et al., 1988). Thus a 

78 



plausible explanation for the mutagenesis defective dominant 

phenotype is that the UmuD proteolysis reaction is impaired 

due to the disruptive presence of RecA56 protein in a 

heteroprotein aggregate. 

SOS Mutagenesis and UV-Resistance 

In the process of screening numerous recA mutant 

strains for a variety of RecA-mediated processes, several 

generalizations became apparent to me. First, as was noted 

in an earlier section, the UVS phenotypes determined for 

seventeen different recA mutants in otherwise normal genetic 

backgrounds (e.g., lexA+, suIA+, uvr+, etc.) still conferred 

UVS phenotypes when introduced into different cells which 

have the SOS regulon constitutively derepressed due to a 

mutation abolishing the function of the lexA gene (Figure 8 

and data not shown). The only noted exception was recA432 

and as described in a previous section, the basis for this 

UVS phenotype was related to an imbalance of sulA expression 

and lethal filamentation. Second, these observations 

demonstrated that the basis for UVS phenotype was not 

exclusively the result of a mutant's inability to cleave the 

LexA repressor and derepress those SOS genes involved in DNA 

repair (e.g., recA433; Figures 6 and 8). One of the roles 

for RecA in conferring resistance might be related to its 

ability to promote homologous recombination. Many of these 

recA mutants were also Rec- and this defect probably was a 
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major contributor in their UVS phenotypes (Clark, 1965; 

Templin et a1., 1978); however, other mutants were highly 

proficient at recombination (e.g., recA430, recA433 and 

recA435) but were still hypersensitive to UV even when the 

SOS regu10n was derepressed constitutively (Figure 8 and 

data not shown). These observations might be taken to 

indicate that RecA protein has ~ore than just regulatory and 

recombinationa1 roles in conferring a resistance to uv

irradiation; a similar conclusion was previously drawn from 

a very different body of genetic data (Volkert et a1., 

1984). Third, the thirty-five different UVR recA alleles 

that I have tested were all proficient at promoting sos 

mutagenesis (Mut+). This apparent one-to-one correlation 

between uvR and Mut+ phenotypes might suggest that the two 

phenomena are the consequence of a common RecA-mediated 

activity. 

Sos mutagenesis is widely considered to result from a 

transient reduction of fidelity by a DNA polymerase (see 

Figure 2); this model suggested that during SOS induction 

some factor could interact with the polymerase complex 

permitting trans1esion synthesis and thereby the generation 

of mutants (Radman, 1974). One intriguing possibility is 

that activated RecA protein might act directly and/or 

indirectly to facilitate the trans1esion synthesis events. 

Trans1esion synthesis events were suggested to contribute to 

an increase in survival because they might achieve daughter-
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strand continuity across the noncoding damage (Radman, 

1974). As was noted previously, the accumulation of UV

photoproducts in DNA inhibits replication (Friedberg, 1985); 

however, full recovery from inhibition occurs in normal 

cells after a short time (30 minutes for 10 J/m2; Khidhir et 

al.,1985). This resumption of DNA synthesis for UV-blocked 

replication forks was found to be an SOS inducible 

phenomenon. Genetic studies have demonstrated that in 

addition to the RecA* regulatory activity that there was 

also some nonregulatory activity for RecA* protein for 

recovery (Khidhir et al., 1985: witkin et al., 1987). 

Because cells that carry the recA430 mutation were found to 

have a prolonged delay before a marginal recovery of DNA 

replication was observed, it was therefore suggested that a 

defect in recovery might account for both the UVS and Mut

phenotypes (Witkin et al., 1987). 

As a step towards testing if mutagenesis and uv

resistance are mutually inclusive phenomenon, I sought to 

find other recA mutants which could express a split

phenotype for these two processes. The identification of 

mutants with constrasting split-phenotypes (UVr , Mut- and 

UVs , Mut+) would indicate that the two processes are 

promoted by different RecA-mediated functions. With this 

goal in mind, I tried two approaches: first, I examined 

various recA heterodiploid strains for these split

phenotypic patterns and second, I tried to generate UVr , 
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Mut- revertants (presumably pseudorevertants or extragenic 

suppressors, see below) of several UVS , Mut- recA alleles 

(recA56, recA99, recA430, recA433 and recA435). 

Using the first approach, I found that both 

recA+/recA56 and recA730/recA56 heterodiploid strains had a 

diminished capacity to promote mutagenesis (Figure 10); 

these same strains however, were also found to be 

essentially as uv-resistant as either of the recA+ or 

recA730 haploid strains (Figure 8 and data not shown). 

These were the first observations that I was aware of where 

recA mutant strains exhibited UVr , Mut- split-phenotypes. I 

next found that recA430/recA431 heterodiploid strains also 

exhibited a similar phenotypic pattern (UVr , Mut-) as was 

observed for the above two diploid strains. As noted in 

Figure 8, recA430 and recA431 haploid cells are sensitive to 

UV (at 20J/m2 , survival equals 4x10-2 and 2X10-4 , 

respectively), where surprisingly the recA430/recA431 

diploids were more resistant to UV (at 20J/m2 , survival 

equals 2XI0-1 ) than either of the haploid strains. It seems 

unlikely that the basis for the UVr phenotype of the 

recA430/recA431 heterodiploid strains was the result of 

doubling the recA copy number, since recA430/recA430 

diploids exhibited the same level of sensitivity to UV that 

I observed for recA430 haploid strains (Figure 8 and data 

not shown). The intragenic suppression of the UVr phenotype 

in recA430/recA431 diploid strains is presumably the 

82 



consequence of subunit mixing. Possibly these two types of 

defective RecA polypeptides can form a heteroprotein 

aggregate which together restores some function. Intragenic 

suppression of some lacZ mutants has been well characterized 

and was demonstrated to be the result of subunit mixing (for 

a review see Ullmann and Perrin, 1970) as well as in one 

other case for the recA mutants (Rebollo et al., 1984; 

Moreau and Roberts, 1984). In my search for recA mutants 

with split-phenotypes, I was unable to uncover any 

combinations which conferred the opposite pattern of split

phenotypes (UVs , Mut+). The UVr , Mut- phenotypic patterns 

that were observed for the above heterodiploid strains 

(recA+/recA56, recA730/recA56 and recA430/recA431) all 

demonstrate that the two phenomena are not mutually 

inclusive and could suggest a possible separation of the 

RecA mutagenesis function(s) from its role(s) in conferring 

resistance to UV. 

My search for UVr , Mut- revertants of several recA 

mutants (the above mentioned second approach) was 

discontinued when I learned that E. witkin and coworkers had 

already isolated and characterized extensively one UVr , Mut

pseudorevertant of recA430 (personal communication). These 

researchers determined that cells harboring this UVr recA430 

pseudorevertant had restored the ability to reinitate DNA 

replication after exposure to uv. This discovery was 

consistant with their earlier prediction for recA430 cells 
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(Witkin et al., 1987), which suggested that a RecA* function 

is responsible for the recovery of DNA syntehsis and that a 

lack of this activity is the basis for the UVS phenotype 

observed for cells that carry recA430. As was noted above 

with the heterodiploid strains, the isolation of this uvR, 

Mut- pseudorevertant of recA430 further illustrated that 

these two phenotypes are separable. In addition to this 

pseudorevertant, I recently learned of yet another mutant 

(recA1730) which exhibits a UVr , Mut- split-phenotypic 

pattern (Dutreix et al., 1988). In theory, the kind of 

mutant hunt that witkin and coworkers conducted with recA430 

cells could produce three classes of UVr mutants: first, 

true revertants of recA430; second, pseudorevertants of the 

recA430 marker and third, extragenic suppressors. In their 

study, the first class was the most frequent, the second 

class was rare and the third class was never detected (E. 

Witkin, personal communication). Extragenic suppressors 

might be expected to be compensating mutations in a gene(s) 

whose protein product(s) interacts with RecA to promote 

reinitation of DNA replication (possibly some polymerase 

gene(s». I initiated a mutant hunt for UVr extragenic 

suppressors for recA430; preliminary results demonstrated 

that I could obtain this class of suppressors, but will 

require further study. 

Walker and coworkers have recently uncovered a special 

condition that yields the opposite split-phenotype (UVs , 
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Mut+), that was described above. These researchers learned 

that the expression of a c-terminal fragment of the UmuD 

polypeptide could suppress the Mut- phenotype observed in 

recA430 lexA(Def-) strains (Nohmi et al., 1988). This UmuD 

fragment was analagous to the c-terminal polypeptide that 

was obtained from RecA-mediated cleavage of UmuD both in 

vivo and in vitro (Shinagawa et al., 1988; Burckhardt et 

al., 1988). Suppression of mutagenesis for recA430 strains 

by this fragment lead to the conclusion that these strains 

are Mut- because of their inability to promote UmuD 

proteolysis. Although the Mut- phenotype was suppressed 

under these conditions, these cells remained UVS (Nohmi et 

al., 1988; J. Batista, personal communication). 

In summary, five examples have been found where mutant 

cells conferred UVr , Mut- phenotypes and one example with 

the opposite split-phenotypic pattern was observed (UVs , 

Mut+). These genetic data therefore indicate that these two 

phenotypes result from two nonidentical activities of RecA* 

protein. 

Additional Observations with Lambda cI and recA Mutants 

When lysogens of temperate virus such as lambda and 

other related "lambdoid" phage (e.g., 4>21, HK22, <f>P22 , ct>80,~ 

82, $381 and f434) are treated with agents that activate the 

SOS response, a prophage repressor (cI for lambda) is 

cleaved and a program of lytic development begins (Bailone 
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et al., 1979; Sauer et al., 1982; Roberts and Devoret, 

1983). A very large collections of lambda £I mutants have 

been generated and characterized; among these mutants, some 

have been identified which have altered susceptibilities to 

RecA*-mediated proteolysis (Crowl et al., 1981; Cohen et 

al., 1981; Dutreix et al., 1985). These £I mutants have 

been classified into three groups: first, hypercleavable 

mutants (£Iinds , for induction §ensitive); second, 

hypocleavable mutants (cIindr , for induction resistant) and 

noncleavable mutants (£Iind-, for induction defective). 

Gimble and Sauer reported the isolation and characterization 

of 35 independent lambda £Iind- mutants; this collection was 

represented by 16 different amino acid substitutions at 13 

different positions in the £I polypeptide (Gimble and Sauer, 

1985). RecA-mediated proteolysis of cI protein is thought 

to involve two general steps; first, a binding step with 

RecA and cI proteins and second, an autodigestion step where 

RecA acts to stimulate the endoproteolysis of £I (Little, 

1984; Gimble and Sauer, 1985). Gimble and Sauer reasoned 

that a given ind- mutant could be defective at either step 

and yield the same noncleavable phenotype in vivo. However, 

if a mutant was defective only at the first step (RecA 

binding), then under special in vitro conditions that permit 

RecA-independent cleavage (autodigestion), this mutant 

should still be proficient at autodigestion. 15 of the 16 

£Iind- mutant proteins were successfully purified and tested 
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for their ability to autodigest in vitro; about half (9/15 

mutants) were proficient at autodigestion. It was concluded 

that these nine gIind- mutants were defective in the first 

step, while the other 6 mutants could be defective at the 

second step or at both steps (Gimble and Sauer, 1986). 

Gimble and Sauer identif~.ed all of their A ind- mutants 

by utilizing the screening procedure described earlier by 

Mount (Mount, 1976). This method relies on the observation 

that wild-type lambda forms clear plaques on recA441 lexA51 

host strains, whereas the ind- mutants form turbid plaques 

on the same host. The clear-plaque phenotype of wild-type 

lambda occurs because £I repressor molecules are cleaved 

constitutively as a consequence of an increase in a RecA* 

activity as well as an increase in concentration of the 

mutant RecA protein. In the process of studying recA 

mutants which exhibit constitutive gI proteolysis, I noticed 

that one hypocleavable gI mutant (~gIindr543) formed turbid 

plaques on a recA441 lexA51 strain (Table 5, host strain 

DE278). As I noted in an earlier section, various recA 

alleles appeared to exhibit different levels of constitutive 

£I cleavage and recA441 was only moderately activated for 

this activity. This hypocleavable indr phage mutant could 

form clear'plaques on other recA mutants which were more 

activated for gI cleavage such as recA730 (Table 5, strain 

DE464). It occurred to me that because they used the 

moderately activated recA441 mutant rather than a highly 
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activated mutant like recA730, the mutant hunt by Gimble and 

Sauer could have collected a mixture of hypocleavable 

mutants (indr ) and noncleavable mutants (ind-). Perhaps all 

of their nine autodigestion-proficient Aind- mutants were 

actually hypocleavable mutants (indr ). 

As a step towards testing these notions, I isolated 13 

independent turbid-plaque mutan~s on a recA441 lexA51 host 

strain, similar to that described before (Mount, 1976; 

Gimble and Sauer, 1985). I then screened each mutant phage 

for its clear or turbid-plaque phenotypes on 21 different 

recA mutant strains. I found that about half of my putative 

ind- mutants (6/13) formed clear plaques on some of the 

highly activated recA mutants (recA82, lexA51; data not 

shown), indicating that these 6 mutant were actually indr 

mutants and not ind- mutants. I therefore confirmed my 

suspicions that a mutant hunt similar to the one employed by 

Gimble and Sauer would yield a mixture of both Aindr and 

ind- mutants; in my case each class was represented at 

roughly equal frequencies. I next obtained from Dr. Sauer 

all nine of the putative Aind- mutants which were shown to 

be autodigestion proficient in vitro (Gimble and Sauer, 

1986). I learned that five of these nine autodigestion

proficient mutants formed clear plaques on some of the 

highly activated recA mutants, suggesting that these five 

mutants were actually A£Iindr • Two of these Aindr mutants 

(EK127 and DY125) plating patterns on various recA strains 
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are shown in Table 5. Based on these observations I suggest 

that four of the autodigestion-proficient mutants were 

actually ind- mutants (EKl17, GE185, GR185 and FL189) and 

are likely to be uniquely defective in the first step of 

RecA-mediated proteolysis. The other five £I mutants 

(TI122, DN125, DY125, GD124/DV125 and EK127) are more 

difficult to interpret because as indr mutants they still 

can be cleaved in the presence of RecA* protein. 

