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ABSTRACT 

The lexA protein in E. coli is a specific 

repressor of the recA gene. The lexA protein is 

cleaved by the recA protein in response to DNA 

damage. Cleavage derepresses the recA gene re

sulting in high level synthesis of recA protein 

and the expression of other DNA damage inducible 

functions (SOS functions). The lexA3 mutation 

makes the lexA protein resistant to cleavage and 

thus inhibits expression of DNA damage inducible 

functions. 

A mutant of E. coli has been isolated 

which exhibits many of the properties expected of 

a strain carrying an operator-constitutive muta

tion in the recA gene. The mutation partially 

suppresses the UV sensitivity of lexA3 strains, 

maps near the recA structural gene, allows consti

tutive synthesis of the recA protein and the recA 

message, and is cis-acting. 

xii 



xiii 

Strains carrying the recAoc mutation were 

used to study the role of amplified levels of recA 

protein in the expression of certain SOS functions. 

The recAoc mutation did not suppress the UV inhib

itory effect of the lexA3 mutation on the expres

sion of UV induced cellular mutagenesis, and the 

reactivation and mutagenesis of UV irradiated 

phage A. The expression of these functions in 

lexA+ strains was not enhanced by the recAoc muta

tion. Constitutive recA synthesis did not result 

in lethal filamentous growth. These results are 

consistent with those reported elsewhere that the 

expression of SOS function is not dependent on 

high levels of recA protein and that the various 

"50S genes" are repressed by the lexA protein as 

is the recA g.ene. Thus, recA protein is required 

in 50S expression for the inactivation of lexA 

protein and recA amplification is a consequence, 

not a cause of 50S expression. 

The DNA sequence of the recA operator 

region from a AprecA transducing phage thought to 



xiv 

carry the recAoc mutation isolated here, was 

determined. No difference was detected between 

the supposed mutant DNA and wild type controls. 

The significance of these results and the possi

bility that the recAoc mutation was not trans

ferred to the phage are discussed. 



CHAPTER I 

INTRODUCTION 

As the repository and transmitting vehicle 

for the information that governs the nature of an 

organism, DNA is the fundamental basis of living 

systems. Thus, it is not surprising that Nature 

has provided most, if not all, organisms with 

mechanisms designed to maintain the physical and 

informational integrity of their genome when that 

integrity is threatened. The importance of DNA 

repair mechanisms is best illustrated by their 

absence. Mutations eliminating one or more DNA 

repair mechanisms cause an abnormal sensitivity 

to a variety of environmental insults. 

This work deals with one aspect of DNA 

repair in E. coli. A brief review follows of 

repair mechanisms for UV damage to DNA. 

1 



DNA Damaging Agents 

Of the variety of physical and chemical 

agents known to damage DNA, the best characterized 

is 254 nrn ultraviolet (UV) light (Hall and Mount 

1981). The major DNA photoproduct of UV irradia

tion is the intrastrand cyclobutane dimer between 

adjacent pyrimidines (Beukers and Berends 1961; 

Ben-Hur and Ben-Ishai 1968). Pyrimidine dimers 

are noninstructional in Watson-Crick base pairing. 

The biological effects of UV irradiation are 

generally assumed to be consequences of unremoved 

dimers; photoenzymatic reversal of pyrimidine 

dimers blocks thei.~. lethal, mutagenic and tumoro

genic effects (Setlow and Setlow 1962; Hart, 

Setlow, and Woodhead 1977). Several other 

examples of agents known to damage DNA are listed 

in Table 1. 

DNA Repair Mechanisms 

Photoreactivation 

Enzymatic photoreactivation was the first 

DNA repair mechanism to be discovered (Kelner 

2 



Table 1. DNA Damaging Agents 

Agent 

X-rays and y rays 

Mitomycin C 

4-nitroquinoline
I-oxide (4NQO) 

Psoralen + 360 nm 
light 

cis-platinum (II) 
diaminodichloride 
(PDD) 

Bleomycin 

Nalidixic acid 

Main Type of Damage 

Single- and double-strand 
breaks 

Monoadducts and interstrand 
crosslinks (diadducts) 

Purine monoadducts 

Interstrand crosslinks 

Intrastrand guanine cross
links ("Guanine dimers") and 
some interstrand cross links 

Double-stranded scissions and 
degradation (nonenzymatic) 

Inhibition of DNA gyrase 
resulting in a stalling of the 
replication fork. Single- and 
doubled-strand breaks at the 
fork, and subsequent degrada
tion by the recBC nuclease 

Reference 

Setlow and Setlow 
1972 

Iyer and 
Szybalsky 1963; 
Tomasz et ale 
1974 

Nagao and 
Sugimura 1976 

Cole 1970 

Cohen et ale 1979 

Lown and Sim 1977 

Cozzarelli and 
Morrison 1979; 
Gudas and Pardee 
1975; Snyder and 
Drlica 1979: 
Gilbert 1981 

w 



1949). This repair process appears to be limited 

to pyrimidine dimers (Hall and Mount 1981). 

Photoreactivating enzyme (also known as DNA photo

lyase) binds to the pyrimidine dimer and forms a 

stable complex. The enzyrne-dimer complex then 

absorbs a photon of near UV or visible light, and 

the dimer is monomerized directly (Sutherland 

1978). Because the dimer is monomerized in situ, 

the integrity of the DNA is not disturbed. The 

phr gene codes for DNA photolyase (Figure 1). 

"Excision Repair 

In the absence of photoreactivation, 

pyrimidine dimers (as well as various other non

photoreactivatable lesions) are physically excised 

from the DNA molecule and the resulting gaps are 

filled in by repair DNA synthesis (Lindahl 1979). 

There are two steps to excision repair (see Figure 

2) • 

a. Incision--The helix distortion caused 

by the dimer (or other such lesion) is recognized 

by an enzyme complex, probably consisting of the 

4 



Figure 1. Genetic m~ ~) of E. coli K-12. 

The various genetic 3L- -c=>cii mentioned in this study 
are shown. The symbc:::a- --=:l.. s and their respective loca-
tions are taken from ::::3E3achman and Low {l980}. 

5 



Figure 2. Excision repair of thymine dimers. 

A) UV irradiation results in pyrimidine dimers 
(~). B) Incision of DNA 5' to dimer by an 
excision repair enzyme complex. C) Excision of 
the dimer containing oligonucleotide and resyn
thesis of DNA by DNA polymerase 1 yields intact 
duplex DNA (D). 

------.- ---_ .. _----



A 

B. 

c. 

D. 

~uv 
________ ~A~ ________________________ _ 

------------------------~v~--------

~ 
--~~~~------------

~\'---~-
-~--~~--~------~--~~~------

'.....J\..~ 

Figure 2. Excision repair of thymine dimers. 
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uvrA, uvrB and uvrC gene products. This complex 

hydrolyzes a phosphodiester bond at or near the 5' 

side of the lesion (Lindahl 1979; Hanawalt et a1. 

1979) . 

b. Excision and resynthesis--Starting at 

the site of incision, the 5'+3' exonuclease acti

vity of DNA polymerase I degrades part of the 

dimer containing strand, generating gaps mostly 

13-30 nuc1eotides long (short patch) (Ben-Ishai 

and Sharon 1978) and some several hundred nuc1eo

tides long (long p~tch) (Hanawalt et a1. 1979). 

The 5' exonuclease activity of DNA polymerase III 

and the single strand specific exonuclease VII may 

also perform this step, especially in the absence 

of polymerase I (Lindahl 1979; Hanawalt et a1. 

1979). Repair synthesis by DNA polymerase I fills 

in the gap using the intact opposite strand as a 

template. Excision appears to drive resynthesis 

and may utilize either a strand displacement or 

nick-translation mechanism; the nick is sealed by 

polynucleotide ligase (Hanawalt et a1. 1979; 

7 
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Lindahl 1979; Hall and Mount 1981). Short patch 

repair occurs when protein synthesis is blocked 

and therefore suffices with the basal level of 

repair enzymes. Excision repair probably is 

accurate as excisionless mutants are highly mut

able by UV (Witkin 1976). Long patch repair 

requires de novo protein synthesis after UV and 

probably is a consequence of post-replication 

repair and SOS induction, discussed below 

(Hanawalt et ale 1979). 

Post-Replication Repair 

UV irradiation temporarily inhibits DNA 

synthesis, as a result of pyrimidine dimer block

age of replication fork progression (Swenson and 

Setlow 1966). In excision-repair deficient 

strains (or at higher UV doses in excision

proficient strains) the DNA is subsequently syn

thesized as discontinuous, low molecular weight 

pieces, and is eventually lengthened and joined 

into high molecular weight DNA (Rupp and Howard

Flanders 1968; Smith and Meun 1970). These 

8 



observations and others led to the conclusion that 

the blocked replication fork reinitiates DNA syn

thesis about 1,000 bases down from the point of 

blockage (Rupp and Howard-Flanders 1968; Smith and 

Meun 1970; Iyer and Rupp 1971) generating gaps in 

the daughter strand DNA (Figure 3) most likely 

opposite the offending dimers (Hall and Mount 

1981). The subsequent joining of the gapped, 

newly replicated DNA into viable, high-molecular 

weight DNA is termed post-replication repair. 

Full post-replication repair requires de novo pro

tein synthesis, i.e., the expression of various 

genes as a result'of UV irradiation (Ganesan 1974; 

Witkin 1976). Additionally, the wild type recA 

and lexA genes and probably uvrA, uvrB and uvre 

genes are also required (Ganesan 1974; Mount, 

Walker, and Kosel 1975; Ganesan and Seawell 1975; 

Ganesan, Seawell, and Mount 1978). One mechanism 

of post-replication repair, recombinational 

repair, involves a physical exchange of DNA 

between the damaged and daughter strands, as shown 

9 
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A. 
~uv 

'-__ J~~ __________________ _ 

v 

B. 

c. 

o ------~~~-----------------
-

--------------------~v 

Figure 3. Formation of post-replication gaps. 

A) Pyrimidine dimers (~) are induced by UV 
before a segment of DNA is replicated. B and C) 
DNA synthesis reinitiates downstream from the 
dimers. D) The newly replicated DNA contains 
gaps opposite the dimers. 

10 



in Figure 4 (Rupp and Howard-Flanders 1968; '. 

Ganesan 1974). Although the exact details of 

recombinational repair (along with general genetic 

recombination) are still being elucidated, a 

general picture has emerged (Radding 1981; Howard

Flanders 1981). The single-stranded segment of 

the gapped DNA is bound by recA protein, aligning 

the bound DNA with the corresponding region of the 

intact homologous DNA (West et ale 1980; Cassuto 

et ale 1980; Cunningham et ale 1980; West, 

Cassuto, and Howard-Flanders 1981a). A nick in 

the parental strand of the intact DNA allows a 

reciprocal strand exchange promoted by recA pro

tein, between the two duplexes, filling the gap 

opposite the dimer (Ross and Howard-Flanders 1977a 

and b; Cassuto, Mursalem, and Howard-Flanders, 

1978; Radding 1981; Howard-Flanders 1981). Single 

strand binding protein may also participate in the 

exchange reaction (McEntee, Weinstock, and Lehman 

1980; Shibata et ale 1980). The resulting gap in 

the donor molecule is filled in by repair DNA 

11 



Figure 4. Recombinational repair of post
replication gaps. 

A) Replication past a dimer leaves a gap in the 
DNA opposite the dirner. B) recA protein binds to 
the gap and aligns the DNA with its sister homolog. 
(The protease activity of the bound recA protein 

may be activated at this point.) C)--recA protein 
catalyzes a strand transfer from the intact DNA 
molecule to the gapped one. D) The transferred 
DNA is ligated to the recipient strand thus seal
ing the post-replication gap. E) Repair DNA syn
thesis fills in the gap left in the donor molecule. 

--------------~---



A. 
--A ________________ __ 

s. ---A~=========== ~ 
protein 

c. 

.=:--
D. 

--A~ ____________ ~-

-

E. ---" 

- -- -----..-------

Figure 4. Recombinational repair of 
post-replication gaps. 
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synthesis, using the dimer-free daughter strand as 

a template. The process is completed by cutting 

of the exchanged strands at the crossover point 

and ligation of the exchanged and newly synthe

sized DNA to their respective duplex molecules 

(Howard-Flanders 1981; Radding 1981). 

Recombinational repair is not repair in 

the strict sense of the term. The dimers are not 

removed from the DNA and (in excision-deficient 

strains) can be detected long after the appearance 

of high molecular weight DNA and are distributed 

between the old and new strands (Ganesan 1974). 

Thus, recombinational repair enables DNA replica

tion to occur despite the presence of dimers. In 

excisionless strains, the dimers are presumably 

diluted out; wild-type strains probably excise the 

dimers after closure of the post-replication gap 

(Howard-Flanders 1981). 

A second post-replication repair mechanism 

is best described as transdimer synthesis (Clark 

and Volkert 1978). In this scheme the replication 

13 



complex acquires the ability to insert bases oppo

site dimers. Evidence for transdimer synthesis 

can be inferred from the reactivation of UV irra

diated single strand DNA phage in singly infected 

cells that have been pretreated with UV. Survival 

of irradiated ¢X174 was enhanced about three times 

in irradiated hosts (150 J/m2
) over unirradiated 

hosts (Tessman and Ozaki 1960; Bleichrodt and 

Verheij 1974). Excision repair and recombination 

repair both require pre-existing complementary DNA 

strands and so are not viable options for single 

stranded phage (Caillet-Fauquet, Defais, and 

Radman 1977). Thus, reactivation by host cells of 

single stranded phage implies the acquisition of 

an ability to replicate DNA despite the presence 

of dimers in the template strand (Caillet-Fauquet, 

Defais, and Radman 1977; Clark and Volkert 1978). 

As pyrimidine dimers are not instructional in DNA 

replication (otherwise why all this fuss to get 

rid of them?!) transdimer synthesis may insert a 

random base opposite each pyrimidine in the dimer, 
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an obviously error-prone process (Coulondre and 

Miller 1977; Caillet-Fauquet, Defais, and Radman 

1977; Hall and Mount 1981). This UV inducible 

error-prone repair mechanism is thought to be the 

basis for UV mutagenesis (Witkin 1967b, 1976). 

Experimental evidence supporting this hypothesis 

comes from the work of Coulondre and Miller (1977). 

They analyzed 653 independent UV-induced nonsense 

mutations in the lacA gene. They found that 10% 

(and possibly more) of the UV-induced nonsense 

mutations resulted from tandem double base 

changes. By contrast, tandem doubled base changes 

arose rarely, if at all, from treatment with other 

mutagens (e.g., one out of over one thousand 4-

nitroquinoline-l-oxide induced mutations). Aside 

from the reactivation of single stranded phage, 

transdimer synthesis may be required for sealing 

overlapping post-replication gaps and for excision 

repair of closely spaced dimers, both in cells and 

doubled stranded phage (Witkin 1976; Sedgwick 

1976) . 
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Strains carrying the umuC mutation are 

deficient in induced reactivation and mutagenesis 

of single and double stranded phage, as well as 

induced cellular mutagenesis (Kato and Shinoura 

1977; Steinborn 1979; M. Volkert, personal commu

nication). Plasmids that enhance these processes 

suppress the umuC defect and confer increased UV 

resistance (Walker 1977; Walker and Dobson 1979; 

Goze and Devoret 1979; Dobson and Walker 1980; 

Shanabruch and Walker 1980). However, umuC 

strains perform post-replication repair (as mea

sured by the joining of gapped, newly replicated 

DNA into high molecular weight DNA after UV) as 

well as umuC+ strains (Kato 1977). Thus, cellular 

DNA lesions requiring error-prone repair may be 

only a very small fraction of the total. 

The SOS System 

Unrepaired damage to DNA by a variety of 

physical and chemical agents or disturbances of 

normal DNA metabolism induce a highly pleiotropic 

response in E. coli known as the SOS system 
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(Witkin 1976). Several of the responses to DNA 

damage are, prophage induction (Brooks and Clark 

1976; Donch and Greenberg 1974), cellular muta

genesis (Witkin 1967b; Muira and Tomizawa 1968; 

Mount, Low, and Edmiston 1972), enhanced mutagene

sis and reactivation of an infecting, irradiated 

phage (Weigle mutagenesis, Weigle reactivation) 

(Weigle 1953; Ono and Shimazu 1966; Defais et a1. 

