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ABSTRACf 

The LexA repressor of Escherichia coli represses a set of genes that 

are expressed in response to DNA damage. After inducing treatments, the 

repressor is inactivated in vivo by a specific cleavage reaction which 

requires RecA protein. Under physiological conditions in vitro, RecA

dependent cleavage also occurs. At alkaline pH, however, the specific 

cleavage reaction occurs spontaneously without RecA, a reaction which is 

termed autodigestion. The LexA repressor is, therefore, thought to cleave 

itself with RecA acting to stimulate autodigestion. A set of lexA (lnd-) 

mutants that are deficient in in vivo RecA-mediated cleavage but retain 

significant repressor function were isolated. These 20 mutations resulted 

in amino acid substitutions in 12 positions, most of which are conserved 

between LexA and four other cleavable proteins. All the mutations were 

located in the hinge region or C-terminal domain of the protein, portions 

of LexA previously implicated in the specific cleavage reactions. 

Furthermore, these mutations were clustered in three regions, around the 

cleavage site (Ala-84-Gly-85) and in blocks of conserved amino acids 

around two residues, Ser-119 and Lys-156, which are believed essential 

for the cleavage reactions. These three regions of the protein thus 

appear to play important roles in the cleavage reaction. Many of the 

mutant proteins were purified in order to further characterize their 

properties in both autodigestion and RecA-mediated cleavage. All of 

these mutant proteins are found to be deficient in both cleavage 

reactions. A mutant protein, replacing Lys-156 to Arg, requires a higher 



pH condition than the wild-type protein does for both cleavage reactions. 

The results suggest that deprotonation of Arg-156, and by inference Lys-

156 in the wild-type protein, is required for both autodigestion and RecA

mediated cleavage; and that in the latter reaction RecA acts to reduce 

the pKa of Lys-156, allowing efficient cleavage of wild-type repressor 

under physiological conditions. Finally, several mutant proteins affecting 

amino acids around the cleavage site and the proposed nucleophile in the 

cleavage reaction (Ser-119) could not efficiently act as a competitive 

inhibitor in the RecA-mediated cleavage of wild-type repressor, 

presumably because they affect RecA binding. 

14 



CHAPTER 1 

INTRODUCfION 

Molecular mechanism of the SOS response 

Overview 

The SOS regulatory system controls the response of Escherichia coli 

to a variety of treatments that damage DNA or alter DNA metabolism 

(reviewed in Little and Mount, 1982; Walker, 1984). As shown in Figure 

1.1, the SOS response is regulated by the interplay of two proteins, LexA 

and RecA. In . normal cell growth, LexA repressor of Escherichia coli 

represses a set of genes called the SOS regulon (Figure lolA). Following 

inducing treatments, such as UV irradiation or mitomycin C treatment, 

another regulatory protein, RecA, is activated by an inducing signal, 

probably single-stranded regions of damaged DNA. The activated RecA 

protein in turn promotes inactivation of LexA repressor through a specific 

proteolytic cleavage near the center of the repressor (Figure 1.1B). As a 

result, the cleavage of LexA repressor leads to the derepression of the 

SOS genes and turns on the SOS response. The gene products from the 

SOS regulon can participate in the various functions, such as repairing 

DNA and inhibition of cell division (Figure 1.1C). Moreover, if the cell 

contains a A prophage, the activated RecA can also inactivate the phage 

repressor by a similar cleavage event that occurs at the peptide bond 

between the same sequence (alanine-glycine) as that cleaved in LexA. This 

cleavage leads to prophage induction. At least one of SOS inducible 

15 
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Figure 1.1. Model for the SOS regulatory system. The figure is taken 

from Little and Mount, 1982, except that "recA protease" is changed to 

"recA protein" or "activated recA". (A) State of the system in 

exponentially growing cells. (B) Transition to the induced state. (C) 

Induced state. (D) Transition to the normal growth state. 
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proteins, UmuD, can also be cleaved by the activated RecA (Burckhardt et 

at, 1988; Nohmi et aI., 1988; Shinagawa et at, 1988). However, the 

cleavage of UmuD protein results in the activation, instead of 

inactivation, of the protein for the SOS mutagenesis. 

A close look at RecA-mediated cleavage in the SOS response 

The following features have made the RecA-mediated cleavage of 

LexA repressor play a central role in the regulation of the SOS response: 

First, as described above, the activation of RecA is the primary event 

that triggers the SOS response. Biochemical studies have indicated that 

the activation of RecA requires the simultaneous binding of two cofactors 

to RecA: the first is a nucleoside triphosphate (NTP), preferably dATP, 

ATP or a non-hydrolyzable ATP analog, ATP-'Y-S; the second is 

polynucleotide, such as ssDNA, denatured DNA, gapped DNA, uv

irradiated double-stranded DNA, or large oligonucleotides (Craig and 

Roberts, 1980, 1981; Horii, et at, 1981). Although the nature of the in 

vivo signal has not been established, it is conceivable that a sufficient 

amount of similar cofactors might be present in cells under the 

treatments that induce SOS response. For example, DNA-damaging 

treatments, such as UV irradiation, may activate RecA by providing 

ssDNA (Little and Mount, 1982; Phizicky and Roberts, 1981; Roberts and 

Devoret, 1983; Roberts et at, 1982). Furthermore, evidence from mutants 

with defects in DNA metabolism that cause increased expression of the 

SOS response also suggests that the inducing signal is derived from 

nucleic acid (Peterson et aI., 1988). 

Second, it has been shown that overproduction of wild-type RecA is 
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incapable of inducing SOS response (Markham et at, 1984; Dutreix et at, 

1985; Quillardet et aI., 1982). However, one can isolate recA mutants, such 

as recA730, recA441 (Lieberman and Witkin, 1983) and other so called 

"protease-constitutive (Prtc),' recA mutants (Tessman and Peterson, 1985; 

Wang and Tessman, 1986), that induce SOS response without a DNA

damaging treatment. In vitro, some of these mutant RecA proteins bind 

both ssDNA and ATP more tightly than the wild-type RecA protein and 

are able to stimulate the repressor cleavage by much smaller amounts and 

shorter fragments of ssDNA (McEntee and Weinstock, 1981; Phizicky and 

Roberts, 1981). These results further suggest that RecA protein, in its 

native form even at a great amount, is unable to stimulate the specific 

cleavage reaction; it is only conditionally active and must be activated in 

order to inactivate LexA repressor. 

Third, the activation of RecA is a reversible process which is 

believed to be controlled by the level of the inducing signal. In the early 

stage of the inducing treatment, when the level of inducing signal is 

high, a great amount of RecA will be activated and that rapidly triggers 

the SOS response. By contrast, after the damaged DNA is repaired, the 

level of the signal will drop. As a result, the activated RecA returns to 

its native state (Figure 1.1, panel D), allowing LexA repressor to 

accumulate. In summary, these properties allow RecA to act as a sensor 

of DNA damage,. inducing and maintaining the SOS response only under 

the appropriate condition. 

Fourth, the state of SOS response is directly controlled by the level 

of LexA, which is believed determined by the amount of activated RecA 

(Little, 1983). The higher the level of activated RecA is, the more rapidly 
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LexA repressor is inactivated, and thus, the SOS response is toward the 

"ON" state (Figure 1.1, panel C) where the SOS genes are expressed at 

high levels. By contrast, when the level of activated RecA is low, LexA 

accumulates to higher levels and efficiently represses the SOS regulons. 

Therefore, the cell is towards the "OFF" state (Figure 1.1, panel D). 

It should be noted that both recA and lexA genes are two of the 

SOS regulons. Thus, the expression of recA and lexA gene are also 

determined by the state of SOS response. This property can accelerate 

the SOS response in two ways. First, when the system is moving toward 

the "ON" state (panel B), the increase of recA expression may facilitate 

the inactivation of LexA repessor and rapidly reduce the steady-state 

level of LexA (even though the synthesis of LexA may be increased due 

to the derepression of lexA gene). Therefore, it prompts the full 

induction of SOS response. Second, when the system is moving toward the 

"OFF" state (panel D), LexA will rapidly accumulate since there are very 

small amounts of inducing signal and recA expression is repressed. 

Therefore, this relationship helps the cells return to a normal growth 

state. Moreover, the autoregulation of lexA gene allows the repressor to 

reach a steady-state quickly during this stage and maintain a constant 

level of repressor in the exponentially growing cells. 

The function of RecA 

It is known that RecA protein is absolutely required for repressor 

cleavage in vivo, since a recA- mutation blocks SOS induction and 

prophage induction (Witkin, 1976). Moreover, RecA can facilitate the 

specific cleavage of LexA and A repressors in the presence of cofactors 
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at neutral pH. The simplest interpretation of these data is that the 

activated RecA is a protease that directly cleaves the repressor. In 

addition to this putative protease activity, RecA also displays several 

catalytic functions both in vivo and in vitro, such as those directly 

involved in the homologous recombination (Clark, 1973; McEntee et at, 

1979; Shibata et at, 1979) and, perhaps, SOS mutagenesis (Ennis et at, 

1985). Therefore, its role as a protease in repressor cleavage appears to 

require this complex protein to catalyze, at least, two unrelated reactions. 

However, this interpretation has been called into question by the 

discovery of autodigestion of the repressors (see following). 

Autodigestion of LexA and an "effector" role for RecA· in repressor 

cleavage 

As noted above, RecA protein is required for LexA repressor cleavage 

(termed "RecA-mediated cleavage") both in vivo and in vitro under 

physiological condition. However, at alkaline pH, purified LexA repressor 

can break down spontaneously in an intramolecular reaction, termed 

"autodigestion" (Little, 1984). The reaction is increased with the increase 

of pH, reaching a plateau value at pH above 10. This and other 

observations suggest that a deprotonated amino acid side chain with a 

pKa near 10 plays a central role in the chemistry of the cleavage 

reaction (Slilaty et at, 1986). 

The autodigestion reaction cleaves the same alanine84-g1ycine85 bond 

as is cut in the RecA-mediated cleavage reaction. A cI repressor can also 

break down spontaneously under similar conditions to yield products 

identical to those resulting from the RecA-mediated cleavage; however 

20 



autodigestion of X. repressor proceeds at a much slower rate than does 

LexA repressor (40-50 fold slower), a difference similar to that observed 

in the RecA-mediated cleavage. These findings indicate that LexA and X. 

cI repreessors can carry out the specific cleavage by themselves, and 

suggest that activated RecA protein is not a classical protease with a 

catalytic center, but rather that it acts indirectly to stimulate the 

autodigestion reaction. Although RecA presumably has one or more sites 

for interacting with the repressors, the actual catalysis of the cleavage 

reaction is carried out by an active site located on the repressors rather 

than RecA. By this model, the site specificity and chemistry for cleavage 

would reside in the repressors themselves, and RecA need not be so 

complex as had been presumed; it need only make specific protein-protein 

contacts with the repressors and act as a positive "effector" to stimulate 

the autodigestion reaction. Therefore, it is more appropriate to refer to 

"activated recA" than to "recA protease" in figure 1.1. The rest of the 

regulatory circuitry remains the same regardless of the actual role of 

RecA in the inactivation of LexA. 

A common pathway for both cleavage reactions 

Two lines of evidence have suggested that RecA-mediated cleavage 

and autodigestion share, at least in part, a common pathway (Little, 

1984). First, as mentioned above, both cleavage reactions have the same 

cleavage site specificity. Second, non-cleavable Ind- mutations in the 

LexA repressor isolated previous to the work reported here, which include 

changes at the cleavage site, G08S (lexA3), and the proposed active site 

(see below), SA119 (lexA278) and KA156 (lexA277), have the same 
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inhibitory effect on both cleavage reactions (Little, 1984; Slilaty and 

Little, 1987). Therefore, the simplified reaction pathways for autodigestion 

and RecA-mediated cleavage of LexA repressor can be illustrated as 

follows: 

Kr 
RecA-mediated cleavage _____ Kc 

__ K_a_ ..... />----IIJ>. Cleavage products 
Autodigestion 

Kc indicates the common reaction pathway shared by both cleavage 

reactions. Kr and Ka indicate the unique pathways for RecA-mediated 

cleavage and autodigestion, respectively. The relationship between two 

cleavage reactions may also be extended for other cleavable proteins. 

Domain organization of LexA 

LexA repressor is a small protein with known amino acid and DNA 

sequences (202 amino acids, 22,300 Dalton). Although the crystal structure 

of LexA has not been solved, LexA is thought, by analogy with A cI 

repressor, to consist of two functional domains, the amino-terminal DNA 

binding domain and carboxyl-terminal oligomerization domain, These two 

domains are connected by a hinge region (approximately amino acids 70-

100) which is partly dispensable in terms of the repressor function (Little 

and Hill, 1985) and is sensitive to digestion by many proteases, such as 

trypsin. The specific cleavage site (Ala84-Gly85) lies near the center of 

the hinge region. Comparison of amino acid sequence with other 

procaryotic DNA-binding proteins reveals a possible homologous helix

turn-helix DNA binding motif (amino acids 28-47) in the amino terminal 
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domain of LexA, which should allow the repressor to make specific 

contacts with operator-DNA (Pabo and Sauer, 1984; A. Thliveris, personal 

communication). The carboxy-terminal domain mediates repressor 

dimerization. It is noteworthy that, in ~ repressor (Pabo and Sauer, 1984) 

and possibly LexA repressor (Little, unpublished data), several residues in 

the amino-terminal domain, such as those in helix 5 of ~ repressor, also 

participate in dimerization. 

In a ~ lysogen, the majority of ~ repressor is in the dimer form, the 

species that binds to operator DNA in vivo. However, since the in vivo 

LexA concentration of repressor is only about 1 uM (Moreau, 1987) and is 

far below the published dissociation constant for dimerization (50 uM) 

(Schnarr et aI., 1985), most of the LexA should presumably be found as a 

monomer (also see Discussion section in CHAPTER 3). Nevertheless, the 

two-fold symmetry of DNA sequence in all the LexA binding sites 

(Wertman and Mount, 1985) indicates that LexA binds the operator-DNA 

as a dimer in vivo. Whether LexA forms dimer before or after binding to 

DNA is still unknown. As described above, RecA inactivates LexA 

repressor by a specific cleavage event, leading to the formation of amino

and carboxyl- terminal fragments of LexA. Although, the amino-terminal 

fragment may retain some DNA-binding activity, its binding is sufficiently 

weak to account for SOS induction (Bertrand-Burggraf et aI., 1987). The 

loss of operator binding affinity of the amino-terminal domain with 

respect to the intact protein is believed due to the weaker dimerization 

capacity of the former. 

The active species for operator-DNA binding of ~ repressor is a 

dimer. In contrast, the monomer of ~ repressor is the only species that 
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can be cleaved in either RecA-mediated cleavage or autodigestion (Cohen 

et aI., 1981; Crowl et at, 1981; Slilaty et at, 1986). It is not clear 

whether LexA protein in a part of dimer can be cleaved as well as a 

monomer, since under the cleavage reactions that have been characterized 

so far (Little, 1984; Slilaty et at, 1986), LexA may predominantly be a 

monomer (Schnarr et aI., 1985). 

In addition to the role in dimerization, the carboxy-terminal domain, 

along with the hinge region, also play an important role in the specific 

cleavage reactions. A tryptic fragment of LexA, containing residues Leu68 

to the COOH-terminal residue Leu202, which includes the Ala84-Gly85 

cleavage site, has the same activity in both RecA-mediated cleavage and 

autodigestion as the intact protein. Moreover, a similar papain fragment 

of A repessor, comprising residues 93-236 and including the Ala111-Gly112 

cleavage site, has the same property. Therefore, we conclude that all the 

functional sites required for both cleavage reactions lie in COOH-terminal 

two thirds of the protein (Little, 1984). 

Functional sites for the cleavage reactions 

We can categorize the COOH-terminal two thirds of LexA protein 

into the following functional sites required for the specific cleavage 

reactions: 1) the Ala84-Gly85 cleavage site, which could be considered 

as the substrate for the reaction; 2) the active site for the chemistry of 

the cleavage reaction, which may be considered to include both the 

groups that interact with the cleavage site and those which carry out the 

chemistry of bond rearrangement; 3) the binding site for RecA; and 4) the 

portion of the protein that transduces or couples the binding of RecA to 
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the stimulation of autodigestion. We expect that these sites can be 

altered by the Ind- mutations reported here. 

Homology among COOH-domains of cleavable proteins 

Many RecA-cleavable proteins share a significant sequence homology 

with LexA in their carboxy-terminal domains (also see CHAPTER 3). These 

proteins include the phage repressor, encoded by ~ , P22, 434, <p80 or 

HK22, and UmuD protein (Sauer et at., 1982; Perry et at., 1985; R. 

Weisberg, personal communication). The conserved residues, mostly in 

several clusters, can be implicated in the common properties among these 

proteins, such as the specific cleavage reaction and repressor 

dimerization. 

To date, all of these proteins have been demonstrated to be capable 

of undergoing both RecA-mediated cleavage and autodigestion (Little, 

1984; Slilaty et at., 1986; R. T. Sauer, personal communication; Burckhardt 

et at., 1988; N. Carlson, personal communication). In addition, the 

specificity of the cleavage site is conserved in all but two of the 

proteins. The two exceptions are <p80 repressor and UmuD protein, for 

which the cleavage reaction occurs in the peptide bond between Cys-Gly, 

instead of the Ala-Gly in other cleavable proteins. Therefore, the 

conserved residues in the COOH-terminal domain may play an important 

role in the the mechanism of the cleavage reaction, particularly regarding 

the catalysis and determination of the specificity of the reaction. 

A proposed model for the mechanism of repressor cleavage 

Based on the biochemical properties of autodigestion and the 

25 



behaviors of mutant LexA proteins in the cleavage reactions, a model for 

the mechanism of LexA repressor cleavage was proposed by Slilaty and 

Little (1987) (Figure 1.2). This model can also extend to that of other 

cleavable proteins. According to this model, two conserved residues, 

Ser119 and Lys156, are close together in the folded polypeptide and form 

part of the active site. The Lys156 is deprotonated first and the 

deprotonated form of the e-amino group can activate the nucleophile, 

Ser119, allowing its hydroxyl group to attack the carbonyl carbon of the 

scissile peptide bond. The deprotonated Lys156 may also transfer a proton 

to the leaving amino group. 

This model is based on the mechanism of peptide bond hydrolysis of 

many of serine proteases, such as chymotrypsin .. However, one major 

difference is observed in the process of the nucleophile (Ser) activation 

and proton transfer. In chymotrypsin, the activation of the Ser and 

proton tranfer requires a charge-transfer relay system, which consists of 

the essential Asp and His residue (Kraut, 1977). 

The rationale of the study 

The purpose of this study was; first, to define the structural 

determinants in LexA repressor which are required for cleavage; second, 

to better understand the mechanism of the cleavage reaction and the 

relationship between autodigestion and RecA-mediated cleavage. Both 

genetic and biochemical approaches were used in order to achieve these 

goals. 

A set of lexA(Ind-) (non-inducible for the SOS response) mutants that 

prevent RecA-mediated cleavage but retain significant repressor function 
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Figure 1.2. Proposed mechanism for LexA repressor cleavage (from Slilaty 

and Little, 1987). 



were isolated. Their mutational changes and the resulting substitutions for 

amino acids were determined by DNA sequence analysis. Furthermore, the 

mutant proteins were purified and analyzed for their properties in both 

types of cleavage reactions. These data allow us to assess the essential 

residues for both cleavage reactions, RecA-mediated cleavage and 

autodigestion, and support the model previously proposed for the 

mechanism of repressor cleavage (see above). A paralIel set of studies has 

been carried out with A repressor (Gimble and Sauer, 1985, 1986). Finally, 

kinetics of RecA-mediated cleavage of LexA repressor was studied; the 

V max and Km values were estimated. 

28 



CHAPTER 2 

METHODS AND MATERIALS 

Enzymes and Chemicals 

Restriction endonucleases were purchased from New England Biolabs, 

Bethesda Research Laboratories and Boehringer Mannheim; MML V reverse 

transcriptase was from Bethesda Research Laboratories, and T4 DNA 

ligase from New England Biolabs. These enzymes were used as described 

by the suppliers. [a-32P]dATP (3000 Ci/mmol) and 3H-methionine were 

purchased from Du Pont; 1251-protein A was purchased from ICN 

radio~hemicals; hydroxylamine, formic acid, and hydrazine were purchased 

from Sigma Chemical Company; PIPES and CAPS were purchased from 

Calbiochem; ATP-'Y-S was from Pharmacia. 

Media 

Minimal sorbitol plates contained M9 minimal medium (Miller, 1972) 

and 2% Difco agar, with 0.2% sorbitol as a carbon source, and 0.03% 

arginine, 0.01% methionine, 0.015% isoleucine, valine, threonine, histidine, 

and leucine; M9-6aa plates contained the same components, except that 

sorbitol and methionine were omitted and 0.2% glucose was added; ~ 

plates contained 1.5% Difco agar, 1% bactotryptone (Difco) and 0.5% NaCI; 

MacConkey plates contained 5% MacConkey-Lactose agar (Difco); L broth 

contained 1% bactotryptone, 0.5% yeast extract (Difco), 1% NaCl, and 1mM 

NaOH. When appropriate, tetracycline, ampicillin, or kanamycin were 
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added at 10, 100, or 50 p.g!ml, respectively. 

Primers 

The following primers, which, except Clex, hybridized within the lexA 

gene, were synthesized for the use of sequencing and/or site-directed 

mutagenesis. HI primer, 5'-CAA,CAG,ACG,GAT,CCC,GCG,TG-3'; SAL 

primer, 5'-GGA,AGG,GTC,GAC,CTG,ATA,-3'; SA primer, 5'

C,TTT,CAT,CGC,CAT,CCC,GCT,G-3'; MT primer, 5'-TC,AGC,GGG,ACG 

(codon 118),TCG,ATG,AA-3'; Ell primer, 5'

AAC,GGT,AAC,CTC,GTC,ATC,AA-3': KR primer,S' -TT,ACC,GTT,AGG 

(codon 156),CGC,CTG,AA-3'; KH primer, 5'-GTT,ACC,GTT,CAC (codon 

156),CGC,CTG,AAA-3' BII primer, 

TG,CTG,ACG,AAG,ATC,TAC,GAC,AAT,TGG,-3'; Clex primer, 5'

AGGCGGCATCGCGGTCT-3'. (Commas in the sequence indicate the 

reading frame, and nucleotides altered from the wild-type sequence are 

underlined.) The HI, SAL, Ell and BII primers were used in the site

directed mutagenesis to create BamHI, Sail, BstEII and BgIII sites, 

respectively, in the lexA gene ( See Plasmids section). The KH primer was 

used to generate the lexA293 mutation, changing Lys(AAG) to His(CAC) in 

the amino acid position 156. Except for MT, KR, and KH primers, all the 

primers were designed to hybridize to the mRNA-like strand of the lexA 

gene. MT, KH, and KR primers hybridized near codon 118, and codon 

156, respectively as indicated, and Clex primer hybridized to a region 10 

to 26 nucleotides beyond the 3' end of the lexA gene. 
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Bacterial Strains, phages and plasmids 

The Escherichia coli strains, plasmids and phages used in this study 

are listed in Table 2.1. The constructions of some of strains, phages and 

plasmids are as follows. 

Isolation of JL1047 and JL1752: JL1047 was constructed by P1 

transduction of JL1420. Strain JL1420 was transduced with P1vir grown on 

the srl+ recA + strain ABl157. The transduction procedure was performed 

as described with some modifications (Miller, 1972, Schleif and Wensink, 

1981). Thirty .... 1 of 50 mM CaCl2 and 20 .... 1 of P1 lysate (108-109 PFU/ml) 

were added into 0.1 ml overnight culture of JL1420. The transduction 

mixture was then incubated at 370 C for 20 minutes and 150 .... 1 of 100 mM 

Na citrate was added to prevent the excess killing of the recipient strain. 

SrI + transductants were selected for growth on minimal sorbitol plates 

containing kanamycin (50 .... g!ml), and screened for the recA + allele by 

testing for the formation of turbid plaques when infected with Aimm434 

£1+. Strain JL1752 was constructed by transducing JL1047 with P1vir 

grown on strain N057 carrying d(recA-srlR)306::Tn10. Transductants were 

selected with tetracycline and then tested for deletion of recA by UV 

sensitivity. 

Plasmids: pJWL59 is an overproducing derivative of pBR322 carrying 

a fusion of the lexA gene to the tac promoter (Slilaty et aI., 1986). 