From the above line of study, I realized that this 

collection of 12 hypocleavable lambda £I mutants could be 

used to characterize further several recA mutants. The 

collection consisted of one mutant from Devoret (A 

£Iindr 543), six mutants that I generated (designated R12, 

R13, R21, R24, R25, R26) and five sequenced mutants from 

Gimble and Sauer (designated by the amino acid sUbstitution 

and position; e.g., TI122). I then compared each of the 12 

~indr mutants for their clear-plaque and turbid-plaque 

phenotypes on a large number of recA strains. Using this 

screen, I was able to infer relative susceptibilities to 

RecA-mediated cleavage as well as rank the recA mutants in 

terms of their degree of constitutive activation for £I 

cleavage. For example, the DY125 £I mutant formed clear 

plaques on the recA82 mutant host but not on the recA432 

host; the £Iindr 543 mutant however, forms clear plaques on 

both recA82 and recA432 host strains (Table 5). Such 

observations were interpreted in the following fashion: 
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first, recA82 is the more highly activated constitutive 

mutant because both hypocleavable cI mutants form clear 

plaques and second, the DY125 mutant is probably less 

susceptible to RecA-mediated cleavage because this cI mutant 

only forms clear plaques on the more activated recA82 

strain: conversely, QIindr 543 mutant is interpreted to be 

more susceptible to cleavage than DY125 because it forms 

clear plaques on both recA82 and recA432 host strains (Table 

5). This comparison yielded the following ranking of 

hypocleavable QI mutants, in order of decreasing 

susceptibilities: TI122 > DN125 > QIindr 543 > R21, EK127 > 

R24, GD124/DV125 > R12, R13, R25 > DY125 > R26. By adding 

these eleven additional Aindr mutants to my earlier 

"expanded" clear-plaque assay ( 'i\cIinds1., A+, AQIindr 543, 

AgIind-l), I was also able to expand the ranking of the 

constitutively activated recA alleles. Based on these 

comparisons the following rankings of constitutively 

activated recA alleles was made in order of increasing 

activity: recA80l < recA802, recA803 < recA80, recA7l8 < 

recA84, recA44l < recA432 < recA83 < recA730 < recA86, 

recA87 < recA8l < recA82, recA85. In addition I was unable 

to detect constitutive cleavage of QI for the following recA 

alleles: recA+, recAl, recA2, recA13, recA35, recA56, 

recA99, recA200, recA430, recA43l, recA433, recA434 and 

recA435. 

In summary, these results indicate that the methods 
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employed by Gimble and Sauer to obtain Aind- mutants can 

result in a collection of mutants that are either indr or 

ind-. This problem could easily be corrected by simply 

using a different "tester" bacterial strain which carries a 

highly activated recA mutation (e.g. recAB2). Examining 

plaque morphologies with a large collection of Aindr 

mutants with varying susceptibilities to cleavage has proven 

to be a rapid and convenient method for characterizing recA 

mutants for constitutive QI proteolysis. 

Restoration of SOS Mutagenesis in Cells that Carry 

LexACInd-) Repressors 

Increased umuDC Expression Restores Mutagenesis and Phage 

Reactivation in lexA41 Cells 

Mutations in the lexA gene, such as lexA3, have been 

identified that code for repressor proteins which are 

resistant to RecA*-facilitated cleavage (termed Ind-) (Mount 

et al., 1972; Lin and Little, 19BB). Cells that carry 

lexA(Ind-) mutations are incapable of promoting SOS 

mutagenesis (Mut-) and are sensitive to UV irradiation (UVs ) 

because the SOS regulon remains repressed (Mount and Kosel, 

1975). UV resistant pseudorevertants of the lexA3(Ind-) 

mutant were isolated by Mount and co-workers; the best 

characterized of these are the lexA41 (formerly ts1-1) and 

lexA51 (formerly spr-51) mutants (Mount and Kosel, 1975; 
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Table 6. Expression levels of umuDC::lac and recA::lac 
fusions in lexA+ and lexA41 strains. 

B-galactosidase 
activity in Miller 

lexA units (mean ;t sd) 
strain Fusion Genotype -MC +MC 

A umuDC: : lacZ + 6 + 1 33 ± 8 

B umuDC::lacZ 41 26 + 3 ND 

C recA::lacZ + 900 + 67 4300 ± 82 

D recA:: lacZ 41 4400 + 360 ND 

All experiments were conducted at 30°C. B-galactosidase 
levels were determined in presence (+MC at 0.25 ug/ml) or 
absence (-MC) of mitomycin-C. Fusion strains were: A; 
KP250, B; KP290, C; KP222, D; KP242. These strains and 
experimental conditions employed were described by Peterson 
and Mount, 1987. B-galactosidase measurements were 
conducted by Ken Peterson. The mean values were presented 
as the arithmetic mean (and their standard deviation) of 
four separate experimental values. ND; not determined. 
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Figure 11. Influence of lexA alleles on SOS mutagenesis. 
The upper arrows indicate the derivation of lexA3, lexA41 , 
and lexA51 mutants. Beneath each lexA allele phenotypic 
designations are indicated. UVR/ S indicates resistance or 
sensitivity to UV and Mut+/- indicates a proficiency or a 
deficiency in promoting SOS mutagenesis. Experimental 
conditions are essentially as described in Materials and 
Methods except all experiments were conducted at 32°C. When 
UV or MC was used as an inducer to the host, a dose of 18 
J/m2 or 0.5 ug/ml were used, respectively. The lexA+ cell 
pair was DM2556/DM2558; the lexA3 cell pair was DE405/DE407; 
the lexA41 cell pair was KP225/KP227; the lexA51 cell pair 
was DE190/DE192. The first member of each cell pair carries 
supD43, the second strain is sup+ and all strains carry 
recA+. Full genotypes are given in Table 1. 
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Mount, 1977). The origin of lexA3, lexA41 and lexA51 

alleles are diagrammed in Figure 11. Unlike lexA51(Def-), 

the lexA41 allele codes for a mutant repressor that is 

partially defective, retaining some repressor activity. 

This activity is, in part, temperature sensitive in vivo 

(Peterson and Mount, 1987). In addition, the LexA41 protein 

is resistant to RecA*-facilitated proteolysis, presumably 

due to the original lexA3 mutation at the cleavage site. At 

30° C, strains that carry the lexA41 pseudorevertant are 

competent for SOS DNA repair functions but do not promote 

SOS mutagenesis (Mount and Kosel, 1975). lexA41 strains 

were found to repress some SOS genes efficiently but other 

SOS genes only partially or not at all (Peterson and Mount, 

1987). Some DNA repair genes (i.e., the uvrA and uvrB 

excision repair genes) are expressed at constitutive levels 

and could account for the UV-resistant (UVR) phenotype of 

lexA41 strains. The observation that lexA41 cells cannot 

promote SOS mutagenesis (Mut-) leads to the presumption that 

some LexA regulated product(s) required for mutagenesis may 

be limiting in these mutant cells. 

In the lexA41 strains, both recA and umu operons were 

expressed constitutively at levels near those induced in 

lexA+ cells (Table 6). This result could be interpreted to 

mean that perhaps neither recA nor umuDC products are 

limiting in lexA41 cells and that some other SOS product(s) 

might be limiting. Alternatively, the recA and/or umu 

94 



products could be expressed at a somewhat reduced level not 

detectable by the gene fusion data but inadequate for 

mutagenesis. I studied the effect on mutagenesis in lexA41 

cells when recA and/or umu operons are selectively 

derepressed in order to distinguish between the above two 

possibilities. 

Using the lambda reversion mutagenesis assay described 

previously, SOS mutagenesis was measured and compared in 

host cells carrying different lexA alleles. As have been 

shown before by both cellular and phage mutagenesis assays, 

and demonstrated in Figure 11, those cells carrying either 

lexA+ or lexA51 were proficient in SOS mutagenesis but lexA3 

and lexA41 cells were deficient (Mount and Kosel, 1975; 

Mount, 1977; Blanco et al., 1982; Ennis et al., 1985). 

Maximal and comparable levels of mutagenesis were observed 

when RecA protein was activated by either UV or Mitomycin-C 

and when the phage DNA was damaged by UV (Figure 1. and 

Table 2.). By introducing an operator constitutive mutation 

of recA (recAo98) into lexA41 cells the recA gene was 

selectively derepressed at a high steady-state level. I 

learned that recAo98, lexA41 strains treated with Mitomycin

C cannot support SOS mutagenesis at 32° C indicating that 

the level of recA product was not exclusively limiting 

(Table 7; cell pair D). 

By introducing a multicopy plasmid with the lac 

operator-promoter driving umuDC (pSEI92; obtained from S. 
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Elledge and G. Walker), I examined the effect of selectively 

derepressing the umu products in a lexA41 host. Umu 

expression from this hybrid transcriptional fusion was 

regulated by an F'lacIQ1 episome. Intracellular levels of 

Umu proteins were varied in a dose-dependent fashion by 

adding different concentrations of isopropyl-beta-D

thiogalactopyranoside (IPTG) to the culture medium. The 

effect of increasing UmuDC levels on mutagenesis in lexA41 

hosts is depicted in Figure 12. I discovered that the 

selective derepression of the umu products could restore 

the capacity of lexA41 cells to promote SOS mutagenesis 

(Figure 12; genotype recA+, lexA41/F'lacIQl, pSE192 and 

Table 7; cell pair E). Mutagenesis was found to increase in 

these lexA41 strains at doses greater than 10-5 M IPTG and 

maximal mutagenesis occurred at a dose of 10-4 M IPTG. 

Similar increases in mutagenesis at these same doses of IPTG 

were also observed in either umuCI22::Tn2 or umuD44 mutants 

containing pSE192 (data not shown also see Figures 13 and 

15). I concluded that the increase in amounts of UmuC and 

UmuD proteins required to complement the mutagenesis 

deficiency in umuD-, umuC- and lexA41 mutants is similar. 

These pSE192 containing lexA41 strains (see Figure 12 and 

Table 7) also showed a requirement for Mitomycin-C to 

promote maximal mutagenesis; this requirement is presumably 

for the activation of the RecA protein. A similar 

requirement for RecA activation in lexA(Def-) strains was 
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Figure 12. Effect of elevated umuDC expression on SOS 
mutagenesis in lexA41 strains. Experimental conditions were 
as described in Figure 11 and Materials and Methods. + MC 
and - MC indicates mitomycin-C was added to cell cultures as 
described in Materials and Methods. Isopropyl-beta-D
thiogalactopyranoside (IPTG) was added to the liquid culture 
during the last 20 minutes of incubation prior to 
centrifugation and plating of UV-irradiated phage stock. I 
used this 20 minute pulse of IPTG to avoid the complications 
associated with cold sensitivity and lethality phenotypes 
observed in cells that overproduce the Umu proteins (Marsh 
and Walker, 1985). Relevant recA, lexA, and plasmid 
genotypes are indicated on the right of this figure. 8 , 
KP320/KP321; .. , DE175/DE177; A, DE755/DE756; Ill, 
KP320/KP321 without MC exposure. 
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Figure 12. Effect of elevated umuDC expression on SOS 
mutagenesis in lexA41 strains. 
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Table 7. Restoration of SOS mutagenesis and Weigle
reactivation to lexA41 strains. 

Cell 
strain Genotype 
pair recA lexA Episomesa 

A + + 

B + 41 

C + 51 

D 98 41 

E + 41 + 

Host Cell 
Inducersb 
MC IPTG 

+ 

+ 

+ 

+ 

+ 

+ + 

Sus+ Frequ. 
x10-7 

-uv +uv 

12 27 

6.1 290 

7.4 20 

10 15 

6.2 15 

8.0 320 

10 23 

6.9 36 

17 50 

5.4 110 

21 460 

s/So 
Phage 

0.051 

0.41 

0.043 

0.040 

0.061 

0.35 

0.030 

0.037 

0.035 

0.047 

0.21 

strain pair A was DM2556/DM2558, B was KP225/KP227, C was 
DE190/DE192, D was KP229/KP230, E was KP320/KP321. First 
number of each strain pair was supD43 and the second sup+; 
genotypes of strains are described in table 1. Experimental 
conditions were essentially as described in the material and 
methods except that experiments were conducted at 3i'C. All 
values represent the arithmetic means of two, three or four 
independent experiments. -UV and +UV indicates phage were 
or were not irradiated, respectively. S/So is the fraction 
of UV-irradiated phage surviving when plated on the. 
indicated supD43 strain. 

a The episomes present in strain E were pDE-FL54 (F ' lacIQ1) 
and pSE192. 

b Mitomycin-c and/or IPTG were added to a final 
concentration of 0.5 ug/ml or 10-2 M, respectively, as 
described in the materials and methods. 
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noted earlier (Mount 1977; Blanco et al. 1982; witkin and 

Kogoma 1984; Ennis et al. 1985) and indicated in Figure 11 

and Table 7. 

The recA098 operator constitutive mutation (Ginsburg et 

al., 1982) was introduced into lexA41 cells that carry the 

lacP/O-umuDC fusion plasmid (pSE192). Mutagenesis was 

measured in an IPTG dependent manner with Mitomycin-C. 

Mutagenesis in these recAo98 lexA41 strains did not differ 

significantly from the recA+ lexA41 strains, suggesting that 

increasing RecA protein levels further under these 

conditions make little difference (data not shown). These 

results are consistent with the hypothesis that cells 

harboring the mutant LexA41 repressor are deficient in 

promoting SOS mutagenesis at 32°C because the Umu products 

are limiting. 

In general, when SOS mutagenesis is observed using a 

phage mutagenesis assay, an increase in survival of the UV

irradiated phage is also observed (see Table 2); this 

phenomenon has been named Weigle-reactivation after its 

discoverer (Weigle 1953). lexA41 strains are defective in 

both SOS mutagenesis and in Weigle-reactivation and both 

activities were restored to these strains with elevated umu 

expression from pSE192 (compare cell pairs Band E in Table 

7). These data suggest that lexA41 strains are also 

limiting in umu products for the promotion of Weigle

reactivation. The relationship between weigle-reactivation 
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and sos mutagenesis at the molecular level is not known; 

however, most mutant strains that cannot efficiently promote 

sos mutagenesis are also deficient in weigle-reactivation. 