1971), alleviation of foreign DNA restruction (Day 

1977; Dharrnalingam and Goldberg 1980), induction 

of colicin E1 synthesis (Helinski and Herschrnan 

1967; Hull 1975; Tessman, Gritzmacher, and 

Peterson 1978; Tessman and Peterson 1980), inhibi

tion of post-irradiation DNA degradation by the 

recBC nuclease (Howard-Flanders and Theriot 1966; 

Marsden et ale 1974), a limited delay in cell 

division called filamentous growth (Witkin 1967a; 

Inouye 1971) and the amplification of recA protein 

(Inouye and Pardee 1970; Inouye 1971; Gudas 1976; 

Gudas and Pardee 1976). ~he overall regulation of 

the SOS system is coordinate (Witkin 1967ai Radman 
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1974; 1975). Certain classes of mutations in the 

lexA gene and the recA gene can inhibit the 

expression of all the SOS function (Witkin 1976) • 

Such mutations cause varying degrees of sensitiv

ity to UV light and other DNA damaging agents. 

Therefore, it is assumed that the SOS response as 

a whole (with the obvious exception of prophage 

induction) enhances the probability of survival 

after UV damage (Radman 1974; 1975; Witkin 1976). 

Other mutations at the recA and lexA loci allow 

SOS expression at high temperature or constitu

tively in the absence of DNA damage (Witkin 1976). 

The ~ Gene and DNA Repair 

In 1964, Howard-Flanders and Boyce hypoth

esized that the mechanisms of DNA repair and 

genetic recombination are intimately related. 

They saw the excision repair mechanisms as be~ng 

similar to the breakage and reunion mechanism of 

general recombination. The isolation of recA

strains (Clark and Margulies 1965) verified their 

hypothesis in part. Besides their recombination 
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deficiency, the various recA mutants were sensi

tive to UV light and X-rays and their DNA was 

degraded recklessly by recBC nuclease, especially 

after irradiation (Howard-Flanders and Theriot 

1966; Clark 1973). However, the genetic defects 

were separate from excision repair. Subsequent 

work revealed the bewildering pleiotropic nature 

of recA- mutations (discussed below) and suggested 

a major physiological role for the gene (Radman 

1974; 1975; Witkin 1976). 

~ Gene Expression and Regulation 

The earlies~ studies on the expression of 

recA protein came before the protein was identi

fied as such. Inouye and Pardee (1970) noted the 

high level synthesis of a new 39,000 dalton mem

brane protein, Protein X (later identified as the 

recA protein), after a variety of treatments that 

either damaged DNA (UV light) or blocked DNA syn

thesis (thymine starvation of a thymine auxotroph 

or nalidixic acid treatment). recA strains were 

found to be deficient in expression of Protein X 
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(Inouye 1971). Further work by Gudas indicated 

that both the lexA gene as well as the recA gene 

influenced the expression of Protein X. Strains 

carrying the lexA3 mutation were also blocked in 

Protein X synthesis after DNA damage (Gudas and 

Pardee 1975; Gudas 1976). Both the lexA mutation 

tsl-l (a thermosensitive derivative of lexA3) and 

the recA mutation tif-l (a thermosensitive deriva

tive of ~) allowed constitutive Protein X syn

thesis at 42° (Gudas and Pardee 1975; Gudas 1976). 

Furthermore, Protein X was thermally induced in 

"tsl-l strains even in a recA- background (Gudas 

1976). These observations suggested that both the 

recA and lexA gene products regulated the expres-

sion of the Protein X gene, with the lexA gene 

product probably acting as a repressor, and the 
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recA gene product as an inducer (Gudas and Pardee 

1975). Gudas also found that Protein X induction 

requires both a stalled replication fork and DNA 

degradation and that Protein X was distributed pro

portionally between the cell's cytoplasm and membrane. 

Furthermore, purified Protein X binds to single 



stranded DNA (Gudas and Pardee 1975; 1976). These 

observations suggested that Protein X is produced 

in response to DNA damage impeding the progress of 

a replication fork and that Protein X was involved 

in the repair of that damage (Gudas 1976). 

A major step toward understanding the 

regulation of the recA gene was the transfer of 

the recA gene to a A transducing phage and the 

consequent identification of the recA protein as a 

43,000 dalton band on polyacrylamide gels (McEntee 

1976: McEntee, Hesse, and Epstein 1976). Subse

quently, the recA protein and Protein X were found 

to be one and the same. Several lines of evidence 

supported this conclusion. First, partial proteo

lysis of the two proteins yielded the identical 

peptide "fingerprint" and identical kinetics of 

proteolysis (Little and Kleid 1977; Gudas and 

Mount 1977). Second, recA protein synthesized 

from AprecA transducing phages carrying various 

recA mutations had alterations in isoelectric 

points and molecular weight identical to that of 
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Protein X from strains carrying the corresponding 

mutation (McEntee 1977; Gudas and Mount 1977; 

Emmerson and West 1977). 

With the identification of Protein X as 

the recA gene product, the model for recA regula

tion described below emerged. The effects of 

various 1exA gene mutations are consistent with 

those epxected of a repressor of the recA gene; 

the 1exA3 mutation makes a repressor insensitive 

to inactivation and the ts1-1 mutation makes the 

repressor thermosensitive in operator-binding 

(Gudas and Pardee 1975; Gudas and Mount 1977). 

The recA+ requirement for Protein X, i.e. recA 

protein, induction and the ability of tif-1 

strains to induce synthesis of the protein at 42° 

implies an autoregulatory role for recA that is 

abolished in recA- strains and thermally activated 

in tif-1 strains (Gudas 1976; Gudas and Mount 1977). 

The amplification of Protein X and its DNA binding 

properties suggested a mechanism for protecting 

DNA from the ravages of recBC nuclease and hence why 

1exA- and recA strains degrade their DNA after UV 
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(Gudas and Pardee 1976; Satta, Gudas, and Pardee 

1979) • 

Model for Regulation of the recA 
Gene and the SOS System 

The recA+ dependency of recA protein 

amplification implies that the recA protein regu

lates the expression of its own gene. Further-

more, ample evidence, both genetic (Gudas and 

Pardee 1975; Gudas 1976; Gudas and Mount 1977; 

McEntee 1977; Emmerson and West 1977; l-1cEntee 

1978; McPartland, Green, and Echols 1980) and bio-

chemical (Little et a1 1980; Little, Mount, and 

Yanisch-Perron 1981; Brent and ptashne 1981) indi-

cates that the 1exA protein is a repressor of the 

recA gene, binding specifically to the recA opera

tor, thus negatively regulating its expression 

(see Figure 5). Various blockages of DNA synthe-

sis are thought to generate critical concentra-

tions of a signal mo1ecu1e(s) which Isymbo1ize" to 

the cell that DNA damage has occurred (Tomkins 

1975; Witkin 1976). The basal level of recA 
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Figure 5. Model for 50S regulation. 

1) The 1exA protein binds to the operators of the 
recA gene;-IexA gene and other 1exA repressed 
genes allowing only basal levels of expression of 
those genes. 2) Metabolites resulting from DNA 
damage interact with the basal recA protein there
by activating its protease activity, which in turn 
cleaves the 1exA protein. 1exA repressed genes 
are now derepressed and expressed fully. 3) The 
1exA protein of LexA- strains is insensitive to 
cleavage thus preventing 50S induction. 
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protein is thought to interact with the signal 

mo1ecu1e!(s) which probably are gapped or single 

stranded DNA and/or dATP (Roberts, Roberts, and 

Craig 19178; Craig and Roberts 1980; Phizicky and 

Roberts 1981; Craig and Roberts 1981). This 

interact:ion activates the recA protease which 

cleaves the 1exA protein, thus derepressing the 

recA gene and other 50S genes regulated by 1exA 

protein repression, including the 1exA gene itself 

(Witkin 1976; Tessman, Gritzmacher, and Peterson 

1978; Kenyond and Walker 1980; Brent and Ptashne 

1980; Kemyon and Walker 1981; Fog1iano and 

Schendel 1981; Huisman and D'Ari 1981; Little, 

Mount, and Yanische-Perron 1981; Brent and ptashne 

1981). A second class of targets for the acti

vated ~~cA protease are the repressors of various 

lambdoid phages, notably A and P22 (Roberts, 

Roberts" and Craig 1979; Phizicki and Roberts 1980). 

recA c1E~avage. of the phage repressor results in 

lysogenic induction of a resident prophage 

(Roberts and Roberts 1975; Roberts, Roberts, and 

Mount 1977). 
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As mentioned earlier, complete expression 

of the SOS system depends on the wild-type 1exA 

and recA genes. Mutations conferring a LexA 

phenotype (such as 1exA3) prevent SOS induction by 

making the 1exA protein insensitive to cleavage 

(Little et a1. 1980; Markham, Little, and Mount 

1981). Mutations conferring a RecA- phenotype 

(such as recA1, recA12, etc.) prevent SOS induc

tion by destroying the recA protease activity and/ 

or desensitizing it to activation (Roberts and 

Roberts 1981). Additionally, recA- mutants are 

deficient in general recombination (Clark 1973). 

Other mutations at the recA and 1exA loci have a 

variety of effects on the SOS system. The prin

ciple recA and 1exA mutations are listed in Table 

2 with the particular phenotype they cause. 

The Isolation of a recAoc Mutation 

One of the key points of the model of recA 

regulation is the role of 1exA protein as the recA 

gene repressor and the insensitivity of the 1exA

protein to the normal induction mechanism. The uv 
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Table 2. Mutations Affecting SOS Expression 

Mutation 

lexA gene 
(8.k.a. exr) 

lexA --

!E!: 

!E!: 
amber 

tsl-l 

~ 

Phenotype 

uv sensitive. recombination proficient, 
reduced A induction, no recA amplifica
tion or other SOS expressIon, -reckless
post-irradiation DNA degradation, domi
nant to all known lexA alleles. 

Mitomycin C resistant derivative of 
lexA3 mutation, allows consititutive 
expression of recA and other SOS genes, 
in tif-l strain-conotitutive for lyso
genrc-rnduction and mutagenesis, reces
sive to lexA-. lexA+. tsl-. 

Mitomycin C resistant derivative of 
lexA3, 8pr phenotype in non-amber sup
pressor strains and LexA- phenotype in 
amber suppressor strains. 

UV resistant. thermosensitive derivative 
of lexA3, recA protein sInthesis consti
tutive at low rate of 30 and fully 
amplified at 42·. slightly inducible to 
DNA damage at 30·. expression of other 
SOS functions has similar pattern. 

UV resistant. nonmutable derivative of 
B. coli B lexAl02 uvrA strain, does not 
degrade DN~sIViIy after UV and 
performs post-replicative repair at 
levels between lexAl02 and lexA+J recA 
protein is not amprrrred unaar-any--
condition. 

Probable Cause 

lexA- protein resists cleavage 
sy-ictivated recA protein and 
continues to repress SOS genes 
despite inducing treatment. 

!R! (lexA) protein probably 
binds poorly to recA operator 
and operators oflOther lexA 
repressed genes, tif-l actI
vated recA protein required for 
A repriiiOr cleavage and appar
ently mutagenesis. 

Amber leKA"protein unable to 
bind to:soS operators, suppres
sion restores lexA3 protein to 
full size and repressor func
tion. and continues to resist 
cleavage. 

tsl-l (lexA) protein binds 80s 
operato~eakly at 30· and not 
at all at 42·, tsl (lexA) pro
tein probably sflIl refractory 
to cleavage, thermosensitivity 
caused by chronic filamentation 
at 42°. 

Presumably. the rnmA (lexA)pro
tein is selectivery-unibIe to 
repress SOS repair gene(s) 
other than recA and uvrA. 

References 

Mount. Low and Bdmiston 1972/ 
Witkins 1961, Gudas 1976, Gudas 
and Pardee 1976, Little et al. 
1980, Markham. Little and Mount 
1981, Little. Mount and Yanisch
Perron 1981, Brent and ptashne 
1981. 

Mount 1977, Gudas and Mount 1977: 
Kenyon and Walker 1980. 1981/ 
Huisman and D'Ari 1981. 

Pacelli. Edmiston and Mount 1979, 
Little and Harper 1979, Brent and 
ptashne 1980. 

Mount. Walker and Kosel 1975. 
1976, Hulr 1975, Gudas 1976, 
Ganesan. Seawell and Mount 1978, 
Huisman. D'Ari and George 1980b, 
Huisman and D'Ari 19B1. 

Volkert. George and Witkin 1976, 
Volkert. Spencer and Clark 1979. 
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Table 2, Continued 

Mutation 

recA gene 
recA 

tif-l 
(recMU) 

zab-53 

lexB 
(recM30) 

Phenotype 

recA- recombination deficient, highly 
UVlBensitive, does not amplify recA 
protein, induce A prophsge or any-
other SOS function after UV, no spon
taneous A induction, -reckless- DNA 
regradation even without irradiat~on. 

Thermoinducib1e recA protein, allows 
constitutive expression of recA amplifi
cation, A' induction, filamentOUs growth, 
etc. at 42- or at 37· in a ~ bsck
ground, recombination profiCient and 
normal UV resistance, thermosensitivity 
suppressed by suppressors of filamenta
tion sfiA and sfiB. 

Isolated as a survivor of tif-l (A) 
strain at 42·, slightly recombination 
deficient, somewhat UV sensitive, defi
cient in A inductions, no recA amplifi
cation even in !!!=! background. 

Isolated as survivors of A induction by 
thymine starvation, fairly recombina
tion proficient, moderately UV sensitive, 
no UV A induction, some spontaneous 
induction, no recA amplification. 

Probable Cause 

recA- protein is deficient in 
homologous DNA strand pairing 
and exchange, mutant protein 
can't protect gapped DNA from 
recBC nuclease, recA- protein 
also deficient in protease 
activity that cleaves A 
repressor and lexA protein. 

tll-1 (recA) protein has greater 
affinity-than recA+ protein for 
cofactors (dATP or ATP and 
single-stranded DNA) needed for 
protease activation, allows 
protease activation with basal 
levels of cofactors, affinity 
probably enhanced at 42· or 
when gene is fully derepressed. 

Possibly a -down- promoter 
mutation and thus cannot ampli
fy recA protein even if repres
sor-rtexA protein) is 
inactivated. 

Deficient in protease activity, 
but proficient in DNA interac
tions involved in recombination, 
thua cannot expresa SOS function 
because unable to cleave lexA 
protein. ----

References 

Clark and Marguliea 1964, Gudas 
1976, Gudaa and Pardee 1976, 
Ross and Howard-Flanders 1977, 
Cassuto, Mursalem and Howard
Flanders 1978, Roberts and 
Roberts 1975, Roberts, Roberts 
and Craig 1978, Little et a1. 
1980, Hest et a1. 1980, Radding 
1981, Williams, Shibata and 
Radding 1991. 

Castel1azzi, George and Buttin 
1972a, Gudaa 1976, Mount 1977, 
Tessman, Gritzmacher and Peterson 
1978, Castel1azzi, Jacques and 
George 1980, Little et al. 1980, 
D'Ari and Huisman 1981, Phizicky 
and Roberts 1981. 

Castel1azzi, George and Buttin 
1972b, Castel1azzi et a1. 1977, 
McEntee 1978. 

Morand, Blanco and Devoret 1977, 
Glickman, Guijt and Morand 1977, 
Roberts and Roberts 1981. 
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Table 2, Continued 

Mutation 

recA142 

rnmB281 
(recAo281) 

Phenotype 

Like recA-. except that it permits 
spontaneous production of Ar active in 
vitro in protease assay with ARPyS -
Instead of dATP cofactor. 

Constitutive amplification of recA 
protein 1 partially suppresses uv-
sensitivity of a lexA] strain but does 
not restore other~function. 

Probable Cause 

Does not form the active ter
nary complex (recA protein 
single-strandea-BNA dATP) in 
vivo. --

recA operator constitutive 
mutationl high levels of recA 
protein promote recombina
tional repair and inhibits 
extensive DNA degradation. 

References 

Clark 1973, Roberts and Roberts 
1981. 

Volkert. Spencer and Clark 19791 
Volkert. Margossian and Clark 
19811 Williams. Shibata and 
Radding 1981. 
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sensitivity of lexA strains is caused, in part, 

by their inability to amplify recA protein after 

irradiation (Gudas and Pardee 1975; Gudas and 

Mount 1977). Thus, the selection of DNA damage 

resistant derivatives of a lexA- strain should 

yield three classes of mutations. One class con

sists of mutations which revert the lexA- protein 

+ to lexA or modify its activity as a repressor. 