Plasmid pJWL147 is a derivative of pJWL59 but contains a fusion of the 

lexA gene to the lacUV5 promoter (Markham et aI., 1981) instead of the 

tac promoter. It also carries a silent change at amino acid 101 creating 

a San site (Slilaty et aI., 1987), and the M13 origin of replication 
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TABLE 2.1. Bacterial, plasmid and phage strains 

Strain Relevant markers Source or 

Reference 

a. Bacterial strains 

AB1157 recA + srI + lexA + Little, 1983 

JL468 AB 1157/F'lacIQ Little et aI, 1981 

JL652 JL468/pJWL59 Little, 1984 

JL852 recA730 srI300::Tnl0 suIA211 lexA71 D. Ennis 

::Tn~ rpsL31 

JL855 JL852/F'lacIQIs72 J. Little 

JL859 JL855(A recA::lacZ £1 ind- att+) J. Little 

JL905 JL468/pSNSI03 (tacP::AindS-l) S. Slilaty 

JL932 recA + srl+ derivative of JL859 J. Little 

JLI047 recA + srl+ derivative of JL1420 This work 

JL1246 ll(recA-srlR)306::Tnl0 derivative S. Slilaty 

of JL932 

JL1245 dut- nug- Kunkel, 1985 

JL1420 JL855(A suIA::lacZ £1 ind- att+) J. Little 

JL1436 recA + lexA71::Tn~ (A suIA::lacZ J. Little 

£1 ind- att+) /F'lacIQlacZ DM15::Tn,2 

JL1447 ll( recA-srlR )306::Tnl0 derivative J. Little 

of JL1436 

JL1470 Ion-(miniTnlO) version of JL1436 J. Little 

JL1752 ll(recA-srIR)306::TnlO derivative This work 



JL2104 

JM103 

b. Plasmids 

pBR322 

pJWU2 

pJWL59 

pJWL147 

pJWL184 

c. Phage 

M13mp8-42 

M13mp9-147 

M13mp9-184 

Table 2.1--continued 

of JL1047 

il. lexA300 (Spcr) derivative of JL1047 

il.(lacZ-pro), thi, strA, supE, endA, 

sbcB, hsdR- /F'lacIQ,lacZ DM15 

bla, tet 

pBR322 derivative carrying lexA + gene 

pBR322 derivative carrying tacP::lexA + 

fusion 

pBR322 derivative carrying lacP::lexA + 

fusion (a SaIl silent site in lexA +) 

lexA291 (containing BamHI, SaIl, 

BstEII, and BgIlI silent sites in 

the lexA +gene) version of pJWL147 

M13mp8 derivative carrying lexA gene 

from pJWL42 

M13mp9 derivative carrying lexA gene 

from pJWL147 

M13mp9 derivative carrying part of 

~ gene from pJWL184 

S. Hill 

Messing, 1981 

Bolivar, 1977 

Markham et aI., 

1981 

Slilaty et aI., 

1986 

Slilaty & Little, 

1987 

This work 

This work 

This work 

This work 
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derived from pZ150 (Zagursky et al., 1984). pJWL184 is essentially the 

same as pJWL147, except that, in addition to the Sall site, it also carried 

three silent changes at residues TIe66, Glu153 and Va1179/Asp180 (see 

figure 2.1), creating sites for BamHI, BstEll, and BglII respectively. 

These three sites were introduced individually by site-directed 

mutagenesis. An intermediate plasmid, pJWL182, was first constructed by 

cloning a MluI to SaIl fragment of the lexA gene containing the 

engineered BamHI site into the backbone of pJWL147 cut with the same 

enzymes. Plasmid pJWL184 was then constructed by ligating a SnaBI to 

Dral fragment and a Dral to HindllI fragment of the lexA gene, 

containing the BstEII and BglII sites respectively, into the SnaBI to 

Hindlll backbone of pJWL182, followed by a phenotypic screen for LexA 

function in strain JL1246. 

M13 mp8-42 and mp9-147 contain the lexA gene in an EcoRI to 

Hindlll fragment from pJWL42 (Markham et aI., 1981), or pJWL147, cloned 

into M13mp8 or M13mp9, respectively, cut with the same enzymes. M13 

mp9-184 was constructed by cloning the BamHI to Hindlll fragment, 

containing about two third of lexA gene, from pJWL184 into M13mp9 

vector. 

The experimental approach for mutant isolation 

The outline for the isolation of lexA(Ind-) mutants was listed as 

follows: 

1. Target mutagenesis by mutagenizing DNA fragments comprising 

various parts of lexA gene. 

2. Isolate mutagenized DNA fragment and clone back into a wild-type 

34 



H 
(J] 
0 
c 
en 

> a: 
0 
(.) 

W 

M 
H -0 m 

\ .... 
H 
I&J .. 
fit m 

.... -a 
f/) 

0-0 
% 
e 
a 
m 

H 
::J 

:s 

-0:: 
o 
(.) 

lLJ 

35 

N 
0 
N -
0 
CD 

rt) 
10 

N 
N 

0 
0 

U) 
U) 

CD 
N « 

)( 
Q) 

Figure 2.1. Unique restriction sites in the plasmid (pJL1S4) lexA gene. 

Sites in bold type are the silent sites artificially engineered into the lexA 

gene. Abbreviation: a.a., amino acid; the numbers indicate the position of 

the corresponding amino acid in the LexA protein sequence. 



plasmid vector. 

3. Transform the above recombinant DNA into an indicator strain, 

JL1420, and screen for white colonies in MacConkey plates. 

Target mutagenesis of plasmid DNA 

lexA(Ind-) mutants were isolated on plasmids. Both naturally occurring 

and artifically engineered restriction sites near the hinge and carboxy 

domain (Figure 2.1) were used to generate restriction fragments for 

localized random mutagenesis in the region of interest. For example, a 

fragment generated by cutting pJWL184 with SaIl and SnaBI, comprising 

amino acid residues 101 to 140 of the LexA protein, was mutagenized, and 

then cloned into a wild-type plasmid backbone. 

Two methods were used to mutagenize DNA, hydroxylamine treatment 

of double-stranded DNA and formic acid or hydrazine treatment of single

stranded DNA Hydroxylamine mutagenesis was performed using standard 

procedures (Davis et al., 1980). A restriction fragment from pJWL147 or 

pJWL184, or the intact plasmid, was suspended in 0.5 M potassium 

phosphate/ 5 mM EDT A, pH 6.0, mixed with an equal volume of 1 M 

freshly prepared hydroxylamine that had been adjusted to pH 6.0 by 

NaOH, and incubated at 670 C for 40 min or 370 C for 48 hours. This 

solution was then dialyzed against 10 mM Tris-HCl, pH 8.0/ 1 mM EDTA 

overnight at 4 °C. 

Formic acid or hydrazine mutagenesis was performed as described 

(Myers et al., 1985) with some modifications. Fifty f,Lg of mp8-42 or mp9-

147 single-stranded DNA was treated with 1.5 volumes of concentrated 

formic acid or hydrazine at room temperature for 5 min. The reaction 
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was stopped by adding 2 volumes of 2.5 M sodium acetate and 20 J.1g of 

tRNA, followed by ethanol precipitation three times. Forty pmole of 

oligonucleotide primer (for example, BioLabs M13 univeral primer, 15-mer, 

or primers within the lexA gene) was annealed to the above treated DNA 

in 60 mM Tris-HCl pH 8.3, 50 mM KCI, 10 mM MgCl2 and 2 mM 

dithiothreitol by treating the mixture at 750 C for 5 min and then 400 C 

for 15 min. dATP, dCTP, dGTP and TTP were added to a final 

concentration of 0.5 mM each. The reaction was incubated at 400 C for 1 

hour after the addition of 1,000 units of MML V reverse transcriptase. 

The reaction mixture was then extracted with phenol and precipitated 

with ethanol. This DNA was digested with restriction enzymes to excise 

the desired fragment in double-stranded form, and this fragment was then 

gel purified and reinserted into an untreated plasmid vector for the 

mutant screening. 

In hydroxylamine mutagenesis, localized mutagenesis was performed 

within the MluI-to-SalI, SalI-to-SnaBI, SnaBI-to-HindIII, EcoRV-to

BstEII, BstEII-to-B..glII, and BglII-to-HindIII intervals in plasmid pJWL147 

or pJWL184 (see Figure 2.1). In addition to localized mutagenesis, intact 

plasmid DNA was also treated with hydroxylamine and used directly for 

mutant screening. In most experiments, including treatment of the intact 

plasmid, the proportion of white colonies among JL1420 transformants (see 

below) was 0.1-0.3%, except that within the intervals EcoRV to BstEII, 

BstEII to BgUI or B.glII to HindIII, no white colonies were found among 

over 2000 transformants. By comparison, the frequency of lexA (Del) 

mutants was 1-3% when the intact plasmid was treated with 

hydroxylamine, as judged by the frequency of formation of LacZ + colonies 
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in strain JL1752, a recA- derivative of strain JL1420 in which the lexA + 

plasmid allows formation of a white colony. 

In formic acid or hydrazine mutagenesis, single-stranded DNA of 

either mp8-42 or mp9-147 was used to mutagenize both complementary 

strands of the lexA gene. The mutagenesis was localized within MluI-to

SalI, Sall-to -SnaBI and SnaBI-to-HindIII intervals. In most cases, the 

frequency of potential lexA(Ind-) mutants was 0.3-1%. However, when 

formic acid mutagene'sis, using mp9-147 as a template, was localized 

within SaIl-to- HindIII interval, no Ind- mutants were found among 3,000 

colonies. 

Plasmids from potential mutants were isolated and retransformed into 

strain JL1420 to test whether the Lac- phenotype was due to a change in 

the plasmid or in the indicator strain. In greater than 80% of the 

isolates, the mutation for the phenotype mapped to the plasmid. For such 

isolates, we then sub cloned the fragment that had been mutagenized back 

into a wild-type backbone. This in vitro backcross served to map the 

mutation to the mutagenized fragment, to purify it from any potential 

adventitious mutations elsewhere in the gene, and to limit the extent of 

the gene which needed to be sequenced. 

In all, 46 independent mutants, including four spontaneously occurring 

ones, were isolated and subjected to DNA sequencing. Among the 42 

induced mutations, all but 3 were found to lie in the target region that 

had been mutagenized. Of the 46 spontaneous and induced mutations, 44 

contained a single amino acid substitution; two isolates, KN156/QH184 and 

KT156/EV170, contained two amino acid changes each. By use of 

restriction enzymes and subcloning, each single mutation in these two 
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isolates was separated from the other. The phenotype in strain JL1420 

showed that KN156 or KT156, but not QH184, was responsible for the full 

Ind- phenotype. The EV170 mutation appeared to be a leaky Ind

mutation. Plasm ids bearing this single mutation in strain JL1420 formed 

pink colonies, whereas most of the Ind- mutants formed white colonies. 

Three spontaneously arising mutations, EK95, SL119, and a deletion of 

Ala83 (AA83), were originally isolated in pJWL59, using strain JL859 as an 

indicator (see next section). When these mutant genes were placed under 

the control of the weaker lacUV5 promoter, M83 and SLl19, but not 

EK95 , stilI produced the Ind- phenotype in JL1420. Therefore, the Ind

phenotype of the EK95 mutation seems to exhibit a stronger dose 

dependence on the level of LexA repressor in the indicator strain than 

that observed with other mutations. OveraII, excluding EK95 and EV170, 

which were not studied further, our mutant coIIection contains 20 

different mutations resulting in amino acid substitutions in 12 positions. 

Isolation of lexA(Ind-) mutants 

The rationale for isolation of mutants is discribed in CHAPTER 3. In 

our initial experiments, we used the plasmid pJWL59, carrying a tacP::lexA 

fusion, and the indicator strain JL859 (carrying a recA::lacZ operon 

fusion). Three mutants were isolated with this system (see CHAPTER 3). 

However, two observations led us to switch from plasmid pJWL59 to 

pJWL147 (lacP::lexA +) and to change the indicator strain from JL859 to 

JL1420 (carrying a sulA::lacZ fusion). First, when the expression of LexA 

repressor was under the control of the strong tac promoter, as in pJWL59 

derivatives, ceIIs bearing even the uninduced level of a non-cleavable 
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repressor grew slowly and tended to accumulate plasmids with a non

functional lexA gene, presumably because these had a selective advantage 

even in cells carrying a mixed population of plasmids with functional and 

non-functional le~ genes. Therefore, a switch from the tac promoter to 

a weaker promoter, lacUV5, reduced the basal expression of the lexA 

gene and allowed normal growth rates. Second, with this weaker 

promoter, strain J1.859 carrying the lacP::lexA252 (Ind-) plasmid made a 

fairly red colony on a MacConkey plate. Presumably, the level of LexA252 

repressor driven by the lacUV5 promoter was too low to repress the 

recA::lacZ fusion. We therefore used an operon fusion to the sulA 

promoter, which has a much lower level of repressed expression than 

recA (Huisman et aI., 1982; Peterson and Mount, 1987). This fusion, which 

also lacks lacY (unlike the recA::lacZY fusion), gave a white colony with 

the lacP::lexA3 plasmid and a red colony with a white boarder with the 

lacP::lexA + plasmid. 

Site-directed mutagenesis 

Site-dircted mutagenesis was performed as described by Kunkel (1985) 

using uracil-containing DNA as a template. For engineering BamHI, BstEII, 

and BgIIl sites into the lexA gene, ssDNA of mp8-147 was used as a 

template. For the construction of the KH156 mutation, ssDNA of mp9-184 

was used. The uracil-containing ssDNA was obtained by infecting strain 

JL1245 (due un!r), with phage mp8-147 and mp9-184, respectively, 

supplementing the culture with uridine (0.25 J.Lglml) and isolating the 

ssDNA by the procedure as described (Messing, 1983). For screening for 

positive clones containing the silent site, the replicative form of DNA was 
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made from the infected cells and digested with one of the above enzymes. 

For the KH156 mutation, the dot-blot hybridization method (Zoller and 

Smith, 1983) using 32P-end-labeled KH oligomer as a probe was used to 

screen for the phage containing the mutation. By this mutagenesis 

method, the efficiency of generating positive clones in each case yielded 

between 40-70%. The three silent sites were then introduced into 

pJWL147, yielding pJWL184 as described above. A BstEII-to-BglII fragment 

containing the KH156 mutation were then cloned into pJWL184 backbone. 

The mutation was then verified by DNA sequencing analysis. 

DNA sequence determination 

The position of lexA(Ind-) mutations was determined by direct plasmid 

sequencing using the dideoxy chain termination method (Sanger et aI., 

1977) and MMLV reverse transcriptase to synthesize DNA (Zagursky et 

aI., 1985) (although oriM13 was present on most of our plasmids, it did 

not function well enough in this particular construction to give adequate 

amounts of single-stranded DNA for sequencing). For the mutations 

generated by site-directed mutagenesis, DNA sequencing reaction was 

performed with ssDNA isolated from the positive clone and Klenow 

fragemnt of DNA polymerase was used to synthesize DNA (Sanger et aI., 

1977). In order to easily see the mutation, wild~type and mutant sequence 

were run in parallel sets on a gel. For each mutation, sequence 

determination spanned only the fragment to which the mutation had been 

mapped or subc10ned (see above). For the sake of clarity, all the 

mutations isolated in this work are represented by the following code; 

two single-letter amino acid abbreviation, of which the first letter 
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indicates the wild-type residue and the second letter indicates the 

substitution in the mutant LexA, followed by the position of the 

substitution in the LexA protein sequence (also see legend for Table 3.1). 

Mitomycin C sensitivity of mutants 

Strain JL1420 carrying the wild-type lexA gene or a lexA(lnd-) 

mutant gene on the plasmid pJWL147 was used to measure the sensitivity 

to mitomycin C treatment conferred by the wild-type or mutant repressor. 

Cultures were grown in exponential phase in L broth at 370 C and diluted 

100-fold into 5 ml of saline (0.85% NaCl), and Mitomycin C was added to 

a final concentration of 1 fLglml. An aliquot was immediately diluted 100-

fold into ice-cold L broth for a zero-time control, and the remainder was 

incubated at 370 C for various times, followed by dilution as above. 

Aliquots of each dilution were then spread onto A agar plates containing 

100 fLglml of ampicillin, which were then incubated overnight at 370 C. 

Measurement of J3-galactosidase activity 

The measurement of J3-galactosidase activity in each strain was 

performed as described (Miller, 1972). Cells were lysed by the method 

using SDS and chloroform. 

In vivo cleavage of LexA repressor 

Strain JL1470 or JL1436 carrying wild-type lexA or mutant lexA gene 

on the plasmid pJWL147 was grown to an early exponential phase in L 

broth containing ampicillin at 370 C. The growth was continued in the 

dark in the presence or absence of mitomycin C (final concentration, 2 
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J-Lglml) for 30 minutes. Then, IPTG was added to the culture to the final 

concentration of 0.1 mM and cells were grown for another 30 minutes. At 

the end of growth, the culture was chilled immediately in an ice water 

slurry and 60 ,..,1 of the culture was centrifuged. To the cell pellet, 30 J-Ll 

of 2xSDS sample buffer (4% SDS, 125 mM Tris-HCl, pH 6.8, 1.4 M (3-

mercaptoethanol, 10% glycerol and 0.05% bromophenol blue) was added. 

The sample was boiled for 3 minutes and analyzed by SDS-P AGE on a 15% 

gel (Laemmli, 1970). LexA protein and its cleavage fragments were 

detected by Western blot analysis (Burnette, 1981). The electrophoretic 

transfer of proteins from the polyacrylamide gel into nitrocellulose paper 

(BA83, 0.2 urn; Schleicher and Schull) was accomplished at 40 C for 2 

hours at 70 V. 5% w/v nonfat dry milk was used for blocking nonspecific 

adsorption of nitrocellulose (Johnson et aI., 1984); either 1251_ 

Staphylococcus aureus protein A or peroxidase conjugate (ABC-Vectostain, 

Vector Laboratory) was used as a secondary reagent to visualize the 

protein bands reacted with the LexA polyclonal antibodies (Little, 1983). 

It has been shown that cleavage fragments of LexA repressor, the 

carboxyl-terminal fragment in particular, seem to be highly sensitive to 

Lon protease degradation in vivo (Little, 1983). Therefore, in some cases, 

a lon- derivative of JL1436, JL1470, was used in order to detect cleavage 

fragments in vivo. 

The level of LexA repressor in vivo 

Cells were grown as described above to the exponential phase. One 

hundred twenty J-Ll culture was' centrifuged and 20 ,..,1 2xSDS sample buffer 

was added to the cell pellet. The LexA repressor was then detected by 



Western blot analysis as described above. The cellular concentration of 

LexA repressor was determined by comparing visually the band intensity 

to that of a known amount of standard purified LexA. The number of 

cells was determined by spreading a portion of the culture on a A plate 

containing ampicillin. For Escherichia coli, one molecule per cell 

corresponds to a cellular concentration of 1 nM. 

The purification of LexA protein 

Mutant LexA proteins were purified from strain JL468 carrying 

mutant lexA gene on plasmid pJWL147 by a simplified version of the 

procedure described previously (Little, 1984). Five ml of overnight culture 

was inoculated into 500 ml of L broth containing 100 J.Lg/ml ampicillin. 

Cells were grown at 370 C to a late log phase; IPTG was then added to 

the final concentration of 0.5 mM, and aeration was continued until cell 
. 

growth had largely ceased (after about 4 hours). Cells were then 

harvested by centrifugation in GSA rotor at 10 K rpm (about 16,000 x g) 

for 6 minutes. The following steps were performed at 40 C unless 

indicated. The cell pellet was suspended in 20 ml of buffer A (50 mM 

Tris-HCI, pH 8.0, 5 mM EOTA and 5% glycerol). PMSF was omitted here. 

One ml of lysozyme (8 mg/ml) was added, and the suspension was kept at 

OOC for 30 minutes, then frozen at -700 C and thawed at OOC until it 

became very viscous. The suspension was then mixed with 210 J.LI of 1 M 

orr and 2.5 ml of 4 M NaCI (final concentrations of orr and NaCI were 

10 mM and 500 mM, respectively), and centrifuged in a SS-34 rotor at 18 

K rpm (about 39,000 x g) for 30 minutes. The clear supernatant was 

recovered and, to 100 ml, 3.5 ml of 10% polyethyleneimine-HCI (pH 7.9) 
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was added to precipitate nucleic acids (0.35% final concentration); after 20 

minute-stirring, the suspension was centrifuged at 18 K rpm for 6 

minutes. Ammonium sulfate (0.4 glml) was added with stirring to the 

supernatant. After centrifugation as described above, the protein pellet 

was suspended in buffer A containing 1 mM Drr and 500 mM NaCI in 

which 0.4 g ammonium sulfate per ml had been dissolved. The suspension 

was centrifuged again. The pellet was dissolved in buffer B (20 mM 

potassium phosphate, pH 7.0, 0.1 mM EDTA, and 10% glycerol) containing 

500 mM NaCI and 1 mM DTT and dialyzed overnight against the same 

buffer. The dialysate was then diluted 1: 2.5 with buffer B containing 1 

mM Drr, and applied to phospho cellulose column, which had been 

equilibrated with buffer B containing 200 mM NaCI and 1 mM Drr. The 

column was washed with the same buffer. Instead of a gradient elution, 

buffer B containing 600 mM NaCI was used to elute LexA protein from 

the column. The methylmercury column was omitted. The fractions coming 

from the 600 mM NaCI elution were pooled and applied directly without 

dialysis to a hydroxylapatite column, which had been equilibrated with 

buffer C (0.1 mM EDTA and 10% glycerol) containing 50 mM potassium 

phosphate, pH 7.0. After extensively washing with the above buffer, LexA 

protein was eluted with buffer C containing 150 mM potassium phosphate, 

pH 7.0. The fraction eluted from the 150 mM potassium phosphate elution 

was collected, concentrated either by ammonium sulfate (0.4 glml) 

precipitation or ultrafiltration (YP-I0 membrane, Amicon Corporation) and 

dialyzed against buffer D (10 mM PIPES-NaOH, pH 7.0, O.lmM EDTA, 10% 

glycerol and 200 mM NaCI). LexA protein purified from this procedure 

was greater than 90% pure. Typically, 3-6 mg of Ind- mutant LexA 
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protein could be obtained from 1 liter of culture. 

Preparation of crude cellular extract 

Cells (usually strain JL468 or JL1447 containing pJWL147 or mutant 

lexA gene in pJWL147) were grown in L broth (1:100 dilution) to an early 

exponential phase. IPTG (1 mM) was added to the culture and cells were 

growm for an additional 4 hours. Three ml of the culture was then 

centrifuged. The cell pellet was resuspended in 0.1 ml of a solution 

containing 70 mM Tris-HCl pH 8.0, 285 mM NaCl, 1.4 mM DTT, 0.7 mM 

EDT A, sucrose (200 mg/ml) and lysozyme (1' mg/ml). The mixture was 

frozen in a dry ice/ethanol bath, thawed and incubated at OOC for 45 

minutes, followed by 370 C for 2 minutes and returned to OOC until it 

became viscous. The cell debris was then removed by Eppendorf 

centrifugation at OOC for 30 minutes. The supernatant was used for the in 

vitro cleavage assay. 

In vitro RecA-mediated cleavage 

Assay of RecA-mediated cleavage was carried out in several stages. 

First, the RecA protein (a generous gift from Stephen West, Yale 

University) was activated by preincubating RecA (25 J-tM) with 1 mM 

adenosine 5'-('Y-thio) triphosphate, 2 mM MgCI2, 1 mM DTT, 20 mM Tris

HCI, pH 7.4 and 32 J-tg/ml of heat denatured calf thymus DNA at OOC for 

20 minutes. Then the reaction was performed by incubating a 192 J-tl 

sample containing 3-5 J-tM LexA protein, 1 mM 5'-('Y-thio)triphosphate, 5 

mM MgCI2, 2 mM DTT and 20 mM Tris-HCl, pH7.4, at 37°C. Thirty-eight 

J-tl of the reaction mixture was taken as a zero-time sample and added to 
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10 of SxSOS sample buffer (10% SOS, 60 mM Tris-HCI, pH 6.8, 3.S M (3-

mercaptoethanol, 30% glycerol and 0.1% bromophenol blue). To the 

remaining portion, activated RecA was added to a final concentration of 1 

fl-M. The reaction was then incubated at 370 C; at intervals, samples were 

mixed with SxSDS sample buffer as described above. Samples were 

analyzed by SDS-PAGE (1S% acrylamide) (Laemmli, 1970), followed by 

staining with Coomassie blue R-2S0 (Fairbanks et aI, 1971). The relative 

rate compared to wild-type LexA was assessed either by visual inspection 

or scanning with a GS300 Transmittance/Reflectance Scanning 

densitometer (Hoefer Scientific Instruments) coupled to an integrator 

(Shimadzu, model PXJ43B1) (the latter was used for the mutant proteins 

isolated in CHAPTER S). 