Mount and co-workers had previously reported a limited 

amount of Weigle-reactivation (but not mutagenesis) in 

lexA41 strains; however, in their report higher UV doses to 

the phage and to the host cells were required than were used 

here (Mount et al. 1976). The requirements for higher UV 

doses to observe some Weigle reactivation in lexA41 strains 

is not at present understood. 

The evidence presented here supports the hypothesis 

that the umuDC gene products are limiting in lexA41 cells 

for the promotion of SOS mutagenesis and Weigle

reactivation. As shown in Table 6, a umu-IacZ operon fusion 

is expressed in lexA41 cells at a level that was only 

slightly less than the expression levels observed in 

Mitomycin-C induced lexA+ cells (26 ± 2.5 units vs. 33 + 7.9 

units; also see Peterson and Mount 1987). umuDC expression 

in Mitomycin-C induced lexA+ cells are known to be 

sufficient to promote both mutagenesis and Weigle

reactivation efficiently but umu expression levels appear to 

be insufficient in lexA41 cells (Figure 11 and Table 7). 

The above data are consistent with the hypothesis that 

lexA41 cells are deficient in sos mutagenesis because they 

are unable to express a sufficient level of the products of 

the umuDC operon. However, the gene fusion studies in Table 



1 indicate that the products of the umuDC operon are at 

least partially derepressed in lexA41 cells. Taken 

together, these observations suggest that slight changes in 

the amounts of these products can greatly influence the 

capacity of the cell for SOS mutagenesis and Weigle

reactivation. 

Increased umuDC Expression Restores Mutagenesis to lexA3 

Cells 

101 

I next examined the effect of selectively derepressing 

the umuDC operon (using pSE192) in lexA3(Ind-) cells in a 

manner that was similar to the experiments described above 

with lexA41(Ind-) cells. As noted in previous sections, the 

LexA3 mutant protein is a fully functional repressor that 

cannot be cleaved in the presence of RecA* protein (Little, 

1988; Markham et al., 1981). Cells that carry this mutant 

repressor are incapable of derepressing the genes that 

comprise the SOS regulon. Because of this regulatory block 

lexA3 cells cannot promote mutagenesis (Figure 11) and are 

sensitive to DNA damaging agents such as UV (Mount et al., 

1972) and mitomycin-C (MC). In order to obviate the 

necessity of adding MC for the activation of RecA protein in 

these MC-sensitive lexA3 cells, I elected to use the 

constitutively activated recA730 allele in these 

experiments. The recA730 mutant product has been shown to 

be fully repressed by the LexA3 mutant repressor (E. Witkin, 
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personal communication), thus in these experiments the 

RecA730 can only be produced at low basal levels. recA730 

lexA3 cells were shown to be defective in SOS mutagenesis 

(Table 8, cell pair B and Figure 13) because of the same 

regulatory block noted earlier for recA+ lexA3 cells (Figure 

3). I discovered that SOS mutagenesis could be observed by 

increasing umuDC expression from a lacP/o:umuDC fusion in 

these recA730, lexA3 cells, thus demonstrating that the 

selective derepression of the umu operon could also restore 

mutagenesis to these cells (Figure 13, recA730 

lexA3/F ' lacIQ1, pSE192). Mutagenesis was found to increase 

in these lexA3 strains at doses that were greater than 10-4M 

and approached the same high levels at 10-2M IPTG that were 

determined in the hypermutagenic recA730 lexA51(Def-) 

strains. Compared to the results obtained from lexA41 

hosts, these lexA3 cells required 10 to 100-fold greater 

IPTG concentrations before SOS mutagenesis was expressed 

(compare Figures 12 and 13). 

To characterize the requirement for higher IPTG 

concentrations in the lexA3 containing cells, I wished to 

determine which IPTG concentration(s) could produce an 

intracellular level of Umu proteins that could complement 

umu- chromosomal mutations. Defects in either of the umu 

genes (umuD44 or umuC122::Tn2) were introduced into the 

hypermutagenic recA730 lexA51 cells; as expected, these umu-

cells proved to be mutagenesis defective. Both of these 
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umu- mutations however, could be complemented in trans by 

pSE192 with similar IPTG dose responses (Figure 13, 

genotype; recA730 lexA51 umuD44/F ' lacIQ1, pSE192 and data 

not shown). As depicted in Figure 13 for umuD

complementation, similar increases in mutagenesis at the 

sama doses of IPTG (>10-5M required and a maximum near 10-

4M) were observed in lexA41 cells (Figure 12). I concluded 

that the increase in amounts of UmuD and UmuC proteins 

encoded by pSE192 which is required to reverse the 

mutagenesis deficiency in umuD-, umuC- and lexA41(Ind-) 

mutants are similar, but that the increase required in 

lexA3(Ind-) mutants appear to be greater. Based on these 

observations, I suggest that greater umu expression in lexA3 

cells could reflect a requirement for nonphysiological 

levels of Umu proteins. A plausible explanation for these 

observations in lexA3 cells, is that another lexA regulated 

operon(s) is normally derepressed (recA?) and that the 

overproduction of the umu encoded products might compensate 

for the low basal expression of this other putative 

operon(s). 

As was noted in previous sections, host cells which are 

competent at promoting SOS mutagenesis also are competent at 

promoting weigle phage-reactivation (Weigle-reactivation). 

The one-to-one correlation between mutagenesis and Weigle

reactivation has been widely interpreted to suggest that 

both phenomena are the consequence of a common mechanistic 
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step in DNA replication. In Figure 14, the measured 

survival of UV-irradiated phage (S/So) is included and 

superimposed as a third variable on most of the data points 

presented in Figure 13'. High constitutive mutagenesis and 

phage survival is shown with the recA730 lexA51 hosts while 

both mutagenesis and reactivation was IPTG inducible in the 

umuD44 complementation experiment. Low phage survival and 

mutagenesis in the recA730 lexA3 hosts was observed; while 

the addition of plasmid pSE192 to these cells (in the 

presence of IPTG) did restore mutagenesis it did not restore 

Weigle reactivation (Figure 14, genotype; recA730 

lexA3/F'lacIQ1, pSE192). This deviation is one of the first 

showing high levels of SOS mutagenesis in the total absence 

of Weigle reactivation. This observation could indicate that 

these two phenomena might result from different mechanistic 

steps. 

In summary, the selective derepression of the umu genes 

will restore mutagenesis to lexA3 cells but differ in two 

respects from the mutagenesis restoration observed in 

lexA41, umuD44 and umuD122 cells: first, lexA3 cells require 

greater expression of umuDC than required for simple 

complementation of a defective gene, and second, under these 

conditions lexA3 cells cannot promote Weigle-reactivation. 

I will designate these two dissimilarities as a quantitative 

difference and as a qualitative difference, respectively. 



Figure 13. Effect of elevated umuDC expression on SOS 
mutagenesis in lexA3 strains. Experimental conditions were 
as described in Figure 12, except that no MC was used and 
all incubations were at 37°C. Full genotypes are listed in 
Table 1, relevant genotypes are indicated on the right of 
this figure. A, DE807/DE808; e, DE791/DE792; 0, 
DE789/DE790; A, DE765/DE766; a, DE763/DE764. 
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Figure 14. Elevated umuDC expression in lexA3 strains does 
not restore Weigle-reactivation. This figure is essentially 
the same as Figure 13 except that levels of phage survival 
(S/so) are. superimposed on each data point. Results of 
strain pair DE765/DE766 were omitted from this figure. 
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Figure 14. Elevated umuDC expression in lexA3 strains does 
not restore Weigle-reactivation. 
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Increased recA and umuDC Expression Restores Mutagenesis and 

Phage Reactivation to lexA3 Cells 

I subsequently sought to determine if RecA protein 

might be limiting in the previous experiments with lexA3 

mutants, and thus could account for the above 

dissimilarities in mutagenesis of UV-damaged phage lambda 

(termed quantitative and qualitative differences). To test 

this possibility, the recA gene was selectively derepressed 

at a high steady-state level (as described above in the 

lexA41 experiments) by the introduction of an operator 

constitutive mutant of recA (recAo98) into lexA3 hosts. 

Again as described in the previous two sections the umuDC 

operon was selectively derepressed by use of a lac-umuDC 

fusion plasmid (pSE192). In these experiments I could not 

use a constitutively activated recA mutant (like recA730) 

because I was unable to construct a recA098, recA730 double 

mutant; instead, as was required for the lexA41 experiments, 

MC was added to cultures of recA+ and recAo98 cells for the 

activation of RecA protein. 

I first wanted to determine if these differences could 

be reproduced in the equivalent MC-activated recA+ strains. 

As was conducted in the previous section with recA730 host 

cells, a comparison was made of the IPTG dose responses for 

mutagenesis in a recA+ lexA3 host and in a host with the SOS 

regulon derepressed and the mutation umuC122::Tn~. 

Consistent with the results presented in the previous 
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section (with recA730 cells), mutagenesis was restored to 

recA+ lexA3 cells but required 10 to 100-fold greater IPTG 

than required to complement a umuC- defect of recA+ lexA51 

hosts (Figure 15). The IPTG dose responses observed for the 

complementation by pSE192 of the umuD44 or the umuC122 

mutations were found to be nearly identical (data not 

shown); similar complementation dose responses were observed 

for recA730 hosts (Figure 13 and data not shown). recA+ 

strains with pSE192 also showed a requirement for MC to 

support SOS mutagenesis (Figure 15 and Table 8); this 

requirement for RecA activation had been indicated before 

(Figures 11 and 12). Although mutagenesis could be restored 

to these MC-activated recA+ lexA3 hosts by the selective 

derepression of the umuDC operon, no increase in survival of 

UV-damaged phage was detected (e.g., no Weigle-reactivation; 

Table 8, strain pair E). Based on these observations, it 

was concluded that the requirement for abnormally high 

levels of UmuDC proteins (the quantitative difference) and 

lack of Weigle-reactivation (the qualitative difference) 

described in the previous section, were reproducible in 

these recA+ lexA3 host cells. 

I then tested the effect of derepressing RecA protein 

(by recAo98) in a host where the remainder of the SOS genes 

remained repressed due to the presence of the noncleavable 

LexA3(Ind-) mutant repressor. As demonstrated previously 

(Ginsberg et al. 1982) and in Figure 15 (recAo98, 



Figure 15. Effect of elevated expression of RecA and UmuDC 
proteins on Weigle-reactivation and SOS mutagenesis. 
Experimental conditions were as described in Figure 13 
except MC was sometimes used as described in Figure 12. Full 
genotypes are listed in Table 1 and relevant genotypes are 
listed to the fight of this figure. ~, DE840/DE841; 0, 
DE785/DE786; 0, DE787/DE788; 0, DE759/DE760; a, DE761/DE762. 
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Figure 15. Effect of elevated expression of RecA and UmuDC 
proteins on Weigle-reactivation and SOS mutagenesis. 
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Table 8. Effect of elevated expression of RecA and Umu 
proteins on sos mutagenesis and phage 
reactivation. 

strain Cell Genotype 
pair recA lexA umuC Episomesa 

A 730 51 + 

B 730 3 + + 

C + 51 + 

D + 51 122 + 

E + 3 + + 

F 98 3 + + 

Host Cell 
Inducersb 
MC IPTG 

+ 

+ 

+ 

+ + 

+ 

+ 

+ + 

+ 

+ + 

Sus+ 
Freq. 
X10-7 

510 

18 

480 

25 

330 

53 

360 

18 

21 

48 

310 

15 

19 

280 

s/So 
Phage 

0.42 

0.031 

0.028 

0.063 

0.51 

0.031 

0.39 

0.025 

0.028 

0.021 

0.019 

0.023 

0.020 

0.21 

110 

strain pair A was DE463/DE464, B was DE789/DE790, C was 
DE190/DE192, D was DE840/DE841, E was DE785/DE786, and F was 
DE787/DE788. The first member of each strain pair was 
supD43 and second sup+; full genotypes given in table 1. 
sus+ frequency of UV-irradiated ~DE57 as described in the 
materials and methods; S/So phage as described in table 2. 
All values are the average of at least three separate 
experiments. 



III 

Table B. continued 

a The episomes present in strains B, E and F were pSE192 and 
F'lacIQ1 construct (pDE-FL54) in strain pair D contained 
pSE192 and F'lacIQ1; lacLB, proA+~+. 

b Mitomycin-C and/or IPTG were added to a final 
concentration of 0.5 ug/ml or 10-2 M, respectively, as 
described in the materials and methods. 
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lexA3/F'lacIQ1), the selective derepression of only RecA 

protein does not restore sos mutagenesis to a leXA3 

containing cell, suggesting that RecA is not uniquely 

limiting in this process. Plasmid pSE192 was introduced 

into the appropriate recAo98 lexA3 hosts to determine the 

effects of selectively derepressing both recA and umuDC 

operons. As depicted in Figure 15, the IPTG dose response 

for lexA3 cells with both recA and umu products derepressed 

(recAo98 lexA3/F'lacIQ1, pSE192) did not differ 

significantly from the dose response where only YmY products 

are derepressed (recA+ lexA3/F'lacIQ1, pSE192). I conclude 

that an increase in RecA protein levels could not suppress 

the apparent requirement for high IPTG concentrations (the 

quantitative difference). However, increased survival of 

damaged phage did accompany the mutagenesis observed in 

these lexA3 cells (Table 8, strain pair F), thus 

deomonstrating that Weigle-reactivation (the qualitative 

difference) could be suppressed when RecA protein levels 

were also elevated. 

In summary, the requirement for increased umuDC 

expression in mutagenesis noted in lexA3 mutants did not 

result from limiting RecA protein. This conclusion in turn, 

suggests that the product(s) of some other LexA regulated 

gene(s) might be limiting. The lack of Weigle-reactivation 

was suppressed when both recA and umuDC were derepressed in 

these lexA3 hosts, thus indicating that RecA protein was 
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limiting for this process. 