Examples of this class are tsl, spr and probably 

rnmA (Mount, Walker, and Kosel 1973; Mount 1977; 

Volkert, Spencer, and Clark 1979). The second 

class consists of mutations which confer upon the 

recA protease the ability to cleave the lexA- pro

tein. One possible candidate for this class is 

. * the t1f mutation (Mount 1979). The third class 

of mutations consists of alterations in the regu-

latory region of the recA gene (or of other lexA 

repressed genes whose product enhances survival 

after DNA damage). An operator-constitutive muta-

tion falls into this last class. 
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Identifying Properties of a recAoc Mutation 

A recAoc mutation should be identifiable 

by several predicted properties: 

1. It should partially suppress the UV 

sensitivity of a lexA- strain. 

2. It should map near the recA gene. 

3. It should allow a high level of con-

stitutive recA protein and recA mRNA 

+ synthesis in both lexA and lexA 

strains. 

4. It should be cis-dominant for consti-

tutive recA protein synthesis. 

The objective of this work was two-fold. 

First, the recA operator was to be identified 

genetically by the isolation of a mutant having 

the predicted properties of a recA operator con

stitutive mutation and by determining the nucleo

tide sequence of the mutation. Second, the recAoc 

mutation was to be used to study the contributions 

of amplified levels of recA protein to survival 

after DNA damage and to the expression of some 50S 

functions. 
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CHAPTER 2 

MATERIALS AND METHODS 

Strains 

The various bacterial, phage and plasmid 

strains used in this study are listed in Table 3 

and Table 4. 

Liquid Media 

A broth consisted of Bacto-tryptone (10 

gm/liter), NaCl (5 gm/liter) and vitamin Bl (0.2 

mg/liter). A+ broth consisted of A broth supple-

mented with glucose (2 gm/liter) and casamino 

acids (~.5 gm/liter). 

A mM broth consisted of A broth supplemented 

with maltose (2 gm/liter) and MgS0
4 

(10 roM) • 

3XA+ Mg broth consisted of Bacto-tryptone 

(30 gm/liter), NaCl (5 gm/liter), vitamin Bl (0.2 

mg/liter), glucose (2 gm/liter), and MgS0
4 

(10 mM). 
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Table 3. Plasrnids and Phages 

Plasrnids Relevant Markers Source 

pBR322 r tet , ampr J. Little 

pJL26 r tet , lexA3 J. Little 

pJL3 r recA J. Little amp , 

Phages Relevant Markers Source 

Plvira D. Mount 

Aref CI+ R. Devoret 

AplexA3 CI8S7, lexA3 J. Little 

AprecA CI+, recA + K. McEntee 

Aptif CI+, tifl D. Mount 

AOPl CI+, recAo98 (?) This study 



Table 4. Strains and Relevant Genotype 

Strain lexA recA srI Other Plasmid Origin or Source 

ABl157 + + + argE3 This lab 

AB2463 + recAl3 + P. Howard-Flanders 

AB2480 + recAl3 + uvrA6 P. Howard Flanders 

JCI0236 + + srI300::TnIO M. Volkert 

JCl1867 lexA3 recAo281 sr1300: : TnlO M. Volkert 

JMl2 + tifl + This lab 

MVl138 + recAo281 srI300::TnIO M. Volkert 

DM49 lexA3 + + argE3 This lab 

DMl180 lexA3 tifl + sfiAII This lab 

DMl623 lexA3 + + sfiAII* .This lab 

DM2198 + tifl sr1300: :TnIO This study 

DM2199 lexA3 + + sfiAII* pJL26 This study 
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Table 4, Continued 

DM2200 lexA3 recAo98 + sfiAll* pJL26 This study 

DM220l lexA3 recAo28l + This study 

DM2202 lexA3 + srl300::TnlO sfiAll* This study 

DM2203 lexA3 recAo28l + pJL26 This study 

DM2204 lexA3 recAo28l + pJL3 This study 

DM2205 + recAo281 sr1300::TnlO pJL3 This study 

DM2206 lexA3 + + sfiAll* pJI,3 This study 

DM2207 le~3 recAo98 + sfiAll* pJL3 This study 

DM2208 + recAo98 + pJL3 This study 

DM2209 lexA3 tifl srl300: : TnlO sfiAll This study 

DM22l0 lexA3 recAo98 srl300::TnlO sfiAll* This study 

DM22ll + recAo98 + argE3 This study 

DM22l2 lexA3 recAo98,tifl + sfiAll This study 

DM22l4 lexA3 recAo98 + argE3 This study 

w 
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Table 4, Continued 

JL363 + 

JL364 + 

+ + 

+ + 

pBR322 

pJL3 

J. Little 

J. Little 

* The sfiAll mutation.was originally included to prevent the lethal filamentation 
that might have been expected from constitutive recA synthesis (Satta and Pardee 
1978). However, the viability of sfiA+ recAo98 strains proved our concern 
unfounded. 
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L broth consisted of Bacto-tryptone (10 

gm/liter), yeast extract (S gm/liter), NaCl (10 

gm/liter) and an NaOH pellet (l/liter). 

LC broth consisted of bacto-tryptone (10 

gm/liter), yeast extract (S gm/liter) I NaCl (S 

gm/liter), CaCl (2 mM), glucose (S mg/liter) I 

thymidine (O.S gm/liter) and adjusted to pH 7.3. 

M9 broth consisted of Na2HPo4 (6 gm/liter), 

KH 2Po4 (3 gm/liter), NaCl (O.S gm/liter), NH4Cl (1 

gm/liter), MgS0
4 

(1 roM), CaC1 2 (0.1 mM), glucose 

(4 gm/liter). This was supplemented with either 

1.2S gm/liter casamino acid for general use or SO 

mg/liter arginine, histidine, proline, isoleucine, 

theonine and leucine, and 30 mg/liter valine for 

use as a defined minimal medium. (These amino 

acids meet the various requirements of the differ

ent auxotophs used in this study.) 

When needed, tetracycline or ampicillin 

was added to liquid and solid media to a final 

concentration of 20 ~g/ml. 
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Solid Media 

A plates consisted of A broth solidified 

with 10 gm/liter agar. 

A top agar consisted ·of A broth solidified 

with 6.5 gm/liter agar. 

N plates consisted of Bacto-tryptone (8 

gm/liter), NaCl (5 gm/liter), glucose (2 gm/liter), 

casamino acid (1.25 gm/liter) and vitamin B1 (0.2 

mg/1iter) and solidified with 20 gm/1iter of agar. 

"RD" solid minimal media consisted of Tris 

salts (12.1 gm/liter), NH 4C1 (1 gm/1iter), KH2P04 
(22 mg/liter), KCl (1.49 gm/liter), NaC1 (4.68 gm/ 

liter), Na2so4 (220 mg/liter), MgC12e6H20 (2.03 

gm;liter), CaC12eH20 (147 mg/liter), FeC13e6H20 

(8.1 mg/1iter), vitamin Bl (0.2 mg/liter), glucose 

(4 gm/liter) and the same amino acid mix listed 

above for M9. This was solidified with 15-20 gm/ 

liter agar. For crosses selecting the ability to 

utilize sorbitol, sorbitol (4-6 gm/liter), was 

substituted for glucose. 

MacConkey sorbitol indicator plates con

sisted of Difco MacConkey agar base with 5 gm/1iter 
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sorbitol added. Strains that utilize sorbitol 

give red colonies. 

Semi-enrich minimal plates for mutagene

sis studies consisted of RD minimal, with 40 

mg/liter casamino-acids added and arginine deleted. 

LC plates consisted of LC broth solidified 

with 10 gm/liter agar. 

LC top agar contained Bacto-tryptone (10 

gm/l~ter), yeast extract (5 gm/liter), NaCl (5 gm/ 

liter) and solidified with 0.65% agar. CaC1 2 (4 

roM) was added just prior to use. 

F top agar consisted of 0.85% saline 

solidified with 0.54% agar. Sodium citrate (20 

mg/ml) was added just prior to use. 

Bacterial Cultures 

The various strains of bacteria used in 

this study were stored as suspensions in 43.5% 

glycerol at -20°. 

Saturated overnight cultures were grown by 

inoculating 10 ml of the desired liquid medium 

with about 0.1 ml of glycerol suspension and 
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shaking the culture overnight at 37°. The titer 

of such cultures was in the range of 109 viable 

cells/mI. Exponential or log phase cultures were 

prepared as follows: An overnight culture was 

diluted 1:100 into the desired growth medium and 

shaken at 37°. Growth was monitored periodically 

by measuring optical absorbance in a Klett

Summerson colorimeter. A mid-log phase culture of 

about 2 - 3 x 10 8 cell/ml corresponded to an 

increase in the absorbance of 80 Klett units above 

the uninoculated growth medium. 

Phage Growth 

PI Lysate 

Phage PI packages host DNA fragments 

during lytic growth and thus can be used to trans

fer genetic information from one strain to another 

for purposes of genetic mapping or strain con

struction. A transducing lysate was prepared as 

follows. An overnight culture of the donor strain 

was diluted 1:100 in LC broth and shaken for 6 
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hours at 37° yielding an early stationary phase 

culture. 0.4 ml of the donor cells and 0.1 ml of 

a Pl vira lysate at 5 x 10 7 plaque formers/ml were 

mixed in LC top agar and then plated on deep dish 

LC plates. After 12 hours incubation at 37°, con-

fluent lysis occurred and the top agar was scraped 

off into a 45 ml centrifuge tube containing 0.5-

1.0 ml of CHC1
3 

per plate. The scraped plate was 

washed with 1 ml of LC broth which was added to 

the centrifuge tube. After 1-4 hours on ice with 

periodic vortexing, the tube was centrifuged at 

6,000 rpm for 15 minutes and the supernatant, con-

taining the Pl was saved and titered. A titer of 

at least 5 x 109 plaque formers per ml was 

desirable. 

A Lysates 

Phage A stocks were prepared as follows: 

An overnight culture of the desired host was pre-

pared in A rom broth. + 10 ml of 3 x A + Mg broth 

was inoculated with 0.2 ml of the overnight cul

ture and shaken at 37° until the culture had grown 
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about 10 Klett units. Then 10 6-10 7 phage parti-

cles were added from a previous lysate, or a fresh 

single plaque was impaled with a Pasteur pipette 

and blown into the culture. 

Growth of the cells and subsequent lysis 

was monitored with the Klett Colorimeter. Com-

plete lysis occurred after 3-9 hrs of vigorous 

shaking at 37°. The lysate was then poured into 

a 45 ml centrifuge tube containing 0.5-1.0 ml of 

CHC1
3

, vortexed and spun to remove the debris. 

The supernatant containing the phage was saved and 

titered. A typical yield was in the range of 

1010_1011 phage per mI. 

Construction of 
Plasmid Carrying Strains 

The methodology for constructing plasmid 

carrying bacteria was adapted from J. Little 

(1979; 1980). 

Preparation of Competent Cells 

The recipient strain was grown in L broth 

to mid-log phase. The cells were washed once in 
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saline and resuspended in an equal volume of ice 

cold 30 mM CaC12 . After 20 minutes on ice, the 

cells were concentrated ten times in 30 mM CaC12--

15% glycerol. The cells were either frozen in 

ethanol-dry ice for storage at -70° or used imme-

diately for transformation. 

Transformation 

In a thin-walled glass tube, 100 ~l of 

competent cells (thawed on ice if frozen) were 

mixed with 50 ~l of plasmid DNA (1 - 10 ~g/ml) and 

allowed to stand at 0° for about an hour. The 

cell-DNA mix was rapidly heated at 40° for 75 

seconds and then quick-chilled in ice water. 5 ml 

of L broth was added to each tube and the tube 

shaken for about 2 hours at 37° to allow expres

sion of antibiotic resistance. 0.1 ml of 10°, 

10-1, 10-2 dilution of the culture were then 

spread on selective plates (nutrient agar contain-

ing tetracycline or ampicillin) and incubated 

overnight. Several of the resultant colonies were 

picked and purified on the selective plates. 
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Euqalp Test 

Principle 

The euqalp test determines if a wild-type 

recA gene is present on a transducing phage as, 

for example AprecA (Mount 1979). Bacterial 

strains that have a recA mutation are very sensi

tive to mitomycin C and grow poorly in the pres

ence of even low-doses of the drug (approximately 

0.1 ~g/ml). Providing recA cells with a wild

type recA gene from an exogenous source (e.g., 

AprecA) should relieve that sensitivity and allow 

them to grow up over a background of cells that 

had not received the wild-type recA gene. Plating 

recA cells via top agar in the presence of the 

drug results in a very weak bacterial lawn; A 

phage plated in this manner will generate weakly 

turbid plaques on this weak lawn (Figure 6). How

ever, AprecA, because it complements the recA 

deficiency of the host, will allow the lysogens 

(abortive or otherwise) in the center of the 

plaque to grow normally in the presence of the 
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Figure 6. Euqalp test. 

A mixture of AprecA and Aptif were plated on recA- host AB2463 
presence of mitomycin C as described in Materials and Methods. 
forms euqalps, while Aptif forms plaques. 

in the 
AprecA ~ 
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drug. (The dose is high enough to affect recA 

cells, but low enough not to push phage into a 

lytic cycle.) These will stand out over the back

ground of the weak lawn appearing like the inverse 

of a plaque. Hence, the name, euqalp (plaque 

spelled backwards). Colonies isolated from the 

euqalp were not lysogenic for AprecA. AprecA is 

deleted in the attachment site used in the normal 

establishment of lysogeny (McEntee 1977). In my 

hands and in the hands of several members of this 

laboratory, stable lysogens of AprecA were not 

isolated. 

Protocol 

One to two days prior to the experiment A 

plates were prepared. Because the drug is added 

to the overlay, the plates must be poured per

fectly level to prevent an uneven distribution of 

the drug. The experiment should be performed on a 

level table for the same reason. An overnight 

culture of a recA strain (AB2463) was prepared in 

A rom broth. Mitomycin C was freshly diluted to 10 
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~g/m1 from a stock solution. 0.3 m1 of the drug 

was combined with 0.2 m1 of the recA culture and 

0.1 m1 of appropriately diluted phage in freshly 

melted Atop agar. The mixture was poured on the 

level Ap1ate and allowed to harden before it was 

moved or stacked. The plates were incubated for 

1-2 days at 37°. The experiment should be conduc-

ted under dim lighting and the plates wrapped with 

foil to prevent photo-inactivation of the mito-

mycin C. 

5-Bromouraci1 Mutagenesis and 
Isolation of recAoc Strain 

1exA strains are not mutable by UV light 

and other mutagens that operate via the cell's 50S 

system (Witkin 1976). Therefore, the thymine ana-

log, 5-Bromou~aci1, (5-BU) which causes G:C+A:T 

transitions and is not dependent on the 50S system 

(Rydberg 1977) was selected as a mutagen. The 

addition of deoxyadenosine to the growth medium 

facilitates the uptake of exogenous thymine (or 

here, 5-BU) by thymine prototrophs (Boyce and 
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Setlow 1962). The conditions for mutagenesis were 

pre-tested by reversion of the 5-BU revertable 

thrl mutation in lexA3 strain DM49, transformed 

with the lexA3 plasmid, pJL26. As had been 

reported for lexA+ strains (Rydberg 1977), the 

optimal time for exposure to the mutagen was 1 hr. 

Isolation of the recAoc Mutant 

An overnight culture of DM2l99 grown in 

M9-Casamino-acids (1.25 mg/ml) medium with tetra

cycline (20 ~g/ml) was diluted into fresh medium 

and grown to mid-log phase. The cells were con

centrated ten-fold in saline, diluted 100-fold 

into fresh medium containing 0.1 roM 5-BU and 250 

~g/ml deoxyadenosine. This was shaken at 37° for 

55 minutes, chilled on ice and then diluted 50-

fold into 136 test tubes containing 5 ml of L 

broth. These subcultures were grown overnight. 

About 0.1 ml for each subculture was spread on a 

nutrient agar plate, and irradiated with 26 J/m
2 

of UV light from a GE germicidal lamp. The plates 

were then incubated overnight at 37°. Previous 

48 



experiments with DM2l99 showed that this dose 

leaves roughtly 100-200 surviving colonies per 

plate. One surviving colony' was picked from an 

area of each plate where cells were most thinly 

spread. This reduced the possibility that surviv

al resulted from shielding by other cells and not 

from a recAoc mutation. (The mutation frequency 

to recAoc could not be determined because survival 

data was crudely estimated, only one colony per 

plate was sampled and the sampling was non-random.) 