For the pH dependence of RecA-mediated cleavage, the RecA was 

first activated at neutral pH, and the reaction was performed essentially 

the same as described above except that, instead of Tris-HCI, pH 7.4, 20 

mM of the following buffer with various pH was used: potassium 

phosphate buffer, pH 6.0-7.S; Tris-HCI, pH 7.0-8.8; CAPS [3-

(cyclohexlamino)-propane sulfonic acid] buffer, pH 9.S-11.1. The final pH 

of the reaction was determined by measuring the pH value of an 

increased volume of the mock reaction mixture; the final concentration of 

LexA and RecA were 3 and 1 fl-M, respectively. The reaction mixture also 

contained 1 mM PIPES buffer, pH 7.0, 0.01 mM EOTA, 1% glycerol and 20 

mM NaCI from the repressor storage buffer. The relative rate of cleavage 

was assessed as described above and determined based on the the reaction 

time required for SO% LexA to be cleaved (In these experiments, the 

time-dependence cleavage profile usually exhibited a linear portion in the 
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range upto .... 70% of intact LexA was cleaved). 

Autodigestion 

Autodigestion at pH 10.4 was typically assayed by incubating 250 JLI 

samples containing 4 JLM repressor in 50 mM CAPS buffer, pH 10.4 at 

370 C. Autodigestion at pH 8.0 was measured by incubating in 50 mM Tris

HCI, pH 8.0 buffer in the presence of 10 mM CaCI2. For measuring the 

rate constant of autodigestion at pH 7.7, 8.8, 10.4 and 11.0, TGC buffer 

(containing equimolar amounts of Trizma base, glycine and CAPS titrated 

with HCl or NaOH; Slilaty et al., 1986), and CaCl2 were added to a final 

concentration of 50 and 10 mM, respectively. For pH 11.6, equimolar 

amounts of TGC buffer (pH 11.0) and tripotassium phosphate was used. 

For pH 12.2, 50 mM of the potassium triphosphate was used. Reactions 

were all performed at 370 C, sampled at intervals and analyzed as 

described above. 

When using cellular crude extract instead of purified mutant protein 

in the cleavage assay, 36 JLI of extract was used and the assay was 

performed as described above. It was found that the rate of wild-type 

repressor cleavage was about the same whether using purified LexA or 

crude extract from cells bearing wild-type LexA. However, in contrast to 

that using purified protein, whose cleavage products were easily 

detectable, the cleavage of LexA in the crude extract, especially in a 

small amount, could only be monitored by the disappearance of intact 

LexA. The C-terminal cleavage fragment could not be detected easily, 

because it co-migrated with lysozyme. Therefore, the sensitivity of 

detecting cleavage was lower than that using purified protein (also see 

48 



legend for Table 4.1). 

Purification of ~ Inds repressor 

~ Inds repressor was purified from JL905 according to the method 

described by Slilaty et al (1986). Thirty to fifty mg of the repressor was 

obtained from I-liter culture. 

Purification of [3H]methionine-LexA repressor 

Strain JL652 were grown to a cell density of about 108 cells/ml in 

M9-glucose medium containing seven amino acids as described in pulse

label experiment. Five minutes after induction with IPTG (0.5 mM), 

[3H]methionine was added to a final concentration of 20 J.1Ci/ml, and 

growth was continued for an additional 45 minutes. LexA protein was 

then purified as described above. Under this condition, purified repressor 

was estimated to have a specific radioactivity of about 2x105 cpm/J.1g. It 

was diluted with unlabeled LexA protein for the experiments in the 

following sections. 

Competitive inhibition of RecA-mediated cleavage 

First, RecA protein was activated at the concentration of 4 J.1M by 

incubating in 2 mM MgC12, 1 mM 5'-(-y-thio)triphosphate, 10 mM Tris-HCI, 

pH 7.4, and 5.3 J.1g!ml of M13mp8-147 ssDNA (at a ratio of 3-4 

nuc1eotides/ RecA monomer) at DoC for 20 minutes. Then, competition 

experiments were performed by preincubating 200 J.11 sample containing 0.2 

J.1M of [3H]methionine-labelled wild-type LexA (specific activity 6x104 

cpm/J.1g), 1 mM 5'-( -y-thio )triphosphate, 0.1 J.1g!ml BSA, 5 mM MgC12, 2 mM 
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OTT, 20 mM Tris-HCI, pH 7.4, and in the presence or absence of 2 J.LM of 

wild-type or mutant LexA; activated RecA was added at a final 

concentration of 0.2 J.LM. The reaction mixture was incubated at 37oC, 

sampled at intervals and quenched by 5xSOS sample buffer. Partially 

autodigested LexA protein was added to the sample as markers for intact, 

COOH-, and NH2- cleavage fragments. The cleavage products were 

separated in 15% SOS-polyacrylamide gel. Gel was stained as described 

above (Fairbanks et aI., 1971) Following destaining, three protein bands, 

representing uncleaved repressor, carboxy-terminal and amino-terminal 

fragments were excised and processed for measuring radioactivity (Slilaty 

et al., 1986). The degree of repressor cleavage was calculated as the ratio 

of the total counts in the two cleavage fragments to the total counts in 

all three bands. 

For the experiment shown in Figure 4.5, the reaction was performed 

by preincubating 155-J.LI samples containing 0.2 J.LM activated RecA (diluted 

from 4 J.LM activated RecA, prepared as described above), 1 mM ATP-'Y-S, 

5 mM MgCI2, 2 mM OTT, 20 mM Tris-HC1, pH7.4, and in the presence or 

absence of 0.5 J.LM of mutant LexA. Then the reaction was initiated by 

adding 3H-labelled wild-type LexA (45 J.Ll) to give a final concentration of 

2 J.LM. 

For competition experiments using A Inds repressor as a substrate, 

the reactions were performed essentially the same as above, except that 

the final concentration of RecA, A Inds and LexA proteins in the reaction 

were 0.25, 0.5, and 2.5 J.LM, respectively. 
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Kinetics of RecA-mediated cleavage of LexA repressor 

Dependence on RecA concentration 

RecA (4 JLM) was activated as described above. The reactions (total 

volume of 160 JLI) were performed by incubating 1 JLM 3H-Met wild-type 

LexA (8,000 cpm/JLg), 1 mM ATP-'Y-S, 0.1 JLg/ml BSA, 5 mM MgCI2, 2 mM 

DTT and 20 mM Tris-HCI, pH 7.4 at 370 C for 5 minutes. Then, different 

volumes (2-40 JLI) of activated RecA were added to give a final 

concentration of 0.05-1 JLM. The rate of cleavage was then analyzed as 

described above. 

Dependence on LexA concentration 

The reactions (120-300 JLI) were performed essentially the same as 

above. LexA concentration (0.1-20 JLM) was varied by adding different 

amount of unlabeled protein to the same amount of labeled protein, 

yielding a specific activity ranging from 600 to 120,000 cpm/f,Lg. The 

reactions were preincubated at 370 C for 5 minutes to allow the 

establishment of equilibrium between different species, for example, 

monomer and dimer, of LexA protein. Then, the reaction was initiated by 

adding activated RecA to a final concentration of 0.2 JLM. Typically, the 

reaction also contained 40 mM NaCI, 2% glycerol, 0.02 mM EDTA, and 2 

mM PIPES-NaOH, pH 7.0, from the repressor storage buffer. 
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CHAPTER 3 

ISOLATION AND CHARACfERIZATION OF lexA(lnd-) MUTANTS 

In this chapter, I report on the isolation and sequence analysis of 

mutations that confer an Ind- (non-inducible) phenotype to LexA 

repressor of Escherichia coli. A total of 20 different mutations, which 

result in amino acid substitutions in 12 positions, have been characterized. 

Genetic analysis of these mutant repressors have suggested that they are 

specifically deficient in in vivo RecA-mediated cleavage without disrupting 

the overall structure as a repressor. 

RESULTS 

Basis of the screen 

We took advantage of a constitutively activated mutant form of the 

RecA protein, termed RecA 730, which cleaves wild-type LexA in vivo in 

the absence of SOS induction, greatly reducing its function. By contrast, 

non-cleavable LexA (lnd-) proteins are resistant to cleavage and show 

greater repressor function. This difference was detected by the use of 

operon fusions between a LexA-controlled promoter and the lacZ gene. 

The logic of this method is similar to that developed by Mount (1976) and 

later used by Gimble and Sauer (1985) to isolate Ind- mutants of phage ~. 

In our method, the lexA gene was present on a plasmid, and it was 

driven by the lac (or tac) promoter and controlled by the Lac repressor. 

The regulatory circuitry used is shown in Figure 3.1. The use of the lac 
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(or tac) promoter instead of the natural lexA promoter avoided 

complications due to autoregulation of the natural lexA gene (Little and 

Mount, 1982), and allowed overproduction of the mutant proteins for 

biochemical analysis (see CHAPTER 4). 

In the system I used, lexA(lnd-) mutants were identified by 

transforming plasmids carrying the mutagenized lexA gene into an 

indicator strain, JL1420, which was constructed by John W. Little and 

contained the following components (Figure 3.1). First, it carried a 

lexA 71::Tn~ (Del) mutation, so that LexA function was provided solely by 

the plasmid. Second, it had a sulA211 mutation (George et al., 1975), 

allowing the cell to divide under the SOS-induced state. Third, it carried 

a recA 730 allele (Lieberman and Witkin, 1983), which made a 

constitutively activated RecA protein. This avoided the use of a DNA 

damaging treatment to activate RecA, since the mutants we sought would 

make the cells sensitive to DNA damage. Fourth, it carried a fusion of 

the LexA-regulated sulA promoter to the lacZ gene in a A prophage, 

allowing us to assess LexA function by a simple screen. Finally, it 

contained an F'plasmid with a mutant Lac repressor (lacIS
) which was 

insensitive to inducer, so that the lexA gene on the plasmid was not 

induced by the lactose present in the MacConkey indicator plate, an 

event which would be harmful or lethal to the cells. 

The behavior of control plasmids in this indicator strain showed that 

it could be used to distinguish lexA (Ind-) mutants from wild-type lexA. 

Cells harboring a plasmid with a lacP::lexA3 (Ind-) gene formed white 

colonies on MacConkey plates, showing that the basal level of non

cleavable LexA3 protein could efficiently repress the sulA::lacZ 
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Figure 3.1 Regulatory circuitry of the indicator strain (JL1420) used to 

screen for lexA(Ind-) mutants. In strain JL1047, the recA allele is wild

type. In strain JL1752, the recA allele is deleted. 
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fusion. By contrast, cells with a plasmid carrying a lacP::lexA + gene 

formed red colonies with white borders. Although the wild-type protein 

was made at the same rate as was LexA3 protein in the previous strain 

(see below), it was promptly cleaved, leading to low repressor levels and 

a high level of ~-galactosidase. This difference in phenotype therefore 

allowed us to isolate more Ind~ mutants by screening for white colonies 

in a background of wild-type red ones. 

This screen allowed us to pick up only non-cleavable LexA mutants 

that retained sufficient repressor function to repress the fusion, avoiding 

isolation of mutants that lost their cleavability simply because their 

overall structure was disrupted by the mutation. However, in quantitative 

assays, some mutants gave ~-galactosidase levels greater than those given 

by a lexA3 plasmid. To distinguish whether these values reflected poor 

repressor function or some residual cleavability, a recA- version of the 

indicator strain was later used to assess repressor function in the absence 

of cleavage (see below). 

This screen only detects changes that affect the RecA-mediated 

cleavage reaction, since a functional RecA protein is absolutely required 

for in vivo cleavage (Witkin, 1976). It is plausible, in principle (Gimble 

and Sauer, 1985), that mutants isolated by this screen may not bear 

defects in the in vitro autodigestion reaction. 

Targeting of mutagenesis and mutant isolation 

A tryptic fragment of LexA protein, comprising the carboxy-terminal 

two-thirds of the protein from Leu68 to the end of the protein, Leu202, 

has full activity for RecA-mediated cleavage and autodigestion in vitro 
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(Little, 1984). Therefore, this part of the protein must contain all of the 

functional sites required for both cleavage reactions. Mutagenesis was 

targeted mainly to several small restriction fragments in this part of the 

gene, allowing us to saturate the mutations in a small region. The 

location of a mutation was then confirmed by subcloning the previously 

mutagenized fragment into a wild-type vector, and the exact position of 

the mutation was identified by sequencing this fragment instead of the 

whole gene. Localized mutagenesis was achieved by use of several 

restriction sites in the lexA gene which are unique in the plasmid we 

used, including naturally occurring sites and four new silent sites (Little 

and Mount, 1984) for the enzymes BamHI, SaIl, BstEII and BgIlI which 

were introduced by site-directed mutagenesis (Figure 2.1). 

Localized mutagenesis of several intervals was ca.rried out using 

hydroxylamine, formic acid and hydrazine mutagenesis methods. 

Mutagenesis gave roughly ten times more lexA (Det) mutants than lexA 

(Ind-) mutants (see CHAPTER 2), as would be expected, since the latter 

should result from relatively specific alterations in the protein. 

Sequence of lexA(lnd-) mutations and clustering of amino acid changes in 

three regions. 

Forty-six lexA (Ind-) mutants were isolated and their mutational 

changes were determined by DNA sequence analysis. The sequence 

changes and the mutagenesis method used are listed in Table 3.1. The 

method used for sub cloning and sequencing assured us that for all of 

these mutants their phenotype was due to a single amino acid change 

(also see CHAPTER 2, p38). By use of three mutagens, our mutant 
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TABLE 3.1. Sequence changes and resulting amino acid substitutions of 

JexA(Ind-) mutants. 

Allele No.a 

& (mutant code)b 

1exA264 (SSal) (GV80) 

1exA26l (SSal) (GD80) 

lexA266 (SSal) (VE82) 

1exA265 (SSal) (VM82) 

1exA262 (SSal) (AV83) 

1exA267 (SSal) (AT83) 

1exA252 (SSal) (AA83) 

lexA260 (SSal) (AT84) 

lexA268 (SSal) (AD84) 

1exA3(SSal) (GD85) 

1exA253 (EK95) 

1exA274(SSal} (RPlI4) 

1exA269 (SSal) (VFI15a) 

(VFll5b) 

lexA263 (SSal) (GEll7) 

1exA25l (SSal) (SLll9) 

lexA280 (SSal} (MLl20) 

amino acid 

changec 

GlySO -> Val 

GlySO -> Asp 

Val82 -> Glu 

Val82 -> Met 

Ala83 -> Val 

Ala83 -> 'lhr 

Ala83 -> A 

Ala84 -> 'Ihr 

Ala84 -> Asp 

GlyS5 -> Asp 

Glu95 -> Lys 

ArglI4-> Pro 

Vall15-> PIle 

Valll5-> PIle 

Vall33-> Val 

Glyll7-> Glu 

Serll9-> Leu 

Met120-> Leu 

codon 

chan;Je 

mutagend No. of 

GGT -> GIT 

GGT -> GAT 

GIG -> GAG 

GIG -> A'm 

GCr -> GIT 

GCr -> AaJ! 

GCr ->-

G<X! -> ACC 

G<X! -> GAC 

GGT -> GAT 

GAA -> AAA 

a:;c -> ax: 

GI'C -> Tl'C 

GI'C -> 'lTC 

GIG -> GIT 

GGG -> GAG 

'!'(X; -> TIG 

A'm -> TIG 

FA 

HA 

FA 

in:lepe.ndent 

isolates 

1 

1 

1 

HA & FA 2 

HA 1 

HA&HZ 4 

Spont. 2 

HA 1 

FA 1 

HZ 1 

Spont. 1 

FA 1 

FA 4 

FA 1 

HA & FA 3 

Spont.& HA 7 

FA 1 
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Table 3.1--continued 

lexA259 (SSal) (TI154a) Thr154-> lle ACC -> ATe HA&HZ 3 

(TI154b) Thr154-> lle ACC -> A'lT HA 2 

lexA270 (SSal) (RR156) Lys156-> Arg AN; -> AGG FA 1 

lexA272 (SSal) (Rm.56) Lys156-> Met AN; -> A!IG FA 5 

lexA271-281 (I<N156/QH184 ) FA 1 

lexA271 (SSalE'gl) (I<N156) Lys156-> Asn AN; -> MT 

lexA281 (SSalBst) (QH184) Gln184-> His C'AG -> CAT 

lexA273-282 (lcr1156/EV170) FA 1 

lexA273 (SSalBgl) (lcr1156) Lys156-> Thr AN; -> AOO 

lexA282 (SSalBst) (EV170) GlUl70-> Val GAA -> GTA 

a. The silent sites in the nrutant lexA allele are indicated by the 

letters following allele number. S, silent site; Sal, salr; Bst, 

BstEll: Bgl, Ig!ll site. 
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b. For the sake of clarity, all the mutations in this work are 

represented by the fellowing code; two single-letter amino acid 

abbreviation, of which the first letter indicates the wild-type residue 

and the second letter indicates the substitution in the nrutant I.exA, 

followed by the position of the substitution. 

c. Numbers represent the position of substitution. 

d. Mutagens: FA, fomc acid; HA, hydroxylamine; HZ,"'hydrazine; Spont., 

spontaneous • 



TAmE 3.2 Mutation specificity of lexA(Irxr) mutants generated by 

different l1D.lt:agen treatments. 

MUtagena Nucleotide change 

in the codon 

HA transitions 

C -> T 

G -> A 

FA (ITp8-42) transversions 

G -> T 

A -> T 

G -> C 

A -> C 

transitions 

G -> A 

A -> G 

FA (mp9-147) transversions 

T -> A 

C -> A 

transitions 

HZ (ITp8-42) C -> T 

HZ (mp9-147) G -> A 

mutatiorP 

C -> T 

C -> T 

G -> T 

A -> T 

G -> C 

A -> C 

G -> A 

A -> G 

A -> T 

G -> T 

C -> T 

C -> T 

No. of independent 

mutations 

12 

7 

9 

7 

1 

1 

2 

1 

1 

1 

1 

2 

a. MUtagens: HA, hydroxylamine; FA, fonnic acid; HZ, hydrazine; mp8-42 

and mp9-147 denote the use of ssrNA of these phages as templates in the 
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Table 3.2--continued 

mutagenesis treatment. 

b. change in the base originally located in the mutagenized DNA. 
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collection contains a broad spectrum of mutations (Table 3.2). 

61 

As 

reported elsewhere (Davis et aI., 1980, Maxam and Gilbert, 1980, Myers et 

aI., 1985), hydroxylamine, which deaminates cytosine, generated exclusively 

GC->AT transition mutations. Hydrazine, breaking the pyrimidine rings, 

generated the same mutation as hydroxylamine and other mutations not 

found in this study (Myers et aI., 1985). By contrast, formic acid 

depurinated the template DNA, frequently leading to misincorporation of a 

nucleotide. Predominantly dA TP was inserted opposite the apurinic site by 

reverse transcriptase during DNA synthesis, and therefore generated 

mostly G->T and A->T transversion mutations. 

The positions of amino acid changes for these lexA(Ind-) mutations 

are· shown on a linear map of the LexA polypeptide (Figure 3.2). Several 

striking features are evident. First, among these 46 mutants, no Ind

mutations were found on the N-terminal side of Gly80, although many of 

the mutants were isolated from experiments in which the mutagenized 

DNA included the MluI-SalI interval (13 independent mutations were 

sequenced) or the entire lexA gene (8 independent mutations were 

sequenced). This finding is consistent with the idea that only the 

carboxy-terminal two-thirds of LexA protein is involved in the cleavage 

reactions (Little, 1984, Slilaty et al., 1986). 

Second, the mutations clearly cluster into three small regions of the 

polypeptide. Region 1 includes amino acid residues 80 through 85, region 

2 includes amino acid residues 114 through 120, and region 3 includes 

Thr154 and Lys156. We believe that these clusters correspond to sites 

required for cleavage (see p77, Discussion). 

Finally, of the 12 amino acids affected by these mutations, 9 are 



Figure 3.2. Location of Ind- mutations in LexA protein, and homology 

with other cleavable proteins. The carboxy-terminal two-thirds of LexA 

protein is depicted. The SA119 (Ser-119->A1a) and KA156 (Lys-156->A1a) 

mutations were previously described (Slilaty and Little; 1987). Residues 

conserved among LexA, UmuD and repressors encoded by phages P22, 434 

and A are boxed for the repressors and underlined in the UmuD sequence. 

The A Ind- mutations were reported by Gimble and Sauer (1985). 

Numbers next to the partial sequence for LexA and A repressors indicate 

the position in the respective proteins. The nomenclature for designating 

mutational changes is as given in Table 3.1. 
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conserved between LexA and the cleavable repressors of phages ~, P22 

and 434 (Sauer et al., 1982). Several ~ £I(Ind-) mutations also affect 

conserved amino acids (Figure 3.2--see also Discussion). Moreover, most 

of this conservation extends as well to the UmuD protein (Perry et al., 

1985; Burckhardt et al., 1988; Nohmi et al., 1988; Shinagawa et al., 1988). 

We conclude that these residues are conserved, at least, because of their 

involvement in the cleavage reaction. 

Repressor activity and cleavage of mutants in vivo 

Three strains, with similar regulatory circuitry for controlling LacZ 

expression (see Figure 3.1), were used to assess RecA-mediated cleavage 

and repressor function in vivo. They differed only in their recA alleles, 

bearing either constitutively active (JL1420), wild-type . (JL1047), or 

deleted RecA function (JL1752). As described elsewhere (Little and Hill, 

1985; Slilaty and Little, 1987), the level of ~-galactosidase activity was a 

measure of the efficiency of LexA repressor function in the absence or 

presence of RecA-mediated cleavage. In strain JL1752, RecA-mediated 

cleavage was totally eliminated by the absence of the recA gene, so that 

the level of ~-galactosidase activity was solely dependent on the 

repressor function, determined by the operator-DNA binding activity and 

the intracellular stability of the repressor, which might be affected by 

other degradative pathways, such as the Lon protease (Little, 1983; 

Peterson and Mount, 1987). In strain JL1420, which carried a 

constitutively active RecA protein, the level of ~-galactosidase activity 

was determined both by the cleavability and the intrinsic repressor 

function of the LexA repressor. In strain JL1047, which made wild-type 
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RecA protein, the level of wild-type repressor was reduced somewhat by 

the basal rate of cleavage, presumably due to a low level of activated 

RecA present in the cell, resulting in intermediate levels of (3-

galactosidase (Little, 1983; Little and Hill, 1985; Slilaty and Little, 1987). 

The levels of (3-galactosidase activity in these three strains 

harboring plasmids with either wild-type or mutant repressor genes are 

listed in Table 3.3. Control plasmids displayed the expected pattern. In 

cells with no repressor function (carrying pBR322), the sulA::lacZ fusion 

was fully derepressed in all three strains. In the recA - strain bearing 

plasmids with wild-type repressor or the lexA3 (lnd-) allele, the fusion 

was greatly repressed, and both lexA alleles conferred the same low level 

of lacZ expression, indicating that wild-type and LexA3 proteins have 

intrinsically the same repressor function (see also Slilaty and Little, 

1987). By contrast, in cells with activated RecA, the plasmid with wild

type lexA gave much higher values, whereas the lexA3 (Ind-) plasmid was 

essentially unresponsive to the recA allele (see also Slilaty and Little, 

1987). 

All of the mutant repressors, except VE82, M83, RP114 and SL119, 

provided nearly as much repressor function as did the wild-type repressor, 

as judged by the level of (3-galactosidase in the recA - strain. Since the 

steady-state level of these four mutant repressors in strain JL1752 was 

the same as wild-type, as determined by Western blot analysis (data not 

shown), their lack of repressor function is more likely due to defects in 

the intrinsic DNA-binding activity than to decreased stability of the 

mutant repressor in the cell. 
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Plasmid 

'mmE 3.3. p-galactosidase activity (Units) in 

strains can:y:inJ various lexA alleles 

pJWLl47 (lexA+) 3,000 700 70 

pBR322 5,100 4,900 4,300 

GV80 130 70 40 

GOO 0 80 100 90 

VE82 260 230 210 

VM82 160 70 50 

AV83 70 50 70 

AT83 120 100 50 

M83 350 150 220 

AT84 100 100 70 

AD84 80 50 80 

GOO5 (1exA3) 70 150 90 

RPl14 800 520 520 

VFl15 130 150 140 

GEl17 120 150 110 

SIJ.19 1,300 1,200 1,200 

MLl20 140 150 60 

TI154 190 120 70 

KRl56 70 50 '. 40 

KMl56 60 100 60 

I<N156 100 90 70 

Icr'156 90 100 70 
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Table 3.3--continued 

(3-galactosidase activity of strains JL1420, JL1047 and JL1752 bearing 

wild-type LexA repressor (pJWL147), no repressor function (pBR322), or 

mutant LexA repressor from plasmid pJWL147 derivatives. The specific 

activity values (calculated as in Miller, 1972) are an average of duplicate 

samples in each of two separate experiments and contain a standard 

deviation of about 40%. These results were consistent with the colony 

color of the strains on MacConkey indicator plates, except that strain 

JL1420 carrying the TI154 mutant plasmid formed pink colonies while all 

other strains with (3-galactosidase values in this range formed white 

colonies. This discrepancy may reflect physiological differences between 

cells grown on plates and in liquid culture. 