CHAPTER 4 

DISCUSSION 

Characterization of RecA in SOS Mutagenesis 

Multiple Roles for RecA in SOS Mutagenesis 

Genetic studies have indicated that RecA protein was 

required for at least two roles in mutagenesis; first, a 

regulatory role (LexA cleavage) for the derepression of SOS 

genes and second, some additional role(s). A role in 

mutagenesis in addition to LexA cleavage was first implied 

by the observation that mutant cells which have no 

functional LexA repressor and therefore, are expressing all 

SOS genes constitutively do not express SOS mutagenesis 

constitutively (Mount, ~977; Ennis et al., ~985). These 

derepressed cells were found to have a requirement for 

activated RecA protein (RecA*; see Figure 4). The 

observation that derepressed cells which also carry certain 

recA alleles (e.g., recA56, recA430, recA433, recA435, 

recA1730 and recA deletions) were defective in SOS 

mutagenesis indicated that RecA* protein plays some direct 

stimulatory role (Figures 4, 6, 7 and ~O; Mount, 1977; 

Blanco et al., 1982; Ennis et al., ~985; Dutreix et al., 

1988; Ennis et al., 1988a; Ennis et al., 1988c). 

It had been suggested that the newly defined "second" 
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role for RecA in mutagenesis could also be regulatory 

(Blanco et al., 1982); that RecA* might be required to 

cleave some unknown repressor thus permitting the 

derepression of certain unidentified genes required for 

mutagenesis. However, witkin and Kogoma (1984) have 

presented physiological studies that SOS mutagenesis does 

not require the derepression of any regulon in addition to 

the SOS regulon. 

The RecA Mutagenesis Function(s) can be Separated by 

Mutation from Other RecA Functions 

115 

Examination of in vivo expression of various RecA 

dependent activities for a large number of recA mutants have 

indicated that the RecA mutagenesis function(s) is 

genetically separable from the other functions tested. I 

have presented evidence that the mutagenesis function(s) of 

RecA is separable from the LexA cleavage activity (Figure 

6), the lambda QI cleavage activity (Tables 4 and 5) and 

from the functions required to confer resistance to uv 

(presumably a function that reinitiates replication, witkin 

et al., 1987; Ennis and Mount, data not shown). Evidence 

that RecA activities required to promote homologous 

recombination are also separable from the mutagenesis 

function(s) has been provided (Miura and Tomizawa, 1970; 

Tessman and Peterson, 1985; Ennis et al., 1985; Ennis and 

Mount, data not shown). In addition, I found that in vivo 



proteolysis of LexA and lambda £1 repressor were also 

separable by mutation (Figure 6 and Table 5). Genetic 

separation of the RecA activities that promote lambda cI 

repressor cleavage and the cleavage of the lytic repressor 

for phage phi80 was demonstrated by other researchers 

(Devoret et al., 1983; Dutreix et al., 1988; Eguchi et al., 

1988). In addition, LexA repressor and phi80 cI repressor 

proteolysis have also been found to be separable by 

mutations in the recA gene (Dutreix et al., 1988). 

During my study of recA mutants, other research groups 

discovered that activated RecA protein promotes the 

proteolysis of UmuD protein (Burckhardt et al., 1988; Nohmi 
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et al., 1988; Shinagawa et al., 1988). One of the fragments 

of RecA-mediated proteolysis of UmuD (the c-terminal 

fragment) appears to be the mutagenically active form of the 

protein (Nohmi et al., 1988). The combined body of evidence 

obtained from these three groups clearly demonstrates that 

at least one of the RecA mutagenesis functions is to promote 

UmuD proteolysis (see below). Proteolysis of UmuD, LexA and 

lambda £1 proteins have been shown to be promoted by a 

common endoproteolytic mechanism (called autodigestion). In 

this mechanism, RecA is thought to act as an allosteric 

effector for their autodigestion (Little, 1984; Burckhardt 
-

et al., 1988). Based on discoveries that the RecA functions 

which promote the proteolysis of these three target proteins 

can be independently altered by mutations, I propose that 



the RecA surfaces which interact with each protein are 

likely to be different (see Figure 16). 
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Although genetic studies have indicated that each of 

these RecA effector surfaces appear to be nonidentical, 

cleavage of LexA protein was competitively inhibited when 

MucA protein (an analog of-UmuD) was overproduced and 

proteolysis of lambda £I protein in vitro was competitively 

inhibited when in the presence of a noncleavable LexA 

protein (Marsh and Walker, 1987; Slilaty and Little, 1987). 

The above examples of competitive inhibition by these 

different target proteins suggest strongly that the 

different RecA effector surfaces are likely to be physically 

very close to each other or perhaps overlapping (Figure 16). 

recA mutants which are functional for some RecA 

activities but defective at promoting SOS mutagenesis (e.g., 

recA430, recA431, recA433, recA435, recA1730 and others) 

have been identified (see Figures 4, 6 and 7). Properties 

expressed by one of these Mut- recA alleles (recA430) have 

been characterized extensively (Morand et al., 1977; Roberts 

and Roberts, 1981; Blanco et al., 1982; Devoret et al., 

1983; Ennis et al., 1985; Lu and Echols, 1987; Eguchi et 

al., 1988). The RecA430 mutant protein was found to be 

incapable of cleaving UmuD protein in vitro and in vivo 

(Burckhardt et al., 1988; Shinagawa et al., 1988). These 

results thus indicate that recA430 strains might confer a 

Mut- phenotype because they are incapable of generating the 



Figure 16. Model showing activation of RecA protein 
functions. The spherical object indicates a RecA protein 
monomer and its transition to an activated conformation as a 
result of interaction with small, as yet unidentified, 
molecules acting as inducing signals. The shapes on the 
surface of the molecule represents sites of interaction 
between target proteins and the RecA monomer. L, C and M 
indicate sites of interaction with LexA, £I and mutagenesis 
proteins, respectively. The shapes outlined with stippled 
and solid lines represent inactive or active surfaces, 
respectively. Part A, activation of RecA+ protein for all 
three functions. Part B, three classes of mutant proteins. 
RecA430 is only inducible for LexA cleavage; RecA730 is 
constitutive for all three functions; RecA432 is 
constitutive for cI cleavage and mutagenesis functions and 
can be activated for LexA protein cleavage following an 
inducing treatment. 
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active fragment of UmuD (UmuD*). A plasmid was engineered 

to encode a truncated UmuD protein (called "precleaved" 

UmuD) which is analagous to the active c-terminal fragment 

generated following RecA-mediated proteolysis (Nohmi et al., 

1988). Introduction of this plasmid into the nonmutable 

recA430 lexA(Def-) cells lead to the suppression of Mut

phenotype (Nohmi et al., 1988), and thus confirming the 

assertions by others (Shinagawa et al., 1988; Burckhardt et 

al., 1988) that the nonmutability of these recA430 strains 

was largely due to an inability to promote UmuD cleavage. 

Based on this growing body of evidence it is now clear 

that RecA protein has two important roles in the promotion 

of sos mutagenesis: it is required for derepressing genes in 

the SOS regulon (LexA cleavage) and required for post 

translational processing of one of the SOS induced proteins 

(UmuD cleavage). Both of these roles can be achieved by 

mutations in cells without RecA protein; first, derepression 

of the SOS regulon is achieved by a lexA(Def-) mutation, and 

second, the "precleaved" UmuD can be synthesized 

constitutively off the appropriate plasmid. If RecA protein 

were not required for any other activities in mutagenesis, 

it would thus be expected that RecA would be dispensible in 

mutant cells where both roles are achieved by mutation. 

Nohmi et al. (1988) found that recA-deleted lexA(Def-) 

cells remained nonmutable even in the presence of the 

"precleaved" UmuD protein. The presence of "precleaved" 
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UmuD protein was also unable to suppress the Mut- defect of 

recA1730 lexA(Def-) mutant cells (Batista, Walker, Dutreix 

and Devoret, personal communication). These genetic studies 

therefore raise the possibility that RecA is required for a 

role in mutagenesis besides the cleavage of LexA and UmuD 

proteins. Two new classes of mutant RecA proteins may be 

defined from the above genetic studies; first, RecA430 

protein which appears to be proficient at this newly defined 

"third" role(s) and second, RecA1730 which is defective in 

this role. Additional genetic experiments utilizing the 

engineered umuD plasmids should be informative in 

determining the nature of the Mut- defect in other recA 

mutant strains (e.g. recA56, recA431, recA433, recA435 and 

others) and may offer insight into the newly defined "third" 

role(s) for RecA in Sos mutagenesis. 

The molecular nature of the "third" role(s) for RecA 

remains at present a subject for speculation. One 

possibility stems from experiments which showed that RecA 

protein binds to UV-Iesions in DNA (Lu et al., 1986; Lu and 

Echols, 1987); these researchers have proposed that binding 

of lesions by RecA protein might assist bypass and 

misincorporation of nucleotides by DNA polymerase (Echols, 

1982; Lu and Echols, 1988). In addition, these same 

researchers have proposed that RecA protein might also 

inhibit the editing subunit (epsilon protein) of DNA pol III 

and thus contribute to this mutagenic process (Fersht and 



Knill-Jones, 1983; Lu et al., 1986). It seems plausible 

that binding to damaged bases in DNA and/or inhibiting the 

editing activities of pol III might be a "third" (and 

"fourth") role(s) for RecA in SOS mutagenesis. Although 

the requirements in mutagenesis for the UmuC and cleaved 

UmuD proteins have been well documented by genetic methods 

(Kato and Shinoura, 1977; Wood et al., 1984; Ennis et al., 

1985; Ennis et al., 1988b), the nature of their role(s) in 

this process is not known. Understanding the molecular 

nature of the roles for RecA and Umu proteins, how they 

interact and how they influence the mutagenesis process 

remains to be ellucidated. Another possibility for this 

"third" role(s) in mutagenesis might relate to the variety 

of molecular interactions between RecA protein and DNA 

strands in homologous recombination. A role for RecA

mediated homologous recombination activities in translesion 

DNA synthesis has been entertained previously (Clark and 

Volkert, 1978; Friedberg, 1985; West, 1988). One such 

recombinational model (called "copy-choice") has been 

studied with purified proteins; although this model 

describes how premutational lesions could be tolerated, it 

does not address how mutational events might occur (Formosa 

and Alberts, 1986). However, the existence of two classes 

of mutants would seem to argue against mutagenesis by a 

recombinational mechanism: first, recA mutants that are 

defective for mutagenesis (Mut-) but proficient for 
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recombination (Rec+) and second, recA mutants with the 

opposite pattern (Mut+, Rec-) of activities. (Kato et al., 

1977; Morand et al., 1977; Ennis et al., 1985; Tessman and 

Peterson, 1985). 

Evidence that Multimeric RecA Protein Promotes SOS 

Mutagenesis 
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I also studied the effects of introducing a copy of a 

defective recA mutant (recA56) into cells that carry a 

functional recA marker (recA+ or recA730). I found that 

these heterodiploid strains (recA+/F ' recA56 and 

recA730/F ' recA56) expressed phenotypes that were of some 

interest. The recA56 missense mutant was totally recessive 

for UV-resistance, showed marginal effects on LexA cleavage, 

exhibited some codominance on £I cleavage and homologous 

recombination but was dominant for SOS mutagenesis (Figure 

10 and data not shown). These data demonstrated that the 

recA56 allele encodes a defective dominant product for SOS 

mutagenesis. 

Negative complementation by defective dominant mutants 

have been characterized in a variety of systems and are 

generally considered to be the consequence of subunit mixing 

and poisoning of the functional proteins by the defective 

polypeptides (Miller, 1978; Herskowitz, 1987). Biochemical 

and structural analyses of RecA show that the protein acts 

as a multimeric complex, thus it has been widely interpreted 
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that most recA negative complementation phenotypes are also 

the result of subunit mixing and poisoning (Willets et al., 

1969; Ogawa et al., 1979; Yancey and Porter, 1984; Moreau 

and Roberts, 1984; Kowalczykowski, 1987). The observation 

that the recA56 mutant is dominant for SOS mutagenesis 

(Figure 10) indicates that the RecA56 mutant polypeptide is 

able to multimerize with the functional RecA proteins and 

presumably poisons the mutagenesis functions. The notion 

that RecA56 can form mixed multimers with RecA+ protein has 

been supported by recent biochemical studies (Lauden and 

Kowalczykowski, personal communication). recA56 was also 

found to be dominant over recA82, recA432 and recA718 for 

constitutive SOS mutagenesis; indicating that the RecA56 

protein was also able to poison a variety of other 

constitutively activated mutant RecA proteins (data not 

shown). Dominance over recA+ for mutagenesis by other recA-

alleles was also observed, suggesting that subunit 

poisoning was not unique to the RecA56 mutant protein (data 

not shown). 

These observations in turn lead to the suggestion that 

at least one mutagenesis function of RecA protein is the 

property of a multimeric form of RecA protein. It seems 

plausible that the UmuD proteolysis step could be poisoned 

by RecA56 since the in vitro conditions required for RecA

mediated UmuD cleavage (Burckhardt et al., 1988) also favors 

RecA multimerization (Kowalczykowski, 1987; Brenner et al., 



Figure 17. Model for selective poisoning of RecA+ protein by 
the disruptive presence of RecA56 mutant protein. The row of 
spherical objects are to represent a mixed multimeric 
complex of RecA+ and RecA56 sUbunits. The nonshaded objects 
represnet RecA+ monomers and the shaded objects are the 
RecA56 mutant monomers. The broken lines in front of the row 
of spherical objects are to identify a surface on the face 
of this protein aggregate which is normally important to 
provide surface-surface contacts with mutagenesis proteins 
(i.e., UmuD). The black dot on each of the RecA56 subunits 
is to represent an alteration on the surface of the mutant 
protein which results in a failure of the mixed aggregate to 
interact with mutagenesis proteins. 
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Figure 17. Model for selective poisoning of RecA+ protein by 
the disruptive presence of RecA56 mutant protein. 
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1988). As noted above, other functions of RecA protein are 

also the property of protein multimeris (e.g., lambda QI 

cleavage, homologous recombination and LexA cleavage) but 

these activities were less effected or not effected at all 

by the presence of mutant RecA56 proteins. One simple 

explanation for the selective poisoning of this RecA 

function would be to propose that the mixed aggregates 

retain some functional surfaces yet other aggregate surfaces 

are disrupted by the presence of the RecA56 subunits (see 

Figure 17). I would also note that other models could 

explain these phenomena and that further study with purified 

products will probably be required to discern the correct 

model. 