Screening for UV Resistance 

The collection of 136 surviving colonies 

was restreaked on nutrient plates to obtain pure 

clones. These clones were screened for UV resis

tance relative to the parent strain DM2l99 as 

follows. The colonies were picked with the blunt 

end of a sterile toothpick and patched in a grid 

on nutrient agar tetracycline (Ntet) plates, about 

50 patches per plate. Patches of DM2l99, DM1623 

and ABl157 were included as controls. After about 

6 hours growth at 37°, the original grids were 
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replica plated, via an intermediate plate, onto 6 

plates. These plates were irradiated with 9, 7, 

5, 6, 4, 5, 3, and 1.5 J/m2 UV respectively and 

incubated overnight at 37°. About 45 of the 

clones showed some degree of UV resistance re1a-

tive to the parent strain DM2199. Ten of these 

were lysogenized with a A1exA3 transducing phage 

and checked for retention of their level of UV 

resistance, to rule out reversion of all the 1exA3 

copies in the cell (Little and Harper 1979, Little 

1980). One of the UV resistant derivatives of 

DM2199, was designated DM2200 and subjected to 

more intensive study. 

~ing and Strain Construction 
by Phage P1 

The ~ gene is cotransducib1e with the 

sr1 (sorbitol utilization) operon (McEntee 1976, 

McEntee and Epstein 1977). The mapping of the 

recAoc mutation and its transfer into various 

genetic backgrounds was facilitated by the avai1a-

bi1ity of a transposori Tn10 insertion into the 

sr1C gene (Csonka and Clark 1980). Strains 
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carrying the srlC300::TnlO mutation can be used 

both as donors (by selecting for tetracycline 

resistance) and as recipients (by selecting for 

sorbitol utilization) in the genetic transfer of 

recA alleles. 

The following general procedure was used 

for PI transductions. PI vira phage was grown on 

the donor strain as described above. The recipi-

ent strain was grown in LC broth to mid-log phase, 

concentrated ten times in MC buffer (100 rnM MgS04 , 

5 rnM CaCI2 ) and infected with an equal volume of 

the donor PI (5 x 10 8 ml) . (Usually the donor, PI 

was irradiated withl50 J/m2 of UV light to kill 

the plaque forming particles and to encourage 

recombination between the donor and recipient DNA. 

Later experiments indicated that irradiating the 

phage was not needed to obtain transductants 

unless the cross involved separating very closely 

linked markers.) After a 20 minute adsorption 

period at 37°, the cells were washed once or twice 

with 5 volumes of saline, concentrated into 
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0.1-0.3 ml saline and then plated, using F top 

agar, onto selective media. 

If the recipient carried the srlC300::TnlO 

mutation, RD sorbitol plates served as the selec

tive medium. Colonies appeared after 3-4 days at 

37°. These were purified on RD sorbitol plates 

and then screened for the desired phenotype (e.g., 

suppression of the UV sensitivity conferred by 

lexA3) ~nd sensitivity to tetracycline. Most of 

the Srl+ transductants were tetracycline sensitive 

as would be expected. However, some (as much as 

20% of the transductants) were tetracycline resis

tant. These may have resulted from a TnlO "hop" 

elsewhere in the genome and not from a recombina

tion event at the srI locus (Kleckner et ale 1978). 

Such Srl+ Tetr "transductants" were not counted in 

the determination of srl-recAoc cotransduction 

frequency, both in this study and elsewhere (M. 

Volkert, personal communication). If the donor 

carried the srlC300::Tn 10 mutation then Ntet 

plates served as the selective medium. A top agar 
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replaced F top agar, allowing phenotypic expres

sion of Tetr before the drug diffused from the 

plate into the top agar. Colonies appeared after 

overnight incubation at 37°. These were purified 

on Ntet plates and screened for the inability to 

utilize sorbitol on Maconkey-sorbitol plates. If 

the donor recA allele differed from the recipient 

recA allele, the transductants were screened for 

the desired phenotype. 

Determination of UV Sensitivity 

Mid-log phase cultures were prepared in A+ 

broth with the appropriate antibiotic if indicated. 

These were concentrated 10 times in saline and 

then diluted 100 times into saline. 5 ml of cul-

ture were transferred to a glass Petri dish and a 

zero dose sample was taken and diluted appropri

ately in A broth. 0.1 ml of the final dilution 

was spread on an N (or Ntet) plate. The cells in 

the Petri dish were then irradiated with various 

doses of UV light, sampled, diluted and plated 

after each dose. The plates were then incubated 
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overnight at 37° and counted the next day for sur-

viving colonies. 

Examination of recA Protein Synthesis 

in vivo Labelling of Proteins and 
Preparation of Whole Cell Extract 

Cultures were grown in M9 to early mid-log 

phase (~ 50 Klett) and chilled. 5 ml of culture 

were transferred to a glass Petri dish and irradi

ated with about 60J/m2 of UV light. 2 ml each of 

irradiated and non-irradiated cells were shaken at 

37° for 30 minutes. 1 ml of each culture of 5 35 

methionine (20-25 ~ci) and unlabelled methionine 

(0.75 ~g/ml). After 5 minutes shaking at 37°, 100 

~l of 1% methionine was added and the tube was 

chilled. Incorporation of radioactive label into 

cellular proteins is linear under these conditions 

(5. Cohen, personal communication). Each culture 

was transferred to a 1.5 ml Epperdorf tube, pel

leted and resuspended in 50-75 ~l of cracking 

buffer (2% sodium dodeceyl sulfate (SDS), 125 mM 

Tris pH 6.8, 5% S-mercaptoethanol, 10% glycerol 
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and 50 ~g/ml brom phenol blue). At this point the 

"cracked cells" could be either quick frozen for 

storage at -70 0 or processed further as described 

below. 

Determination of Acid-Precipitable 
Counts and Sample Preparation 

5 pl of each cell extract were spotted on 

each of 2 Whatman 3MM filter discs, air dried, 

washed with 50 pl ice-cold 5% trichloracetic acid 

(TCA), and soaked overnight in cold 5% TCA (5-10 

ml per filter). The filters were washed twice 

with an equal volume of cold TCA, twice with an 

equal volume of 95% ethanol and dried at 70 0 for 

10-20 minutes. The filters were" then transferred 

to scintillation vials with 3-4 mls of Omniflour. 

The vials were counted twice on a Tracor Liquid 

Scintillation Counter generating 4 sets of counts 

for each whole cell extract (2 filter/extract x 2 

countings) and the average of the four numbers was 

taken as the number of cold TCA precipitable 

counts in the cell extract. Cracking buffer was 
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added to each extract as needed so that each would 

contain approximately the same concentration of 

radioactivity. 

SDS-polyacrylarnide Gel Electrophoresis 

The labelled cell extracts were analyzed 

in the Laemrnli discontinuous SDS-slab gel system 

(Laemrnli and Favre 1973; Little and Hanawalt 

1977) • 

Gel molds were formed by two glass plates, 

28 cm x 18 cm for long gels and 13 cm x 18 cm for 

short gels. One of the two plates were separated 

by 3, 2 cm x 0.15 cm Teflon spacers lightly coated 

with Vaseline and the mold was held together with 

binder clips. 

The resolving or separating gel solution 

consisted of 9.6% acrylarnide, 0.1% SDS, 375 roM 

Tris pH 8.8, 32 mg/ml arnonium persulfate and 0.5 

~l TEMED per ml solution. About 44 ml (long gel) 

or 11.5 ml (short gel) was pipetted into the mold, 

leaving about 3 cm for the wells and stacking gel. 

The resolving gel was overlaid gently with about 
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2 ml of 0.1% 50S and allowed to polymerize. If 

the gel was to be used the next day, the 50S over

lay was poured off and replaced with about 5 ml of 

"overnight" buffer (0.9% 50S - 340 roM Tris pH 8.8). 

Just prior to use, the stacking gel area 

was rinsed 2 or 3 times with buffer (0.9% 50S -

114 roM Tris pH 6.8). About 6.5 ml of stacking gel 

solution (3.6% acrylamide, 0.1% 50S, 125 roM Tris 

pH 6.8 with amonium persulfate and TEMEO as above) 

was added to the mold and a 20 toothed Teflon comb 

was inserted, forming 2 em wells and a 1 cm stack

ing gel. The stacking gel was allowed to polymer

ize. Contact with air prevents acrylamide from 

polymerizing and bubbles were carefully excluded 

from the poured gel solutions. After polymeriza

tion, the comb was removed and the wells washed 

several times with running buffer to remove any 

unreacted acrylamide (3.03 mg/ml Tris Base, 14.4 

mg/ml glycine and 0.1% 50S). The bottom spacer 

was removed, the gel "sandwich" placed in a verti

cal electrophoresis apparatus and the reservoirs 

filled with running buffer. 
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20 - 25 ~l of cell extract was boiled for 

3 minutes just prior to loading. The samples were 

loaded and electrophoresed through the stacking 

gel (120V long gel, 60V short gel). Just after 

the brom phenol blue entered the resolving gel, 

the voltage was doubled. When the brom phenol 

blue reached the bottom, the gel was removed and 

stained overnight in 25% isopropenol - 10% acetic 

aicd - 0.025% coomasie blue. The gel was 

destained in 10% acetic acid - 5% methanol, trans

ferred to heavy filter paper and dried under 

vacuum on a Hoefer Slab Gel Dryer. 

Autoradiography and Densitometry 

To determine the rate of synthesis of a 

given protein, the optical density (0.0.) of 

its bank on the autoradiogram must be directly 

proportional to the radioactivity contained in the 

corresponding bank in the dried gel. The condi

tions that produce such a linear relationship vary 

with the particular radionuclide, the presence or 

absence of an intensifying screen, the particular 
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film emulsion and the mode of development (E. Hahn, 

Eastman Kodak Corporation, personal communication). 

In this study, the gels were exposed to Kodak XR-5 

or XAR-5 X-ray films without an intensifying 

screen and developed manually in Kodak KLX X-ray 

developer. Under these conditions, bands with an 

0.0. falling between about 0.6 and 2.2 are within 

the linear range (E. Hahn, personal communication). 

Densitometer scans were performed on a 

Helena Laboratories Quick-Scan R&D densitometer. 

Those autoradiograrns that were scanned were 

exposed for a sufficient period so that the 

desired O.D.'s were obtained. The O.D.'s of the 

bands of interest were determined densitometric

ally by comparing the height of their respective 

peaks with a scan of a Kodak Photographic Step 

Tablet no. la. 

The heavy band just above the recA pro

tein, EF-Tu, is not induced by UV and can be used 

as an internal standard against which to express 

the relative rate of recA synthesis (Darby and 
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Holland, 1979). The height of the EF-Tu peak was 

found to deviate relatively little from one lane 

to the next (standard deviation, ± 3.4% of the 

mean) . 

Cellular Mutation Frequency 

- + The frequency of UV induced Arg to Arg 

revertants was determined as follows. Cultures 

were grown in A+ broth to mid-log phase, concen-

trated 10 times in saline and diluted 100 times in 

saline. 

5 ml of culture were transferred to a 

glass Petri dish and a zero dose sample was taken, 

diluted appropriately in saline; 0.1 ml of the 

final dilution was spread on a semi-enriched mini-

mal plate. The cells in the Petri dish were then 

irradiated with various doses of UV, sampled, 

diluted and plated as above after each dose. The 

plates were counted after 2 days inCUbation at 37°. 

Arg+ revertants for a given dose formed large 

colonies over a heavy background growth on the low 

dilution plates (10 0 ,10-1 ). Survival for a given 
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dose was scored on the higher dilution plates 

(10- 4 , 10-3 ) where the colonies were small with no 

background. 

Mutagenesis and Reactivation 
of Phage A 

These were performed as described (Mount 

1977). Briefly, log cultures of the host strain 

were grown in A rom , concentrated 5 times into 10 roM 

MgS0
4 

and irradiated with UV or not, as indicated. 

The phage suspension (5 x 107/ml ) in 10 roM MgS0
4 

was irradiated with 120 J/m2 of UV, adsorbed to 

the previously irradiated or unirradiated host 

cells and the cells plaque assayed as infectious 

centers on the repair and mutagenesis deficient 

(recA-, uvrA-) indicator strain, AB2480. The 

plates were incubated and plaques scored. For 

clear plaque mutagenesis experiments each plate 

contained approximately 3,000 infective centers. 

The overwhelming majority of clears detected by 

this method are from bursts that contain largely 

mutant phage. Such bursts result from a 
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mutational event which presumably occurs when the 

damaged parental phage genome is first replicated. 

Large Scale Growth and Purification 
of Phage A and Its Derivatives 

Growth and Precipitation of 
Large Volume A Lysates 

Several liters of A lysate were prepared 

in Fernback flasks (1 liter per flask) by scaling 

up the standard procedure. The phage were precip-

itated by adding NaCl (29.2 gm/liter) and poly

ethylene glycol 6,000 (100 gm/liter) to the lysate 

and stirred overnight. After centrifugation the 

pellet was resuspended in 4 - 8 ml TMG (10 roM 

Tris-HCl pH 7.4, 10 roM MgS04 ~g/ml gelatin) per 

liter of lysate. 1 ~g/ml of pancreatic Dnase was 

added to digest cellular DNA ("desnotting" - B. 

Knoll, 1979). Any remaining cell debris and asso

ciated crud were removed by low speed centrifuga-

tion. The phage was now concentrated in the 

supernatant. 
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Step Gradient 

The phage were partially purified in a 

three step CsCl density gradient (1.3, 1.5, 1.7 

gm/cm3). This was prepared by dissolving the 

appropriate amount of CsCl in TMG and layering the 

CsCl solutions (1.7 gm/cm3 on the bottom) in a 

9/16 in. x 3 3/4 in. nitrocellulose centrifuge 

tube. Up to 8 ml TMG-phage suspension was gently 

layered over the top (1.3 gm/cm3 ) layer and the 

remaining tube volume filled with mineral oil. 

The tubes were centrifuged in an SW 40 rotor for 

1 hr (or more) at 35,000 rpm.. The phage band 

3 3 appeared between the 1.3 gm/cm and 1.5 gm/cm 

layers and was removed with a small (1 - 3 ml) 

hypodermic syringe. 

The phage band was titred and could be 

stored in the CsCl-TMG. For use in biological 

experiments, the phage band was dialyzed overnight 

against 500 volume.s of TM buffer (10 mM Tris-HC1, 

pH 7.4 - 10 mM MgS04 ) with one change of buffer. 
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Banding of Phage in CsCl Gradient 

If pure phage DNA was needed, the step

gradient band had to be further purified by band

ing in a continuous CsCl gradient. The step 

gradient band t:las mixed with 2 - 4 mls of CsCl-TMG 

(density 1.5 gm/cm3), in a 1/2 in. x 2 in. nitro

cellulose centrifuge tube, corrected as needed 

exactly to density 1.5 gm/cm3 , overlaid with 

mineral oil and centrifuged in an SW50L or SW65 Ti 

rotor for 16 hours (or more) at 37,000 - 40,000 

rpm. The phage band which appeared midway in the 

gradient, was removed and dialyzed as above. 

UVld Cell System 

Proteins coded by the A genome can be 

specifically labelled by heavily irradiating the 

host cell and infecting with the desired phage 

(Hendrix 1971; Little and Harper 1979). Host cul

tures were grown to mid-log phase in M9GM (as M9, 

but maltose substituted for glucose, and 0.2% 

glycerol), concentrated 5 times in M9LM (same as 

M9GM with MgS04 concentration raised to 10 roM) , 
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and irradiated with 1160 J/m2 UV. 0.25 ml of con

centrated, irradiated cells and 1.5 x 109 step-

gradient purified phage in 10 ~l of 10 rnM MgS0 4 

were combined in a test tube, left on ice for 10 

minutes, and then shaken at 37° for 5 minutes. 