In the recA730 strain (JL1420), cells bearing wild-type repressor 

showed a greatly increased level of ~-galactosidase activity compared to 

that in the recA- strain, presumably as a result of the susceptibility of 

the repressor to constitutive cleavage by RecA730. By contrast, most of 

the mutants were essentially unaffected by the presence of RecA 730 and 

showed levels of ~-galactosidase 10-50 fold lower than that of wild-type, 

as would be expected from the screening procedure. In the recA + strain 

(JL1047), the wild-type repressor conferred an intermediate level, while 

most of the mutant repressors resulted in about the same levels of ~

galactosidase in the recA + strain as in the recA - and recA 730 strains. 

In summary, a majority of the mutants appeared to be normal as 

repressors and totally deficient in in vivo RecA-mediated cleavage, as 

judged both by the low level of ~-galacto§idase activity observed in the 

recA - strain and by the unchanged level in response to the state of RecA 

protein. A few mutants showed constitutively high values in all three 

strains, suggesting partial defects in repressor function. Finally, several 

mutants showed significant increases in ~-galactosidase levels in strains 

with increased RecA function, suggesting that the mutant proteins retain 

some residual susceptibility to RecA-mediated cleavage (see Discussion). 

Sensitivity of mutants to Mitomycin C 

A classical property of lexA (Ind-) mutants is their high sensitivity 

to DNA-damaging treatments (Mount et aI., 1972), a reflection of their 

inability to derepress many genes in the SOS regulon. To test whether 

the mutant proteins were also able to prevent derepression of other 
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LexA-controlled genes in addition to the fusion used in the screen, we 

measured the sensitivity of cells carrying the lexA (Ind-) mutants to 

mitomycin C treatment. Examples of survival curves for two mutants, 

TI154 and KR156, and wild-type are shown in Figure 3.3. Strain JL1420 

bearing wild-type repressor were resistant to mitomycin C treatment. 

Cells bearing the KR156 mutant repressor were very sensitive to the 

treatment, whereas cells bearing the TI154 repressor showed an 

intermediate sensitivity, consistent with the above evidence (Table 3.3) 

that the TI154 repressor retains some in vivo cleavability (see also 

Discussion). 

The sensitivity of all the mutants to mitomycin C treatment is 

summarized in Table 3.4. Most of the mutants showed < 10% survival after 

treatment with mitomycin C for 60 minutes, implying that the mutant 

LexA repressors were resistant to inactivation by cleavage. However, in 

addition to TI154, four mutants, VE82, AA83, RP114 and SL119, showed 

greater than 10% survival after treatment. Taken together with data 

from the preceding section (Table 3.3), this finding suggests that these 

four mutant repressors cannot efficiently repress other SOS genes 

involved in DNA repair. 

DISCUSSION 

The mutations specifically affect RecA inactivation in vivo 

The results reported here show that at least 20 different amino acid 

substitutions in the LexA repressor result in a non-inducible (Ind-) 

phenotype. That these mutant repressors bear specific defects in RecA

mediated cleavage was suggested by two lines of evidence. First, in 
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Figure 3.3. Survival curve of strain JL1420 bearing wild-type (-0-), 

TI154 ( -x-), or KR156 (-,1-) LexA repressor from lacP::lexA 

plasmid, after mitomycin C treatment. 
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Allele 

Wild-type 

GVSO 

GDSO 

VES2 

VMS2 

AVS3 

ATS3 

MS3 

ATS4 

ADS4 

GDS5(lexA3) 

RPl14 

VFl15 

GEl17 

SLl19 

ML120 

TI154 

KR156 

KM156 

KN156 

KT156 

TABLE 3.4. Mitomycin C sensitivity 

No. of viable cells/60 J.LI of dilution 

after mitomycin C treatment for: 

o min 60 min 

2,000 1,600 

1,360 S 

2,300 2 

720 3S0 

640 40 

1,400 2 

1,200 SO 

960 100 

1,400 26 

900 0 

1,300 1 

2,200 4S0 

2,000 3 

3,000 190 

1,100 4S0 

3,000 150 

2,400 250 

2,100 0 

1,600 0 

1,600 2 

2,000 1 

Percent 

survival 

SO 

0.6 

0.1 

52.S 

6.4 

0.1 

6.7 

10.4 

l.S 

<0.2 

0.1 

21.S 

0.2 

6.3 

44.4 

4.9 

10.4 

<0.2 

<0.2 

0.1 

0.1 
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strain JL1420, which has a mutant, activated form of RecA protein, each 

of the mutant LexA proteins repressed a suIA::lacZ fusion more efficiently 

than was the case with the wild-type repressor, indicating that the 

mutant repressor is more resistant to the cleavage mediated by RecA 730. 

Second, all the lexA (Ind-) mutants were more sensitive to DNA damage, 

such as mitomycin e treatment, a typical Ind- phenotype (Mount et aI., 

1972) which most likely arises from the inability of repressor to be 

inactivated through cleavage (Little and Mount, 1982). More direct 

evidence for defects in cleavage has been obtained by the in vitro assay 

of RecA-mediated cleavage using purified mutant proteins or crude 

cellular extracts (see eHAPTER 4). 

A general problem in characterizing mutant proteins is ascertaining 

whether the change alters the structure only locally or has widespread 

effects on the overall structure of the protein. In the absence of 

detailed structural information, a rapid and sensitive test is to measure a 

second function of the protein which is expected to be independent of 

the mutation (Ackers and Smith, 1985). In our work, the screen used to 

isolate the mutants required that the mutant protein retain at least some 

repressor function; we then measured this function in the absence of 

cleavage in a recA- host. As with A repressor (Pabo and Sauer, 1984), 

the operator-DNA binding activity of LexA repressor is primarily a 

function of the NH2-terminal domain of the protein (Hurstel et al., 1986; 

Little and Hill, 1985). However, the portion of the protein containing the 

mutations, which comprises both the hinge region (connecting the NH2-

and eOOH-terminal domains and including approximately amino acid 70 to 

100) and the eOOH-terminal domain, also plays a role in repressor 
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function, perhaps through the dimerization of repressor and/or formation 

of the proper structure for contact between operator-DNA and the NH2-

terminal domain of the repressor. A few of the Ind- mutants did show 

partial defects in repressor function, confirming that these portions of 

LexA do play a role in this function. 

Since most of the mutants appear to confer normal repressor function 

(Table 3.3), we conclude that, for these proteins, the loss of cleavability 

in vivo is more likely due to a specific alteration· in the protein required 

for the cleavage than to a general disruption of protein structure. 

Previous evidence (Little and Hill, 1985; Slilaty and Little, 1987) suggests 

that this is also the case for other lexA (Ind-) mutations (lexA3 = GD85, 

SA119, and KA156) affecting residues in all three regions of the protein 

in which our mutations lie (see Figure 3.2). In vivo, all these mutants 

display normal repressor function by the same tests as those used here. 

In vitro, the mutant proteins purify like wild-type LexA, and they appear 

(with the possible exception of LexA3, which was not tested) to have 

wild-type melting temperatures, as judged by their susceptibility to 

thermolysin as a function of temperature. We have also found that all of 

the new mutant proteins tested purify like wild-type LexA (see CHAPTER 

4). 

Non-leaky and leaky (Ind-) mutants 

Over half of the mutants appeared to have normal repressor function 

and to be completely defective in cleavage, and thus we may regard these 

as non-leaky (Ind-) mutants. However, the remainder displayed higher (3-

galactosidase levels in the recA 730 strain, and lesser sensitivity to 
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mitomycin C, than shown by a non-leaky Ind- mutant. Their response to 

the recA aIIele of the host aIIowed us to divide these mutants into two 

classes. Mutants in the first class, including VE82, M83, RP114 and 

SL119, were to some degree deficient in repressor function, as reflected 

in the high values of ~-galactosidase activity in the recA- strain, in their 

unresponsiveness to the recA aIlele of the host, and in the high fraction 

of survivors (> 10%) after mitomycin C treatment. The second class, 

including VM82, ML120 and TI154, and perhaps AT83, appear to retain 

some residual cleavabiIity, since repressor function of these mutant 

repressors decreased somewhat when activated RecA protein was present 

in the ceIl, and they conferred an intermediate sensitivity (1-10%) to 

mitomycin C treatment. Since both of these phenotypes were 

intermediate between those of wild-type and non-leaky Ind- mutants, we 

conclude that the rate of cleavage in these mutants is considerably less 

than in wild-type. FinaIIy, two other mutants (GV80 and AT84) appeared 

to be somewhat leaky by one but not both of these criteria. 

Does the collection of mutants include dimerization mutants? 

In addition to mutants that directly affect the cleavage reaction, the 

screen we used would in principle detect mutants that conferred stronger 

binding of LexA repressor to the suI A operator, either because a 

repressor dimer bound more tightly to the operator, or the mutant protein 

dimerized more readily. 

repressors, but more 

This is obvious for the case of tighter-binding 

difficult to address in the case of altered 

dimerization, because we do not know the in vivo dimerization constant. 

The only published value for the in vitro dimer dissociation constant, 
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roughly 50 .... M (Schnarr et aI., 1985), suggests that LexA dimerizes more 

weakly than any other repressor for which such a value is known 

(compare, for example, with the 20 nM value for ~cI repressor (Gimble 

and Sauer, 1986). We discuss two plausible cases, for both of which we 

might expect increased dimerization to give greater repression. 

In the first case, we assume that the in vivo dimerization constant is 

the same or similar to that seen in vitro. By comparison, the 

concentration of LexA in vivo when expressed from the natural promoter 

is about 1 .... M (Moreau, 1987); we estimate from Western blots that the 

concentration of non-cleavable LexA when expressed in our system is 

roughly 5-10 .... M, while that of wild-type LexA is much less than 1 .... M. 

Under this assumption, the ceIIular concentration of dimers, . and hence 

the extent of repression, would be highly sensitive to even small changes 

in repressor levels--potentially an advantage for the SOS regulatory 

system, which needs to be highly responsive--and to small changes in the 

dimerization constant resulting from mutation. If this assumption is true, 

it is unlikely that such mutants are included in our collection. It is 

known (Huisman et aI., 1982; our unpublished data) that increasing the 

concentration of wild-type LexA leads to a much greater repression of 

sulA than observed here. Therefore, increased repressor function would 

result in much lower values of ~-galactosidase than seen in the wild-type 

case. However, none of the mutant repressors provided significantly 

better repressor function in the absence of RecA function than did the 

wild-type (Table 3.3). 

In the second, alternative case, we assume that LexA dimerizes more 

strongly in vivo, so that a substantial proportion of wild-type repressor is 
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in the form of dimers. We also assume that, as with X. repressor (Cohen 

et aI., 1981; Crowl et aI., 1981), dimers of LexA are resistant to RecA-

mediated cleavage. Consequently, a mutation that leads to increased 

dimerization would result in a lower concentration of the monomer 

substrate, and the rate of cleavage would be reduced. If these 

assumptions are true, repressor function would not be very sensitive to 

increases in dimerization, and it is possible that our mutant collection 

includes mutations of this type. In vitro experiments suggest that this is 

not the case (see CHAPTER 4). 

Our data suggest that the mutant repressors do not confer a specific 

alteration in binding to the suIA operator. The sensitivity to mitomycin C 

treatment of all of the mutants, and the parallel between partial 

sensitivity to mitomycin C and intermediate levels of suI A repression 

(whether conferred by low residual rates of cleavage or partial defects in 

repressor function) indicate that these mutant repressors are affected in 

parallel with suIA in their ability to repress DNA repair genes such as 

recA, uvrA, uvrB, and uvrD. 

The conserved residues in C-terminal two thirds of LexA are important 

for the cleavage 

Our data also provide further insight into the organization of the 

LexA protein. The location of the Ind- mutations is consistent with the 

previous finding that a tryptic fragment of the LexA repressor, 

comprising Leu68 to the COOH-terminus of the protein, has full activity 

in both the autodigestion and RecA-mediated cleavage reactions, further 

confirming that all of the functional sites or structural determinants 
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required for both cleavage reactions lie in the C-terminal two thirds of 

repressor. This seems to be the case also for A repressor, since a similar 

papain fragment has the same properties (Little, 1984; Sauer et aI., 1982; 

Slilaty et aI., 1986) and all the Ind- mutations in A repressor occur within 

this region (Eshima et aI., 1972; Gimble and Sauer, 1985; Lieb, 1981). 

In this part of the protein, there is a weak homology (-13% identity) 

between LexA, the cleavable repressors of phages A, P22 and 434 (Sauer 

et aI., 1982), and UmuD protein (Perry et aI., 1985). In principle, these 

conserved residues could play roles in the common properties among these 

proteins, such as specific cleavage and repressor dimerization (also see 

CHAPTER 1). In our lexA(Ind-) mutant collection, 12 amino acid residues 

have been changed; seven of these are in conserved residues, and two 

others are in residues (84 and 115 in LexA) conserved in the phage 

repressors and for which UmuD protein has conservative changes (see 

Figure 3.2). These data suggest that these conserved residues are 

important, at least, in the specific cleavage reaction. However, the 

remainder of the lexA(Ind-) mutations, and two leaky Ind- mutations, 

EV170 and EK95 (see CHAPTER 2), affect 5 non-conserved amino acids, 

suggesting that non-conserved residues may also play a role in the 

specific cleavage reaction. 

It is likely that the catalytic mechanism and the specificity of the 

cleavage reaction, like those of the trypsin family (Craik et aI., 1985), 

are determined by the conserved amino acids, whereas the different rates 

in the cleavage reaction (Little, 1984; Phizicky and Roberts, 1980; Slilaty 

et aI., 1986) are the result of non-conserved amino acids that are utilized 

by each repressor for modulating the rate of cleavage. This phenomenon 
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may occur through, for example, varied effects of different sets of amino 

acids in the stabilization of an intermediate step prior to the cleavage, as 

proposed for the tyrosyl-tRNA synthetases found in the Bacillus family 

(Wells and Fersht, 1985). Alternatively, the conformations of different 

sets of amino acids near the cleavage site may also determine the 

accessibility of the cleavage site to the catalytic center, or the strength 

of interaction between the cleavage site and the active site. However, 

there is no direct evidence at this point to support any of the above 

mechanisms. Another possible role that may be played by the non

conserved amino adds is suggested by the Ind- mutations in A repressor. 

Over half of these mutations affect non-conserved residues (not shown in 

Figure 3.2), and are thought to be involved in the interaction with the 

RecA protein (Gimble and Sauer, 1986; also see CHAPTER 4). This may 

also imply that the RecA-interaction site is not conserved. 

As shown in Figure 3.2, all the lexi\(Ind-) mutations are clustered 

into three regions on the linear LexA protein sequence. Region 1, 

including amino acids 80-85, contains the cleavage site. It was previously 

proposed (Slilaty and Little, 1987) that regions 2 and 3, near Ser119 and 

Lys156 respectively, make up at least part of . the active site, since 

mutations in Ser119 and Lys156 generated by site-directed mutagenesis are 

totally deficient in both types of cleavage reaction and are believed to be 

involved directly in the chemistry of cleavage. The present work adds 

further support to this view. Residues located near Ser119 and Lys156 

also play important roles in cleavage; these residues may be involved in 

the actual chemistry or in the interaction of the cleavage site with the 

specificity portion of the active site. The present in vivo evidence 
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cannot identify mutants specifically affecting various functional sites for 

the RecA-mediated cleavage; the biochemical analysis of mutant proteins 

(see CHAPTER 4) addresses this question more directly. 

Is our mutant collection saturated? 

It is likely that our mutant collection contains a majority of the 

mutants that can arise by single base changes and will be detected in our 

screen, which requires not only a deficiency in RecA inactivation, but 

also significant repressor function. Many mutants were isolated more 

than once after treatment with the same or different mutagens. One of 

these mutations, TI154, arose from two different changes in the same 

codon, ACC -> ATC and ACC -> ATI. Moreover, three classical 

lexA(lnd-) mutations, lexAl, lexA2, and lexA:2. (Mount et aI., 1986), were 

all found in our mutant collection; lexAl contains the same change as 

GD80 (N. Istock and D.W. Mount, personal communication), lexA2 is the 

same as TI154 (Peterson and Mount, 1988), and lexA3 is the same as our 

GD85 (Markham et aI., 1981). However, it remains likely that other 

amino acid substitutions requiring two or three base changes in the codon 

would also generate the Ind- phenotype. 

The recently-developed mutagenesis methods (Myers et aI., 1985) we 

used here have the great advantage of generating transversions, a type of 

mutation that does not arise by most of the classical mutagenesis 

methods, thereby giving a broader spectrum of the possible mutations. 

For comparison, the ~£I(Ind-) mutant collection isolated by Gimble and 

Sauer (1985) was generated by the use of mutagens giving mostly GC->AT 

transitions, such as hydroxylamine, nitrosoguanidine and UV. By contrast, 
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our mutant collection contains a majority of transversions. 

example, we isolated three different transversions and 

As a striking 

one AT->GC 

transition mutation in the critical residue Lys1S6 of LexA repressor, 

whereas the corresponding lysine in position 192 of A repressor, with its 

AAA codon, could not be changed by mutagens giving GC->AT transitions. 

We would expect that changing this residue in A repressor would also 

result in the Ind- phenotype. 
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CHAPTER 4 

PROPERTIES OF Ind- MUTANT LEXA REPRESSOR IN AUTODIGESTION 

AND RECA-MEDIATED CLEAVAGE IN VITRO 

In the previous chapter, the isolation and characterization of 20 

lexA(Ind-) mutants that are resistant to in vivo RecA-mediated cleavage 

were described. In order to further understand the mechanism and the 

relationship between RecA-mediated cleavage and autodigestion of LexA 

repressor, 14 mutant proteins were purified and studied for their 

properties in both types of cleavage reactions. These data have provided 

further insights into the mechanism of RecA dependent cleavage. In 

addition, the ability of the mutant repressor to bind activated RecA was 

measured; these data indicate residues important in the interaction with 

RecA Possible defects of the mutant proteins in the cleavage reactions 

were also discussed. Finally, Lys-156 was changed to His by site-directed 

mutagenesis to test if His can substitute for Lys-156 for its role in the 

cleavage reactions. 

RESULTS 

Protein purification 

Proteins were purified from overproducing strains. In each of these 

strains, the lexA gene was carried on a plasmid, and was driven by the 

lac promoter instead of its native lexA promoter (Slilaty & Little, 1987; 

CHAPTER 3; Lin & Little, 1988). Upon induction with IPTG, cells made 
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0.2-0.5% of the total protein as LexA (data not shown). 

The behavior of all the mutant proteins in the purification procedure 

were indistinguishable from wild-type protein, suggesting that their 

physical properties, such as solubility and charge property, are not 

greatly altered. However, since our simplified purification procedure used 

step elutions from the columns, rather than gradients, we would not have 

detected small differences in chromatographic behavior. The yields of all 

the mutant proteins were 2-4 fold more than that of wild-type. This 

result could be due to the resistance of mutant repressors to the cleavage 

mediated by a basal level of activated RecA present in the host strain 

(Slilaty & Little, 1987; Lin & Little, 1988). The yield of mutant protein 

may also suggest that, unlike several of the non-cleavable mutant A 

repressors (Gimble & Sauer, 1986), these mutant LexA proteins were not 

unfolded in a such way that would lead to extensive proteolysis in the 

cell or during the purification procedure. 

In vitro cleavage of mutant proteins 

Purified proteins were examined for their ability to undergo the 

specific cleavage reactions. Autodigestion was tested at pH 10.4, where 

the wild-type protein shows its maximal rate. To test whether any 

apparent defects in mutant proteins might have resulted from denaturation 

at this high pH, several mutant proteins were also tested at pH 8.0. In 

addition, the cleavage reactions were also performed with crude cellular 

extract for the remaining unpurified proteins. Examples of cleavage 

reactions of two mutant proteins, TI154 and VFl15, and wild-type protein, 

were shown in Figure 4.1. The relative rates of mutant proteins in the 
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autodigestion and RecA-mediated cleavage are summarized in Table 4.1. 

Several interesting features were observed. 

First, all the mutant proteins showed a deficiency in both cleavage 

reactions. These results are consistent with in vivo data showing that 

these mutant repressors are resistant to inactivation by RecA (Lin & 

Little, 1988). Moreover, the deficiency in both cleavage reactions 

suggests that these mutant proteins bear defects in the structural 

components required for both reactions. It also supports the idea that 

RecA-mediated cleavage and autodigestion share, at least in part, a 

common pathway (Little, 1984; Slilaty & Little, 1987). 

Second, no cleavage in either type of reaction could be detected for 

about half of the mutant proteins, including GV80, VF115, and all the 

mutations changing Lys-156 except for KR156. SL119 may also fall into 

this class, but since in vivo data (Lin and Little, 1988) suggest that it is 

somewhat defective as a repressor, and perhaps has structural alterations, 

we did not characterize it further. 

Third, among all the mutant repressors, TI154 and ML120 had the 

highest rates of RecA-mediated cleavage. These in vitro cleavage data 

are consistent with the following in vivo observations. 1) cells bearing 

either of these two repressors showed an intermediate resistance to 

mitomycin C treatment; 2) the repressor function of these mutant 

proteins decreased somewhat when activated RecA was present in the cell 

(Lin & Little, 1988); 3) when the in vivo cleavage was directly detected 

by Western blot analysis, ML120 and TI154 showed a significantly level of 

cleavage compared to other mutant repressors (data not shown). 

Fourth, three mutant proteins, including GD80, ML120, and TI154, 
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Figure 4.1. Autodigestion (pH 10.4) (Panel A) and RecA-mediated cleavage 

(Panel B) of purified wild-type (WT), TI154 (TI) and VF115 (VF) mutant 

LexA proteins. Details of the experiment were described in CHAPTER 2. 

The reactions were analyzed by SDS-PAGE (15% gel). 
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Table 4.1. Autodigestion and RecA-mediated cleavage 

Mutant Change 

Assay with purified protein 

Wild-type 

GV80 Gly80 -> Val 

GD80 Gly80 -> Asp 

VM82 Val82 -> Met 

AT84 Ala84 -> Thr 

GD85 Gly85 -> Asp 

VF115 VallIS -> Phe 

GEl17 Gly117 -> GIu 

SLl19 Serl19 -> Leu 

ML120 Met120 -> Leu 

TI154 Thr154 -> lIe 

KR156 Lys156 -> Arg 

KN156 Lys156 -> Asn 

KT156 Lys156 -> Thr 

KM156 Lys156 -> Met 

KH156 Lys156 -> His 

*Relative rate of cleavage (%) 

Autodigestion 

pH 10.4 

100 

<0.5 

1.0 

<0.5 

1.0 

0.5 

<0.5 

<0.5 

<0.5 

25 

6.0 

0.5 

<0.5 

<0.5 

<0.5 

<0.5 

pH 8.0 

100 

<0.5 

2.5 

<0.5 

1.0 

N.D. 

<0.5 

<0.5 

N.D. 

70 

20 

N.D. 

N.D. 

N.D. 

N.D. 

N.D. 

RecA-mediated 

cleavage 

100 

<0.5 

2.5 

7.5 

7.0 

0.5 

<0.5 

6.0 

<0.5 

15 

15 

0.5 

<0.5 

<0.5 

<0.5 

<0.5 
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Table 4.1--continued 

Assay with crude extract 

VE82 Val82 -> Glu <2.0 N.D. <2.0 

AV83 Ala83 -> Val <2.0 N.D. <2.0 

Ad83 Ala83 -> Il. <2.0 N.D. <2.0 

AD84 Ala84 -> Asp <2.0 N.D. <2.0 

RP1l4 Argl14 -> Pro <2.0 N.D. <2.0 

* : Under the assay condition, the half-life of wild-type repressor in 

autodigestion at pH 10.4 and pH 8.0 were 15 minutes and 12 hours, 

respectively. The time required for the RecA-mediated cleavage to cleave 

50% starting amount of wild-type repressor was 2 minutes. In our hands, 

5% cleaved (equaJ to 50 ng of a protein band) was the limit of detecting 

a cleavage for the purified protein and 20% for mutant proteins in the 

crude extract. Therefore, when no detectable cleavage was observed in 

the assay of autodigestion for 6 hours at pH 10.4, for 6 days at pH 8.0, 

or 1 hour for RecA-mediated cleavage, it yields <0.5% wild-type cleavage 

rate in both cleavage reactions for purified mutant proteins and <2% for 

mutant proteins in crude extracts. 