Activation of RecA 

RecA Activation Following DNA Damage 

Treatments by a variety of chemical or physical agents 

which damage DNA result in the generation of signal 

molecules that are thought to act as effectors in the 

activation of RecA protein. The binding of signal molecules 

is believed to result in conformational changes in RecA 

protein: these conformational changes in RecA are perhaps 

analagous to the well understood allosteric shifts in 

protein structure that occurs when cAMP binds to CRP (QYclic 

AMP receptor 2rotein: Garges and Adhya, 1985). 
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Conformational changes following the binding to signals 

would presumably result in shifts in the surfaces of RecA 

protein which in turn permit profitable binding interactions 

with its target proteins (see Figure 16A). 

Turning the SOS functions on or off in vivo ultimately 

depends on the creation and disappearance of intracellular 

signals. In spite of intense study and the central 

importance of these effectors, the molecular nature of the 

in vivo signal molecules have not been determined. Insights 

into the nature of the in vivo signals might be inferred 

from in vitro experiments of RecA-mediated proteolysis of 

its target proteins; these biochemical studies have 

demonstrated a requirement for ssDNA and dATP as cofactors 

(Craig and Roberts, 1980; Little et al., 1980; Craig and 

Roberts, 1981; Burckhardt et al., 1988; Eguchi et al., 

1988). Based on a variety of genetic and physiological 

studies of signal generation, ssDNA and ATP do not appear to 

be the in vivo signals (Little and Hanawalt, 1977; 

Casaregola et al., 1982; D'Ari and Husiman, 1982; Meyer et 

al., 1982; Roberts et al., 1982; Moreau, 1987; see below). 

An absence of a "true" signal effector molecule for the in 

vitro studies may in turn account for reduced efficieny of 

£I proteolysis than observed in vivo (Roberts, personal 

communication). 

The SOS response can be activated by a wide variety of 

DNA damaging agents which collectively produce many diverse 
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forms of damage (e.g. double stranded breaks, nicks, 

intra strand crosslinks, interstrand crosslinks, py-py 

cyclobutane dimers, py-py 6-4 products and small and large 

adducts of a variety of chemical structures). RecA protein 

must be able to discern between signal molecules derived 

from this bewildering, diverse group of damage sites from 

other endogenous molecules normally present in cells (e.g., 

ssDNA). It has not yet been determined if each diverse form 

of DNA damage will yield a different form of signal 

molecule(s); alternatively, some "processing" by cellular 

functions (see below) could occur, yielding a common signal 

molecule or perhaps a small group of activating compounds. 

Genetic studies of signal generation have indicated 

that the presence of UV-induced lesions in DNA does not 

serve to activate the SOS response and that these lesions 

appear to require some "processing." These studies have 

found that signal formation is dependent upon attempts to 

replicate DNA which carries these UV-photoproducts (D'Ari 

and Husiman, 1982; Yarmolinski and stevens, 1983). Other 

studies have found that photoreactivation of UV-irradiated 

cells will reverse the formation of activation signals 

(Brash and Haseltine, 1985). Taken together, these studies 

suggest that the attempted replication of py-py cyclobutane 

dimers (the substrate of photolyase) plays an important role 

in UV signal generation. It has been widely assumed that 

signals are produced when unscheduled stops in DNA synthesis 
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occur. This assumption covers a wide variety of 

experimental observations that have linked signal formation 

with chromosomal perturbations that cause replication forks 

to be stalled or to be aborted. Other experimenters 

however, have presented data which call this popular 

assumption into question. Using various dna(Ts) mutants, 

Casaregola et ale (1982) have found that a stalled 

replication fork is not sufficient and possibly not 

necessary to induce the SOS response. The products of dnaC, 

recB, recC, recF and ssb genes have all been implicated as 

important in processing and/or stabilizing signal molecules 

(McPartland et al., 1980; Lieberman and Witkin, 1981; Little 

and Mount, 1982; casaregola et al., 1982). 

In auxotrophic cells, the induction of RecA* activities 

occurs following either thymine or amino acid starvation; 

indicating that signal molecules are produced in absence of 

these important metabolites. Like UV-irradiation, thymine 

starvation activates RecA protein for all of its activities 

while amino acid starvation only activates a subset of these 

activities (Melechen and Go, 1980; Casaregola et al., 1982). 

To account for the activation of lambda induction (Melechen 

and Go, 1980), but not yet LexA cleavage (Casaregola, et 

al., 1982), it was previously proposed that amino acid 

starvation induces a different class (or a subset) of signal 

molecules that is induced with thymine starvation. I note 

that the pattern of differential activation described for 



amino acid starvation is similar to those I found expressed 

constitutively in recA432 mutants (see below). 
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In summary, the variety of genetic and physiological 

experiments to elucidate the molecular nature of signals and 

the mechanisms of signal generation have uncovered what 

appears to be a very complicated process. These and other 

studies have indicated however, that the damage-induced 

activating signals are diffusible products, probably derived 

from nucleic acids and perhaps the damaged sites themselves. 

Gratuitous Activation of RecA by Episomes 

In my studies of the genetic requirements for 50S 

mutagenesis, I found to my surprise that the presence of 

several different episomes (F'lac pro, F'lac, F'gal(100), 

pBR322 and other pBR322 derived plasmids) all caused the 

constitutive expression of the RecA mutagenesis function 

(Ennis et al., 1985). The response to UV irradiation serves 

to activate RecA for all its functions (Little and Mount, 

1982); in contrast, I found the presence of these episomes 

only activated the mutagenesis functions (Figure 5; Ennis et 

al., 1985; data not shown). I attribute this unusual 

activation pattern to be the result of some signal-like 

molecules being generated by these plasmids. Because only a 

subset of the UV-induced RecA activities are expressed with 

plasmids, as was proposed for amino acid starvation 

(Melecheu and Go, 1980), I expect that a different or a 
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weaker form of signal(s) is produced by these small 

replicons. comparative rates of RecA-mediated cleavage for 

UmuD and LexA proteins have indicated that UmuD cleavage is 

considerably less efficient, which in turn argues that UmuD 

proteolysis does not require weaker levels of activation 

than for LexA proteolysis (Burckhardt et al., 1988). In 

addition, when cells were exposed to low doses of inducing 

agents (UV or MC), the RecA mutagenesis functions were not 

more readily activated than the LexA cleavage function 

(Figure 4; Little, 1983; data not shown). These studies 

further imply that these episomes are producing a form of 

signal(s) which is only able to activate the RecA 

mutagenesis function. I suggest that "full" signal 

generated following UV treatments might be a population of 

different species of molecules and that these plasmids could 

be generating or mimicking a subset of this population. 

other plasmids that carry specific alterations in their 

origins of replication or have defects in some of the 

proteins involved in the control of their replication were 

found to fully induce the SOS system (Capage and Scott, 

1983; Sommer et al., 1985), presumably because they produce 

all the necessary signals. 

Taken together, these data suggest that RecA can 

recognize more than one type of activating signal and that 

depending on the molecular nature of the signal, different 

RecA functions may be expressed. The differential 



activation by plasmids also offers an example of separation 

of the mutagenesis and repressor cleavage functions in 

addition to those I described earlier for recA mutants. 

constitutive Activation in recA Mutant Cells 
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Mutations in the recA gene which express SOS functions 

in absence of DNA damage have been identified and described 

above. These constitutively activated recA mutants are 

thought to encode altered products which in cells assume 

activated conformations (RecA*) normally evoked following 

damage. Two contrasting hypothesis can be proposed to 

explain the constitutive behavior of these RecA* 

polypeptides (McEntee and Weinstock, 1981; Roberts et al., 

1982; Weinstock, 1982; Wang and Tessman, 1986). First, the 

altered polypeptide can assume the activated conformation 

without any requirement for binding to the signal effector 

molecules. The second hypothesis suggests that these mutant 

polypeptides have a reduced specificity for signal molecules 

and appear activated because they are continually bound to 

normal endogenous molecules present in cells. 

A class of well characterized crp mutants (crp*) that 

encode products which are constitutively activated may offer 

a valuable molecular model for understanding RecA* mutant 

proteins (Garges and Adhya, 1985). The CRP* mutants permit 

CRP to function in vivo without its normal effector' 

molecule, cAMP. The crystal structure for one of these CRP* 



mutants was determined and found to have conformational 

shifts in the absence of cAMP that were similar to the 

structural shifts determined for the wild type CRP-cAMP 

complex (Weber et al., 1987). Cyclic GMP, normally an 

ineffective activator of CRP+, was found to stimulate some 

of the CRP* mutants in vivo, demonstrating that some CRP* 

mutants have reduced specificity for allosteric effectors. 

Thus, in the case of CRP* mutants, both of the proposed 

models for constitutive activation apply, conformational 

shifts in these mutants can be achieved without effectors 

and/or because of a decrease in binding specificity (Garge 

and Adhya, 1985; Weber et al., 1987). 
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To determine if the RecA* mutants express its functions 

constitutively by one or both of the above mechanisms will 

require further biochemical and structural analysis. 

Abundant in vivo studies indicate that it is the appearance 

and disappearance of signal molecules that control the 

activation of RecA+ protein; thus one major obstacle in 

studying RecA activation in vitro is the lack of purified 

signal effectors. In spite of no available signal, in vitro 

conditions were identified which appear to activate RecA 

protein for cleavage of its target proteins (at least 

partially activated). As noted earlier, ssDNA and/or dATP 

are co factors required for these ln vitro cleavage reactions 

and have been suggested as molecules that might approximate 

or mimic the effects of a "real" in vivo signal. 
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To date, only one constitutively activated mutant 

protein (RecA441) has been examined biochemically in detail. 

Lambda cI cleavage was found to be stimulated by a range of 

polynucleotide molecules which were not good co factors for 

the wild type RecA protein (Phizicky and Roberts, 1981; 

McEntee and Weinstock, 1981). These biochemical studies 

lead to the proposal that RecA441 mutant protein expresses 

constitutively its activities in vivo because of a reduced 

polynucleotide specificity allowing RecA441 to use ssDNA 

regions which normally occur in an undamaged cell 

(Weinstock, 1982). This interpretation of the behavior of 

RecA441 favors the second hypothesis, described above; such 

interpretation however, relies on an assumption that the 

polynucleotide molecules in the in vitro experiments can 

faithfully mimic the role(s) of a "real" signal in vivo. 

Relying further on this assumption (and perhaps risking some 

circular logic), a requirement for polynucleotides in 

RecA441-mediated cleavage could also be taken to argue 

against the other proposed model. According to the first 

model, the mutant protein would be active in the absence of 

signal effector molecules (J. Little, personal 

communication). A requirement for polynucleotide co factors 

was also noted for several other constitutively activated 

RecA mutants, which indicates that at least this property is 

not unique to RecA441 (J. Roberts, personal communication). 

The in vitro role(s) which polynucleotides play remains 
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unclear: biochemical experiments with RecA have not ruled

out that polynucleotides can serve as some form of obligate 

co factors rather than just substituting for "real" signals. 

Biochemical and structural studies have determined that RecA 

multimeric complexes are formed along stretches of ssDNA and 

dsDNA (Kowalczykowski, 1987: Brenner et al., 1988: West, 

1988). From a variety of genetic and biochemical studies, 

most activities of RecA are believed to be the property of 

multimeric forms of the protein (Kowalczykowski, 1987); 

thus, the presence of ssDNA may be required to form DNA-RecA 

complexes which are competent to recognize signal effector 

molecules (I will discuss further this possibility below). 

Therefore, if the polynucleotides are required in vitro as 

obligate cofactors rather than only as SUbstitutes for in 

vivo signals, their requirements in the above mentioned 

RecA*-mediated reactions would not favor either of the 

proposed models for constitutive activation. Clearly, not 

knowing the molecular nature of the "real" in vivo signals 

and not having any purified signal, has hampered (if not 

compromised) our understanding of RecA activation and the 

role(s) that polynucleotides play in this process. 

Differential activation in recA Mutants: A New Model for 

Activation of RecA Protein 

During my genetic studies I have analyzed the behavior 

of over 30 recA mutants that express RecA* functions 
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constitutively; I have grouped these recA mutants into two 

classes. The first class, typified by recA441 and recA730 

is constitutively activated for all of the RecA* functions 

tested. As noted above, a reduced specificity for signal 

molecules was proposed to account for the constitutive 

activation of these mutant proteins (Weinstock, 1982). As 

discussed in an earlier section, different recA mutants 

expressed a given activity constitutively to different 

degrees (i.e., recA441 was less active than recA730 for 

lambda £I cleavage); this model might account for the 

varying levels of activation by proposing that the 

specificity for signals are relaxed to different degrees for 

the different RecA mutant proteins. This model predicts 

further that the most activated mutants would presumably be 

the most relaxed. The second class of recA mutants behave 

differently, like some plasmid bearing strains (described 

earlier and shown in Figure 5), this class of mutants 

expresses only subsets of the RecA* functions constitutively 

and can express the rest of the functions with SOS 

induction. This differentially activated class of mutants 

is typified by recA80 and recA432; note in Figure 6, the 

constitutive expression of the mutagenesis function while 

LexA cleavage is inducible. 

Differentially activated recA mutant cells could 

possibly be explained by a reduced specificity for signal 

effectors; however, this model would appear to require some 
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additonal modifications to explain the different activation 

patterns in these unusual mutants. For example, the above 

model does not appear to account for how some RecA mutants 

are activated for all functions (e.g. RecA441 and RecA730) 

by binding to endogenous signal-like molecules whereas other 

mutant proteins like RecA432 are activated for lambda £I 

cleavage and mutagenesis but inducible for LexA cleavage 

(Figure 6 and Table 5). Any modification of the model to 

account for the differential activation of recA432 mutants 

should presumably be able to explain the different 

constitutive activation patterns observed in other recA 

mutant cells. Examples of some mutants which express 

different subsets of activities include the following: 

recA80 (activated for LexA and mutagenesis functions but 

inducible for £I cleavage), recA718 (activated for 

mutagenesis but inducible for the other functions), recA801 

(slightly activated for £I cleavage but inducible for other 

functions). As suggested by this model the differentially 

activated RecA* mutant proteins would remain in an activated 

conformation because they are continually bound to signal

like molecules ("pseudo" signals). But because the 

differentially activated mutants can be activated for the 

other functions with damage indicates that these mutant 

proteins still require interaction with "real" signals. 