750 1 f d M9LM t " 35s th' . ~ 0 prewarme con a1n1ng me 1on1ne 

(see labelling procedure above) was added to this 

tube, and shaken 5 minutes more. 110 ~l of 1% 

methionine was added and the cells processeq as 

described above. PAGE was performed as described 

above except that the gel was prepared for fluor-

ography. The unstrained gel was first soaked 

overnight in 10% acetic acid - 50% methanol, then 

1 hour in Enhance (New England Nuclear), and then 

one hour in distilled water. After the gel was 

dried, it was exposed to Kodak XAR-5 X-ray film 

for 3 days at -70°. 
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Extraction of DNA from 
:hprecA and :hOPl 

Siliconization of Glassware 

Glassware and Eppendorf tubes used in DNA 

extraction and purification, restriction enzyme 

digestion, and sequencing were siliconized by 

soaking in, or filling with a 2% solution of 

dimethyldichlorosilane in CC14 for about 30 min

utes, rinsing several times in distilled water and 

DNA Extraction 

Phage DNA was purified by repeated extrac-

tion of the banded lysates with phenol. The 

phenol was previously distilied and washed once 

with an equal volume of 25X NTE (125 mM Tris HCl, 

pH 8, 125 mM NaCl, 25 mM EDTA) and once with an 

equal volume of 1 X NTE. The used phenol was 

extracted with several ml of TE buffer (10 mM Tris 

pH 7.4, 1 mM EDTA) to salvage any DNA remaining in 

the phenol. This was combined with the rest of 

the DNA. Residual phenol was removed from the DNA 
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by repeated ether extractions and the DNA was dia-

lyzed for 36 hours against 300 - 500 volumes of TE 

buffer with 3 changes of buffer. The DNA was then 

precipitated (0.1 volumes 1.5 M sodium acetate and 

2.5 volume 100% ethanol) washed with ethanol and 

dessicated. If the DNA was to be digested the 

next day, it was dissolved overnight in TE buffer 

with gentle shaking. A final concentration of 0.5 

to 1.0 mg/ml was desirable for large scale (1-2 

mg) digests. 

Purification and Labelling of 
recA Operator Containing DNA 

The strategy for the purification of recA 

operator containing DNA is outlined in Figure 6. 

It is based on a restriction map of AprecA and a 

more detailed map of recA gene (J. Little, per

sonal communication). AprecA DNA and AOPl DNA 

were digested with enzymes BamBI (New England 

Biolabs) and EcoRI (Boehringer-Manheim) in RI buf-

fer (80 rnM Tris pH 7.4, 8rnM MgC1 2 , 2rnM mercapto

ethanol, 0.1 mg/ml gelatin (Little 1979). 
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Figure 7. Strategy for obtaining recA operator DNA. 

A) Restriction map of AprecA. BamHI sites are indicated by a B, 
EcoRI sites by an R. The smallest fragment of the double digest was 
isolated. B) The 1.85kb BamHI-EcoRI fragment was cut with TaqI 
(sites indicated by a T). C) The TaqI digest DNA fragments were 
labelled at their 5' ends with 32P. AluI was used for secondary cuts 
(sites indicated by an A). D) The 390bp TaqI-AluI fragment was iso
lated; Asterisk indicates 32P label at 5' TaqI end. 0"1 
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Additional MgC1 2 was added as needed to neutralize 

the EDTA in TE buffer. The digestion was stopped 

by ethanol precipitation. The digested DNA was 

redissolved in 1 ml of buffer (50 roM Tris-borate, 

pH 8.3, 0.1 roM EDTA) and 3.5 ml glycerol-dye mix 

(0.1% brom phenol blue, 0.1% xylene Cyanol, 50% 

glycerol). The BarnHI-EcoRI fragments were separ

ated on a long, thick (0.3 cm) preparative gel, as 

described in Procedure 1 of Maxam and Gilbert 

(1980). A single "lane" was formed by inserting 

an inverted 0.3 cm thick comb into the gel before 

it polymerized. The gel was electrophoresed at 

300 volts overnight at 5°, and then removed and 

stained with 0.05% methylene blue. The gel seg

ment containing the desired band was excised and 

the DNA was eluted as described in procedure 1, 

except that incubation was for 1 - 2 days instead 

of 10 hours. The purified DNA fragment was pre

cipitated from the filtrate and washed. 

The purified DNA was then digested with 

TagI (New England Biolabs or Boehringer Manheim) 
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using the specified buffer. The digested DNA was 

then precipitated, washed and dissolved in TE 

buffer. 

The efficacy and progress of all the 

digests were monitored via gel electrophoresis. 

For digests yielding fragments of 1,000 base pairs 

or greater a 0.7% agarose gel was used. Smaller 

fragments were separated on a 6% or 8% polyacryla-

mide-5% glycerol gel. In either case, the gels 

were stained in ethidiurn bromide, and the bands 

visualized on a long-wave uv trans-illurninater and 

photographed. 

Removal of Terminal Phosphates 
from DNA 

About 5 ~g of TaqI digested DNA was incu

bated with 0.5 units of bacterial alkaline phos

phatase (Millipore) at 65° for 30 minutes in a 5 

roM Tris pH 8. The DNA was then exhaustively 

extracted with phenol to remove the enzyme (it is 

a stubborn S.O.B.), extracted with ether and 

ethanol precipitated. 
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End Labelling and Isolation 
of Operator Fragment 

About 2 ~g of dephosphory1ated DNA was 

labelled using po1yc1eotide kinase (New England 

Bio1abs or New England Nuclear) 0.5 mCi of y32 P 

ATP (2,000-3,000 ci/mmo1e, New England Nuclear) 

and the buffer described in Procedure 5 of Maxam 

and Gilbert (1980), in a final volume of 30 ~1. 

This was incubated for 2 1/2 hours at 37 0 and the 

reaction stopped as described. The labelled DNA 

was then precipitated and. cut with A1uI (New 

England Bio1abs) overnight in the prescribed buf-

fer. The fragment containing the recA operator 

was the largest of the products of the A1uI digest 

and was isolated as described in Procedures 7 and 

9 of Maxam and Gilbert (1980), and counted on the 

tritium channel of a scintillation counter 

(Cherenkov counting). 60,000 counts per minute is 

the bare minimum needed to carry out a set of 

reactions and visualize the results after PAGE. 

Yields of 200,000 to 500,000 cpm were more desir

able and thankfully more common. The purified 
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labelled fragment was dissolved in water, 20 ~l 

per set of chemical reactions. 

Sequencing Reactions 

Central to the Maxam-Gilbert DNA sequencing 

technique is the chemical modification of a given 

base in an end-labelled DNA fragment via one of 

four base specific reactions. Under the condition 

of reactions, one base per DNA molecule, on the 

average, will be modified. The modification ren

ders that base sensitive to chemical elimination. 

This in turn renders the sugar-phosphate backbone 

of the molecule sensitive to chemical cleavage at 

that point. The four sets of cleaved DNA frag

ments are then electrophoresed on a denaturing 

polyacrylamide slab gel that can resolve DNA frag

ments differing in one base length. An autoradio

gram of the gel reveals the relative position of 

the fragments and the sequence is read by noting 

in which lane of the gel (i.e. which base-specific 

reaction) each successively larger DNA fragment 

appears. Dividing the products of a given set of 
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chemical reactions in two and electrophoresing 

each half for a different length of time effec-

tively increases the size range of resolved mole-

cules. This allows the reading of a DNA sequence 

farther down from the labelled end than would have 

been possible from a single loading. 

G. Reaction (Procedure 10) 
(Maxam and Gilbert 1980) 

5 ~l of labelled DNA and 200 ~1 of G buf-

fer (50 roM Sodium Cacodylate, pH 8.0, 10 roM MgC1 2 , 

1 roM EDTA) were combined in a 1.5 m1 Eppendorf 

tube and chilled on ice. 1 ~l of reagent grade 

dimethyl sulfate is added to the tube, vortexed 

for at least 1 minute and then incubated at 20 0 

for 6 minutes. 50 ~l of stop mix (1.5M sodium 

acetate, 1 M mercaptoethanol and 200 ~g/m1 tRNA) 

is then added followed by 750 ~l of cold 100% 

ethanol. The tube is chilled to -70 0 to precipi-

tate the DNA. After the DNA is pelleted, the 

supernatant is discarded in 5M NaOH. The pellet 

is redissolved in 250 ~l of 300 roM sodium acetate 
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and is precipitated in 750 ~l cold ethanol. After 

centrifugation, the supernatant is removed and the 

procedure repeated once. The pellet is then 

washed with 1 ml of ethanol and dessicated. 

G and A Reaction (Procedure 11) 

10 ~l distilled water and 10 ~l labelled 

DNA were combined in an Eppendorf tube. 2 ~l of 

1.0 M piperidine formate pH 2.0 was added and 

mixed well. This was incubated at 37° for 6.5 

minutes, quick-frozen at -70° and then lyophilized. 

The DNA residue was redissolved in 20 ~l water, 

frozen and lyophilized again. 

C and T Reaction (Procedure 12) 

10 ~l distilled water and 10 ~l DNA were 

combined in an Eppendorf tube. 30 ~l of 95% 

hydrazine (ICBM fuel) was added with gentle mixing 

(Note: vortexing will cause some of the hydrazine 

to oxidize and negatively affect the results). 

After a 7 minute incubation at 20°, 200 ~l of ice

cold hydrazine stop solution (300 roM sodium 
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acetate, 100 roM EDTA, 50 ~g/ml tRNA and 750 ~l of 

cold 100% ethanol were added and the tube chilled 

to -70° to precipitate the DNA. After centrifuga

tion, the supernatant was discarded in 2 M ferric 

chloride. The DNA pellet was then processed as 

described in the G reaction. 

C Reaction (Procedure 13) 

5 ~l of DNA and 15 ~l of a saturated salt 

solution were combined in an Eppendorf tube. The 

same procedure as the C + T reaction is followed. 

Piperidine Reaction 

70 ~l of freshly diluted 1 M piperidine 

(stock bottle is 10 M) was added to each of the 

four reaction tubes. The tube was closed tightly 

and vortexed to dissolve the DNA pellet. The 

tubes were then transferred to a 90° water bath 

and covered with a 90° brick to keep the tops 

closed. The conformable tape gasket recommended 

by Maxam and Gilbert (1980) was not needed nor 

used (Smith and Calvo 1980). After a 30 minute 
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incubation, the contents of each tube was trans

ferred to a new Eppendorf tube. The following 

procedure (Smith and Calvo 1980) replaced the 

lyophilizations called for by Maxam and Gilbert 

(1980). The old tubes were rinsed twice with 100 

~l of 300 roM sodium acetate which was transferred 

to the new tubes. 750 ~l of cold ethanol was 

added to the new tubes, the DNA precipitated at 

70° pelleted, and the supernatant discarded. The 

DNA was dissolved in 250 ~l of 300 roM sodium ace

tate and precipitated with 750 ~l ethanol three 

more times. The DNA was washed once with 1 ml 

ethanol, dessicated and the radioactivity was 

determined (Cherenkov counts). 

Sample Preparation 

10 ~l of formamide-dye mix (Procedures 10-

13) was added to the tube containing the fewest 

counts. Proportionally more formamide-dye mix was 

added to the other tubes of the reaction set so 

that the ratio of radioactivity was l(G) :2(G + A): 

2(C + T) :l(C). The DNA was dissolved by rolling 
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the tube so that the dye mix circulated over the 

pellet or film. A 3 ~l sample for loading on the 

gel was removed with a Hamilton syringe from each 

tube and transferred to another Eppendorf tube. 

These were counted (Cherenkov) to determine if 113 

~l worthll of radioactivity was removed, i.e., if 

all the DNA had dissolved. If the result was not 

satisfactory (which unfortunately was often the 

case) the sample was transferred back into the 

tube whence it came and the procedures were 

repeated until a sat{sfactory sample was taken. 

The samples were heated to 90? for 1 minute and 

rapidly chilled in ice water just prior to loading 

on the gel. 

PAGE and Autoradiography 

PAGE was performed on a thin (0.3 rom), 8.3 

M urea, 8% polyacrylamide gel. Gel molds were 

formed as described above, except that the glass 

plates were 20 cm x 49 cm and the spacers were 0.5 

rom x 10 mm x 400 rom. Prior to forming the mold 

the interior sides of the plates were cleaned with 
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Arnway See Spray with silicon and then thoroughly 

siliconized with 2% diethyldichlorosilane. 

The gel ingredients were mixed in a beaker 

and then poured in a slow, steady, unbroken stream 

into the gel mold that was angled at about 20° to 

30°. Great care was taken to avoid forming any 

bubbles; those bubbles that inevitably formed were 

removed by hitting the mold with the back end of a 

screwdriver. A twelve-toothed comb was inserted 

to form the wells and the gel was allowed to poly

merize. After polymerization, the comb was 

removed and the "gel sandwich" placed in a verti

cal slab gel apparatus. The upper and lower 

reservoirs were filled with running buffer (100 roM 

Tris-borate pH 8.3, 2 roM EDTA), the comb pu~led 

from the gel and the wells rinsed out. Prior to 

loading, the gel was electrophoresed at 1,000-

1,200 volts for 30 minutes. 3 ~l samples of each 

reaction for AOPI DNA and AprecA DNA were then 

loaded on the gel and the gel electrophoresed at 

1,000-1,200 volts. 
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After the methylene blue (blue) and/or the 

xylene cyanol (green) markers had moved to the 

desired position, the gel sandwich was removed and 

placed face down. The plates were gently pried 

apart so that the gel remained on the bottom plate. 

After allowing the surface of the gel to dry a few 

minutes, it was removed from the plate as follows. 

Discarded X-ray film (developed), slightly larger 

than the gel, was placed on the gel forming a back

ing. Starting at the top, the film was slowly 

peeled away from the plate, taking the gel with 

it. The gel (on the film backing) was then 

wrapped with Saran Wrap. Radioactive ink was used 

to mark the position of the dye and right and 

left. The gel was exposed to Kodak XR-5 X-ray 

film in a Dupont Cronix X-ray film cassette with 

an intensifying screen for 36 hours at -70°. The 

autoradiogram was developed in a Kodak X-OMAT 

automatic processing machine. 
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CHAPTER 3 

RESULTS 

Unsuccessful Approaches to 
recAoc Isolation 

A variety of approaches to the isolation 

of a recA operator-constitutive mutation were 

tried with negative results. Before discussing 

the technique that ultimately succeeded, these 

other methods will be described. These failures 

show potential pitfalls in these types of studies. 

recAoC Isolation on AprecA 

One series of attempts involved the spe-

cialized transducing phage AprecA and the euqalp 

test. The euqalp test detects the presence or 

absence of functional recA gene on a A transducing 

phage by the ability or inability of the phage to 

complement a recA mutation in the host cell. 
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Complementation is detected by plating the infec-

ted cells in the presence of low doses of mito-

mycin C and scoring for cellular growth (see 

Materials and Methods for details). Wild-type 

AprecA is unable to complement a lexA- recA 

double mutant in the euqalp test. The continued 

repression of the phage's recA gene by the cell's 

lexA- protein was assumed to be the sole cause of 

this failure. A mutation in the recA operator 

that reduces the ability of the lexA- protein to 

repress the phage's recA gene, should allow con-

stitutive recA protein synthesis and presumably 

result in a positive euqalp test. This approach 

had two other features. First, the AprecA genome 

is much smaller than the E. coli genome (approxi-

4 6 mately 4.8 x 10 bp vs. 4 x 10 bp); the recA 

operator thus is a much larger target for muta-

genesis on AprecA as a percentage of genome size. 

Second, isolating the mutation directly on a phage 

provides a ready source of DNA for sequence deter

mination. A number of attempts were made using 
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ethyl methane sulfonate or nitrosoguandine as 

mutagens for AprecA. A positive euqa1p test on a 

1exA recA double mutant was never obtained. 

This failure will be discussed later in the con-

text of mitomycin C selection. Subsequently, the 

inability of AprecA to form stable 1ysogens 

greatly reduced its usefulness for studying the 

biological effects of constitutive recA synthesis. 

This approach was abandoned. 

Direct Selection of 
Mitomycin C Resistance 

Direct selection of 1exA- derivatives 

resistant to moderate doses of mitomycin C (0.5 

~g/m1), usually yield second site mutations at the 

1exA locus which affect the activity or synthesis 

of the 1exA product. This technique was used to 

isolate the spr and spr-amber mutation in 1exA 

(Mount 1977; Pacelli, Edmiston, and Mount 1979); 

it was also used to select some of the ts1 muta-

tions in 1exA (Mount, Walker, and Kosel 1973). 

The goal of this study was the isolation of 
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mutations in the target of the lexA protein rather 

than the lexA protein itself. To counterselect 

this predominating class of DNA damage resistant 

lexA- derivatives, a lexA- strain, DM1623, was 

transformed with pJL26, a multicopy plasmid carry

ing the dominant lexA3 allele (Little 1980; Mount, 

Little, and Edmiston 1980). In the resulting strain, 

DM2l99, a reversion of one or more of the lexA

copies, should be masked by the dominance of the 

remaining copies of the lexA- gene. By contrast, 

a mutation in the recA regulatory region might be 

less responsive to the multiple copies of the 

lexA3 gene. If such a mutant was as resistant to 

DNA damages as spr strains, a direct selection of 

recAoc derivatives of DM2l99 should be possible on 

mitomycin C plates (0.5 ~g/ml). 