N.D.: not determined. 
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appeared to be somewhat more deficient in autodigestion at pH 10.4 than 

at pH 8.0, suggesting that exposure to high pH partially denatures these 

particular proteins (also see next section). By contrast, all the other 

mutant proteins tested at the two pH values showed the same degree of 

reduction in rate at both values, implying that their deficiency is not 

simply due to defects in overall protein structure but rather to specific 

alterations in the cleavage reaction. 

Fifth, four mutant proteins, GD80, GD85, TI154, and KR156 appeared 

to carry out cleavage at detectable rates, and to be about equally 

defective for the two types of cleavage reaction, suggesting that the 

deficiency may affect a step in cleavage common to both reactions (Kc 

step, see CHAPTER 1). 

Sixth, several mutant proteins were more deficient in one cleavage 

reaction than the other. For example, VM82 mutant protein showed 

essentially no autodigestion activity, but retained 7.5% RecA-mediated 

cleavage of wild-type. AT84 and GE117 had similar properties. This 

finding suggests that these three mutant proteins contain alterations 

specific to the autodigestion pathway (Ka step, see CHAPTER 1). 

However, they are also considerably deficient in RecA-mediated cleavage, 

implying that they contain more than one defect. By contrast, ML120 

appeared to be somewhat more deficient in RecA-mediated cleavage than 

in autodigestion, suggesting it bears a defect specific to the RecA

mediated cleavage pathway (Kr step, CHAPTER 1). However, the 

sensitivity of this mutant protein to high pH makes this conclusion 

somewhat tenuous. 

Seventh, none of the proteins were found to be specifically deficient 
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in RecA-mediated cleavage but normal in autodigestion. This result is in 

striking contrast to the results of a similar study (Gimble and Sauer, 

1986) with Ind- mutants of A £1 repressor, in which over half of the 

mutant proteins showed this pattern (see Discussion). 

Finally, almost all the mutations changing Lys-156 to other residues 

completely inactivated cleavage activity. It has been found (Slilaty and 

Little, 1987) that changing this residue to Ala had the same effect, and 

proposed that Lys-156 was the residue which is titrated by the high pH, 

leading to stimulation of autodigestion. However, one mutant protein, 

replacing the Lys to Arg, retained a low level of cleavage activity. This 

result suggested that Arg, which like Lys can titrate to an unprotonated 

form at high pH, can substitute to some extent for Lys. 

pH dependence of autodigestion 

As observed before for the wild-type repressor (Little, 1984; Slilaty 

et aI, 1986), the autodigestion of mutant repressor appeared to follow 

first-order kinetics. The first-order rate constants of the wild-type and 

eight mutant proteins were assessed at various pH values and summarized 

in Table 4.2. 

GEl17 mutant protein had no detectable autodigestion activity at any 

pH we have tested. Two mutant proteins, GD85 (LexA3) and AT84, that 

displayed some residual autodigestion activity at pH 10.4 (0.5% and 1.0% 

respectively), also showed same degree of relative cleavage activity at any 

pH tested (ranging from pH 7.7 to pH 11.0). By contrast, as mentioned 

above, when relative rate constants to wild-type were compared, 4 mutant 

proteins, GD80, ML120, TI154 and EV170, were autodigested more 
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Table 4.2. Apparant first-order rate constants (K1 x 106 s-:~} of 

autodigestion at various pH 

LexA repressor pH 7.7 (%) pH 8.8 (%) pH 10.4 (%) pH 11.0 (%) 

Wild-type 8 (100) 190 (100) 1,440 (100) 1,440 (100) 

GD85 * 4 (2) 14 (1) 7 (0.5) 

AT84 * 2 (1) 14 (1) 14 (1) 

GD85 * * 7 (0.5) 7 (0.5) 

GEl17 * * * * 
ML120 6 (70) 60 (32) 360 (25) 14 (10) 

TI154 2 (25) 30 (16) 90 (6) 40 (3) 

KR156 * * 7 (0.5) 20 (2) 

EV170 1 (12) 8 (4) 14 (1) 14 (1) 

(%) : % rate constant of wild-type LexA. 

* : No detectable cleavage after 48-hour incubation (K 1 < 4 x 10-7) 
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efficiently at low pH than at high pH. The result again suggests that 

they are more sensitive to the alkaline condition thanother mutant 

proteins. 

Regardless of whether the relative rate of mutant LexA remained the 

same or different at various pH, all of these mutant proteins except 

KR156 reached a maximum rate constant at pH 10.4. A similar result was 

observed for wild-type protein, for which the rate constant reached a 

plateau value at a pH near 10 (Slilaty, et aI, 1986). In contrast to this 

pH dependence, KR156. mutant protein reached its maximum rate at pH 

11.0, rather than pH 10.4. At pH 11.6 or 12.2, the mutant protein 

autodigested at a faster rate than it did at pH 11.0 in the first 4 hours 

of incubation (data not shown). After that, the autodigestion of the 

mutant protein stopped or slowed down to an undetectable level due to a 

non-specific degradation and probably the denaturation of the protein by 

the high pH condition. The pH dependence of the KR156 protein suggests 

that, whereas titration of a functional group with a pKa near 10 is 

required for the autodigestion of wild-type, titration of a group with a 

pKa above 11 is required for the autodigestion of the KR156 mutant 

protein. This functional group is very likely in the position 156, since 

the substitution of lysine (general pKa of ionizing side chain ..... 10.2) with 

a more basic residue, arginine (pKa ..... 12.5), in this position may result in 

the shift of the pKa of autodigestion to a higher value. 

In support of this conclusion, other mutant proteins that replace Lys-

156 with essentially non-tit ratable residues, such as alanine (Slilaty and 

Little, 1987), threonine, methionine and asparagine, unlike KR156 mutant, 

displayed no detectable autodigestion at any pH tested (see Table 4.1). It 
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should be noted that the substitution of Lys-156 with another weak basic 

residue, His, unlike KR156, failed to support any detectable cleavage in 

both reactions. The result indicates that His can not substitute for the 

function of Lys-156 in the cleavage reactions. 

pH dependence of RecA-mediated cleavage of wild-type and KR156 LexA 

As described above, KR156 mutant protein required a higher pH 

condition to reach the maximum attainable rate of autodigestion than did 

the wild-type LexA. We reasoned that, if the pH-sensitive components in 

autodigestion also play a similar role in the RecA-mediated cleavage, then 

the pH dependence for this reaction might also differ for KR156 and 

wild-type LexA. 

As shown in Figure 4.2, KR156 and the wild-type LexA exhibited 

dramatically different pH rate profiles of RecA-mediated cleavage. Wild

type LexA showed virtually the same rate at pH ranging from 6.0 to 11.0. 

By contrast, the rate of RecA-mediated cleavage of KR156 mutant protein 

was only around 0.1% that of wild-type at pH 6.0, but increased with 

increasing pH so that at pH above 9.5 the rate reached nearly 40% that 

of wild-type. This result again shows that, as in the autodigestion 

reaction, Arg can substitute for Lys in position 156 for its role in RecA

mediated cleavage. Indeed, under alkaline conditions, Arg can potentially 

function as well as the wild-type Lys. 

If we assume that the mechanism of RecA-mediated cleavage of 

KR156 is the same as that of wild-type LexA (also see DISCUSSION), 

several inferences can be drawn from this result. First, like the 

autodigestion of LexA repressor (Slilaty & Little, 1987), the deprotonation 
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Figure 4.2. Dependence of log relative rate on pH for RecA-mediated 

cleavage of wild-type (-.. O~ and KR156 (-0-) LexA. proteins. The 

relative rate was calculated by the ratio of the rate of cleavage at the 

particular pH to that of wild-type LexA cleavage at neutral pH. 
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Figure 4.2. Dependence of rate on pH for RecA-mediated cleavage. 
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of the residue in position 156 may be still required for the RecA-mediated 

cleavage. Second, since the LexA concentrations in these experiments 

were above the Km, determined at pH 7.4 (CHAPTER 6), the rate of 

cleavage under these conditions probably depended on the catalytic 

activity (i.e. Kcat value) rather than the binding of LexA to RecA. 

Therefore, the result suggests that the deprotonation is required for the 

catalytic step. The conclusion supports the idea that the RecA-mediated 

cleavage and autodigestion share the same catalytic pathway (Kc step, see 

DISCUSSION and CHAPTER 1), which requires the deprotonation of Lys-

156 or Arg-156. However, these data does not exclude the possibility that 

deprotonation of the residue caused by the alkaline condition also 

stimulates the binding step. Third, the data strongly suggest that RecA 

acts to reduce the pKa of the residue (either Lys or Arg), thereby 

allowing the efficient cleavage of wild-type repressor under physiological 

conditions. 

Competitive inhibition for RecA-mediated cleavage 

As noted earlier, we did not find any mutant proteins which were 

specifically defective in RecA-mediated cleavage. Such mutant proteins 

might arise, for example, by specific alterations in the RecA-binding site 

of the repressor (Gimble and Sauer, 1986). However, although our mutant 

proteins show defects in autodigestion, it is still possible in principle that 

they might also be deficient in RecA-binding. In order to provide - an 

independent measure of RecA binding, we carried out competition 

experiments. 

In this experiment, we reasoned that, if the mutant LexA could still 
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bind RecA protein, it would inhibit the cleavage of 3H-Iabelled wild-type 

LexA by competing with this substrate for the RecA protein. By 

contrast, if the mutant protein was defective in RecA binding, its 

presence should have no or little effect on the rate of labelled repressor 

cleavage. 

The kinetics of the RecA-mediated cleavage of the 3H-Iabeled wild

type LexA repressor were studied in the absence or presence of unlabeled 

mutant protein or wild-type LexA. Examples with three mutant proteins 

are shown in Figure 4.3. The cleavage of 3H-LexA + was significantly 

inhibited by a lO-fold excess of unlabeled wild-type, KRl56 or KHl56 

mutant proteins. Moreover, the KHl56 seemed to inhibit more efficiently 

than either wild-type or KRl56. Since the unlabeled wild-type LexA was 

continuously cleaved during the course of incubation, and hence its 

concentration fell with time, it is difficult from this experiment to 

compare the RecA-binding activity of mutant LexA to that of wild-type. 

Nevertheless, the result suggests that both KRl56 and KHl56 still can 

bind RecA, with KH156 binding more tightly than KR156 (also see below). 

In contrast to KRl56 and KHl56, the presence of GV80 protein had 

essentially no effect on the cleavage of 3H-LexA +, suggesting that the 

mutation affects the binding of RecA to LexA. 

It should be noted that the property of competitive inhibition in this 

experiment was supported by the finding that increasing substrate (wild

type LexA) concentration could overcome the inhibition by the mutant 

protein, KR156 (data not shown). This result suggests that the inhibition 

was due to the competition between wild-type and mutant LexA for the 

same binding site on RecA, rather than some other effects, such as 

93 



Figure 4.3. Competitive inhibition of RecA-mediated cleavage of wild-

type LexA repressor. The reactions were performed at the concentration 

of 0.2 J.tM each of 3H-Iabeled wild-type LexA and RecA in the absence 

(Control-lil-) or presence of 2 J.tM wild-type (- 0 -) or mutant LexA 

(GV80 -0- , KR156 - D- ,KH156 -1A:.- ). 
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Figure 4.3. Competitive inhibition of wild-type LexA repressor cleavage. 



degrading the ssDNA cofactor by nuclease contaminants in the mutant 

protein stock, or competing with RecA for the cofactors, which are 

required for the activation of RecA (Slilaty and Little, 1987). 

As summarized in Table 4.3, the mutant proteins exhibited various 

degrees of inhibition on the RecA-mediated cleavage of 3H-LexA + 

repressor. The data allow us to divide these LexA mutant proteins into 

three classes in terms of their capability to bind RecA. 

Mutant proteins in the first class, in spite of the deficiency in the 

rate of RecA-mediated cleavage, still retain their capability to bind RecA, 

since they could efficiently inhibit the wild-type repressor cleavage. 

These mutant proteins include GD85, TI154, KH156, KR156, EV170 and 

three mutant proteins, SA119, SC119 and KA156 whose RecA-binding 

activity was tested previously (Slilaty & Little, 1987) by a similar 

competition experiment. Therefore, we conclude that the deficiency of 

this class of mutant proteins in the RecA-mediated cleavage is more 

likely due to the defect in the cleavage site or the chemistry of the 

cleavage reaction rather than in the interaction with RecA protein. 

Mutant proteins in the second class retain only partial activity to 

bind RecA, as judged by showing a moderate inhibition in this experiment. 

This class includes AT84 and ML120. The RecA-mediated cleavage of this 

class of mutant proteins will be only partially deficient, if the chemistry 

for the cleavage reaction still remains in the mutant LexA. The behavior 

of ML120 in autodigestion and RecA-mediated cleavage gives an example 

of such type: The autodigestion of ML120 measured at pH 8.0 remains 70% 

that of wild-type, suggesting that the majority of the machinery for the 

chemistry of cleavage remains intact in this mutant protein. However, 
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Table 4.3. Inhibition of the RecA-mediated cleavage of 3H-LexA + 

repressor. 

mutant repressor 

added 

Control 

LexA+ 

GV80 

GD80 

VM82 

AT84 

GD85 

VF115 

GEl17 

ML120 

TI154 

KR156 

KH156 

KA156 

EV170 

% cleaved % of inhibition 

56 0 

15 73 

61 

64 

54 4 

44 21 

20 64 

52 7 

53 5 

42 25 

15 73 

17 70 

9 84 

9 84 

18 68 

The reactions (6 min. at 370 C) were performed at the concentration 

of 0.2 JLM 3H-LexA + and RecA protein in the absence (control) or 

presence of 2 JLM wild-type (LexA +) or mutant repressor. 
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due to the partial deficiency in the RecA interaction, an additional 

deficiency in the relative rate of the RecA-mediated cleavage (15% of 

wild-type cleavage) was observed compared to that of the autodigestion. 

Mutant proteins in the third class have no or very little binding 

activity to RecA, because they failed to or worked poorly to inhibit the 

wild-type repressor cleavage. Several mutant proteins with an amino acid 

substitution around the Ala84-Gly85 cleavage site or Ser-119, including 

GV80, GD80, VM82, VF115, and GE117, belong to this class. Due to the 

deficiency in the RecA-binding, this class of mutant proteins are expected 

to have no or little cleavage activity in the RecA-mediated reaction. 

Indeed, as shown in Table 4.1, they were all very defective in the RecA

mediated cleavage «0.5-7.5% wild-type cleavage). Since all of these 

mutant proteins are not only deficient in the RecA-mediated cleavage, but 

also in the autodigestion where no RecA is involved, it suggests that, in 

addition to being defective in the RecA-binding, these mutant proteins 

are also impaired in the structural component required for the 

autodigestion. These structural components may be those unique for the 

pathway of autodigestion (Kr step) or common for both cleavage reactions 

(Kc step, see CHAPTER 1). 

The result of the third class of mutant proteins (those which could 

not inhibit wild-type LexA cleavage) can be interpreted rather 

unambiguously. However, one might argue that the inhibition of lH-

LexA + by the first two classes of mutant proteins resulted from the 

formation of heterodimers containing one subunit each of wild-type and 

mutant LexA, rather than competition for RecA. To test this possibility, 
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we also performed the competition experiment using another substrate, 

3H-IabeUed ~ Inds repressor, which is unlikely to form dimers with 

LexA. We chose to use Inds repressor because it dimerizes poorly and 

therefore can be cleaved faster in RecA-mediated cleavage, since the 

monomer form of ~ repressor is the preferred substrate (Cohen et aI., 

1981; Crowl et aI., 1981). 

As shown in Figure 4.4, the cleavage of ~ Inds repressor was 

completely inhibited by a 10-fold molar excess of KH156 (calculated by 

the ratio of mutant LexA to the concentration of ~ Inds repressor 

monomer, based on the 0.5 Jl.M value of the dimerization constant of ~ 

Inds repressor; D. Burbee and J. Roberts, personal communication) (Cohen 

et aI., 1981; Crowl et aI., 1981). By contrast, the same amount of GV80 

mutant LexA only resulted in - 50% inhibition. In the presence of wild

type LexA, the reaction was greatly inhibited in the early time points. 

After that, the inhibition was gradually released, as would be expected 

because wild-type LexA was cleaved during the course of the . incubation 

(data not shown). Several conclusions can be drawn from these results. 

First, KH156 mutant protein could inhibit both wild-type LexA and A 

Inds repressor cleavage. Thus, the inhibition of the cleavage by KH156, 

and perhaps that given by other mutant proteins in the first and second 

class, was due to competition for RecA rather than formation of wild

type-mutant LexA heterodimers. The result further suggests that they 

retain the RecA-binding activity. Second, GV80 mutation affects, but may 

not completely abolish, the binding of LexA to RecA, since it could still 

inhibit ~ Inds repressor cleavage although it did not work as well as 

wild-type LexA did (Compare the early time points in Figure 4.4). 
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Figure 4.4. Competitive inhibition of RecA-mediated cleavage of A 

Inds repressor. The reactions were performed at the concentration of 0.5 

fLM 3H-Iabeled A Inds repressor and 0.25 fLM RecA in the absence (Control 

- 0-) or presence of 2.5 fLM wild-type (LexA +-0.- ) or mutant LexA 

(GV80-1J- ,KH156 -~- ). 
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Figure 4.4. Competitive inhibition of hInds repressor cleavage. 
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Third, since a 10-fold molar excess of GV80 mutant protein did not 

inhibit wild--type LexA cleavage whereas the same molar excess of the 

mutant protein could inhibit ~ Inds cleavage by 50%, it is possible that 

the affinity of wild-type LexA for RecA is higher than that of ~ Inds 

repressor monomers. Thus, wild-type LexA could outcompete with GV80 

mutant protein for RecA whereas ~ Inds repressor could not. However, 

the considerably high degree of inhibition caused by GV80 mutant protein 

may suggest that GV80 protein has other effects on the cleavage of ~ 

repressor, in addition to competition for RecA. 

Comparison of competitive inhibition by Lys-156 mutant proteins 

As noted above, mutant proteins with amino acid substitutions III Lys-

156 seemed to have various affinities for RecA. In order to observe a 

pronounced difference in this activity, the competition experiment was 

performed by preincubating activated RecA with mutant LexA and 

initiating the reaction with a high level of the substrate, 3H-Iabeled wild

type LexA. Under this condition (Figure 4.5), KR156 mutant protein 

showed no appreciable inhibition, whereas KH156 and KA156 mutant 

proteins exhibited a significant inhibition, with KA156 being stronger than 

KH156. The result therefore suggests the order of the ability to bind 

RecA: KA156 > KH156 > KR156. This order is inversely proportional to 

the net positive charge in position 156, suggesting that a positively 

charged residue in position 156 disfavors the formation of LexA and RecA 

complex, for example, due to electrostatic repulsion. However, we can not 

rule out other possibilities, such as a structural difference, 

that might give the observed behavior. 

----- - --- ----------------
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Figure 4.5. Comparison of Inhibition by KR156, KH156, and KA156 

mutant proteins in RecA-mediated cleavage of wild-type LexA repressor. 

The reactions were performed by preincubating 0.2 J-tM activated RecA 

with 0.5 J-tM mutant LexA, at 37°C for 10 min, and initiated by adding 2 

J-tM 3H-Iabelled wild-type LexA. Symbol: Control-O - ,no mutant LexA 

was preincubated with RecA; RecA was preincubated with KH156- ml1 -

; KR156 -.- ; KA156 - 0-
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Figure 4.5. Comparison of inhibition by KR156, KH156, and KA156. 
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DISCUSSION 

Separate and common reaction pathways for autodigestion and RecA

mediated cleavage 

The isolation of 20 different lexA(lnd-) mutants that are resistant to 

in vivo RecA inactivation was reported in CHAPTER 3. Here, I report 

that the LexA repressors purified from these mutants are also deficient in 

both autodigestion and RecA-mediated cleavage in vitro. Most of the 

mutant proteins showed the same degree of deficiency in both cleavage 

reactions, whereas some of the mutant proteins were more deficient in 

one reaction than the other. The results further support previous 

conclusions that RecA-mediated cleavage and autodigestion have separate 

pathways in the early events of the cleavage reaction but merge into a 

common pathway, leading to the cleavage of the same peptide bond (see 

CHAPTER 1). 

How do these Ind- mutations affect various reaction pathways? Since 

both cleavage reactions have the same specificity for the cleavage site 

(Ala-Gly) and the substrate, the common pathway (Kc) that is shared by 

both reactions may involve a side chain or a certain conformation 

required for either the chemistry (catalytic mechanism) or the specificity 

of the cleavage reactions. Accordingly, mutations in the cleavage site 

and the active site are likely to affect this pathway; if this were their 

only defect, they would exhibit the same inhibitory effect on both types 

of cleavage. Two of the cleavage site mutations, GD85 and AD84, and 

several mutations occuring in the proposed active site, such as those 

replacing Ser-119 or Lys-156, have this property (see Table 4.1). 
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The reaction pathway uniquely required for the RecA-mediated 

cleavage (Kr) includes the binding of RecA to LexA and the later steps 

that transduce or couple the effect of RecA binding into the stimulation 

of autodigestion. Since this pathway is not required for autodigestion, 

mutations that only affect RecA-mediated cleavage but not autodigestion 

are likely to bear a defect specifically in this pathway (Gimble and Sauer, 

1986). Similarly, mutant proteins that are more deficient in RecA

mediated cleavage than in autodigestion might be expected to bear a 

defect in this pathway in addition to other pathways. ML120 is the 

example in our collection with this property (also see RESULTS; table 

4.1). The competition experiment showed that ML120 could not efficiently 

inhibit RecA-mediated cleavage of wild-type LexA, suggesting that ML120 

is deficient in RecA-binding, consistent with the above conclusion. The 

present data would not allow us to detect defects in the steps coupling 

RecA binding to stimulation of cleavage. 

It is conceivable that the structural components exist that are 

uniquely required for autodigestion (Ka) , but can be replaced with other 

components in the RecA protein and therefore are not required for the 

RecA-mediated cleavage. Mutations affecting only' this pathway (Ka) will 

have no effect on RecA-mediated cleavage. As would be expected, such 

mutants do not exist in our mutant collection, since LexA containing 

these mutations would be still sensitive to in vivo RecA inactivation and 

result in a wild-type phenotype in our screen. However, several mutant 

proteins, including VM82, AT84 and GE117, are more deficient in 

autodigestion than in RecA-mediated cleavage; they appear to bear defects 

in the autodigestion pathway (Ka) that can, to some extent, be corrected 
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by the action of RecA. Since these three mutant proteins are also 

deficient in RecA-mediated cleavage, they bear defects in other reaction 

pathway as well, such as RecA-binding, as suggested by competition 

experiments (also see RESULTS). 

The essential residues of LexA for the cleavage reactions 

The Ind- mutations in LexA are clustered into three regions on the 

linear LexA protein sequence, around the cleavage site (Ala84-Gly85) and 

in blocks of conserved residues around Ser-119 and Lys-156 (Lin & Little, 

1988). These mutations do not seem to disrupt the overall struture, as 

judged by repressor function (CHAPTER 3) and the behavior of the 

proteins in the purification procedure. 

Moreover, based on the following observations, we also argue that 

these mutations are unlikely to inhibit cleavage by increasing 

dimerization, although it remains uncertain whether dimers of LexA are 

resistant to cleavage (Schnarr et aI., 1985). First, the mutant repressors 

do not provide more repressor function than wild-type as would be 

expected from increasing dimer species of the mutant LexA (Lin & Little, 

1988). Second, at a concentration (0.05 f.tM) far below the in vitro 

dissociation constant for LexA dimer (50 f.tM) (Schnarr, et al., 1985), the 

cleavage rates of several poorly-cleavable mutant proteins, including 

AT84, ML120, TI154, KR156, relative to wild-type, were about the same as 

at 3-5 f.tM; no cleavage was observed for GV80, VF115, KN156, KM156, 

KT156, and KH156, as at the higher concentration (data not shown, see 

table 4.1). These data suggest that monomer species of these mutant LexA 

proteins are still deficient in the cleavage reaction. 
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Therefore, these mutations affect specifically and directly the 

cleavage reactions. The position of the mutations suggest the essential 

components for the repressor cleavage. 