Activation of the other functions by "real" signals would 

presumably require additional modifications of the model to 



explain how RecA protein already bound to one effector 

("pseudo" signal) can in turn bind to another effector 

("real" signal). Presumably this would require a sequence 

of reactions where "pseudo" signals are in someway being 

displaced by "real" signal effectors. 
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In summary, the reduced specificity model does not 

appear to account for the various differentially activated 

mutants (like recA80 and recA432) as well as the fully 

activated mutants (like recA44l and recA730). At present, a 

single ammendment which could account for all of these 

different patterns of activities is not obvious. A new more 

unifying model is therefore needed. 

To better explain the activation of wild type RecA 

protein, and the behaviors of the various activated recA 

mutants in a manner that is consistent with the large body 

of genetic, enzymatic and physical studies, I offer a new 

working model for RecA activation. In this model, I propose 

two sequential RecA binding steps: first, RecA binds to 

stretches of unpaired polynucleotides such as ssDNA and 

second, the binding of "real" signals to the RecA-ssDNA 

complex (see Figure 18). I propose that the binding of 

ssDNA in the first step achieves a multimeric complex of 

RecA that is capable of recognizing and binding to signal 

effector molecules. In contrast to previous models, the 

binding to ssDNA in this model does not activate RecA 

protein but is suggested here to be an obligate prerequisite 
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step for RecA activation. 

The binding of RecA protein to ssDNA (the first step) 

has been extensively studied; RecA binds as a sequence 

independent DNA binding protein (Kowalczykowski et al., 

1987; West, 1988). In the presence of ATP, RecA polymerizes 

on ssDNA in a highly cooperative manner and can ultimately 

form long rod structures (called helical filaments) that can 

be visualized by electron microscopy (Howard-Flanders et 

al., 1984; West, 1988). As shown in the example presented 

in Figure 18, this "real" signal molecule is represented as 

some form of polynucleotide, perhaps ssDNA or an Okazaki 

fragment carrying a lesion. Based on genetic studies, 

signals appear to require some "processing" thus "real" 

signals are not likely to be as simple as suggested above; 

consequently, the description of signal in this model will 

remain necessarily vague. However, if "real" signals were 

some form of unpaired polynucleotide, as drawn in Figure 18, 

RecA aggregates would be required to bind to a second strand 

of polynucleotides. Physical and enzymatic studies of RecA 

protein have provided Howard-Flander and coworkers the basis 

to propose that RecA protein has two DNA binding sites, 

permitting RecA to bind to two strands of DNA simultaneously 

(West et al., 1983; Howard-Flanders et al., 1984). 

Consistent with this proposal, recent biochemical studies 

have found that after RecA protein forms filaments on ssDNA, 

assimilation of a second strand occurs in an ATP independent 



Figure 18. Molecular model for RecA activation. The 
spherical objects are to represent RecA monomers forming an 
aggregate on an unpaired strand of polynucleotide such as 
ssDNA. I propose that formation of this RecA-ssDNA aggregate 
is the first of two steps in activation of RecA protein. The 
second step involves binding of "real" signals to the RecA
ssDNA aggregate to form an activated RecA complex (RecA*) 
which becomes capable of promoting the proteolysis of its 
target proteins (e.g., LexA, cI, UmuD, etc.) The "real" 
signal as drawn here is intended to represent some form of 
polynucleotide cofactor carrying a lesion, although other 
types of molecules might also act as "real" signal 
molecules. 



RecA Aggregate 

+ 

+- ssDNA 

"Real" Signal 

Activated RecA Aggregate 
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Figure 18. Molecular model for RecA activation. 
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reaction (S. Brenner and S. Kowalczykowski, personal 

communication). 
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surprisingly, target proteins are cleaved in vitro, 

even in the absence of real signal; thus some degree of RecA 

activation is apparently achieved under these conditions 

(Craig and Roberts, 1980; Little et al., 1980; Burckhardt et 

al., 1988; Eguchi et al., 1988). According to this new 

model (Figure 18), the first step can occur under the in 

vitro conditions for cleavage of these target molecules, 

RecA protein would bind to ssDNA in the presence of ATP; 

however, the second step is less obvious. I propose that 

the second step can be approximated in vitro by binding to a 

second segment of ssDNA and that this ssDNA-RecA-ssDNA 

filament can mimic the structure of a "real" activated 

complex in vivo. since ssDNA by itself has been indicated 

to not act as "real" signal in vivo, it remains unclear what 

role(s) ssDNA plays in vitro and why similar activated 

structures (ssDNA-RecA-ssDNA?) are not formed in vivo. Some 

residual activation of RecA protein has been observed in 

vivo causing a low constitutive level of LexA proteolysis 

even in undamaged cells (called nusiance cleavage; J. 

Little, personal communication). Perhaps structures are 

formed in vivo that are the equivalent of those that promote 

cleavage in vitro but some unidentified cellular processes 

keep these postulated structures in limiting supply. 

The different activation patterns I described for the 
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various recA* mutants can also be explained in the framework 

of the model depicted in Figure 18. I start by suggesting 

that all RecA proteins when activated either by DNA damage 

or by mutation must first bind to ssDNA (the first step) and 

this binding step is an obligate requirement in the 

formation of an activated complex. I propose that both 

classes of RecA* mutant proteins (fully activated and 

differentially activated) can assume an activated 

conformation when bound to ssDNA and that the second step is 

not essential. Thus in contrast to the reduced specificity 

model for activation (Weinstock, 1982) there is no 

requirement in this model for any putative "pseudo" signals. 

As noted above, the differentially activated class of 

mutants like recA432 express a subset of RecA* functions 

constitutively while other functions remain inducible 

(Figure 6). The observation that the nonactivated functions 

of this class of recA* mutants can be activated following 

damage, indicates that these mutant RecA proteins retain 

their ability to interact with signal molecules. Thus I 

propose that binding to signal effectors (the second step) 

for this class of mutant RecA proteins, is still required to 

activate the rest of the functions. 

Based on the information discussed above, I have 

constructed an alternate model to account for the behavior 

of wild type RecA protein as well as two classes of RecA* 

protein. It differs from previous models by proposing that 
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activation of RecA protein normally requires the formation 

of multimeric complexes on ssDNA followed by interaction 

with signal molecules (Figure 18). The model as it applies 

to RecA* mutant proteins also differs from previous models, 

by suggesting that these mutant proteins once bound to ssDNA 

can assume activated conformations and thus do not require 

binding to endogenous molecules like ssDNA (lipseudo ll 

signals) for activation. 

Some of the apparent attributes of this model over the 

previously described reduced specificity model for 

constitutive activation (Weinstock, 1982) are as follows: 

(1) This model proposes a single mechanism to explain the 

diverse behaviors of the fully and differentially activated 

RecA* mutant proteins; an explanation for these mutants are 

not apparent by the previous model. (2) Activation by 

IIreal ll signals of the differentially activated RecA mutants 

does not require any complicated displacement reactions of 

IIpseudo ll signals. 

Regulation of SOS Mutagenesis 

Increased umuDC Expression Restores SOS Mutagenesis to 

lexA3(Ind-) and lexA41(Ind-) Mutant Cells 

Cells that synthesize mutant LexA repressor molecules 

which are resistant to RecA-mediated cleavage (called 

lexA(Ind-) mutants) cannot derepress the SOS regulon (Kenyon 



and Walker, 1980; Peterson and Mount, 1987). Because 

lexA(Ind-) cells are unable to derepress the SOS regulon 

they are consequently unable to induce SOS functions like 

mutagenesis (Figure 11). Derepression of the SOS regulon 

produces more RecA and UmuDC proteins which are actively 

involved in mutagenesis (Bagg et al., 1981; Ennis et al., 

1985). I have performed genetic experiments to determine 

which of the SOS gene products are limiting in cells that 

carried one of two different lexA(Ind-) alleles (lexA3 and 

lexA41). 

143 

The LexA41 repressor is semidefective and can only 

repress a subset of the SOS operons, but because lexA41(Ind

) cells are mutagenesis defective (Figure 11), some SOS 

products were presumed to be limiting. Selective 

derepression of the umuDC operon was found to restore SOS 

mutagenesis and Weigle-phage reactivation to lexA41(Ind-) 

(Figure 12 and Table 7). An increase in expression of recA 

did not influence SOS mutagenesis in lexA41(Ind-) mutants 

cells (Table 7). These results are consistent with the 

hypothesis that cells harboring the mutant LexA41 repressor 

are deficient in promoting SOS mutagenesis because Umu 

proteins are limiting. 

Unlike the LexA41 repressor, the noncleavable LexA3 

mutant protein is a fully functional repressor, hence 

lexA3(Ind-) cells express all of the SOS operons at low 

basal levels. Experiments similar to those performed on 
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lexA41 (Ind-) were also conducted on lexA3(Ind-) mutants. 

Again, as described above, the selective derepression of 

umuDC was found to restore sos mutagenesis to lexA3(Ind-) 

mutant hosts (Figure 13). This result could suggest that no 

other SOS gene must be derepressed for SOS mutagenesis, 

although we cannot rule out that overproducing the UmuDC 

proteins does not compensate fo~ another repressed SOS gene. 

An apparent requirement for very high levels of umuDC gene 

products (Figure 13) could be interpreted to suggest that 

overproduction might be important in these lexA3(Ind-) 

mutants. 

Usually, when SOS mutagenesis is measured using a 

lambda mutagenesis assay, increased survival of the UV

irradiated phage (called Weigle-reactivation) accompanies 

increased mutagenesis (Table 2). A surprising result was 

that no increase in Weigle-reactivation occured when 

mutagenesis was restored to these lexA3(Ind-) mutant hosts 

(Figure 14). These results implied that although selective 

derepression of the umuDC operon could restore mutagenesis 

in lexA3(Ind-) cells, some other SOS gene product(s) 

remained limiting for Weigle-reactivation. In SOS competent 

cells, the recA gene is normally induced, a condition not 

possible in the lexA3(Ind-) mutant strains used in these 

experiments. To compensate for this low level of RecA 

protein, cells were constructed that selectively derepressed 

both the recA and the umuDC operons. Mutagenesis and 
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Weigle-reactivation were restored to these lexA3(Ind-) hosts 

when both operons were derepressed (Figure 15 and Table 8). 

In summary, the results from this experimental system 

thus separate the requirements for· phage mutagenesis and 

reactivation: mutagenesis requires increased levels of UmuDC 

protein where reactivation requires increased levels of both 

UmuDC and RecA proteins. 

A Model for Separation of Mutagenesis on Weigle-reactivation 

An apparent one-to-one correlation between phage 

mutagenesis and Weigle-reactivation lead Radman (1974) to 

propose the lesion bypass model (see Figure 2). Translesion 

synthesis events were suggested to contribute to an increase 

in survival because they would achieve daughter-strand 

continuity across the damage at the expense of generating 

mutations. Thus, according to this model, Weigle

reactivation and SOS mutagenesis were considered to be the 

consequence of a common molecular event. These results and 

others that I have obtained (Figures 13-15 and Table 8) show 

that phage reactivation and mutagenesis are genetically 

separable and might therefore be the consequence of 

different molecular events. 

To account for this newly defined separation of Weigle

reactivation from SOS mutagenesis of UV-irradiated phage, I 

propose a new form of the bypass model (see Figure 19). 

This new model is essentially as the earlier bypass models 



146 

(Figure 2), except that there are two proposed forms of 

bypass events which are dependent on the class of the UV

photoproduct the polymerase encounters. I propose that one 

class of lesion in the template can be faithfully bypassed 

in a sos induced cell and yet bypass of another class of 

lesions result in the incorporation of mutant bases. In 

this model lesions that are fai~hfully bypassed are assumed 

to be more abundant than the other class. I also suggest 

that faithful bypass events account for much of the Weigle

reactivation. I propose further that depending on the type 

of lesion that the polymerase encounters, different levels 

of RecA and UmuDC proteins are required to act at that 

lesion for bypass. When both RecA and UmuDC proteins are 

present at high levels, both classes of lesions are bypassed 

at high efficiencies and reactivation and mutagenesis is 

observed. When UmuDC is at high levels and RecA is low, 

faithful bypass events become less efficient where the 

mutagenic bypass persists, resulting in mutant phage but 

little reactivation. 

Various forms of DNA lesions are generated with UV

irradiation (Haseltine, 1983; Hutchinson et al., 1988); the 

most prominent lesion is the py-py cyclobutane dimer (about 

90%) and the second is py-py 6-4 products (about 9%). 

consistent with this model, both types of photoproducts will 

serve to stall replication forks (Friedberg, 1986); the 6-4 

product was indicated to be a potent premutational lesion 



Figure 19. An alternate polymerase bypass mechanism for sos 
mutagenesis. A model similar to the one presented in Figure 
2. The small black circles are to represent one class of UV
photoproduct in a DNA-template while the X represents 
another class of damage. The first class is proposed to be 
more abundant than the second class. The first class is also 
proposed to be faithfully bypassed in an sos induced cell 
while mutations arise from bypass of the second class of 
lesion. 
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Figure 19. An alternate polymerase bypass mechanism for SOS 
mutagenesis. 



and the cyclobutane dimer was less mutagenic (Wood, 1985; 

Hutchinson et al., 1988). The molecular roles that each 

protein plays in these different types of bypass events is 

unclear and why different proportions of RecA and Umu 

proteins could influence these events will require further 

study. A previous model proposed by Bridges and Woodgate 

(1985) suggested that RecA protein and the Umu proteins 

acted at different steps in lesion bypass; perhaps the 

separation of reactivation and mutagenesis in my system 

results from one of these two steps being promoted 

efficiently while the other step is less efficient. 

148 



REFERENCES 

Arber, W., L. Euquist, B. Hohn, N. Murray and K. Murray. 
1983. Experimental methods for use with lambda. In Lambda 
II. R. W. Hendrix, J. W. Roberts, F. W. stahl, R. A. 
Weisberg (ed.) p. 433-466. Cold Spring Harbor Laboratory, 
Cold Spring Harbor, New York. 

Bachmann, B. J. 1983. Linkage map of Escherichia coli K-12, 
Edition 7. Microbiol. Rev. 47:180-230. 

Bagg, A., C. J. Kenyon and G. C. Walker. 1981. Inducibility 
of a gene product required for UV and chemical mutagenesis 
in Escherichia coli. Proc. Natl. Acad. Sci. U.S.A. 
72:5749-5753. 