In practice, several complicating factors 

led to the undoing of this direct selection 

approach. A high cell density on the N-mitomycin 

C plates inhibited the growth of drug-resistant 

colonies over a background of drug-sensitive 
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cells. Reconstruction experiments demonstrated 

that mitomycin C resistant colonies can grow over 

a maximum background of 2 - 4 x 108 mitomycin C 

sensitive cells. The background limit was an 

order of magnitude lower if mid-log phase cells 

were used. Thus, the appearance of a recAoc 

mutant (given the assumption about its predicted 

mitomycin C resistance) must be made relatively 

frequent. for a direct selection to be feasible. 

About 160 independent mitomycin C resis

tant derivatives of EMS mutagenized DM2l99 were 

isolated by direct selection. However, all of 

them were as UV sensitive as the parent strain, 

implying that the resistance to the drug resulted 

from a change in membrane permeability and not 

from an improved DNA repair capacity. These 

observations suggested that UV might be a more 

useful selecting agent, eliminating the isolation 

of "false positives" resulting from membrane per

meability changes. Furthermore, these results 

also supported the expectation that the small 
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target size of an operator region (about 20-25 

base pairs), relative to a structural gene (about 

1000 base pairs) would make a recAoc mutation a 

rare event, compared to some structural gene muta

tion yielding resistance to a DNA damaging agent. 

Other possible reasons for the failure to isolate 

a recAoc mutation using mitomycin C selection will 

be discussed later. 

UV Enrichment 

On the assumption that a recAoc mutation 

occurs rarely even after mutagenesis, the UV 

enrichment technique was adopted (Witkin 1947). 

Briefly, an overnight culture of DM2l99 was muta

genized with EMS, diluted in broth and grown over

night. This mutagenized overnight culture was UV 

irradiated. The dosage picked killed about 90% of 

the DM2l99 cells and was assumed to kill only 50% 

of the recAoc derivatives of DM2l99. The irradi

ated cells were diluted in broth and grown over

night. This process of irradiation, dilution and 

growth overnight was repeated four times. The 
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culture was then plated for single colonies, which 

were tested for UV resistance. Several were as uv 

resistant as a lexA+ strain. One of these (they 

were all assumed to descend from the same muta

tion) was lysogenized with AlexA3 to determine if 

its uv resistnace resulted either from a reversion 

of all the plasmid copies of lexA3 or from a 

recAoc mutation. The AlexA3 lysogen of the UV 

resistant DM2199 derivative was quite UV sensitive 

and therefore did not have a recAoc mutation. 

Presumably, a reversion of one of the lexA3 copies 

occurred in an ancestral cell. The repeated UV 

irradiations stimulated recombination between the 

revertant and the other lexA3 copies, and provided 

a powerful selection favoring the lexA3 revertant, 

probably over a recAoc mutation. Therefore, the 

UV enrichment technique was abandoned. 

Rationale for Mutant Isolation 

The methods of isolation of the recAoc 

mutation described in Materials and Methods was 

designed in light of the results of those methods 
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which had not succeeded. The principal assumption, 

- c that a lexA recAo strain would better survive uv 

damage than a lexA- recAo+ strain, was retained. 

The use of a multicopy lexA3 plasmid strain 

(DM2l99) was also retained. UV was retained over 

mitomycin C as the selective agent, as discussed 

above. A single dose of UV was used to reduce the 

likelihood of enrichment of a lexA3 reversion on 

both the plasmid and chromosome. 5-bromouracil 

was chosen as a mutagen because it had been suc

cessfully used to isolate the lexA- supressors 

rnmA and rnmB (Volkert, George, and Witkin 1976; 

Volkert, Spencer, and Clark 1979). 

Of the uv resistant derivatives of DM2l99 

(see Materials and Methods for details), one was 

picked for further analysis and designated DM2200. 

As shown in Figure 8, DM2200, which carried pJL26, 

was considerably more UV resistant than its parent 

strain, but not as resistant as a lexA+ strain. 

Genetic Analysis 

recA and srI (sorbitol utilization) are 

cotransducible by phage PI (McEntee 1976). If the 
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UV resistance was determined as described in 
Materials and Methods. 0, ABl157 (lexA+ recAo+)i 
., DM22ll (lexA+ recAo98)i 6, DM162~exA3 
recAo+)i ., DM2210 (lexA3 recAo98) i 0, DM2l99 
(lexA3 recAo+/lexA3)i ., DM2200 (lexA3 recAo98/ 
lexA3) . 
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UV resistance of DM2200 is caused by a recAoc 

mutation, suppression of a lexA3 strain's UV sen-

sitivity should be contransducible with srI. As 

diagrammed in Figure 9, a lexA- Srl- Tetr recipi-

ent, DM2202 (lexA3, sr1300::Tn 10) was transduced 

+ s to SrI Tet by PI grown on DM2200. Eighty-three 

percent of the transductants were more UV resis-

tant than the parent strain (DM 2202), as judged 

by patch tests. 

The UV resistance of one of the transduc-

tants, designated DM22l0, was determined more 

quantitatively (Figure 8). The increased UV 

resistance of DM2210 over DM2200 can be explained 

by the presence of pJL26 in DM2200 and the conse-

quent gene dosage effect of the multiple copies of 

the lexA3 gene (cf. Mount, Little, and Edmiston 

1980) • 

construction of a 
~ recAoc Strain 

A lexA+ strain containing the putative 

recAoc mutation was constructed by infecting 
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Figure 9. Mapping of recAoc mutation. 

Recipient strain DM2202 was infected with phage PI grown on the puta
tive recAoc strain DM2200. Srl+ transductants were selected by 
plating the recipients on sorbitol minimal media. 
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strain JCl1867 (lexA+, srlC300::TnlO, recAo+) with 

PI grown on DM2200 (lexA3, srlC+, recAoc /lexA3) 

and selecting for Srl+. The mapping data presented 

above predicted that 80% - 85% of the Srl+ TetS 

transductants should have received the recAoc 

mutation. Other studies had suggested that high 

level constitutive recA synthesis might not 

enhance resistance to UV in a lexA+ strain (Mount 

1977), and none of five possible lexA+ recAo+ 

transductants were more UV resistant than a lexA+ 

recAo+ strain in a patch test. Thus, the presence 

of the recAoc mutation had to be detected in a 

lexA- background. This was accomplished by lyso-

genizing the transductants with AlexA3. As the 

lexA3 gene on the transducing phage is dominant to 

the host's lexA+ gene, the resulting lysogens 

should be quite UV sensitive unless they were 

recAoc transductants. Thus the lexA+ recAoc trans-

ductants were identified on the basis of the UV 

sensitivity of their respective AlexA3 lysogens. 

One of the lexA+ recAoc transductants was 

picked and designated DM22ll. As expected from 
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the patch test, DM2211 was no more UV resistant 

than its recAo+ parent ABl157, through UV doses 

giving approximately 1% survival (Figure 9 and 

Qui11ardet et a1., in preparation). This result 

confirmed other studies that pre-existing high 

levels of recA protein do not confer upon 1exA+ 

strains any additional UV resistance (Volkert, 

Spencer, and Clark 1979; Clark, Volkert, and 

Margossion 1979). 

~ Protein Production 

To examine the effect of the putative 

c. 1 . 1 recAo mutat~on on recA regu at~on, severa 

strains carrying the mutation and the correspond

ing wild-type controls were labelled with 35s_ 

methionine, with and without UV irradiation. The 

autoradiogram of the PAGE analysis appears in 

Figure 10. Synthesis of recA proteins was consti

tutive in all strains carrying the putative recAoc 

mutation regardless of the 1exA genotype (Figure 

10, lanes 3, 7, 12). The uninduced rate of syn-

thesis was somewhat lower in DM2200 (lane 3), a 
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Figure 10. PAGE analysis of recA protein produc
tion in recAoc strains. 

Cultures were labelled for five minutes with 35S 
methionine 30 minutes after irradiation. Samples 
were prepared and electrophoresed as described in 
Materials and Methods. 

1) DM2l99 (lexA3 recAo+/lexA3) 
3) DM2200 (lexA3 recAoC/lexA3) 
5) DM1623 (lexA3 recAo+) 
7) DM2210 (lexA3 recAoC) 
9) ABl157 (lexA+ recAo+) 

11) DM22ll (lexA+ recAoC) 

2) 
4) 
6) 
8) 

10) 
12) 

DM2l99 
DM2200 
DM1623 
DM2210 
ABl157 
DM22ll 

+uv 
+ UV 
+ UV 
+uv 
+uv 
+uv 



Figure 10. 

1 2 3 4 5 6 7 8 9 10 11 12 

PAGE analysis of recA protein 
production in recAoc strains. 
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recAoC strain carrying the multicopy lexA3 plasmid 

pJL26. UV irradiation stimulated recA protein 

synthesis in this strain (lane 4). A very similar 

pattern of recA synthesis was observed in a 

recAo28l strain (formerly rnmB28l, Volkert, 

Margossian, and Clark 1981) carrying pJL26 (data 

not shown). Densitometric tracings were obtained 

of the autoradiogram (Figures 11, 12, 13). Analy

sis of the peak heights (Table 5) showed a slight 

stimulation of recA protein synthesis in both 

lexA- and lexA+ strains carrying the putative 

recAoc mutation (lanes 7 and 8, lanes 11 and 12). 

The fully induced rate of recA protein synthesis 

in a lexA+ recAoc strain (lane 12) was not higher 

than in the fully induced lexA+ recAo+ strain (lane 

10). This is as expected for an operator

constitutive mutation; an up-promoter mutant 

would be expected to have a fully induced rate of 

synthesis much ·higher than that of the correspond

ing wild-type strain (Scaife and Beckwith 1966). 
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Figure 11. Densitometry of autoradiogram in 
Figure 10, lanes 1-4. 

R points to position of recA protein, T to EF-Tu. 
1) DM2199 (lexA3 recAo+/IeXA3) 2) DM2199 + UV 
3) DM2200 (lexA3 recAoc/1exA3) 4) DM2200 + UV 

95 



7. 

T 
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Figure 12. Densitometry of autoradiogram in 
Figure 10, lanes 5-8. 

R points to position of recA protein, T to EF-Tu. 
5) DM1623 (lexA3 recAo+-) -- 6) DM1623 + UV 
7) DM2210 (lexA3 recAoC) 8) DM2210 + UV 

96 



T 

9. 

T 
I 

10. 

12. 

R 
I 

R 
I 

T 
I 

T 
I 

Figure 13. Densitometry of autoradiogram in 
Figure 10, lanes 9-12. 

R points to position of recA protein, T to EF-Tu. 
9) ABl157 (lexA+ recAo:rr- 10) ABl157 + UV 

11) DM2211 (lexA+ recAo+) 12) DM2211 + UV 
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Table 5. Results of Densitometry of Figure 10. 1 

Ef-Tu recA 
Lane Strain Height Height recA/Ef-Tu 

1 DM2199 + -
70 15 .21 

(lexA- recAo /lexA ) 

2 DM2199 + uv 75 15 .20 

3 DM2200 72 25 .35 
(lexA- recAoc/1exA-) 

4 DM2200 + UV 77 40 .52 

5 DM1623 77 15 .19 
(lexA- recAo+) 

6 DM1623 +uv 81 16 .20 

7 DM2210 75 37 .49 
(lexA- recAoc ) 

8 DM2210 +uv 80 49 .61 

9 ABl157' 78 11 .14 
(lexA+ recAo+) 

10 ABl157 +uv 79 53 .67 

11 DM2211 77 40 .52 
(lexA+ recAoC) 

12 DM2211 + uv 82 51 .62 

1por details, see Materials and Methods. The amount of 
recA protein is expressed as a fraction of the Ef-Tu peak 
height. 



~ Message Synthesis 

Inducing treatments or mutations that 

inactivate lexA protein result in an increased 

rate of transcription of the recA gene (McPartland, 

Green, and Echols 1980). A recAoc mutation would 

also be expected to result in high levels of the 

recA message. To test this, RNA in strains carry

ing the putative recAoc mutation and the corre-

sponding wild type controls was labelled with 

3H °do -url. l.ne. The labelled RNA was then hybridized 

to filters containing AprecA DNA. The results are 

are shown in Table 6. Both the lexA- (DM22l0) and 

lexA+ (DM22ll) recAoc strains had high constitu-

tive levels of recA mRNA. UV irradiation resulted 

in a stimulation of recA transcription, especially 

in the lexA+ recAoc strain (DM22ll). This stimu-

lation of recA transcription is consistent with 

the UV stimulation of recA protein synthesis 

reported above. However, the fully induced level 

c of recA message is somewhat higher in the recAo 

strain than in the corresponding wild type strain. 
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Table 6. Effect of recAoc Mutations on recA 
and lexA mRNA 

Strain UV recA lexA 

ABl157 0.060 0.005 

(lexA+ + recAo ) + 0.630 0.030 

DM22ll 0.442 0.0037 

(lexA+ recAo98) + 0.797 0.0350 

MVl138 0.416 0.0034 

(lexA+ recAo28l) + 0.577 0.0317 

DM1623 0.0490 <0.003 

(lexA3 recAo+) + 0.0491 <0.003 

DM2210 0.416 <0.003 

(lexA3 recAo98) + 0.479 <0.003 

JCl1867 - 0.424 0.0034 

(lexA3 recAo28l) + 0.457 0.0055 

The data presented here were kindly provided by 
Joan Harper. Numbers represent percent total CPM 
in hybrid. The cells were irradiated with 10 
J/m2 and labelled after 20 minutes. mRNA was 
hybridized to filters containing recA or lexA DNA. 
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By contrast, the fully induced level of recA 

protein is somewhat lower in the recAoc strain 

than in the corresponding wild type strain. This 

discrepancy will be discussed later. recA message 

levels were also examined in lexA- and lexA+ 

strains carrying the recAo281 mutation of M. 

Volkert (Table 6). These strains also had high 

constitutive levels of recA message. Message 

levels were stimulated by UV irradiation also in 

these strains. However, the uv stimulation of the 

lexA+ recAo281 strain (MVl138) was not as great as 

the lexA+ recAoc strain (DM2211) described in this 

study. 

cis-Dominance Test 

The recA protein derepresses its own gene 

by cleaving its repressor, the lexA protein 

(Little et ale 1980; Little, Mount, and Yanisch-

Perron 1981). Thus, recA mutations that allow 

constitutive recA protein synthesis could, in 

principle, modify either the recA operator or the 

activity of the recA protease. ---
c Only a recAo 
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mutation should be exclusively cis-acting. To 

discriminate between the products of two different 

recA alleles, we used a plasmid (pJL3) bearing a 

normal recA regulatory region, but a markedly 

shortened recA structural gene (Little 1979; 

Little, Mount, and Yanisch-Perron 1981). A wild-

type strain carrying pJL3, overproduces a non-

functional, 34 Kd recA fragment after nalidixic 

acid treatment (Little 1979) or UV irradiation 

(Figure 15, lane 6); a lexA- mutation impairs 

induction of this fragment (Little 1979; Figure 

15, lane 2). Thus, if the mutation in question is 

truly a recAoc mutation, then a recAoc /pJL3 strain 

should overproduce the recA fragment only in a 

lexA+ background and only after an inducing treat-

mente On the other hand, if the chromosomal recA 

mutation has modified the activity of the recA 

protease, the pJL3 coded recA fragment should be 

constitutively overproduced, even in a lexA- back-

ground. This analysis is diagramed in Figure 14. 

+ lexA and lexA strains, with and without 

the putative recAoc mutation were transformed with 
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Figure 14. cis-trans test. 

A cis-dominant mutation on the chromosome would 
allow constitutive recA protein synthesis from the 
chromosomal recA gene but have no effect on the 
lexA protein repression of the recA gene fragment 
on pJL3. A trans-dominant mutation on the chromo
some would allow recA protein synthesis both from 
the plasmid and the chromosome. 
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pJL3. The patterns of synthesis of the intact, 

chromosomal 40Kd protein and the plasmid-coded 

34Kd fragment, either with or without UV treat-

ment, were examined (Figure 15). The chromosomal 

product was consistently overproduced in the 

strains carrying the putative recAoc mutation 

(Figure 15, lanes 3,4, 7, and 8). However, the 

plasmid product was only overproduced when the 

cell had a lexA+ genotype and had been UV irradi

ated (Figure 15, lanes 6 and 8). I conclude that 

the constitutive recA protein synthesis seen in 

these strains is caused by a cis-acting mutation, 

most likely in the operator region of the recA 

gene. In keeping with the rules of nomenclature 

(Bachman and Low 1980), the mutation was desig-

nated recAo98. + lexA and lexA strains carrying 

the recAo28l mutation of M. Volkert (Volkert, 

Spencer, and Clark 1979; Volkert, Margossian, and 

Clark 1981) were also transformed with pJL3 and 

similarly analyzed (data not shown). The recAo28l 

strains had the same pattern of synthesis of the 

104 



1 2 3 4 5 6 7 8 9 10 

-p recA 
-p recA frag. 