Mutations in region 1 (amino acids 80-85) affect both the Ala84-Gly85 

cleavage site itself and nearby residues. In the best-studied lexA(lnd-) 

mutant repressor, lexA3, substitution of the Ala-Gly cleavage sequence by 

Ala-Asp (Markham, 1981) greatly reduces the specific cleavage in both 

RecA-mediated cleavage and autodigestion (Little et aI, 1980; Little, 1984; 

Little and HilI, 1985; SIiIaty et aI, 1986). Besides lexA3, two other 

mutations, changing the cleavage site to Thr-Gly and Asp-Gly, also result 

in a deficiency in both cleavage reactions. In X. £1 repressor, substitution 

of either amino acid in the cleavage site with several different amino 

acids (Gimble and Sauer, 1986) also results in reduced cleavage activities 

in both reactions. Although some substitution is permissible (lexA 

mutants changing Ala-84 to Cys, the residue located at the cleavage site 

of UmuD proteins, remain inducible; Schnarr et aI., 1988), cleavage of 

both LexA and X. repressors clearly depends on the identity of both amino 

acids in the cleavage site. In addition, amino acid substitutions around 

the cleavage site, such as Ala83-> Val, Thr or deletion, Va182-> Met or 

Glu, and Gly80-> Valor Asp, can affect both cleavage reactions. We 

suggest that these amino acids either interact with the specificity part of 

the active site on the repressor, or confer a particular conformation on 

the cleavage site which allows it to interact with the active site. 

Region 2 includes amino acid residues 114-120. This region contains 

a block of conserved amino acids around Ser-119, which is a proposed 

nucleophile in the cleavage reaction (Slilaty and Little, 1987). It is likely 
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that mutations in this region may affect the nucleophilicity of Ser-119. 

This idea is supported by a preliminary experiment showing that the 

reactivity of DFP (diisopropyl-fluoro-phosphate) with LexA was greatly 

reduced by the mutations in this region but not in· the first region 

(around the cleavage site) (K. Roland, personal communication). The 

sequence· surrounding Ser-119 in LexA is somewhat similar to the 

conserved sequence around active serine in many serine proteases, such as 

chymotrypsin and subtilisin. In LexA, the sequence around Serl19 is Gly

Met-Ser-Met, where all but one (Metl18) are conserved among all the 

cleavable proteins. Three mutant proteins ·containing Glyl17-> Glu, 

Serl19-> Leu or Metl20-> Leu, affect three conserved residues in this 

sequence and result in a deficiency in the cleavage reaction. This result 

suggests that, like the sequence around active serine in chymotrypsin, the 

conserved sequence around Ser-119 of LexA may form part of the active 

site for the cleavage reactions. This region may form an oxyanion hole 

for stabilizing the tetrahedral intermediate, position the active serine, or 

make specific contacts with the cleavage site (Kraut, 1977). Mutations in 

this region would affect one or more of these functions. 

In addition to the role in the chemistry of cleavage, several amino 

acids in this region, and those in region 1, are also implicated in the 

binding of RecA to LexA (see below). 

Region 3 includes Thr-154 and Lys-156. The rate of autodigestion for 

LexA and A repressors increases with pH and reaches a plateau value at a 

pH above 10. This and other observations (Slilaty et aI, 1986) suggest 

that a residue with a pKa around 10 must be titrated in order for the 

reaction to proceed. As suggested previously by our laboratory, Lys-156 
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in the LexA repressor is very likely to be this residue, since it is the 

only conserved residue in the C-terminal domain with a pKa near 10. 

The frequent occurrence of Ind- mutations in this position, and the 

following properties of these mutant proteins in the cleavage reactions, 

further support the essential role of Lys-156 in both autodigestion and 

RecA-mediated cleavage. 

First, in various studies we have isolated a total of six lexA(Ind-) 

mutants with amino acid substitutions in position 156. In vitro cleavage 

assay of these mutant proteins showed that the substitution of the Lys 

with the essentially non-titratable amino acids, Ala (Slilaty & Little, 

1987), Met, Thr, or Asn, results in the complete deficiency in both 

cleavage reactions. Second, by contrast, a mutant LexA in which Lys-156 

is replaced with another basic residue, Arg, retains some cleavage activity 

in both reactions. Third, the pH dependence of the KR156 mutant protein 

in autodigestion indicates that the pKa (assuming that it exists as in the 

wild-type protein) of this mutant protein is above pH 11, suggesting that, 

instead of a Lys, an Arg residue must be titrated for autodigestion to 

occur. Similarly, the pH dependence of RecA-mediated cleavage of KR156 

suggests that the deprotonation of the basic residue in position 156 is 

also required for RecA-mediated cleavage. It should be noted, however, 

that the KH156 mutation completely abolishes the cleavage activity. 

Perhaps the steric constraint of the amino-group in the imidazole-side 

chain of His prevents it from activating Ser-119. Alternatively, the 

result may suggest the lack of essential components, for example those in 

the charge relay system of many serine proteases, necessary to increase 

the basicity of His and to orient the correct tautomer form of imidazole 
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group relative to Ser-119 and the cleavage site in order to remove the 

proton in Ser-119 (Craik et at, 1987; Sprang et aI., 1987). 

It is also likely that resid~es surrounding Lys-156, such as the 

conserved Thr-154, could also play a role in the cleavage reaction. The 

finding that the TI154 protein retains some cleavage activity suggests 

that this residue is not absolutely required for the chemistry of cleavage, 

but may play a more indirect role, such as interacting with the cleavage 

site. It is unlikely, however, that Thr-154 promotes the reduction of the 

pKa of Lys-156 in RecA-mediated cleavage, since the TI154 mutant 

protein is also deficient in autodigestion, and increasing pH did not 

stimulate RecA-mediated cleavage of the mutant protein (data not shown). 

RecA-binding site in the LexA repressor 

Several mutations around the cleavage site (Ala84-Gly85) and around 

Ser-119 result in proteins that could not efficiently inhibit wild-type 

repressor cleavage. The results suggest that mutations around these two 

regions affect RecA binding, indicating that RecA can bind to these 

regions of LexA repressor. However, although we consider it less likely, 

we can not rule out the possibility that these mutations affect RecA

binding through a rather indirect effect. For instance, they may affect 

the interaction of cleavage site and active site, and if this interaction is 

disrupted, the conformation of RecA-binding site is incorrect. 

The behavior of the foIIowing two mutant proteins, not studied in 

this work, further suggest that one of the RecA binding sites in LexA 

includes residues located somewhere around the AIa84-Gly85 cleavage site 

of the hinge region (comprising approximately amino acid 70 to 100). 
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First, an engineered LexA protein that contains a partial duplication of 

the hinge region (residues 87-101) somewhat affects RecA-mediated 

cleavage ( 20% of wild-type cleavage), but does not detectably affect 

autodigestion (Little, unpublished data). This result indicates that the 

aberrant structure in the hinge region due to the duplication can 

specifically affect RecA-mediated cleavage, perhaps, because of the 

alteration of RecA-binding site. Second, LexA80 protein, which is missing 

Leu88-Leu89, had no detectable RecA-mediated cleavage « 0.1% of wild

type) but could auto digest at about 10% the wild-type rate (Little & Hill, 

1985). The additional deficiency in the RecA-mediated cleavage compared 

to autodigestion suggests that the deletion of Leu88-Leu89 may affect a 

RecA-specific step (Kr pathway), such as RecA-binding or the transducing 

steps (see above). Therefore, RecA may recognize and bind to the proper 

conformation near the cleavage site (Ala84-Gly85). 

The roles of RecA 

RecA may perform one or more of the following functions in the 

cleavage reaction. First, it may bind to LexA near the cleavage site and 

near the nuc1eophile (Ser-119) in order to bring these two sites into close 

juxtaposition or to stabilize their association, allowing the attack of the 

hydroxyl group of Ser-119 to the carbonyl carbon of Ala-84. 

Alternatively, these two regions may already lie together in the folded 

structure. They serve as a binding site for RecA in order for it to 

perform other functions. Second, bound RecA may stabilize the 

tetrahedral intermediate of the cleavage reaction. In chymotrypsin, a 

glycine residue two amino acids away from the active serine plays this 
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role (Kraut, 1977). In LexA, the GE117 mutant protein, with an alteration 

in the analogous glycine, has residual RecA-mediated cleavage, but no 

autodigestion, suggesting that RecA provides a function missing in this 

mutant protein. Third, the binding of RecA near Ser-119 may also 

suggest that RecA stimulates the activation of the nucleophilicity of Ser-

119. The activation of Ser-119 may directly come from the components 

in RecA, for example, those analogous to a charge relay system in 

trypsin-like protease. However, if this model is true, Lys-156 may play 

some other role in RecA-mediated cleavage, since almost all mutations 

changing Lys-156 are completely defective for RecA-mediated cleavage. 

Alternatively, similar to the proposed mechanism for autodigestion 

(CHAPTER 1; Slilaty and Little, 1987), the activation of Ser-119 may still 

come from LexA and, as described following, RecA may stimulate this 

process. Finally, RecA may titrate or reduce the pKa of Lys-156, 

allowing the formation of a significant amount of deprotonated form of 

Lys-156, which in turn can activate Ser-119 and allow the efficient 

cleavage at physiological pH. 

The pH dependence of RecA-mediated cleavage of wild-type and 

KR156 LexA strongly supports this last idea. RecA-mediated cleavage of 

KR156 was stimulated by high pH, suggesting that, similar to 

autodigestion, the deprotonation of a residue, very likely in position 156, 

is also required for RecA-mediated cleavage of KR156 mutant protein. 

Moreover, the pKa of KR156 in RecA-mediated cleavage is apparently 

lower than that of autodigestion (compare 9.S to a value higher than 

11.0), suggesting that RecA can reduce the pKa of autodigestion and allow 

efficient repressor cleavage at a lower pH. By analogy, the deprotonation 
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of Lys-156 may also be required for RecA-mediated cleavage of wild-type 

repressor cleavage and RecA may play a role in reducing the pKa of Lys-

156. Perhaps this residue in LexA interacts with a positively charged or 

hydrophobic part of RecA (see below). As in the case of acetoacetate 

decarboxylase (Schmidt and Westheimer, 1971), this interaction might 

result in the reduction of the pKa of Lys-156 (or Arg-156), since it would 

destabilize the positively charged amino group. 

If the role of RecA is to reduce the pKa of the basic residue at 

position 156, it apparently does so more efficiently in the case of the 

wild-type Lys-156 than it does for Arg-156. The rate of RecA-mediated 

cleavage of wild-type LexA stayed essentially the same at pH ranging 

from 6.0 to 11.0, indicating the reduction of at least four pH units by 

RecA for wild-type LexA (from pH 10, pKa of autodigestion, to pH equal 

or lower than pH 6). By comparison, the reduction may only be about 

three pH units for KR156 mutant protein (from pH12.5, the pKa of Arg, 

to pH around 9.5). The result may simply suggest that the interaction 

between RecA and KR156 is not as optimal as that between RecA and 

wild-type LexA in terms of reducing the pKa of Lys- or Arg-156. 

However, at this point, we can not rule out the possibility that a 

different mechanism, such as a direct involvement of hydroxyl ion in the 

catalytic pathway, is used for RecA-mediated cleavage of KR156 than for 

the wild-type cleavage. Such· -a mechanism has been implicated in a 

mutant trypsin, whose protease activity is also stimulated by high pH 

(Craik et al., 1987). 

Several mutant proteins with 

appeared to bind RecA with 

amino acid substitutions in Lys-156 

different affinities. Interestingly, this 
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property seemed to be inversely correlated with the net positive charge 

of this residue (with the relative order of affinities KA156 > KH156 > 

KR156). This result may imply, as suggested above, that the residue in 

position 156 interacts with a positively charged or hydrophobic part of 

RecA. Hence, the binding of LexA containing a positively charged residue 

in position 156 to RecA must overcome this energetically unfavorable 

interaction; a mutant LexA protein with an uncharged residue 156 would 

not need to overcome this interaction and results in a tighter binding. 

Alternatively, deprotonation of this residue during the formation of the 

RecA-LexA complex may also account for the loss of the binding 

strength. 

RecA may interact differently with LexA than with A CI repressor 

None of our Ind- mutations affect specifically RecA-mediated cleavage 

without affecting autodigestion. For convenience, we term this type of 

mutations RecA-specific. By contrast, over half of the Ind- mutations in 

A repressor collected by Gimble & Sauer (Gimble & Sauer, 1986) belong to 

this type. Presumably, these mutations affect only RecA-binding or the 

steps that transduce RecA-binding to the stimulation of autodigestion 

(Kr). The positions of RecA-specific mutations in A £1 repressor and the 

alignment of Ind- mutations in LexA and A £1 repressors are shown in 

Figure 4.6. Interestingly, none of these RecA-specific A £1 Ind

mutations are in the conserved residues among cleavable proteins. This 

result suggests that, unlike the chemistry of RecA-mediated cleavage 

(Slilaty & Little, 1987), the interaction between RecA and different 

repressors may not be quite conserved (in spite of the involvement of 
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Figure 4.6. An alignment of Ind- mutations in LexA and ~ £1 repressors. 

Only amino acids from position 68 to the end of LexA protein (residue 

202, as indicated) and amino acids from position 95 to the end of ~ 

repressor (residue 236) are depicted (indicated by horizontal lines). The 

~ Ind- mutations were reported by Gimble and Sauer (1985, 1986). The 

vertical lines connecting LexA and ~ repressor sequence represent the 

positions of conserved residues among LexA, U muD and repressors 

encoded by phages p22, 434, and~. Mutations that are boxed represent 

RecA-specific type of mutations (mutations that only affect RecA

mediated cleavage but not autodigestion reaction). The nomenclature for 

designating mutational changes is as given in Table 3.1. 
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some conserved residues of LexA in the RecA binding). 

The differential effect of several recA mutants on the repressor 

cleavage further supports the idea. For example, RecA430 retains a 

significant activity to cleave LexA repressor but is completely defective 

in the A repressor cleavage (Roberts and Roberts, 1981; Walker, 1984). 

By contrast, in vivo evidence suggests that recA1730 specifically prevents 

LexA inactivation while allowing a significant cleavage of A repressor 

(Dutreix et aI., 1988). These mutations suggest that RecA has, at least 

partly, seperate sites for the recognition of different repressors. Thus it 

supports the idea that RecA interacts with A repressor differently than 

with LexA repressor. 

Possible reasons for the lack of "RecA-specific" lexA mutants 

From the fact that no RecA-specific mutants appear in our large 

collection of lexA(Ind-) mutants, it is likely that, for one or more of the 

following reasons, our screen does. not allow us to detect this type of 

mutant, or this class of mutant does not exist. First, aRecA-specific 

lexA mutation may disrupt repressor function, which is required for the 

detection of mutants in our screen (Lin & Little', 1988). Second, the 

structural determinants for the pathway uniquely required for RecA

mediated cleavage (Kr), for example, the RecA-binding site, may overlap 

with the functional sites for autodigestion (either those required for Ka 

or Kc, see CHAPTER 1). If this is the case, it will be difficult to 

separate the two cleavage reactions by mutation. The finding that some 

of our mutant proteins are deficient in autodigestion as well as in RecA

binding supports the idea. 
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Third, RecA-specific mutant proteins may have enough residual 

cleavage activity so that, in the indicator strain used for the mutant 

screen, they result in the same phenotype as wild-type. This wiIl be the 

case if the ceIlular concentration of LexA is weIl above the Km for 

RecA-LexA interaction. By hypothesis, RecA-specific mutant proteins are 

deficient only in RecA interaction but retain intact the machinery for the 

chemistry of cleavage, since they can auto digest as weIl as wild-type. 

Consequently, they would have a higher Km (assuming mutations do not 

completely destroy RecA binding) but similar Kcat for RecA-mediated 

cleavage compared to wild-type. Therefore, if the ceIlular concentration 

of LexA is high, or above Km for the RecA-mediated cleavage, enough 

residual cleavage would occur that the phenotype would be wild-type. We· 

estimate from the properties of the SC119 mutant that a mutant protein 

cleaving at 30% the wild-type rate would give a wild-type phenotype. 

The in vitro Km for the RecA-mediated cleavage of LexA repressor is 

around 0.5 JLM (CHAPTER 6) and the concentration of a non-cleavable 

mutant LexA repressor in the indicator strain is 5-10 JLM (CHAPTER 3). 

Therefore, mutants that do not completely lose the ability to bind RecA 

might weIl retain a significant level of cleavage in the indicator strain. 



CHAPTER 5 

ISOLATION OF SECOND-SITE MUTATIONS THAT CONFER AN IND

PHENOTYPE TO SCl19: lexA MUTATIONS THAT SLIGHTLY 

AFFECf RECA-MEDIATED CLEAVAGE 

In this chapter, I report on the isolation of intragenic second-site 

mutations that confer an Ind- phenotype to ceUs bearing the lexA279 

mutation, which replaces the putative nucleophile, Ser-119, to Cys (also 

termed SC119) and results in a partiaUy cleavable LexA protein (about 

30% wild-type repressor cleavage). A total of 9 different mutations, 

resulting in amino acid substitutions in 9 positions, were identified. 

Mutant repressors that contain both SCl19 and one of the second-site 

mutations were more deficient in RecA-mediated cleavage than the mutant 

repressor containing only SCl19. All but one of the mutant repressors 

that contain one of the second-site mutations in otherwise wild-type 

backgrounds appeared to be deficient slightly in in vivo RecA-mediated 

cleavage (most of them were still cleaved at greater than 30% of the 

wild-type rate). The only exception is PS169, changing Pro169-> Ser. LexA 

repressor encoded by this mutant aUele appeared to cleave normaUy. 

Thus, it can be referred as an "SC119-specific" mutation, since it affects 

RecA-mediated cleavage only when Cys, not the wild-type Ser, is present 

in position 119 of the LexA repressor. 
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RESULTS 

Purposes for the mutant search 

As discussed in the previous chapter (CHAPTER 4), one type of 

mutation missing in our Ind- mutant collection, but present as a large 

proportion of ~ £1 Ind- mutants (Gimble & Sauer, 1986), is the type that 

specifically affects RecA-mediated cleavage without affecting autodigestion 

(termed "RecA-specific"). Presumably, RecA-specific mutations affect the 

pathway uniquely required for RecA-mediated cleavage, such as that 

required for RecA binding. We speculated that one of reasons for the lack 

of this type of mutations was because this type of mutation, if not 

completely abolishing RecA-binding, would still retain too high level of in 

vivo cleavage to confer an Ind- phenotype. This result will be true when 

the cellular concentration of LexA is far above the Km for LexA to bind 

RecA. This is because a RecA-specific mutation is expected to affect Km 

(with a higher Km, as a result of low affinity for RecA) without affecting 

the maximal rate of RecA-mediated cleavage (Vmax). Therefore, we 

designed a way to seek mutations that only slightly affect in vivo RecA 

inactivation in the hope of isolating RecA-specific mutations. We took 

advantage of a lexA mutation, lexA279 (SC119), which reduces the 

cleavage of LexA to about 30% but still confers a cleavable phenotype, 

and looked for second-site mutations that further reduce the rate, 

resulting in an Ind- phenotype. 

Mutant isolation 

By the following properties of SC119 mutant repressor, we have 

learned the limit of our previous mutant screen (CHAPTER 3) for 
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isolating a lexA(Ind-) mutant. These properties also allowed us to use 

SCl19 for isolating mutations that only slightly affect RecA-mediated 

cleavage. 

Both in vivo experiments, determined by Western blot analysis (see 

below), and in vitro assay of purified SC119 mutant protein have shown 

that this mutant protein retains only about 30% RecA-mediated cleavage 

of wild-type repressor. However, when the plasmid carrying the mutant 

gene was introduced into strain JL1420, which contains a constitutively 

active RecA protein, RecA730 and a sulA regulatory region fused to lacZ 

gene (see Figure 3.1, for regulatory circuitry), the colony color in the 

indicator plate was indistinguishable from that carrying wild-type lexA 

gene (Both lexA genes led to a red LacZ + colony in the MacConkey 

indicator plate). Presumably, the amount of SC119 mutant protein left 

after cleavage by RecA 730 is not sufficient for the enough repression of 

sulA::lacZ fusion to give a phenotype distinctive from wild-type. 

Therefore, the screen used in CHAPTER 3 can only allow us to pick up 

lexA mutants that exhibit less than about 30% wild-type c1eavability in 

vivo. In support of this conclusion, the in vitro RecA-mediated cleavage 

of all the mutant proteins, purified previously (see CHAPTER 4), showed 

considerably less than 30% wild-type cleavage. 

In order to reduce the basal level of LexA cleavage in recA 730 strain 

without affecting the LacZ+ phenotype in the indicator plate, pSNS115 

(pJWL147 containing SC119, Slilaty and Little, 1987), was used as a vector 

(see belOW) to search for lexA(Ind-) mutants by the screen described 

before (CHAPTER 3). In this screen, white colonies (LacZ-) in the 

background of SC119 red ones (LacZ+) were isolated. We reasoned that 
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the use of SC119 mutation would allow us to isolate second-site mutations 

that further reduce the SC119 repressor cleavage but, after separation 

from SCl19, would only slightly affect the cleavage. 
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We chose to mutagenize the interval between SnaBI and HindUI of 

lexA gene (comprising amino acid 140 to the end of protein, amino acid 

202) by formic acid using mp9-147 as a template simply because, when 

using this mutagenized DNA fragment, no lexA(Ind-) mutants were 

isolated (see CHAPTER 'l, page 38), and hence we would not have to hunt 

through the same fully Ind- mutants for the desired class. After inserting 

the mutagenized DNA fragment into pSNS115 vector, sixteen independent 

Ind- mutants were isolated from 4,500 colonies. In a parallel control 

experiment, when wild-type vector was used, no Ind- mutants were found 

among 3,500 colonies. 

By DNA sequence analysis, 9 different mutations were identified. 

These mutations result in amino acid substitutions in 9 different positions 

(Table 5.1); all but one, EV170, were newly isolated. In contrast to the 

Ind- mutations isolated previously (CHAPTER 3), of which over half result 

in the substitutions of conserved residues, none of these second-site 

mutations occur in the conserved residues. These second-site mutations 

were then separated from the SC119 mutation and cloned back into wild

type background by use of the SnaBI site. Mutant repressors containing 

the second-site mutation in wild-type or SC119 background were further 

characterized for their cleavability and repressor function. 

Repressor function and cleavage of mutants in vivo 

Repressor function and in vivo RecA-mediated cleavage of mutant 
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Table 5.1 Nucleotide chan:Jes ani t:he resulting amino acid substitutions 

of lexA l1Ultants conferring' Ind- phenotype to SC119. 

Allele No. 

& (rutant code) 

lexA283 (00151) 

lexA284 (VI155) 

lexA285 (PS169) 

lexA282 (EVl70) 

lexA286 (FL174) 

lexA287 (INl77) 

lexA288 (LI181) 

lexA289 (SRI85) 

lexA290 (AVl92) 

amino acid 

change 

Asp151->Gly 

Val155->Ile 

Pro169->Ser 

GIUl70->Val 

Ihel74->Ieu 

Ile177->Asn 

I.eul81->Ile 

Val178->Val 

Ser185->Arq 

Alal92->Val 

'Ihr154->Thr 

codon 

change 

GAC->GGC 

GIT->ATl' 

CCA->TCA 

GAA->GTA 

TIT->'1TA 

ATr->AAT 

CIT->ATl' 

G.OC->GrA 

AGC->AGA 

GOO->Gl'G 

ACC->ACA 

No. of 

indepen:ient 

isolates 

1 

1 

3 

2 

'4 

2 

1 

1 

1 



repressor were measured as described previously (CHAPTER 3). Three 

strains with similar regulatory circuitry but differing only in their recA 

alleles, bearing either a constitutively active RecA730 function (JL1420), 

wild-type (JL1047), or deleted RecA function (JL1752), were used. The 

recA- strain (JL1752) was used to assess the repressor function in the 

absence of RecA-mediated cleavage, since the cleavage is totally 

eliminated by carrying a deleted recA allele. The recA730 (JL1420) and 

recA + (JL1047) strains could be used to assess the cleavability of the 

LexA repressor. Since they all contain a LexA-controlled promoter, ID!lA, 

fused to the lacZ gene, the level of J3-galactosidase activity is a measure 

of the LexA repressor function in the absence (JL1752) or presence 

(JL1420 and JL1047) of RecA-mediated cleavage. 

As listed in table 5.2, in strains carrying a control plasmid (pBR322) 

providing no repressor function, the sulA::lacZ fusion was fully 

derepressed, resulting in a high value of J3-galactosidase activity. By 

contrast, in the recA- strain, cells bearing any of lexA gene on the 

plasmid, the fusion was significantly repressed, resulting in a much lower 

value (For example, compare 60 units of cells carrying wild-type lexA 

gene to 4,100 units of cells carrying pBR322; also see CHAPTER 3). 