Bailone, A., A. Levine, and R. Devoret. 1979. Inactivation 
of prophage repressor in vivo. J. Mol. BioI. 131:53-572. 

Blanco, M., G. Herrera, P. Collado, J. Rebollo and L. M. 
Botella. 1982. Influence of RecA protein on induced 
mutagenesis. Biochimie 64:633-636. 

Blanco, M., G. Herrera and V. Aleixandre. 1986. Different 
efficiency of UmuDC and MucAB protein in UV light induced 
mutagenesis in Escherichia coli. Mol. Gen. Genet. 205:234-
239. 

Brenner, S. L., A. Zlotnick and J. D. Griffith. 1988. RecA 
protein self-assembly: Multiple discrete aggregation 
states. J. Mol. BioI. (In press). 

Bridges, B. A. and R. Woodgate. 1985. Mutagenic repair in 
Escherichia coli: Products of the recA gene and of the 
umuD and umuC genes act at different steps in UV-induced 
mutagenesis. Proc. Natl. Acad. Sci. U.S.A. 82:4193-4197. 

Burckhardt, S. E., R. Woodgate, R. H. Scheuermann, and H. 
Echols. 1988. UmuD mutagenesis protein of Escherichia 
coli: Overproduction, purification, and cleavage by RecA. 
Proc. Natl. Acad. Sci. U.S.A. 85:1811-1815. 

Casaregola, S., R. D'Ari, and o. Huisman. 1982. Quantitative 
evaluation of recA gene expression in Escherichia coli. 
Mol. Gen. Genet. 185:430-439. 

Casaregola, S., R. D'Ari and o. Huisman. 1982. Role of DNA 
replication in the induction and turn-off of the SOS 
response in Escherichia coli. Mol. Gen. Genet. 185:440-
444. 

149 



Ciesla, Z., P. O'Brien and A. J. Clark. 1987. Genetic 
analysis of UV mutagenesis of the Escherichia coli 91YR 
gene. Mol. Gen. Genet. 207:1-8. 

150 

Chaudhury, A. M., and G. R. smith. 1985. Role of Escherichia 
coli RecBC enzyme in SOS .induction. Mol. Gen. Genet. 
201:525-528. 

Clark, A. J. 1973. Recombination deficient mutants of E. 
coli and other bacteria. Annu. Rev. Genet. 2:67-86. 

Clark, A. J. and A. D. Margulies. 1965. Isolation and 
characterization of recombination-deficient mutants of 
Escherichia coli K-12. Proc. Natl. Acad. sci. U.S.A. 
53:451-459. 

Clark, A. J. and M. R. Volkert. 1979. A new classification 
of pathways repairing pyrimidine dimer damage in DNA, p. 
57-79. In P. C. Hanawalt, E. C. Friedberg and C. F. Fox 
(ed.) DNA Repair Mechanisms. Academic Press, New York. 

Cohen, S., B. Knoll, J. W. Little, and D. W. Mount. 1981. 
Preferential cleavage of phage repressor monomer by 
recA protease. Nature (London) 294:182-184. 

Cole, S. T. 1983. Characterization of the promoter for the 
lexA regulated suI A gene of Escherichia coli. Mol. Gen. 
Genet. 189:400-404. 

Craig, N. L. and J. W. Roberts. 1980. E. coli RecA protein-
directed cleavage of phage repressor requires 
polynucleotide. Nature 283:26-29. 

craig, N. L., and J. W. Roberts. 1981. Function of 
nucleoside triphosphate and polynucleotide in Escherichia 
coli RecA protein-directed cleavage of phage lambda 
repressor. J. BioI. Chem. 256:8039-8044. 

Crowl, R. M., R. P. Boyce, and H. Echols. 1981. Repressor 
cleavage as a prophage induction mechanism: 
hypersensitivity of a mutant cI protein to RecA-mediated 
proteolysis. J. Mol. BioI. 152:815-820. 

Csonka, L. N. and A. J. Clark. 1979. Deletions generated by 
the transposon Tn10 in the srI recA region of the 
Escherichia coli K-12 chromosome. Genetics 93:321-343. 

D'Ari, R., and o. Huisman. 1982. DNA replication and 
indirect induction of the Sos response in Escherichia 
coli. Biochimie 64:623-627. 



151 

Devoret, R., M. Pierre and P. L. Moreau. 1983. Prophage 80 
is induced in Escherichia coli K-12 reA430. Mol. Gen. 
Genet. 189:199-206. 

Dutreix, M., A. Bailone, and R. Devoret. 1985. Efficiency of 
induction of prophage mutants as a function of recA 
alleles. J. Bacteriol. 161:1080-1085. 

Dutreix, M., P. L. Moreau, A. Bailone, F. Galibert and R. 
Devoret. 1988. RecA mutations that discriminate 
repressors. In UCLA symposia on Molecular and Cellular 
Biology. 17th Annual Meetings. Alan R. Liss, Inc., New 
York. 

Echols, H. 1982. Mutation rate: Some biological and 
biochemical considerations. Biochimie 64:571-575. 

Eguchi, Y., T. Ogawa and H. Ogawa. 1988. Cleavage of 
bacteriophage 80 CI repressor by RecA protein. J. Mol. 
BioI. 202:565-573. 

Elledge, S. J., and G. C. Walker. 1983. Proteins required 
for ultraviolet light and chemical mutagenesis. 
Identification of the products of the umuC locus of 
Escherichia coli. J. Mol. BioI. 164:175-192. 

Ennis, D. G., B. Fisher, S. Edmiston, and D. W. Mount. 1985. 
Dual role for Escherichia coli RecA protein in SOS 
mutagenesis. Proc. Natl. Acad. sci. U.S.A. 82:3325-3329. 

Ennis, D. G., S. K. Amundsen and G. R. Smith. 1987. Genetic 
functions promoting homologous recombination in 
Escherichia coli: a study of inversion in phage lambda. 
Genetics 115:11-24. 

Ennis, D. G., A. T. Th1iveris and D. W. Mount. 1988a. 
Genetic analysis of roles of LexA and RecA proteins in SOS 
regulation and mutagenesis. In E. C. Friedberg and P. C. 
Hanawalt (ed.) Mechanisms and consequences of DNA damage 
processing. Alan R. Liss Inc., New York. (In press). 

Ennis, D. G., K. R. Peterson and D. W. Mount. 1988b. 
Increased expression of the Excherichia coli umuDC operon 
restores SOS mutagenesis in 1exA41 cells. Mol. Gen. Genet. 
213:541-544. 

Ennis, D. G., N. Os sanna and D. W. Mount. 1988c. Genetic 
separation of E. coli recA functions for SOS mutagenesis 
and repressor cleavage. J. Bacteriol. (submitted). 



152 

Ennis, D. G. and D. W. Mount. 1988d. A genetic dissection of 
RecA protein in SOS mutagenesis. J. Cellule Bioch. 
S12A:338 (E423). 

Eshima, J., S. Fujii, and T. Horiuchi. 1972. Isolation of 
Ind mutants. Jpn. J. Genet. 47:125-128. 

Formosa, T. and B. M. Alberts. 1986. DNA synthesis 
dependence on genetic recombination: Characterization of a 
reaction catalyzed by purified bacteriophage T4 proteins. 
Cell 47:793-806. 

Friedberg, E. C. 1985. DNA Repair. W. H. Freeman and Co., 
San Francisco, CA. 

Garges, S. and S. Adhya. 1985. sites of allosteric shifts in 
the structure of cyclic AMP receptor protein. Cell 41:745-
751. 

George, J., M. Castellazzi and G. Buttin. 1975. Prophage 
induction and cell division in ~. coli. III. Mutations 
sfiA and sfiB restore division in tif and Ion strains and 
permit the expression of mutator properties of tif. Mol. 
Gen. Genet. 140:390-432. 

Gimble, F. S. and R. T. Sauer. 1985. Mutations in 
bacteriophage repressor that prevent RecA-mediated 
cleavage. J. Bacteriol. 162:147-154. 

Gimble, F. S. and R. T. Sauer. 1986. repressor 
inactivation: properties of purified Ind- proteins in the 
autodigestion and RecA-mediated cleavage reactions. J. 
Mol. BioI. 192:39-47. 

Ginsburg, H., S. H. Edminston, J. Harper, and D. W. Mount. 
1982. Isolation and characterization of an operator
constitutive mutation in the recA gene of Escherichia coli 
K-12. Mol. Gen. Genet. 187:4-11. 

Glickman, B. W., N. Guijt and P. Morand. 1977. The genetic 
characterization of lexB32, lexB33 and lexB35 mutations of 
Escherichia coli: location and complementation pattern for 
uv resistance. Mol. Gen. Genet. 157:83-89. 

Gudas, L. J. and A. B. Pardee. 1976. Model for regulation of 
Escherichia coli DNA repair functions. Proc. Natl. Acad. 
Sci. U.S.A. 72:2330-2334. 

Gudas, L. J. and D. W. Mount. 1977. Identification of the 
recA (tif) gene product of Escherichia coli. Proc. Natl. 
Acad. Sci. U.S.A. 74:5280-5284. 



153 

Hagensee, M. E., T. L. Timme, S. K. Bryan and R. E. Moses. 
1987. DNA polymerase III of Escherichia coli is required 
for UV and ethyl methanosulfonate mutagenesis. Proc. Natl. 
Acad. Sci. U.S.A. 84:4195-4199. 

Haseltine, W. A. 1983. Ultraviolet light repair and 
mutagenesis revisited. Cell 33:13-17. 

Herskowitz, I. 1987. Functional inactivation of genes by 
dominant negative mutations. Nature 329:219-222. 

Huisman, 0., and R. D'Ari. 1981. An inducible DNA 
replication-cell division coupling mechanism in E. coli. 
Nature 290:797-799. 

Huisman, 0., R. D'Ari, and S. Casaregola. 1982. How 
Escherichia coli sets different basal levels in SOS 
operons. Biochimie 64:709-712. 

Hutchinson, F., K. Yamamoto, J. Stein and R. D. Wood. 1988. 
Effect of photoreactivation on mutagenesis of lambda phage 
by ultraviolet light. J. Mol. BioI. 202:593-601. 

Ihara, M., K. Yamamoto and T. Ohuishi. 1987. Induction of 
phr gene expression by irradiation of ultraviolet light in 
Escherichia coli. Mol. Gen. Genet. 209:200-202. 

Karu, A. E., and E. D. Belk. 1982. Induction of E. coli recA 
protein via recBC and alternate pathways: quantitation by 
enzyme-linked immunosorbent assay (ELISA). Mol. Gen. 
Genet. 185:275-282. 

Kato, T. and Y. Shinoura. 1977. Isolation and 
characterization of mutants of Escherichia coli deficient 
in induction of mutations by ultraviolet light. Mol. Gen. 
Genet. 156:121-131. 

Kato, T., R. H. Rothman and A. J. Clark. 1977. Analysis of 
the role of recombination and repair in mutagenesis of 
Escherichia coli by UV irradiation. Genetics 87:1-18. 

Kawashima, H., T. Horii, T. Ogawa, and H. Ogawa. 1984. 
Functional domains of Escherichia coli RecA protein 
deduced from the mutational sites in the gene. Mol. Gen. 
Genet. 193:288-292. 

Kenyon, C. J., and G. C. Walker. 1980. DNA-damaging agents 
stimulate gene expression at specific loci in Escherichia 
coli. Proc. Natl. Acad. Sci. U.S.A. 77:2819-2823. 



154 

Khidhir, M. A., S. Casaregola, I. B. Holland. 1985. 
Mechanism of transient inhibition of DNA synthesis in 
ultraviolet-irradiated E. coli: Inhibition is independent 
of recA whilst recovery requires RecA protein itself and 
an additional, inducible SOS function. Mol. Gen. Genet. 
199:133-140. 

Kowalczykowski, S. C. 1987. Mechanistic aspects of the DNA 
strand exchange activity of E. coli RecA protein. Trends 
Genet. 12:141-145. 

Kowalczykowski, S. C., R. Clow, R. Somani and A. Varghese. 
1987. Effects of the Escherichia coli SSB protein on the 
binding of Escherichia coli RecA protein to single
stranded DNA. J. Mol. BioI. 193:81-95. 

Krueger, J. H., S. J. Elledge, and G. C. Walker. 1983. 
Isolation and characterization of Tna insertion mutations 
in the lexA gene of Escherichia coli. J. Bacteriol. 
153:1368-1378. 

Lieberman, H. B. and E. M. witkin. 1983. DNA degradation, UV 
sensitivity and Sos-mediated mutagenesis in strains of 
Escherichia coli deficient in single-strand DNA binding 
protein: effects of mutations and treatments that alter 
levels of exonuclease V or RecA protein. Mol. Gen. Genet. 
190:92-100. 

Lin, L. and J. w. Little. 1988. Isolation and 
characterization of noncleavable (Ind-) mutants of the 
LexA repressor of Escherichia coli K-12. J. Bacteriol. 
170:2163-2173. 

Little, J. W., and P. C. Hanawalt. 1977. Induction of 
protein X in Escherichia coli. Mol. Gen. Genet. 150:237-
248. 

Little, J. W. 1980. Isolation of recombinant plasmids and 
phage carrying the lexA gene of Escherichia coli K-12. 
Gene 10:237-247. 

Little, J. W. 1983. The SOS regulatory system: control of 
its state by the level of RecA protease. J. Mol. BioI. 
167:791-808. 

Little, J. W. 1984. Autodigestion of LexA and phage 
repressors. Proc. Natl. Acad. Sci. U.S.A. 81:1375-1379. 

Little, J. W., and D. W. Mount. 1982. The SOS regulatory 
system of Escherichia coli. Cell 29:11-22. 



155 

Little, J. W., D. W. Mount, and C. Yanisch-Perron. 1981. 
Purified LexA protein is a repressor of the recA and lexA 
genes. Proc. Natl. Acad. Sci. U.S.A. 78:4199-4203. 

Lu, C. and H. Echols. 1987. RecA protein and SOS: 
Correlation of mutagenesis phenotypes with binding of 
mutant RecA protein to duplex DNA and LexA cleavage. J. 
Mol. Bio. 196:497-504. 

Lu, C., R. Scheuermann, and H. Echols. 1986. Capacity of 
RecA protein to bind preferentially to UV lexions and 
inhibit the editing ( ) subunit of DNA polymerase III: a 
possible mechanism for SOS-induced targeted mutagenesis. 
Proc. Natl. Acad. Sci. U.S.A. °83:619-623. 