Figure 15. PAGE analysis of recAoCjpJL3 strains. 

Cultures were labelled for five minutes with 35s 
methionine 30 minutes after UV irradiation. Sam
ples were prepared and electrophoresed as described 
in Materials and Methods. All the strains (except 
JL363) contained plasmid pJL3, which has the shor
tened recA structural gene. JL363 contains plasmid 
pBR322-as-a control. + 
1) DM2206 (lexA3 recAo ) 
3) DM2207 (lexA3 recAo98) 
5) JL364 (lexAT-recAo+) 
7) DM2208 (lexA+ recAo98) 
9) JL363 (lexA+ recAo+) 

2) 
4) 
6) 
8) 

10) 

DM2206 + UV 
DM2207 + UV 
JL364 + UV 
DM2208 + UV 
JL363 + UV 
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34Kd fragment as the recA098 strains confirming 

that recA0281 also is a cis-acting operator-

constitutive mutation. 

Sensitivit¥ to Mitomycin C 

The 1exA- reCAOc strain (DM2210) was more 

- + resistant to UV than its 1exA recAo parent, but 

not as resistant as a lexA+ strain. Several of 

the initial unsuccessful attempts at the isolation 

of a recAoc were based on the prediction that a 

recAoc mutation should restore mitomycin C resis

tance to a lexA- strain. This prediction was 

tested by plating log cultures of a lexA- recAoc 

strain (DM22l0) and the appropriate controls on N 

plates containing 0.3 and 0.4 ~g/ml mitomycin C. 

The plating efficiency of DM2210 was reduced to 

25% and 48% on the 0.4 and 0.3 plates, respec

tively. The 1exA+ ~~+ strain (AB1l57) grew 

about normally at both doses, while the 1exA 

recAo+ strain did not grow on either of them. 

Thus, as with UV, the recAoc mutation confers upon 

a 1exA strain some resistance to mitomycin C but 

does not restore wild-type levels of resistance. 
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Expression of other Inducible 
Functions in recAoc Strains 

Various studies have indicated that the 

lexA protein represses other genes besides the 

recA gene itself (Tessman, Gritzmacher, and 

Peterson 1978; Little and Harper 1979; Kenyon and 

Walker 1980; Brent and Ptashne 1980; Kenyon and 

Walker 1981; Little, Mount, and Yanisch-Perron 

1981). Other studies have suggested that amplifi-

cation of recA protein per se is neither suffi

cient nor even necessary to induce other SOS 

functions (Mount 1977; Volkert, Spencer, and Clark 

1979; Bailone, Levine, and Devoret 1979; Darby and 

Holland 1979; Baluch, Sussman, and Resnick 1980; 

Huisman, D'Ari, and George 1980). The data pre-

sented below corroborates these studies. 

Weigle-Reactivation and Mutagenesis 

The survival of UV irradiated phage A is 

stimulated if the host has also been UV irradiated 

(Weigle-reactivation); a stimulation of phage 

mutagenesis (Weigle mutagenesis) accompanies the 
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increased phage reactivation (Weigle 1953). 

Weigle-reactivation and Weigle-mutagenesis are not 

expressed in lexA- or recA strains (Witkin 1976). 

As a recAoc mutation restores some UV resistance 

to a lexA- strain, the restoration of some Weigle

reactivation of irradiated A might also be expec

ted. The data presented in Figure 16 demonstrates 

that the presence of the recA~c mutation does not 

suppress the inhibitory effects of a lexA- muta

tion on Weigle-reactivation. The data in Table 7 

shows that the recAoc mutation also does not 

restore Weigle-mutagenesis to a lexA- strain 

(DM22l0) nor does it enhance Weigle-mutagenesis in 

a lexA+ strain. These findings with the recAo98 

mutation have been confirmed elsewhere (Quillardet 

et al. 1981). 

Cellular Mutagenesis 

Cellular uv survival and phage survival 

were affected differently by the recAoc mutation. 

However, the presence of the recAoc mutation made 

no difference in the frequency of UV induced Arg+ 
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DM1623lexA - .m2A. 0+ (c) r: DM2210~~ zA,OC (.) 

30 

UV Dose to Cells (J/m2) 

60 

Figure 16. UV induced reactivation of phage A 
(Weigle reactivation). 

Phage suspensions were irradiated with 120 J/m2 of 
UV, adsorbed to unirradiated or previously irradi
ated host cells, and the cells plaque assayed on 
the repair deficient indicator strain, AB2480 
(recA13 uvrA6). 
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Table 7. recAoc Does Not Restore Weigle Mutagenesis 
to a lexA- Strainl 

Frequency UV Does to Host 
Host of Clears (J/m2 ) 

ABl157 6 x 10-4 0 
(lexA+ recAo+ 

44 10-4 40 x 

DM22ll 9 x 10-4 0 
(lexA+ recAoc ) 

49 x 10-4 40 

DM1623 
recAo+) 

4 x 10-4 0 -
10-4 (lexA 

7 x 40 

DM2210 3 x 10-4 0 
(lexA- recAoC) 

5 x 10-4 40 

lThe procedure was that described in Figure 4. 
The phage suspension was irradiated with a UV 
dose of 120 J/m2, and phage infected cells were 
diluted and approximately 3,000 were plaque
assayed on indicator strain AB2480 per plate. 
The overwhelming majority of clears detected by 
this method are from bursts that contain largely 
mutant phage. Such bursts result from a muta
tional event which presumably occurs when the 
damaged parental phage genome is first replicated. 
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revertants either in a lexA+ (Figure 17) or a 

lexA- (Figure 18) background. These results cor

roborate those of Volkert, Spencer, and Clark 

(1979) with the rnmB28l (now recAo28l) mutation 

which had been specifically isolated as a non

mutable lexA- suppressor. 

lexA Gene Expression 

The lexA protein represses its own gene; 

the gene is derepressed after UV irradiation when 

the lexA protein is cleaved (Little and Harper 

1979; Brent and ptashne 1980; Little, Mount, and 

Yanisch-Perron 1981). Furthermore, the induction 

and repression kinetics of the lexA message and 

the recA message are fairly similar (J. Harper, in 

preparation). Constitutive production of recA 

protein resulting from a recAoc mutation, however, 

should not alter the induction and repression of 

the lexA message. The data presented in Table 6 

confirms this expectation. While the uninduced 

level of the recA message was high in a recA~c 

strain, the basal level of the lexA message was 
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Figure 17. UV induced mutagenesis in lexA+ 
recAo98 strain. 

UV induced reversion of the argE3 marker was mea
sured as described in Materials and Methods. Open 
symbols indicate UV survival data; closed symbols 
indicate Arg+ revertants per 107 survivors. Cir
cles represent ABl157 (lexA+ recAo+) and squares 
represent DM22ll (lexA+-recAo98). 
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Figure 18. UV induced mutagenesis in a lexA3 
recAo98 strain. 
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UV induced reversion of the argE3 marker was mea
sured as described in Materials and Methods. Open 
symbols indicate survival data; closed symbols 
indicate Arg+ revertants per 10 7 survivors. Dot
ted and dashed lines indicate <1 revertant per 107 
survivors. Circles represent DM1623 (lexA3 recAo+), 
squares DM2210 (lexA3 recAo98). 



was within its normal range. The presence of the 

recAoc mutation had no effect on the UV induction 

of the 1exA message. 

Expression of Lysogenic 
Induction Pathway 

Strains carrying the 1exA mutation spr, 

and the recA mutation tif (plus sfi to suppress 

the chronic lethal fi1amentation) express the SOS 

system constitutively (Mount 1977). Wild-type A 

phage cannot lysogenize such a strain and, so, 

form clear plaques. The 1exA (spr) protein is 

thought to have reduced affinity for the recA 

operator, resulting in high level synthesis of the 

recA (tif) protein. The recA (tif) protein in 

turn continually cleaves A repressor thus prevent-

ing lysogenization. It was shown above that a 

recAoc mutation does not restore several SOS func-

tions to a 1exA strain, consistent with the idea 

that the 1exA protein is a specific repressor for 

SOS genes. However, the 1exA protein does not 

appear to be directly involved in the cleavage of 
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" A repressor by activated recA protein (Roberts and 

Craig 1980). Thus, a lexA-, recAoc tif strain 

might continually cleave wild-type A repressor or 

at least "Ainds repressor which is more sensitive 

to cleavage (Phizicky and Roberts 1980; Cohen et 

ale 1981). 

The lexA3, recAoc tif strain was construc-............ --
ted as shown in Figure 19. The sr1300::TnlO muta

tion was transduced via PI (JCl0236) into tif 

strain JM12. The resulting strain DM2l98 

(sr1300::TnlO, tif) was used as a donor to trans

duce the lexA3, tif strain DMl180 to Srl- Tetr • 

The strain resulting from this last cross, DM2209 

(lexA3, sfiAll, tif, sr1300::TnlO) was used as a 

recipient-for PI grown on recAoc strain DM2200. 

The Srl+ TetS transductants of DM2209 were 

screened for UV resistance characteristic of a 

1 xA A c . e" rec 0 stra1n. 

Of 170 recAoc transductants of DM2209 none 

expressed the lysogenic induction pathway consti-

tutively for wild-type A. Three of the 170 
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Figure 19. Construction of lexA3 recAo98 tif 
strain (DM22l2). 

The details of the construction are described in 
the text. A) Construction of DM2l98. B) Con
struction of DM2209. C) Construction of DM22l2. 
Dashed line indicates desired crossover. 
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transductants plated Ainds clear. One of these 

transductants was designated DM22l2. Figure 20 

shows that AC+ (wild-type) and Aind- (insensitive 

to lysogenic induction) plated turbid when spotted 

on DM22l2, while Ainds plated clear. In this 

respect, DM2212 is phenotypically similar to 

DM1285, a strain carrying the lexA mutation ~, 

plus tif and sfiA. ~,a spontaneous derivative 

of spr, allows a limited burst of recA (tif) pro

tein synthesis after induction (Gudas and Mount 

1978) • 

By contrast, experiments performed else

where indicate that the recAoc mutation does not 

restore A induction by UV in a lexA- strain, nor 

does the mutation enhance induction in a lexA+ 

strain (Quillardet et al., in preparation). 

Cloning and 
DNA Sequence Determination 

Cloning 

The cloning strategy for the recAoc muta-

tion was based on the inability of a Aptif phage 
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Figure 20. Expression of lysogenic induction 
pathway. 

0.2 ml of overnight culture was added to A top 
agar and poured onto A plates. After the overlay 
hardened, a few dropsaof each phage suspension 
(approximately l-5xlO pfu/ml) were spotted on the 
overlay and allowed to dry before incubating 
overnight. 



Figure 20. Expression of lysogenic induction 
pathway. 
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to complement a recA strain in a euqalp test. 

Complementation is detected by plating the infec-

ted cells in the presence of low doses of mitomy-

cin C and scoring for cellular growth (see 

Materials and Methods for details). The mutation-

ally activated recA (tif) protein probably induces 

lethal filamentation in the recA host and/or 

keeps the phage vector in a lytic cycle (assuming 

the phage has a wild-type repressor). A recAoc 

mutation tightly linked to a recA+ gene should be 

"clonable" by growing Aptif on a recAoc host and 

screening the progeny for recA+ via a euqalp test. 

To this end, Aptif C+ was spotted on a 

- c lawn of DM2210 (lexA , recA£). 1 ~g/ml mitomycin 

C was added to the overlay to stimulate recombina-

tion. The progeny phage were then grown a second 

time on DM22l0, but without the drug. The second 

cycle progeny were tested for their ability to 

form euqalps. One of these, designated AOPl, was 

picked, purified, and a stock lysate prepared. 

3.5 liters of phage were prepared and the lysate 
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was precipitated and purified by isopycnic CsC1 

centrifugation as described earlier. 

Checking for recAoc on AOPI 

The synthesis of phage coded recA protein 

was examined in a UVld cell system. recA synthe

sis from AprecA is reduced or eliminated in a 

lexA- host (McEntee 1977) and even more so in a 

host containing a multicopy lexA- plasmid (Figure 

21, lane 4). However, recA protein synthesis 

directed by a recA~c transducing phage should not 

be affected by a host lexA- mutation or a lexA

plasmid. Figure 21 shows that AOPI directed the 

synthesis of copious amounts of recA protein even 

in strain DM2l99 (lane 3) which carries lexA3 

plasmid pJL26. AOPI infected cells consistently 

made more recA protein than the AP~ infected 

cells in a non-plasmid lexA strain (lanes 5 - 8) 

and a lexA+ strain (lanes 9 - 12). It was con

cluded, therefore, that AOPI contained the recAoc 

mutation. 
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Figure 21. PAGE analysis of recA protein synthesis directed by A 
transducing phage-.---

Cultures were labelled with 35S methionine 15 minutes after phage 
absorption. Hosts: lanes 1-4, DM2l99 (lexA3/lexA3); lanes 5-8, DM49 
(lexA3); lanes 9-12, ABl157 (lexA+). Phage strains: lanes 1,5, and 
9, mock infected; lanes 2, 6, and 10, Aref; lanes 3, 7, and 11, AOPl; 
lanes 4, 8, and 12, AprecA. 
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Figure 21. PAGE analysis of recA protein synthesis directed by A 
transducing phage-. --
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DNA Sequencing 

The DNA fragment containing the recA regu

latory region was isolated from AprecA and AOPl as 

described in Materials and Methods. The fragments 

were end-labelled and the nucleotide sequence 

determined using the sequencing techniques of 

Maxam and Gilbert (1980). The results are pre

sented in Figures 22 and 23. No difference was 

found between the presumed recAoc regulatory 

sequence of AOPl and the wild-type sequence of 

AprecA. 
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Figure 22. DNA sequence analysis of recA operator 
region from AprecA and AO~ 

The operator containing DNA was isolated, end 
labelled, and sequenced as described in Materials 
and Methods. The operator region is defined as 
the segment of DNA protected by lexA protein from 
nuclease attack (Little, Mount and Yanisch-Perron, 
1981). The Pribnow box is indicated by the heavy 
line. Numbers refer to position relative to the 
start of rnRNA. 
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DNA sequence analysis of recA operator 
region from AprecA and AO~ 
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Figure 23. 

G GACT ciGGACT C 

DNA sequence analysis of region 
farther upstream from recA operator. 

Same samples as in Figure 22 except that they were 
electrophoresed longer, in order to resolve sequen
ces farther upstream from the operator. 
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CHAPTER 4 

DISCUSSION 

A recA-linked mutation of E. coli has been 

described which partially suppresses the UV sensi

tivity conferred by the lexA3 mutation; it allows 

constitutive high-level synthesis of the recA 

protein and mRNA; it is cis-acting. Volkert and 

co-workers have described a recA operator

constitutive mutation, recAo28l (formerly rnrnB28l), 

originally isolated in E. coli B (Volkert, 

Spencer, and Clark 1979; Volkert, Margossian, and 

Clark 1981). Several of the experiments described 

here confirm their conclusion. I will discuss 

first the data supporting the conclusion that the 

recAo98 mutation is a recAoc and then the data 

bearing on the role of recA protein in UV resis

tance and the regulation of SOS expression. 
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Genetic Analysis 

The recA gene and srI operon are closely 

linked and cotransduce at a high frequency 

(McEntee 1976). In the PI transduction experi-

ments of this study, the recAo98 mutation cotrans-

duced with srlC at a frequency of about 83% 

(several percent higher if the PI were not irradi-

ated) , a frequency in the range expected for a 

mutation in the recA gene (Csonka and Clark 1979). 

Although these results are consistent with the 

mutation being on either side of srlC, evidence 

from the construction of the recAoc tif strain 

(DM22l2) indicates that the mutation lies between 

srlC and the recA structural gene. c Only 3 recAo -

tif transductants were recovered out of a total of 

170 TetS Srl+ recAoc transductants. If the gene 

order was recAo srlC recA(tif), about 83% (i.e. 

the usual srl-recAo cotransduction frequency) of 

the TetS Srl+ transductants should have received 

the recAoc mutation and retained the tif-l marker. 