Furthermore, in the recA- strain, all of these mutant repressors but one, 

containing both IN177 and SC119 mutations (IN177-SC119), conferred 

about the same level of J3-galactosidase activity as did the wild-type 

repressor, suggesting that they provided nearly as much repressor 

function as did the wild-type. The result also indicates that, in all the 

mutant repressors containing two mutations, both SCl19 and one of the 

second-site mutations, the second-site mutation, with an exception of 
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Table 5.2. ~-galactosidase activity (units) in the indicator strains 

alexA allele JL1752 JL1047 JL1420 bPhenotype 

(recA-) (recA +) (recA730) 

Control Strains: 
lexA+ 60 680 3,400 Ind+ 

no lexA (pBR322) 4,100 5,200 5,000 

GD85 (lexA3) 90 80 90 Ind-

SCl19 100 290 3,000 Ind+ 

CSingle mutants: 

DG151 70 110 3,600 Ind+ 

VU55 60 240 4,000 Ind+ 

PS169 50 690 4,200 Ind+ 

EV170 110 160 1,900 Ind+ 

FL174 50 450 5,400 Ind+ 

IN177 110 530 3,800 Ind+ 

LU81 60 440 3,700 Ind+ 

SR185 50 360 5,700 Ind+ 

AV192 60 420 4,500 Ind+ 

dDouble mutants: 

DG151-SC119 60 70 110 Ind-

VI155-SC119 90 140 140 Ind-

PS169-SC119 90 80 200 Ind-

EV170-SC119 130 220 220 Ind-

FL174-SC119 50 130 370 Ind-

IN177-SC119 300 730 930 Ind-

LU81-SC119 100 150 1,400 Ind-

SR185-SC119 N.D. N.D. 320 Ind-

A V192-SC119 70 100 550 Ind-

The specific activity values given are an average of duplicate samples 



Table 5.2--continued 
in two separate experiments and contain a standard deviation less than 

30%. 

a. The lexA + gene is in pJWL184; the rest of mutant lexA genes are 

present in the pJWL147 backbone. 

b. Ind- phenotype is arbitrary defined as that of mutant containing < 

1,400 units in the recA 730 background, corresponding to cleavage 

activity about less than 20% wild-type rate; Ind+, the units lower 

than that conferred by the wild-type repressor in the recA + strain 

(680 units), but higher than 1,400 units in the recA730 background, 

about 20-90% cleavage rate; Ind + , wild-type phenotype based on the 

above criteria, higher than 90% cleavage rate. 

c. containing lexA gene with the second-site mutation In the otherwise 

wild-type background. 

d. containing lexA gene with both SC119 and one of the second-site 

mutations. 
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IN177, does not significantly perturb the repressor function of SC119. 

In the recA730 strain (JL1420), cells bearing wild-type repressor 

showed a greatly increased level of ~-galactosidase activity compared to 

that in the recA- strain (Compare 3,400 units to 60 units), presumably as 

a result of the susceptibility of the repressor to the constitutive cleavage 

by RecA 730. By contrast, the level of ~-galactosidase activity of cells 

bearing LexA3 repressor remained the same (90 units) in response to the 

recA allele, consistent with the fact that LexA3 repressor is resistant to 

RecA-mediated cleavage. 

With the exception of EV170, SC119 and all of the single mutants 

contained a comparable level of ~-galactosidase activity to the wild-type 

in the recA 730 background. The result indicates that these mutant 

repressors retained some cleavage activity in vivo. However, it should be 

noted that, in spite of the same level of repressor function in the 

recA 730 strain, the mutant repressor may not have the same cleavability 

as wild-type does. As an example, the SC119 mutant protein only retained 

about 30% of the RecA-mediated cleavage and yet conferred about the 

same level of ~-galactosidase activity as did the wild-type repressor or no 

repressor function (pBR322). Presumably, this was because the sulA::lacZ 

fusion was hardly repressed in these cells. In contrast to the above 

result, SC119 has been shown to confer a lower level of ~-galactosidase 

than did the wild-type repressor or no repressor function in strain JL859, 

which has the same components as JL1420, except it contains a recA::lacZ 

fusion instead of sulA::lacZ (SliJaty and Little, 1987). Since the level of 

SC119 mutant repressors in both strains were likely to be the same, the 

result therefore suggests that the SC119 mutant repressor, and by 
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analogy, the wild-type LexA repressor, binds to the recA operator more 

strongly than to the sulA operator. 

In contrast to the single mutants, the double mutants, containing 

both SC119 and the second-site mutation, had a much lower level of ~

galactosidase activity than the wild-type or corresponding single mutants. 

For example, the value of the strain bearing the repressor with only 

DO 151 mutation was 3,600 units, whereas bearing mutant repressor 

(D0151-SC119) with an additional SCl19 mutation was 110 units. The 

result indicates that these double mutants were deficient in RecA

mediated cleavage, and the degree of deficiency was much more severe 

than that of the single mutants containing only the second-site mutation. 

A significant increase of ~-galactosidase activity in the recA 730 strain 

compared to that in the recA - strain was observed for the following 

double mutants: PS169-SCl19, FL174-SC119, IN177-SCl19, LI181-SC119 and 

AV192-SCl19. This result suggests that these mutant repressors still 

retain a low level of cleavage. 

In contrast to recA 730 strain, the recA + strain only conferred a low 

basal rate of repressor cleavage, presumably due to a low level of 

activated RecA present in the cells (CHAPTER 3). As discussed above, 

mutant repressors that cleaved the same or better than SC119 would 

provide the same level of ~-galactosidase activity as the wild-type 

repressor did in the recA 730 strain. Presumably, this is because the low 

level of repressor, as a consequence of the constitutive cleavage by 

RecA730, led to the nearly full derepression of suIA::lacZ fusion. 

Therefore, by reducing the level of repressor cleavage, a recA + strain 

may allow us to see a small difference in the rate of cleavage. Indeed, 
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the level of J3-galactosidase activity in this strain could detect the 

reduced rate of cleavage of SC1l9 mutant repressor: SC1l9 conferred a 

lower level of J3-galactosidase activity than the wild-type did, consistent 

with the deficiency of cleavage detected· before (Slilaty and Little, 1987). 

Moreover, all the single mutants, except PS169, contained a significantly 

low level of J3-galactosidase activity compared to the wild-type in the 

recA + background. These data suggest that all of the second-site 

mutations, except PS169, are to some degree deficient in in vivo RecA

mediated cleavage. Since the J3-galactosidase activity in recA - strain 

bearing FL174, IN 177, LI181, SR185, or AV192 mutant repressor was 

comparable to that bearing SC119, the result of the high levels of J3-

galactosidase activity in the recA + strain compared to that conferred by 

SC119, thus, suggests that mutant repressors bearing one of these 5 

second-site mutations cleave better than SC119. The SC119 mutant protein 

displayed about 30% the rate of wild-type repressor cleavage, therefore, 

the above five mutant proteins should have greater than 30% cleavage. 

Conversely, the low value conferred by EV170 suggests that the EV170 

mutant repressor is more deficient in cleavage than SC119. All the double 

mutatnts, except IN177-SC119, contained less J3-galactosidase activity than 

SC119 did in the recA + strain, consistent with the result in the recA 730 

strain, and suggesting that they further reduced the cleavage rate of 

SC119 mutant repressor. The high value conferred by IN177-SC1l9 

presumably was due to the poor repressor function (see above). 

We conclude that in the double mutants, the second-site mutations, 

perhaps with an exception of IN177, further reduced the RecA-mediated 

cleavage of SC119 without greatly altering its overall structure as a 
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repressor. Therefore, the inhibitory effect of these second-site mutations 

on the cleavage reaction is more likely due to a specific effect rather 

than a widespread effect brought by a severe disruption of the protein 

structure. Furthermore, as compared to the Ind- mutations isolated 

previously (CHAPTER 3), the single mutants do not seem to be greatly 

deficient in in vivo repressor cleavage. 

Repressor cleavage in response to mitomycin C 

In vivo cleavage of wild-type repressor and four mutant repressors in 

response to mitomycin C treatment was directly detected by Western Blot 

analysis in a recA + strain (Figure 5.1). After mitomycin C treatment, a 

large portion of wild-type repressor was cleaved, resulting in the rectuced 

amount of intact LexA. However, the cleavage products, C- and N

terminal fragments did not seem to accumulate proportionally to the 

disappearance of intact LexA. This result may be due to the rapid 

degradation of cleavage fragments (Little, 1983). As mentioned earlier, the 

amount of SC119 cleavage was about 30% wild-type repressor cleavage. 

Mutant repressor containing PS169-SC119 or EV170-SCl19 showed smaller 

amounts of cleavage after mitomycin C treatment than did SC119. 

However, after separation from the SC119 mutation, mutant repressor 

containing only the PS169 mutation showed the same level of cleavage as 

wild-type did, whereas EV170 protein had a lower level of cleavage. The 

result indicates that PS169 mutation by itself does not affect the cleavage 

reaction but provides an inhibitory effect on the cleavage of the SC119 

mutant protein. By contrast, the EV170 mutation alone could confer a 

deficiency in the cleavage reaction which further reduces the rate of 
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Figure 5.1. In vivo LexA repressor cleavage in response to mitomycin C. 

The repressor cleavage was detected in strain JL1470 bearing wild-type .. 
(Wf), SC119 (SC), PS169 (PS), PS169-SC119 (SC-PS), EV170 (EV), or 

EV170-SCl19 (SC-EV) LexA repressor in the absence (-) or presence (+) 

of mitomycin C treatment. The details of the experiment were described 

in CHAPTER 2. C, COOH-terminal cleavage' fragment; N, NH-terminal 

fragment. 

--------_ .•. _-----------------------



SC119 cleavage. 

In vitro cleavage of mutant proteins 

In vitro cleavage assay was performed with purified mutant repressors 

containing any of second-site mutations in order to ask if these mutations 

are "RecA-specific", i.e. if they affect only RecA-mediated cleavage 

without affecting autodigestion. To test whether any apparent defects of 

autodigestion at high pH was due to the denaturation of the mutant 

protein, autodigestion was also performed at pH 8.0. Several interesting 

and unexpected results were observed (Table 5.3). 

First, only four of the mutant repressors containing second-site 

mutations, DG151, VI155, EV170, and IN177, were detectably deficient in 

RecA-mediated cleavage. However, they were also deficient in 

autodigestion. Thus, to our disappointment, these mutations are not 

"RecA-specific" . 

Second, among the above four RecA-cleavage deficient mutations, 

EV170 showed the most deficiency in cleavage. The result is consistent 

with the lowest value of ~-galactosidase activity in the recA 730 strain 

among those conferred by other second-site mutations, suggesting the 

lowest rate of in vivo cleavage. 

Third, among these four proteins, only the DG151 mutant protein 

showed the same degree of inhibition in both cleavage reactions, 

suggesting that the defect of the mutant protein is in the common 

pathway required for both reactions (Kc step, see CHAPTER 1). By 

contrast, three mutant proteins, VI155, EV170 and IN177, were more 

deficient in autodigestion than in RecA-mediated cleavage, suggesting that 
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Table 5.3. Autodigestion and RecA-mediated cleavage of Ind+ and PS169 
mutant LexA repressors 

*Relative rate of cleavage (%) 

Mutant change Autodigestion RecA-mediated 

pH 10.0 pH 8.0 cleavage 

wild-type 100 100 100 
00151 AspI51->0Iy 45 45 45 
VI155 Va1155-> lie 10 10 45 
PS169 Pro169->Ser 100 100 100 
EV170 0Iu170-> Val 1 12 20 
FL174 Phe174->Leu 20 60 100 
IN177 lleI77->Asn 5 20 55 
LI181 Leu181->lIe 100 N.D. 100 
SR185 Ser185->Arg 150 N.D. 100 
AV192 Ala192-> Val 100 N.D. 100 

* the relative rate of cleavage represents an error of + 10% of the 
indicated value. 



they may at least bear a defect in a pathway uniquely required for 

autodigestion (Ka step, see CHAPTER 1). 

Fourth, in contrast to the above four mutant proteins, the remaining 

five mutant proteins, including PS169, FL174, Ln81, SR185, and A V192, 

displayed a wild-type rate of RecA-mediated cleavage. This result is 

inconsistent with the in vivo data from recA + strain showing that the 

above mutant repressors, except PS169, were cleaved slower than the 

wild-type repressor (Table 5.2). The discrepancy may result from the limit 

of detecting a small difference in the intrinsic rate of cleavage by the in 

vitro assay and the non-linearity of in vivo assay (see DISCUSSION). The 

autodigestion of these mutant proteins, except FL174 (slower than wild

type) and SR185 (faster than wild-type), exhibited the same rate as that 

of wild-type. The data suggest that the FL174 mutant protein may bear a 

defect in a pathway uniquely required for autodigestion, and such defect 

is masked by the effect of RecA. Conversely, the SR185 mutation may 

result in a change that specifically favors autodigestion but does not 

affect RecA-mediated cleavage. 

However, as noted earlier, a "RecA-specific" mutation may affect 

RecA-mediated cleavage only at low LexA concentration, since the 

mutation may result in a high Km without altering Kcat so that, at the 

concentration above Km, LexA protein bearing the mutation may reach 

the same maximum rate of cleavage (Vmax) as that of wild-type protein. 

In order to see if this is the case for the above five mutant proteins (for 

which in vitro RecA-mediated cleavage was normal at LexA concentration 

3-5 ,..,M), using immunodetection (Western blot) method, RecA-mediated 

cleavage was also performed at a LexA concentration (0.02 ,..,M) far below 
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the Km value (Km for wild-type LexA was estimated around 0.5 J.LM, see 

CHAPTER 6). The result showed that, at low concentration, these mutant 

proteins could also be cleaved as well as wild-type, suggesting that their 

Km is not markedly altered. 

Finally, like several purified mutant LexA protein tested in CHAPTER 

4, autodigestion of three mutant proteins, EV170, FL174, and IN177, were 

more sensitive to the alkaline condition than others (compare the high 

relative rate of autodigestion at pH 8.0 to the low value at pH 10.0). 

In vitro RecA-mediated cleavage of mutant repressors containing both 

SC119 and one of the second-site mutations, was performed with cellular 

crude extract (Figure 5.2). Due to the complications of the cleavage 

kinetics, the exact cleavage rate of these mutant proteins was hard to 

assess. Both for SCl19 and the doubly mutant proteins, the cleavage 

reaction slowed down or completely stopped after a period of incubation, 

presumably as a result of the inactivation of the putative nucleophile, 

Cys-119, in these proteins. Nevertheless, from the early time point of the 

reaction (for example, 5 minutes), it is clear that the mutant proteins 

containing both SC119 and one of the second-site mutations (for example, 

PS169 or FL174 in figure 5.2) were cleaved slower than the SC119 mutant 

protein. The in vitro result is consistent with the in vivo behaviors of 

these mutant repressors (Table 5.2 and Figre 5.1), showing that these 

second-site mutations further reduce RecA-mediated cleavage of SC119 

repressor. It is worth mentioning that, in order to prevent Cys-119 from 

oxidation by oxygen, the cleavage assay was also performed under argon. 

However, under this condition, we were still unable to solve all the 

complications of the reaction; the reaction still slowed down after a 
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WT SC 

Figure 5.2. RecA-mediated cleavage of wild-type (WT) and the mutant 

proteins containing SC119 (SC), SC119-PS169 (SC-PS), or SCl19-FL174 

(SC-FL) mutant protein. The reaction (100 .... 1) was performed with 1 J.LM 

RecA and 18 J.Llcrude extract; LexA and its cleavage fragments (C denotes 

COOH-terminal fragment; N, NH-terminal fragment) were detected by 

Western blot analysis. 



period of incubation. 

DISCUSSION 

Mutations that slightly affect LexA repressor cleavage (Ind+) 

The results reported in this chapter demonstrate the isolation of 9 

intragenic second-site mutations, each of which further reduced RecA

mediated cleavage of LexA repressor encoded by SCl19 mutation. After 

separation from SC119, all but one (see next section) of these second

site mutations were found to be slightly deficient in RecA-mediated 

cleavage. We may regard these 8 mutants as "Ind+", since their phenotype 

in terms of cleavability is in between that of Ind + (or wild-type) and 

Ind- mutant reported in CHAPTER 3 (also see legend for table 5.2) 

Four of these Ind+ mutations, DG151, VI1SS, EV170, and IN177, affect 

RecA-mediated cleavage both in vivo and in vitro (20-55% wild-type 

repressor cleavage), whereas the deficiency of the other four mutations 

could only be detected in vivo. Three of the former four mutations 

(excluding IN177, which affects the repressor function) corresponds to 

those conferring the least cleavage activity among all the mutations in 

vivo (Table 5.2, the recA + strain). The result indicates the correspondence 

between in vivo and in vitro assay and suggests the limitation of 

detecting a deficiency in vitro (also see below). Two of these mutations, 

DG1S1 and Vl1SS, affect residues around the essential Lys-1S6 (Slilaty & 

Little, 1987). The result suggests that Asp-lSI, Val-ISS, and the 

conserved Thr-1S4 as well (CHAPTER 3 & 4), play some role in cleavage, 

perhaps by orienting Lys-1S6 to a close proximity of Ser-ll9, allowing 

the activation of Ser-119. Alternatively, these residues may involve the 
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interaction between the active site and cleavage site. Mutations EV170 

and IN177 also affect the cleavage reaction, suggesting that Glu-170 and 

I1e-177 may also modulate the rate of cleavage. Preliminary studies with 

DFP labeling suggests that EV170 reduces the reactivity of Ser-119 (K. 

Roland, personal communication). According to the proposed model for 

cleavage (Figure 1.2), this effect may be through the prevention of Lys-

156 from activating Ser-119. 

The remaining four mutations, FL174, LI18!, SR185, and AV192, 

appeared to affect RecA-mediated cleavage in vivo. However, when the 

RecA-mediated reaction was performed in vitro, the mutations had no 

detectable inhibition in the cleavage activity of LexA. For the following 

reasons, we believe that this apparent discrepancy may result from the 

non-linearity of the in vivo assay, which gave a high sensitivity of the in 

vivo assay to a small difference in the cleavage activity. 

As described before (CHAPTER 1), the expression of the recA gene is 

negatively controlled by the level of LexA repressor, and hence by the 

cleavability of LexA. If the rate of LexA cleavage is high, the level of 

LexA will drop, leading to an increased amount of RecA protein in the 

cell, which may in turn further increase the rate of cleavage. Conversely, 

if the cleavage activity is low due to a lexA(Ind-) mutation, the 

accumulated amount of LexA will then repress recA expression, leading to 

the further decrease in the rate of cleavage. Therefore, this "positive 

feedback" phenominom of LexA cleavage leads to a non-linear relationship 

of the in vivo ~-galactosidase assay to the intrinsic rate of cleavage; it 

exaggerates the difference in the intrinsic rate. The use of a recAoc 

operator, for example recA098 (Ginsburg et aI., 1982; Quillardet et aI., 
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1982), to which LexA repressor binds poorly (J. Little, unpublished data 

cited in Clark., 1982), should be able to solve this problem. However, at 

this point, we can not rule out the alternative possibility that the in 

vitro cleavage assay may differ from the in vivo cleavage reaction. For 

example, the use of a non-hydrolyzable A TP analog in vitro caused the 

formation of a stable complex of activated RecA (see CHAPTER 6), which 

may not exactly mimic the activated RecA formed in vivo. 

Nevertheless, the deficiency of the mutant protein in in vivo cleavage 

suggests that these residues (Phe-174, Leu-181, Ser-185, and Ala-192) can 

modulate the rate of cleavage to a small degree. Since these mutant 

proteins can autodigest as well as the wild-type repressor, the deficiency 

in in vivo RecA-mediated cleavage may suggest that they are "RecA

specific". They may bear a defect in a RecA-specific step (Kr step in 

CHAPTER 1), such as RecA binding. However, such defect is rather small 

since these mutant proteins still exhibit at least 80% in vitro RecA

mediated cleavage; the loss of binding energy will be less than 0.1 

kcal/mol, assuming that the defect in RecA-mediated cleavage is solely 

attributed by the deficiency in the binding to RecA These results, 

nevertheless, support the idea that the effect of "RecA-specific" 

mutations on the rate of cleavage may be too small to be detected by the 

previous mutant screen (see above and CHAPTER 4). 

An "SC119-specific" Ind- mutation: PS169 

In addition to the above mutations that, by themselves, affect RecA

mediated cleavage, it is plausible that this scheme would also isolate 

mutations that affect RecA-mediated cleavage only when Cys, not the 
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wild-type Ser, is present in position 119. This class of mutations, in 

analogy with "allele-specific" suppressors, can be termed "SC119-specific" 

Ind- mutations. The PS169 mutation, changing Pr0169-> Ser, appears to 

belong to this class, since according to both in vivo and in vitro assay, 

the mutation by itself did not seem to affect RecA-mediated cleavage, but 

did significantly affect the cleavage reaction of the doubly mutant protein 

containing SC119. 

Cysteine in position 119 of LexA is thought to be able to substitute 

for wild-type Ser as a nucleophile (Slilaty & Little, 1987). However, LexA 

containing SC119 does not cleave as well as wild-type. Presumably, this is 

because cysteine is not so effective as serine as a nucleophile in this 

specific cleavage reaction. Alternatively, it may be due to the distortion 

of the interaction between the cleavage site and the active site by the 

bulky sultbydryl group. It is conceivable that the alteration in LexA 

protein caused by PS169 may be well tolerated when the specific cleavage 

is catalyzed by the native active site composed of Ser-119, in which the 

stringent requirements for the proton transfer system and the interaction 

with substrate is presumably rather optimized compared to that catalyzed 

by Cys-119. 

The substitution of a Pro (a residue with a cyclic side chain which 

may not be present in many regular conformations of polypeptide) in the 

PS169 mutant protein does not seem to cause a severe distortion of 

protein structure, as judged by the normal cleavage activity and repressor 

function. Therefore, it seems likely that the inhibition of the mutation 

in SC119 cleavage is a specific rather than a widespread effect. 

Moreover, it has been shown that both Pro and Ser are likely to adopt 
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the same conformation (Creighton, 1983), further supporting the above 

idea. 

Although the mechanism for the specific effect of PS169 mutation on 

the cleavage of SC119 is not clear, the result indicates that position 169 

and position 1.19 of LexA are not independent. They may be close 

together and interact with each other in the tertiary structure, in spite 

of being far apart in th~ primary sequence. 
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CHAPTER 6 

DETERMINATION OF Km AND Vmax FOR RECA-MEDIATED 

CLEAVAGE OF LEXA REPRESSOR 

In this chapter, the Km, Michaelis constant (apparent dissociation 

constant of the complex of activated RecA and LexA), and V max, maximal 

velocity, for RecA-mediated cleavage of wild-type LexA repressor were 

determined. Several points should be stressed in this measurement. 

First, as noted earlier (see CHAPTER 1), RecA may not be a protease 

that contains an active site to catalyze the repressor cleavage. Instead, 

RecA may act as a positive effector that stimulates the self-cleaving 

activity (autodigestion) of repressor. Nevertheless, RecA behaves as a 

catalyst: the kinetics are linear,' and several molecules of LexA are 

cleaved per molecule of RecA (see below). Therefore, we can treat RecA 

as an enzyme and LexA as a substrate when analyzing the kinetic 

parameters. 

Second, in the assay conditions used most commonly for analyzing 

enzyme kinetics, the concentration of substrate is far above that of 

enzyme (for example, lOS to 106 molar excess). Therefore, it is quite 

valid to assume that the free substrate concentration, [S]f, is equal to 

the total substrate concentration, [Sh, and thus, the simple derivation of 

Henri-Michaelis-Menten equation can be easily applied under those 

conditions: 
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v - (S]f -
V max Km + [S]f 

[S]t 
Km + [Slt 

By contrast, in our assay for RecA-mediated cleavage reaction, the 

amount of RecA was comparable to that of LexA (the ratio of LexA to 

RecA concentration ranged from about 1 to 50). Therefore, [Slt could not 

simply substitute for [S]f because a significant amount of substrate 

(LexA) was bound to RecA. A more complicated equation (Henderson, 

1973) and a graphical method, termed "Dixon plot" (1972), taking free 

substrate (LexA) depletion into account, were used (see below). However, 

it should be noted that these assay conditions may be physiologically 

relevant, since, for many enzyme reactions within cells, the enzyme 

concentration is likely of the same order of magnitude as their substrate 

(Segel, 1975). 

Third, in most analyses for enzyme catalysis reaction, an initial 

velocity, corresponding to the rate at initial substrate concentration, [S]O, 

is measured; the initial veiocity was difficult to assess in this work 

because a substantial fraction of the substrate (LexA) , especially at low 

substrate concentration, was cleaved before the first time point. There 

are several consequences. First, neither [S]O nor [S]f, final substrate 

concentration, can be taken as the substrate variable, [S]. Second, the 

velocity measured will represent an overall velocity which is neither the 

initial velocity at [S] = [S]O nor the final velocity at [S]f. To solve these 

problems, the arithmetic mean substrate concentration, [S] = 1/2 x ([S]O + 

[S]f), was used where the overall velocity, v = ([S]O - [S]f)/ t, was taken. 