Markham, B. E., J. W. Little, and D. W. Mount. 1981. 
Nucleotide sequence of the lexA gene of Escherichia coli 
K-12. Nucl. Acids. Res. ~:4149-4146. 

Markham, B. E., J. E. Harper, D. W. Mount, G. B. Sancar, A. 
Sancar, W. D. Rupp, C. J. Kenyon, and G. C. Walker. 1984. 
Analysis of mRNA synthesis following induction of the 
Escherichia coli SOS system. J. Mol. BioI. 178:237-248. 

Marsh, L. and G. C. Walker. 1985. Cold sensitivity induced 
by overproduction of UmuDC in Escherichia coli. J. 
Bacterial. 162:155-161. 

Marsh, L. and G. C. Walker. 1987. New phenotypes associated 
with mucAB: Alteration of a MucA sequence homologous to 
the LexA cleavage site. J. Bacteriol. 169:1818-1823. 

McEntee, K. and G. M. Weinstock. 1981. tif-1 mutation alters 
polynucleotide recognition by the recA protein of 
Escherichia coli. Proc. Natl. Acad. Sci. U.S.A. 78:6061-
6065. 

McPartland, A., L. Green, and H. Echols. 1980. Control of 
recA gene RNA in E. coli: regulatory and signal genes. 
Cell 20:731-737. 

Melechen, N. E. and G. Go. 1980. Induction of lambdoid 
prophages by amino acid depravation: Differential 
inducibility; role of recA. Mol. Gen. Genet. 180:147-155. 

Meyer, R. R., D. W. Voegele, S. M. Ruben, D. C. Rein and J. 
M. Trela. 1982. Influence of single-stranded DNA-binding 
protein on recA induction in Escherichia coli. Mut. Res. 
94:299-313. 

Miller, H. I., M. Kirk, and H. Echols. 1981. SOS induction 



156 

and autoregulation of the himA gene for site-specific 
recombination in Escherichia coli. Proc. Natl. Acad. Sci. 
U.S.A. 78:6754-6758. 

Miller, J. H. 1972. Experiments in molecular genetics. Cold 
Spring Harbor Laboratory, Cold spring Harbor, New York. 

Miller, Je H. 1978. The lacI gene: Its role in lac operon 
control and its use as a genetic system. p. 31-88. In J. 
H. Miller and W. S. Reznikoff (ed) The Operon. Cold Spring 
Harbor Press, New York. 

Miller, J. H. 1983. Mutational specificity in bacteria. Ann. 
Rev. Genet. 17:215-238. 

Mornad, P., M. Blanco and R. Devoret. 1977a. 
Characterization of lexB mutations in Escherichia coli K-
12. J. Bacteriol. 131:572-582. 

Morand, P., A. Goze, and R. Devoret. 1977b. Complementation 
pattern of lexB and recA mutations in Escherichia coli K-
12; mapping of tif-1, lexB and recA mutations. Mol. Gen. 
Genet. 157:69-82. 

Moreau, P. L. 1987. Effects of overproduction of single
stranded DNA-binding protein on RecA-protein dependent 
processes in Escherichia coli. J. Mol. BioI. 194:621-634. 

Moreau, P. L. and J. W. Roberts. 1984. RecA protein promoted 
lambda repressor cleavage-complementation between RecA441 
and RecA430 proteins in vitro. Mol. Gen. Genet. 198:25-34. 

Mount, D. W. 1976. A method for the isolation of phage 
mutants altered in their response to lysogenic induction. 
Molec. Gen. Genet. 145:165-167. 

Mount, D. W. 1977. A mutant of Escherichia coli showing 
constitutive expression of the lysogenic induction and 
error-prone DNA repair pathways. Proc. Natl. Acad. Sci. 
U.S.A. 74:300-301. 

Mount, D. W., K. B. LOw, and S. Edmiston. 1972. Dominant 
mutations (lexA) in Escherichia coli K-12 which affect 
radiation sensitivity and frequency of ultraviolet light
induced mutations. J. Bacteriol. 112:886-893. 

Mount, D. W., A. C. Walker, and C. Kosel. 1973. Suppression 
of lex mutations affecting deoxyribonucleic acid repair in 
Escherichia coli K-12 by closely linked thermosensitive 
mutations. J. Bacteriol. 116:950-956. 



Mount, D. W., A. C. Walker, and C. Kosel. 1975. Effect of 
tsl mutations in decreasins radiation sensitivity of a 
recA-strain of Escherichia coli K-12. J. Bacteriol. 
121:1203-1207. 

157 

Mount, D. W., C. Kosel, and A. Walker. 1976. Inducible, 
error-free DNA repair in tsl recA mutants of E. coli. Mol. 
Gen. Genet. 146:37-42. 

Mount, D. W., K. F. Wertman, D. G. Ennis, K. R. Peterson, B. 
L. Fisher, and G. Lyons. 1983. Genetic analysis of the SOS 
response of Escherichia coli, p. 343-352. In Cellular 
responses to DNA damage. Alan,R. Liss, Inc., New York. 

Nohmi, T., J. R. Battista, L. A. Dodson, and G. C. Walker. 
1988. RecA-mediated cleavage activates UmuD for 
mutagenesis: Mechanistic relationship between 
transcriptional derepression and posttranslatioinal 
activation. Proc. Natl. Acad. sci. U.S.A. 85:1816-1820. 

Ogawa, T., H. Wabiko, T. Tsurimoto, T. Horii, H. Masataka 
and H. Ogawa. 1978. Characteristics of purified recA 
protein and regulation of its synthesis in vivo. Cold 
Spring Harbor Symp. Quant. BioI. 43:909-915. 

Peterson, K. R., and D. W. Mount. 1987. Differential 
repression of SOS genes by unstable LeXA41 (TsI-I) protein 
causes a "split-phenotype" in Escherichia coli K-12. J. 
Mol. BioI. 193:27-40. 

Peterson, K. R., N. Ossanna, And D. W. Mount. 1988. The 
Escherichia coli K-12 lexA2 gene encodes a hypocleavable 
repressor. J. Bacteriol. 170:1975-1977. 

Peterson, K. R., N. Ossanna, A. T. Thliveris, D. G. Ennis 
and D. W. Mount. 1988. Derepression of specific genes 
promotes DNA repair and mutagenesis in Escherichia coli. 
J. Bacteriol. 170:1-4. 

Phizicky, E. M. and J. W. Roberts. 1981. Induction of SOS 
functions: regulation of proteolytic activity of E. coli 
RecA protein by interaction with DNA and nucleoside 
triphosphate. Cell. 25:259-267. 

Quillardet, P., P. L. Moreau, H. Ginsburg, D. W. Mount, and 
R. Devoret. 1982. Cell survival, UV-reactivation and 
induction of prophage in Escherichia coli K-12 
overproducing RecA protein. Mol. Gen. Genet. 188:37-43. 

Radding, C. 1982. Homologous pairing and strand exchange in 
genetic recombination. Ann. Rev. Genet. 16:405-437. 



158 

Radman, M. 1974. Phenomenology of an inducible mutagenic DNA 
repair pathway in Escherichia coli: SOS repair hypothesis. 
p. 128-142. In L. Prakash, F. Sherman, M. Miller, C. 
Lawrence and H. W. Tabor Ced.) Molecular and environmental 
aspects of mutagenesis. Charles C. Thomas, Publisher, 
Springfield, Ill. 

Rebollo, J. E. , P. L. Moreau, M. Blanco, and R. Devoret. 
1984. Restoration of RecA protein activity by genetic 
complementation. Mol. Gen. Genet. 195:83-89. 

Roberts, J. W., and C. W. Roberts. 1975. Proteolytic 
cleavage of bacteriophage lambda repressor in induction. 
Proc. Natl. Acad. Sci. U.S.A. 72:147-151. 

Roberts, J. W., C. W. Roberts, and N. L. Craig. 1978. 
Escherichia coli recA gene product inactivates phage 
repressor. Proc. Natl. Acad. Sci. U.S.A. 75:4714-4718. 

Roberts, J. W., and C. W. Roberts. 1981. Two mutations that 
alter the regulatory activity of ~. coli recA protein. 
Nature 290:422-424. 

Roberts, J. W., E. M. Phizicky, D. G. Burbee, C. W. Roberts, 
and P. L. Moreau. 1982. A brief consideration of the SOS 
inducing signal. Biochimie. 64:805-807. 

Roberts, J. W. and R. Devoret. 1983. Lysogenic induction, p. 
123-144. In R. W. Hendrix, J. W. Roberts, F. W. Stahl, and 
R. A. Weinsberg Ced.). Lambda II, Cold Spring Harbor 
Laboratory, Cold Spring Harbor, New York. 

Sauer, R. T., M. J. Ross, and M. Ptashne. 1982. Cleavage of 
the and P22 repressors by RecA protein. J. BioI. Chem. 
257:4458-4462. 

Shinagawa, H., T. Kato, T. Ise, K. Makino, and A. Nakata. 
1983. Cloning and characterization of the umu operon 
responsible for inducible mutagenesis in Escherichia coli. 
Gene 23:167-174. 

Shinagawa, H., H. Iwasaki, T. Kato, and A. Nakata. 1988. 
RecA protein-dependent cleavage of UmuD protein and SOS 
mutagenesis. Proc. Natl. Acad. Sci. U.S.A. 85:1806-1810. 

Slilaty, S. N. and J. W. Little. 1987. Lysine-156 and 
serine-119 are required for LexA repressor cleavage: a 
possible mechanism. Proc. Natl. Acad. Sci. U.S.A. 84:3987-
3991. 



159 

Smith, G. 1983. General recombination. In Lambda II. R. W. 
Hendrix, J. W. Roberts, F. W. Stahl, R. A. Weisberg (ed.) 
p.175-209. Cold Spring Harbor Laboratory, Cold Spring 
Harbor, New York. 

Smith, G. R. 1987. Mechanism and control of homologous 
recombination in Escherichia coli. Ann. Rev. Genet. 
21:179-201. 

Templin, A., L. Margossian and A. J. Clark. 1978. 
Suppressibility of recA, recB and recC mutations by 
nonsense suppressors. J. Bacteriol. 134:590-596. 

Tessman, E. S. and P. K. Peterson. 1985. Isolation of 
protease-proficient, recombinase-deficient recA mutants of 
Escherichia coli K-12. J. Bacteriol. 163:688-695. 

Thliveris, A. T., D. G. Ennis, L. K. Lewis and D. W. Mount. 
1988. SOS functions. In M. Riley and K. Drlica (ed.) The 
Bacterial chromosome: structure and functional 
organization. John Wiley and Sons. New York. (In press). 

Tlsty, T. D., A. M. Albertini and J. H. Miller. 1984. Gene 
Amplification in the lac region of E. coli. Cell. 37:217-
224. 

Ullmann, A. and D. Perrin. 1970. Complementation of B
galactosidase. p. 143-172. In J. R. Beckwith and Zipser 
(ed.) The lactose operon. Cold Spring Harbor Press, New 
York. 

Walker, G. C. 1984. Mutagenesis and inducible responses to 
deoxyribonucleic acid damage in Escherichia coli. 
Microbiol. Rev. 48:60-93. 

Walker, G. C. 1985. Inducible DNA repair systems. Annu. Rev. 
Biochem. 54:425-457. 

Wang, W. B. and E. S. Tessman. 1986. Location of functional 
regions of the Escherichia coli RecA protein by DNA 
sequence analysis of RecA. J. Bacteriol. 168:901-910. 

Weber, I. T., G. L. Gilliland, J. G. Harmand and A. 
Peterkofsky. 1987. Crystal structure of cyclic AMP
independent mutant of catabolite gene activator protein. 
J. BioI. Chern. 262:5630-5636. 

Weinstock, G. M. 1982. Enzymatic activities of the RecA 
protein of Escherichia coli. Biochimie 64:611-616. 

Weisemann, J. H., C. Funk, and G. M. Weinstock. 1984. 



Measurement of in vivo expression of the recA gene of 
Escherichia coli using lacZ fusions. J. Bacterial. 
160:112-121. 

Wertman, K. F., and D. W. Mount. 1985. Nucleotide sequence 
binding specificity of the LexA repressor of Escherichia 
coli K-12. J. Bacteriol. 163:376-384. 

West, S. C. 1988. Protein-DNA interactions in genetic 
recombination. Trends Genet. ,!:8-13. 

160 

Willetts, N. S., A. J. Clark and B. Low. 1969. Genetic 
location of certain mutations conferring recombination 
deficiency in Escherichia coli. J. Bacteriol. 97:244-249. 

Witkin, E. M. 1976. Ultraviolet mutagenesis and inducible 
DNA repair in Escherichia coli. Bacteriol. Rev. 40:869-
907. 

Witkin, E. M., and T. Kogoma. 1984. Involvement of the 
activated form of RecA protein in SOS mutagenesis and 
stable DNA replication in Escherichia coli. Proc. Natl. 
Acad. sci. U.S.A. 81:7539-7543. 

Witkin, E. M., V. Roegher-Maniscalco, J. B. Sweasy and J. o. 
McCall. lSS'i. Recovery from ultraviolet light-induced 
inhibition of DNA synthesis requires umuDC gene products 
in recA718 mutant strains but not in recA+ strains of 
Escherichia coli. Proc. Natl. Acad. Sci. U.S.A. 84:6805-
6809. 

Wood, R. D., T. R. Skopek, and F. Hutchinson. 1984. Changes 
in DNA base sequences induced by target mutagenesis of 
lambda phage by ultraviolet light. J. Mol. BioI. 173:273-
291. 

Wood, R. D. 1985. Pyrimidine dimers are not the principal 
pre-mutagenic lesions induced in lambda phage DNA by 
ultraviolet light. J. Mol. BioI. 184:577-585. 

Yancey, S. D. and R. D. Porter. 1984. Negative 
complementation of recA protein by recA1 polypeptide: In 
vivo recombination requires a multimeric form of recA 
protein. Mol. Gen. Genet. 193:53-57. 

Yarmolinski, M. B. and E. stevens. 1983. Replication-control 
functions block the induction of an SOS response by a 
damaged P1 bacteriophage. Mol. Gen. Genet. 192:140-148. 