Thus, the gene order is slrC recAo recA(tif). The 
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tight linkage between recAoc and recA+ in the 

above cross (about 98%) indicates that the recAoc 

mutation is very close to the recA structural 

gene, as would be expected for a recAoc mutation. 

recA Protein Synthesis 

All strains carrying the recAoc mutation 

amplified recA protein constitutively. It is pos

sible that the recAoc mutation described here may 

actually be an up~promoter mutation or a new pro-

moter that has greatly enhanced the uninduced rate 

of transcription. This possibility cannot be 

eliminated, but is unlikely. An up-promoter muta-

tion or new promoter would result in a large 

increase in the maximally induced level of gene 

expression (Scaife and Beckwith 1966). Densito-

metric analysis of recA protein production did not 

reveal a large difference between UV irradiated 

+ c++ DM22ll (lexA recAo) and ABl157 (lexA recAo). 

UV irradiated DM22ll did have a somewhat higher 

level of recA message than did UV irradiated 

ABl157. Although the difference is significant, 
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it is not large enough to account for the high 

uninduced level of ~ message in DM22ll were one 

to assume that the recAoc mutation was an up-

promoter. However, these results do suggest that 

the recAo98 mutation has a promoter effect, that 

is, although primarily altering operator function, 

the mutation also affects promoter function. 

Recent studies have shown that the recA DNA seg

ment bound by the lexA protein is totally con

tained within the region bound by RNA polymerase 

(Little, Mount, and Yanisch-Perron 1981; Brent and 

ptashne 1981). Thus, an operator mutation could 

easily affect the efficiency of transcription. 

Promoter effects of operator-constitutive muta

tions have been demonstrated in the lac system 

(Smith and Sadler 1971) where the operator and 

promoter overlap only slightly (Gilbert 1970; 

Reznikoff and Abelson 1978), although these muta

tions lie outside the region of overlap (Gilbert 

et ale 1975, Bourgeois et ale 1975). 

By contrast, the recA message levels in uv 

irradiated MVl138 (lexA+ recAo28l) did not differ 
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much from those of UV irradiated ABl157 (lexA+ 

+ recAo). Thus, it appears that the base change of 

the recAo281 mutation differs from that of the 

recAo98 mutation of this study. The recAo281 

mutation has been sequenced and is an AT + GC 

change at position -17 from the start of the mes-

sage (Uh1in et a1. 1981). 

The recAo98 mutation's promoter effect was 

detected only at the mRNA level and not at the 

protein level. This apparent discrepancy can be 

explained by the different UV doses used--10J/m2 

for the mRNA hybridization experiments and about 

60 J/m2 for the protein labelling experiments. 

recA mRNA levels in DM2211 (lexA+ recAo98) irradi

ated with 60 J/m2 are closer to those of ABl157 

(lexA+ recAo+) similarly treated (J. Harper, 

personal communication). Thus, the UV dose used 

in the protein labelling studies may be excessive 

for optimal recA expression and the promoter 

effect· of the recAo98 mutation should be observ-

able at the protein level if a lower UV dose were 
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used (assuming that at 25% difference can be 

distinguished by the autoradiographic and densi

tometric methods used in this study). Alterna

tively, the discrepancy may reflect some subtle 

translational control mechanism. 

The relatively low level of recA protein 

in recAoc strain DM2200 can be explained by assum

ing that the lexA3 protein has some residual 

affinity for the mutated recA operator, a phenome

non know to exist in the lac system (Jobe, Sadler, 

and Bourgeois 1974). The presence of pJL26 in 

DM2200 most likely has some gene dosage effect, 

despite the autoregulation of the lexA gene, and 

results in a higher cellular concentration of 

lexA3 protein (Mount, Little, and Edmiston 1980). 

This higher concentration of lexA3 protein would 

shift the equilibrium between repressor and oper

ator more in the direction of repressor-operator 

complex formation (Bourgeois et al. 1975, Barkley 

and Bourgeois 1978). Presumably, the relatively 

slow rate at which lexA3 protein is cleaved after 

130 



UV irradiation, roughly 1% of the wild-type rate 

(Little et al. 1980), is sufficient to induce a 

higher rate of recA synthesis in DM2200. The 

small, but consistent stimulation of recA protein 

- c and message observed in lexA recAo (both recAo98 

and recAo28l) strains, support this interpretation. 

The cis-trans Test 

Both the recAo98 mutation described in 

this study and the recAo28l mutation of Volk~rt, 

were shown to act in cis. Amplified recA synthe

sis from a recA plasmid (pJL3) was seen in recAoc 

strains only in a lexA+ background and only after 

UV. Furthermore, the lexA gene was transcribed at 

the same rate in recAo+ and recAoc strains. A 

trans acting recA structural gene mutation would 

have stimulated lexA gene expression because the 

lexA protein is also the repressor for its own 

gene and has a lower affinity for the lexA opera

tor than the recA operator (Little, Mount, and 

Yanisch-Perron 1981; Brent and ptashne 1981). It 

is formally possible that the recAo98 mutation may 
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actually be a structural gene mutation that has 

made the recA protein cis-acting (as well as a 

constitutive lexA cleaver). This appears unlikely 

for two reasons. First, proteins that act only in 

cis have a limited diffusability because of the 

small amount made (Campbell 1979). The copious 

amounts of recA protein synthesized after induc-

tion (3%-4% of the total proteins, Gudas 1976) and 

the still greater amount accumulated in recAo98 

strains (Quillardet et al., in preparation) sug-

gests that cellular recA protein concentrations 

are not limiting. Second, various SOS functions 

+ are induced normally in a 1exA recAo98 strain 

implying that the protein acts in trans and that 

it must be activated to cleave the lexA protein. 

The Cloning and Sequencing 
of recAo98 

A major surprise and disappointment was 

the lack of noticeable difference between the DNA 

sequences of operator containing BamHI-EcoRI DNA 

fragments from AOPI and AprecA. It is not 
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entirely clear that the recAo98 mutation was 

cloned on to AOPI. The sole criterion for the 

determining that the mutation was crossed on to 

the phage was the presence of a heavy band at the 

recA position in a PAGE analysis of lexA3 strains 

infected with AOPI; AprecA infection yielded a 

much fainter recA band. Several attempts to 

devise conditions that would distinguish between 

AprecA and AOPI on the basis of plaque morphology 

(e.g. a modified form of the euqalp test) met with 

negative results. The inability to obtain lyso-

gens of AOPI (or of AprecA for that matter), pre

vented testing the biological effects of the 

phage. With the benefit of 20/20 hindsight, the 

band in question could have been better identi

fied. For example, if the band is truly the recA 

protein, it should disappear when anti-recA anti

serum is added to the extracts (Little 1979). If 

the band is not the recA protein, then most likely 

it is one of several A proteins in the same molec

ular weight range as recA protein (Szybalski and 
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Szybalski 1979). (The exact molecular weight of 

the recA protein, as determined from the nucleo

t~de sequence of its gene, is 37,842 daltons 

(Horii, Ogawa, and Ogawa 1980; Sancar et al. 

1980) .) 

Whether or not the band is question is the 

recA protein, we return to two basic questions: 

If AOPI does not have the recA098 mutation, what 

does it have, and if it does have the recA098 

mutation, where is it? 

If AOPI does not have the recA098 muta

tion, the the phage has probably mutated to pro

duce a new promoter somewhere in its genome that 

is allowing transcription either of the recA gene 

or of some gene of similar molecular weight. 

Mitomycin C, which was used to stimulate recombi

nation between DM2210 and Aptif, is mutagenic and 

hypothetically could have generated a new promoter. 

However, UV mutagenesis is blocked by the lexA3 

mutation in DM2210 and presumably so should mito

mycin C mutagenesis. 
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If AOPI does have the recAo98 mutation of 

DM2210, then the recAo98 mutation does not lie in 

the recA operator. Most probably, it does not lie 

in the recA structural gene for reasons discussed 

earlier. Then it would most likely be a mutation 

to a new promoter out of the range of the sequen

cing strategy employed. Although I do not believe 

that the recAo98 mutation is a new promoter for 

reasons discussed earlier, the possibility cannot 

be excluded. A new promoter far upstream from the 

natural one would be expected to result in a much 

longer recA mRNA. Comparing the size of the mRNA 

from both mutant and wild-type strains would 

demonstrate the existence or non-existence of a 

new promoter. A positive result would alter the 

interpretation of the mRNA hybridization experi

ments in this study. What was interpreted as an 

up-promoter effect (i.e. the higher than expected 

counts of recA mRNA found in UV irradiated DM2211) 

would then be seen as a longer, as opposed to 

more, recA message. 
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Further speculation on this point, 

although fun, is pointless in the absence of addi-

tiona1 data. 

Role of ~ Protein 
in UV Resistance 

The recAo98 mutation only partially 

suppressedtheUV sensitivity conferred by a 1exA3 

mutation. Similar results were obtained with the 

recAo281 mutation (Volkert, Spencer, and Clark 

1979; Volkert, Margossian, and Clark 1981). The 

lack of full UV resistance suggests that either 

recA protein was still limiting or that other SOS 

repair functions that normally contributed to cell 

survival were not present. The former explanation 

can be excluded, as the accumulated amount of recA 

protein in DM2210 (lexA- recAo98) exceeds that of 

+ + maximally induced ABl157 (lexA recAo) (Qui11ardet 

et a1., in preparation). Evidence from other 

studies supports the latter interpretation. Inac-

tivation of the 1exA protein by mutation ts1 in 

recA strains results in increased UV resistance, 
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implying the induction of repair genes other than 

recA (Mount, Walker, and Kosel 1975). Recently, 

the excision repair genes uvrA and uvrB were found 

to be regulated by the lexA protein and are 

expressed at higher rates when the lexA protein is 

inactivated (Kenyon and Walker 1979; 1981; 

Fogliano and Schendel 1981; Sancar et al. 1982). 

The umuC gene is similarly induced (G. Walker, 

personal communication). Thus full UV resistance 

probably requires the expression of these genes as 

well as the recA gene. 

The amplification of recA protein probably 

contributes to uv survival in two ways. The UV 

sensitivity of lexA- strains is caused in large 

part by the extensive DNA degradation that occurs 

after irradiation (Mount, Low, and Edmiston, 1972; 

Volkert, George, and Witkin 1976; Witkin 1976). 

This degradation is mediated by recBC nuclease and 

initiates at excision and/or post-replication 

gaps. Volkert has shown that, in addition to sup

pressing UV sensitivity, the rnmB mutation 
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(recAoc 281) blocks post-irradiation degradation in 

a lexA- strain (Volkert, Spencer, and Clark 1979). 

Other in vivo studies have correlated the amount 

of recA protein in a cell with the amount of post

irradiation degradation (Gudas and Pardee 1976; 

Satta, Gudas, and Pardee 1979). in vitro studies 

have demonstrated that purified recA protein pro-

tects gapped DNA from attack by recBC nuclease 

(Williams, Shibata, and Radding 1981). Thus it 

seems likely that the UV resistance of lexA-

recAo98 strains results in part from protection of 

the damaged DNA by their high levels of recA pro-

tein in the cell. 

recA protein is also required in stoichio

metric quantitites for recornbinational repair 

which is also deficient in lexA- strains (Ganesan 

and Seawell 1975, Radding 1981, Howard-Flanders 

1981). Thus, it is plausible to suggest that 

recombinational repair is enhanced in strain 

- c DM2210 (lexA recAo) over that of its parent 

DM1623 (lexA- recAo+). This explanation could and 

should be tested directly. 
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Mitomycin C Selection 
and Resistance 

Most of the unsuccessful attempts at iso

lating a recAoc mutant were based on the expecta

tion that a recAoc mutation should make the cell 

resistant to low doses (e.g. 0.5 ~g/ml) of mitomy-

cin C. This approach was used successfully to 

isolate the spr and tsl mutations which reduce or 

eliminate the lexA protein's affinity for the 

operators of lexA repressed genes. Although the 

efficacy of a mitomycin C based selection of a 

recAoc mutation cannot be ruled out, differences 

in the nature and repair of UV and mitomycin C 

induced damage suggest that such a selection prob-

ably would not succeed. Mitomycin C treatment 

generates mostly monoadducts (90% of the lesions) 

but also diadducts as interstrand crosslinks (10% 

of the lesions) (Iyer and Szybalski 1963, Tomasz 

et al. 1974). UV damage in the form of pyrimidine 

dimers can be repaired, in principle, either by 

excision repair or recombinational repair. The 

monoadducts produced by mitomycin C treatment 
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presumably also are repairable by either mechanism. 

However, the repair of interstrand crosslinks 

requires both excision repair and recombinational 

repair (Cole 1973, Howard-Flanders and Lin 1973; 

Ross and Howard-Flanders 1977a). The excision 

repair genes, uvrA and uvrB, are among those 

repressed by the lexA protein and hence their 

expression is amplified by DNA damage (Kenyon and 

Walker 1981, Fog1iano and Schendel 1981, Sancar et 

ale 1982). Thus the c~ll's capacity for crosslink 

removal might depend more than its capacity for 

pyrimidine dimer and monoadduct removal, on the 

amplification of excision repair enzymes. Given 

this assumption, a mitomycin C selection favors a 

mutation inactivating the lexA protein, thus 

amplifying recA, uvrA and uvrB gene expression in 

a single step. On the other hand a recAoc muta

tion, which amplifies only the recA protein, would 

not appear in a mitomycin C selection. The obser

vation that DM2210 (lexA-, recAo98) was only 

slightly more resistant to mitomycin C than was 
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DM1623 (lexA-, recAo+) and not as resistant as a 

wild-type strain. Other studies with the recAo98 

mutation corroborate these observations 

(Quillardet et al., in preparation). 

Role of ~ Protein 
in SOS Expression 

. It is becoming clear that the lexA protein 

represses a number of genes in addition to recA 

and that the phenotype of SOS induced cells 

reflects derepression of these lexA repressed 

genes (Radman 1974; 1975; Witkin 1976; Tessman, 

Gritzmacher, and Peterson 1978; Volkert, Spencer 

and Clark 1979; Kenyon and Walker 1980; Tessman 

and Peterson 1980; Brent and ptashne 1980). Sev-

eral of the observations made here support this 

conclusion. First, filamentous growth is not 

induced simply by high levels of recA protein 

(c.f. Satta and Pardee 1978) as recAoc strains 

grow and divide normally despite the high consti-

tutive levels of recA protein. Other workers have 

also reached this conclusion (Darby and Holand 
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1979; Huisman, D'Ari, and George 1980a and b) . 

Filamentous growth is probably the result of 

expression of the sfiA gene which appears to be 

repressed by the lexA protein (Huisman and D'Ari 

1981). Second, the absence of Weigle and cellular 

mutagenesis in lexA- recAoc strains (Volkert, 

Spencer, and Clark 1979; Quillardet et al., in 

preparation; Volkert, Margossian, and Clark 1981) 

also irnples that amplification of recA protein is 

not sufficient to permit induced mutagenesis. The 

expression of the urnuC gene (Kato and Shinoura 

1979) and possibly activated recA protein (Mount 

1977) are required for mutagenesis. Third, the 

intermediate UV resistance of lexA- recAoc strains 

implies other inducible functions are necessary 

for the wild-type UV resistance levels. Fourth, 

the lack of Weigle reactivation in a lexA- recAoc 

strain (Quillardet et al., in preparation; Volkert, 

Margossian, and Clark 1981) implies a need for 

other induced genes, probably urnuC and uvrA and 

uvrB (Kato and Shinoura 1977; Rothman, Margossian, 

and Clark 1979). 
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It appears then that recA protein func

tions separately as a regular of SOS expression 

and as a direct contributor to DNA repair. Ini

tially, activated recA protein is required to 

cleave the lexA protein. This cleavage results in 

the derepression of the various SOS genes. Dere

pression starts with those oeprators most loosely 

bound by the lexA protein up to the recA gene 

which appears to be the most tightly bound (Brent 

and ptashne 1981; Little, Mount, and Yanisch

Perron 1981; Little and Mount, in preparation). 

This is consistent with observations that SOS 

induction can occur when recA amplification is 

blocked (Darby and Holland 1979; Baluch, Sussman, 

and Reznick 1980; Huisman, D'Ari, and George 

1980a; Moreau, Fanica, and Devoret 1980); and that 

only a small fraction of the total recA protein is 

activated as a protease (Bailone, Levine, and 

Devoret 1979). Successful repair of DNA damage 

removes the signal, thus de-activating the recA 

protease and the high levels of induced lexA 
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protein repress the 505 genes, returning the cell 

to the uninduced state (Little et al. 1980; Little, 

Mount, and Yanisch-Perron 1981). Thus recA ampli

fication is a consequence, not a cause of 505 

induction. 
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