It has been shown that this method offers an excellent approximation for 

the determination of the kinetic constants, such as Km and V max, even 
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when the reaction extent is large (Lee and Wilson, 1971). For example, it 

introduces only about a 1 % error in the determination of Km, from the 

double reciprocal (l/v versus 1/[S]) Lineweaver-Burk plot, even when the 

reaction has proceeded to the extent of 30%, and only about 4% error to 

the reaction at 50% completion. 

Results 

The dependence of LexA cleavage on the amount of RecA ("Enzyme" 

assay) 

As shown in Figure 6.1, at various RecA concentrations tested, 

particularly at 0.05 and 0.1 JLM, the kinetics of cleavage exhibited a linear 

relationship between the extent of cleavage and the reaction time before 

about 50% of LexA protein was cleaved, indicating that the rate of 

cleavage was constant over the reaction period. Since the LexA 

concentration used in the assay was 1 JLM, the results indicate that, at a 

given RecA concentration, the rate was somewhat constant over the range 

from 0.5 to 1 JLM LexA. The independence of these rates of LexA 

concentration aIIowed us to use them for assaying the activity of RecA 

on the stimulation of LexA cleavage, since they were insensitive to the 

LexA concentration, and thus should depend only on the amount of RecA 

The rate of cleavage as a function of RecA concentration is shown in 

Figure 6.2. Under the assay condition, the rate of cleavage exhibited a 

nearly linear dependence on the RecA concentration ranging from 0.1 to 

0.5 JLM. The rate of cleavage was relatively low at two extreme RecA 

concentration tested, 0.05 and 1 JLM (for example, compare 22% 

c1eaved/min/uM RecA at 0.05 JLM RecA to 70% c1eaved/min/uM RecA at 
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Figure 6.1. The extent of LexA cleavage as a function of time at 

different RecA concentrations (indicated in the upper right of the figure). 

The reactions were performed with 1 JLM of LexA protein. The details of 

the assay condition were described in CHAPTER 2. 



o 
o ... 

~ ::g ~ ~ :J 
III 

~ ~ :J ~ 
0 ... N III :J . . . • 0 0 0 0 ... 
f f f ~ f 

o 
N 

o 

0 
N 

Q) 

a ..... 
E-t 

Figure 6.1. The extent of LexA cleavage at different RecA concentrations. 
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Figure 6.2. The dependence of the rate of cleavage on RecA 

concentration. The rate of cleavage (% cleaved/min) was calculated by 

50% c1e ave d/t 1/2. t1/2 was the reaction period required for 50% of the 

initial amount of LexA cleaved and was obtained from Figure 6.1. 
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0.2 .... M RecA). The reason for the low rate at 1 .... M RecA may be due to 

the fact that a substantial proportion of RecA was not bound to LexA, 

since the initial LexA concentration was only 1 .... M. Thus, the reaction 

could not reach the maximum rate of cleavage, unlike the reaction at low 

RecA concentration where most of RecA molecules could be saturated by 

LexA. On the other hand, at very low concentration (0.05 .... M), RecA did 

not seem to be very efficient in stimulating the cleavage reaction either. 

The result may suggest that the oligomeric species of RecA present at 

high concentration is the active species in promoting LexA cleavage. Such 

an oligomeric structure (filamenteous aggregate)· of RecA protin has been 

implicated in other RecA functions, such as promoting DNA annealing and 

assimilation, and hydrolysis of A TP (McEntee et aI., 1981; Pugh and Cox, 

1988). 

The complete cleavage of LexA at concentrations of RecA lower than 

the LexA concentration, such as 0.1 .... M RecA and 1 .... M LexA, indicates 

that RecA was still active in promoting LexA cleavage after it dissociated 

from the cleavage products. In other . words, RecA can turn over (one 

molecule of activated RecA can convert more than 1 molecule of LexA to 

cleavage products over the course of the assay). Note that in these 

assays, RecA must be present in an active form in which it formed the 

ternary complex with two cofactors, ssDNA and ATP-'Y-S, in order to 

promote LexA cleavage. Thus, the ability to turn over and the constant 

turnover rate, indicating by the linear kinetics (also see below), suggest 

that this ternary complex is quite stable, either because it does not 

dissociate after LexA is cleaved or, if the dissociation does occur, the re

association of the ternary complex is very rapid after it promotes LexA 
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cleavage or compared to the rate of LexA cleavage (also see 

DISCUSSION). 

Time dependence of LexA cleavage at different LexA concentrations 

As shown in Figure 6.3, at low LexA concentration (below 0.5 JLM), 

the rate of cleavage declined after 50% was cleaved, suggesting under 

those conditions, LexA concentration was below the Km, and therefore, 

the rate was sensitive to the change of LexA concentration. By contrast, 

at high LexA concentration, especially at 5-10 J.LM, the rate of cleavage 

kept, more or less, constant during the assay. It should be pointed out 

that a significant lag was observed, especially when the initial LexA 

concentration was high (Figure 6.3). The cause of the lag is not clear. 

However, it is unlikely due to the time required for the dissociation of 

the pre-formed LexA dimer (a potentially inactive substrate) present in 

the concentrated protein stock, because the reaction was preincubated in 

the absence of RecA at 370 C for 5 minutes (see CHAPTER 2; in some 

cases, the preincubation was extented to 30 minutes). The preincubation 

time was longer than the lag; therefore, it should have eliminated the lag 

if the dissociation of LexA dimer were the cause of the lag. 

Several inferences can be drawn from the linear time dependence of 

LexA cleavage at high concentration. First, under these conditions, LexA 

concentration may be above Km, and thus, the reaction reached the 

maximal rate of cleavage (V max) and was insensitive to LexA 

concentration. The V max measured here was 1.2 molecules LexA 

cleaved/min/molecule of RecA (or 0.24 + 0.03 J.LM/min/0.2 J.LM RecA). 

Second, the constant rate of cleavage indicates that RecA retained the 
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Figure 6.3. The extent of cleavage as a function of time at different 

LexA concentration (indicated in the upper right of the figure). The RecA 

concentrations in these reactions was 0.2 J.LM. 
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Figure 6.3. The extent of LexA cleavage at different LexA concentrations. 
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same stimulatory effect on the LexA cleavage, i.e., the amount of active 

form of RecA did not change appreciably during the assay. This result 

further suggests that the active RecA complex is fairly stable; it does not 

seem to be inactivated or dissociated during the assay. Finally, the linear 

time dependence suggests that there is no product inhibition. The result 

is consistent with the finding that the cleavage fragments had no effect 

on the competition inhibition experiment for RecA-mediated cleavage 

(Slilaty & Little, 1987), suggesting that the cleavage products lose their 

activity to bind RecA. A similar result has been observed with A 

repressor (data not shown). 

Determination of Ks by a linear equation 

Before deriving the equation, it is worth pointing out the difference 

between Ks and Km. Ks is the true dissociation constant of enzyme

substrate complex (ES), whereas Km can represent the apparent 

dissociation constant that may be treated as the overall dissociation 

constant of all enzyme-bound species. Moreover, unlike Ks (equilibrium 

constant), Km is a dynamic or pseudoequilibrium constant expressing the 

relationship between the actual steady-state concentrations rather than 

eqUilibrium concentrations (Segel, 1975). 

A general velocity equation, based on rapid equilibrium in the 

formation of enzyme-substrate complex (ES) and taking the substrate 

depletion into account, is derived below: 

Ks kcat 
E+S ca DoES • P Ks - [E] [S] 

[ES] 
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[E] = [Eli - [ES]; 

.1ESL = v 

[S] = [S]f = [S]t - [ES] 

[Elt Vmax 

Therefore, 

([E]t -(ESDi]t - [ES)) - Ks 

[Elt[S1t - [Elt[ES] - [S1t[ES] + [ES]2 = Ks[ES] 

The quadratic equation of the above equation can be rearranged to a 

linear form, which can be applied to the condition where enzyme 

concentration is high and can be plotted to obtain Ks and [Eli if V max is 

known (Henderson, 1973): 

[S]t 
v 

- Ks 1 + 
Vmax - v 

The plot of [Shiv ([LexAJt/v) versus 1/(Vmax - v) is shown in Figure 

6.4. According to the curve, Ks (= slope of the line) is equal to 0.5 + 0.1 

J.LM; the Y intercept (= [EhN max) is 0.9 + 0.3, yielding [Elt = 0.2 + 0.1 

J.LM, which is close to the input amount of RecA The result suggests that 

a large proportion of RecA molecules were in the active form in 

promoting LexA cleavage during the assay. 

Determination of Km by Dixon plot 

Dixon (1972) has described an elegant and simple direct plot for 

determining Km and [Elt when a substantial fraction of the added 

substrate, [S]b is bound. The illustration of this graphic analysis is shown 
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Figure 6.4. The [LexA]N (min-I) versus I/(Vm-V) (min/J-LM) plot. [LexA] 

and V (rate of cleavage) were determined by the arithmetic mean 

substrate concentration and overall velocity, respectively, as described in 

the text. Vm = V max = 0.24 + 0.03 J-LM LexNmin/0.2 J-LM RecA. The 

straight line is the best fitting line calculated by the computer using 

least seqare method. 
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in Figure 6.5. The v versus [8lt plot of RecA-mediated cleavage of LexA 

protein is shown in Figure 6.6. A Km value of 0.5 + 0.1 J-tM was obtained. 

Furthermore, the hyperbolic velocity curve suggests RecA-mediated 

cleavage of LexA, at least to some extent, follows Henri-Michaelis-Menton 

kinetics in the following way: At sufficiently low [LexA] (far below Km), 

the rate of cleavage (v) increased linearly with LexA concentration. But 

as [LexA] was increased, this relationship began to break down and v 

increased less rapidly than [LexA] until, at sufficiently high or saturating 

[8], v tended toward a limiting value termed V max' 

It should be pointed out that, since the LexA concentration (less or 

equal to 10 J-tM) used in our assay was considerably less than the 

dissociation constant of dimerization (50 J-tM) measured by Schanrr et al 

(1985), the fraction of LexA dimer in our assay condition should be 

negligible, assuming that the dimer dissociation constant was the same 

under these conditions. Therefore, the saturation kinetics is more likely 

due to the saturation of RecA molecules rather than the decrease of the 

potential active substrate, the monomer form of LexA, as with A 

repressor. 

Discussion 

In analogy to the mechanism of enzyme catalysis, the RecA-mediated 

cleavage of LexA repressor may include at least two steps: first, the 

initial binding of LexA to the activated RecA, leading to the formation of 

the complex of activated RecA and LexA complex; second, the catalysis 

step, which is stimulated by the activated RecA and results in the 

specific cleavage at Ala84-Gly85 of LexA repressor. Furthermore, since 
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Figure 6.5. (a) Plot suggested by Dixon for determining Km when a 

significant fraction of the added substrate is bound to the enzyme. (b) 

Left-hand portion of (a). The figure was adopted from Dixon (1972). 
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Figure 6.6. Determination of Km by Dixon plot. [E]t and Km obtained 

here are 0.2 and 0.5 + 0.1 f,LM, respectively. 
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RecA must be present in an activated form, in which it forms a ternary 

complex with two cofactors (represented by"'), ssDNA and nucleoside 

triphosphate, such as ATP-'Y-s," the equilibrium between the active form of 

RecA (*RecA) and the inactive or native RecA protein also exhibits an 

important feature in the cleavage reaction. Therefore, a simplified model 

for RecA-mediated cleavage of LexA repressor can be represented as 

follows: 

'" k1 '" kcat '" 
RecA + LexA ., RecA::LexA---...... RecA + Cleavage product 

~ 1 r ka • ko! ~a II ka 

RecA RecA 

+ + 

'" '" 

In this model, the binding of LexA to RecA stimulates the specific 

cleavage of LexA 'repressor. As discussed before (CHAPTER 4), it is 

proposed that this stimulatory effect is· achieved by increasing the self

cleaving activity of LexA repressor, rather than obtaining an 

enzymatically active site from RecA As suggested earlier (CHAPTER 4), 

RecA may stimulate the autodigestion by several ways, such as reducing 

the pKa of Lys-156. 

Another feature of the model is the stability of the active form of 

RecA during the cleavage reaction. From the constant rate of cleavage 

over a long course of the reaction (Figure 6.3), we conclude that the 

activity of RecA protein in promoting LexA cleavage did not change 
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markedly during the assay. Thus, in this model, it is likely that k..a is 

smaller than k1 or kcat, whereas ka may be greater than k1 or kcat (also 

see RESULTS). 

The following observatio'ns also support the conclusion that the active 

form of RecA, when formed in the presence of the non-hydrolyzable ATP 

analog, ATP-'Y-S, is very stable. First, we have observed the same activity 

of RecA in promoting LexA cleavage after 24 hour incubation under the 

assay conditions (data not shown). Second, RecA-mediated cleavage of 

LexA protein performed with crude extract exhibited essentially the same 

rate as that with purified protein (see CHAPTER 4), suggesting that the 

activity of the ternary complex of activated RecA is resistant to factors 

in the crude extract, such as nuclease degradation. Finally, it has been 

shown by both filter-binding assay and electron microscopy that 

substitution of ATP-'Y-s for ATP leads to the formation of stable 

complexes of RecA protein and DNA that dissociate very slowly (McEntee 

et aI., 1981). 

The present data can not allow us to determine the rate-limiting step 

in RecA-mediated cleavage. However, using the fluorescence change as a 

signal to detect cleavage, Takahashi et al (1986) have observed that 

RecA-mediated cleavage of LexA was a second-ordered reaction; the rate 

was proportional to both RecA and LexA concentration. Therefore, they 

concluded that the f~,)(mation of RecA-LexA complex was the limiting 

step. However, it should be pointed out that, using the direct 

measurement of LexA cleavage (electrophoretic determination), we 

observed a different kinetic behavior under conditions similar to what 

they used: the degree of uncleaved LexA showed a nearly linear, rather 
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than exponentially decreasing, dependence on the incubation time (for 

example, at 2 ..... M LexA, also see RESULTS), indicating that the reaction 

is zero-ordered at a given RecA concentration. The rate of cleavage 

under these conditions was independent of LexA concentration, rather 

than proportional to LexA concentration as concluded by their study. Two 

potential reasons may explain this discrepancy. First, under their 

condition, the LexA concentration may be far below Km. Thus, the 

reaction exhibited a second-ordered kinetics in which the apparent 

second-order rate constant was determined by kcat/Km but may not be a 

true microscopic rate constant (except in the extreme case in which the 

rate-limiting step is the encounter of substrate and enzyme) (Fersht, 

1977). However, the LexA concentrations they used (0.3-4 ..... M) was near or 

above the Km value (0.5 JLM) obtained in this study. Therefore, it remains 

puzzling how this discrepancy might have occurred. Second, the 

fluorescence change during the reaction may be due to the formation of 

* RecA::LexA complex, rather than the cleavage of LexA. Therefore, they 

may measure the kinetics of the complex formation, which is certainly a 

second-ordered reaction, rather than LexA cleavage. However, if this is 

the case, the fluorescence should have returned to its initial value after 

all LexA molecules were cleaved. Perhaps one piece of evidence to argue 

against the idea that the fluorescence change in RecA-mediated cleavage 

was due to the cleavage of LexA comes from the following finding: There 

was no significant fluorescence change during the autodigestion of LexA 

(Slilaty et al., 1986). At this point, we can not rule out the possibility 

that the difference in the kinetic behavior may result from the actual 

difference in the reaction mechanism. For example, the activated RecA 
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prepared from both studies may have different affinity for LexA, which 

may change the rate limiting step and consequently cause the difference 

in the kinetic behavior. 

How efficient is the activated RecA in promoting LexA cleavage? If 

we assume that RecA-mediated cleavage follows the simple Michaelis

Menten mechanism as proposed above, then a kcat (the turnover number 

of RecA, = Vmaxltotal RecA concentration) value of 0.02 sec-1 was 

obtained. This number is within the kcat range of many proteases (Fersht, 

1985). Therefore, the activity of RecA in promoting LexA cleavage is 

comparable to many proteases in catalyzing peptide bond hydrolysis. 

Moreover, the apparent first-ordered rate constant for LexA autodigestion 

at the optimal pH, 9.8, is 2.5 x 10-3 sec-l (Slilaty et aI., 1986). 

Therefore, RecA increases the maximum observed rate of autodigestion by 

about 10- fold. The stimulation of the rate of LexA repressor cleavage by 

RecA was also observed when RecA-mediated cleavage was performed at 

high pH (data not shown). These data suggest that RecA stimulates 

autodigestion of LexA at neutral pH by not only mimicking the effect 

brought by high pH condition, such as deprotonation of a side chain (see 

CHAPTER 1 and 4), but also providing a function, independent of pH, to 

increase the intrinsic rate of cleavage. However, the latter function of 

RecA in stimulating LexA cleavage may not be as significant as the effect 

brought by high pH since the increase of the rate of autodigestion is 

only lO-fold. 
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CHAPTER 7 

SEARCH FOR THE PSEUDOREVERTANTS OF lexA(Ind-) MUTANT 

In this chapter, I will discuss two methods for isolating pseudo

revertants (second-site suppressor) of lexA(lnd-) or cleavage-deficient 

mutants that fully or partly restore the cleavability of the mutant 

repressor. The first method (using JL1436) was unsuccessful, perhaps, due 

to the recombination between plasmid and chromosome lexA gene, yielding 

mostly true revertants. Therefore, in the second method, an indicator 

strain (JL2104) wiih no lexA sequence on the chromosome was used. To 

date, this method has isolated some potential pseudo-revertants. The 

search is being continued in the laboratory by others. 

Rationale of mutant isolation 

The method was based on either the resistance of revertants to a 

DNA-damaging treatment (selection method using JL1436, see below) or 

the ability of revertant repressor to turn on a LexA-controlled operon 

fusion in response to DNA-damaging treatment (screen in JL2104). In 

principle, two classes of revertants could be isolated by these methods. 

The first class of revertants restore the cleavability of Ind- mutant 

repressor, hereafter called cleavable revertants, and therefore are 

resistant to DNA-damage treatment. This is the type of mutants that we 

sought, with the hope of better understanding the cleavage reaction of 

repressor. This class of mutants would be expected to be relatively rare. 

157 



In contrast to the first class, the second type of revertants, lexA(Det), 

tum on the SOS response not by conferring more cleavability but by 

making the mutant protein no longer bind or bind weakly to SOS regulon. 

In order to. dinstingusih between them, the repressor function was 

assessed in the absence of RecA function or DNA-damaging treatment. 

As with many second-site suppressors (ShortIe, 1987), the cleavable 

revertants can work in either a global or an allele-specific way. The 

global type of revertants is able to suppress the mutant phenotype of a 

number of different Ind- mutations. Moreover, the global type of 

suppressor, after separation from the original Ind- mutation, may cleave 

better than wild-type. This hypercleavable activity may come from the 

increase of catalytic activity for the specific cleavage or the increase of 

affinity for RecA-binding. In contrast to the global type, the allele

specific mutations in a wild-type background do not affect RecA-mediated 

cleavage; they only increase the cleavage of LexA protein encoded by a 

specific cleavage-deficient mutant allele. 

Selection by mitomycin C resistance in strain JL1436 

The selection method was based on the sensitivity of Ind- mutants to 

a 'DNA-damaging treatment. Plasmid pJWL147 carrying TI154 mutation was 

mutagenized with hydroxylamine as described above. TI154 was chosen 

because of its partial cleavability (see CHAPTER 3 and 4), and thus, it 

should be more likely to restore the full cleavability by a second-s!te 

suppressor. Themutagenized plasmid was transformed into strain JL1436. 

A portion (50 J.Ll) of the transformation mixture was inoculated into the 

selection medium: L broth (5 ml) containing 100 J.Lg/ml ampicillin, 0.1 mM 
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IPTG, and 0.3 .... g!ml mitomycin C. 

The survivability of the strain bearing control plasmid in the 

selection medium showed that it could be used to select revertants from 

Ind- mutants. Cells bearing pJWL147 (IexA +) 01' pBR322 (no LexA function) 

could grow in this medium after overnight incubation at 370 C, whereas 

cells bearing lexA(Ind-) mutations could not survive, presumably because 

their inability to turn on SOS response. Therfore, revertants could be 

isolated by their ability to grow in this medium. In order to distinguish 

cleavable revertants from lexA(Def) ones, a recA- strain, JL1246, was 

used to assess the repressor function independent of RecA-mediated 

cleavage. 

Plasmid was made from the overnight culture (3 ml) of cells growing 

in the selection medium (i.e. revertants) and transformed into JL1246 

strain. Revertants with wild-type repressor function were recognized by 

forming white colonies (LacZ-) in the MacConkey plate. The in vivo 

cleavability of the revertant repressor was then directly detected by 

Western Blot analysis. 

By this method, 5-10% revertants were found to be LacZ- in JL1246 

strain and were further characterized; the rest of revertants were 

lexA(Def) mutants. However, the frequency of revertants with wild-type 

repressor function (LacZ- in JL1246) may be overestimated since this type 

of mutants grew much better than JexA(Def) mutants in the selection 

medium. Seven independent revertants were further characterized. By 

Western blot analysis, all of these revertant repressors were found to 

have the same level of cleavage in response to mitomycin C as did wild

type repressor. 
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Unfortunately, DNA sequence analysis have showed that they were all 

true revertants; they had lost the TI154 mutation and regained the wild

type sequence. Due to the high degree of specificity of the mutagen 

(hydroxylamine) used (C -> T transition, also see CHAPTER 3), it seems 

unlikely that the mutagen reverted TI154 mutation to wild-type sequence, 

which would require a T -> C mutation. Therefore, the true revertants 

arose most likely from the recombination between plasmid and 

chromosome lexA gene. Although, in strain JL1436, the lexA gene is 

inactivated by Tn~ insertion, the sequence of lexA gene remains on the 

chromosome, and thus, is available for the recombination event. Moreover, 

the recombination event could be stimulated by the mitomycin C in the 

selection medium (Walker, 1984). It should be noted that no true 

revertants were found in cells bearing un-mutagenized TI154 plasmid, 

suggesting that the frequency of recombination can be increased by the 

damaged (mutagenized) DNA in the site of recombination, for example, 

lexA gene in this experiment. This phenomenon has been known in other 

system as well (Smith, 1987). In order to prevent this effect, the 

mutagenized DNA was first transformed into strain JL1246 to repair the 

damage and to prevent the recombination by the lack of RecA function in 

this strain. Transformants were pooled and from which plasmid was made 

and subject to the isolation of revertants in a recA + strain as described 

above. By this method, the proportions of revertants with wild-type 

repressor function was reduced to 0.2% total revertants; twenty 

independent isolates of this type of revertants were isolated. However, by 

either DNA sequence analysis or ~III digestion (TI154 mutation 

abolishes a ~III site), all of them were found to be true revertants 
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again, suggesting that a low frequency of recombination in lexA gene still 

occurred in the recA + strain with non-damaged plasmid DNA. Therefore, 

to eliminate the recombination event, an indicator strain with no lexA 

sequence on the chromosome was used in the following method. 

Screen for revertants using JL2104 

Plasmid pJWL147 carrying cleavage-deficient mutation, such as ML120, 

SCl19 or EV170, was mutagenized with hydroxylamine and transformed 

into JL2104 (recA + ,LllexA300, sulA::lacZ/F'lacIq lacIS), in which the lexA 

sequence has been replaced with a spectinomycin resistance gene (Hill and 

Little, personal communication). The transformation mixture was then 

spread into a MacConkey plate containing ampicillin and 0.1 J.Lg/ml 

mitomycin C. 

The following behavior of the strain carrying different plasmids 

allowed us to use this indicator strain for isolating revertants. Strain 

JL2104 bearing pJWL147 formed a white colony (LacZ-) in the indicator 

plate in the absence of mitomycin C, but the colony turned red (LacZ+) 

with mitomycin C in the plate. By contrast, leaky lexA(Ind-). mutants, 

such as ML120, SCl19, and EV170, stayed white regardless of mitomycin C 

treatment. Therefore, revertants were recognized by forming a red 

(LacZ+) colony in the presence of mitomycin C (The regulatory circuitry 

of a related strain, JL1420, is described in CHAPTER 3. Unlike JL1420, 

which makes a constitutively active RecA 730 protein, in JL2104, the wild

type RecA protein must be activated by DNA-damaging treatment, such as 

mitomycin C). Moreover, a cleavable revertant could be distinguished from 

the preponderance of JexA(Def) revertants by its ability to form a white 
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colony in the absence of mitomycin C. This is because a JexA(Det) 

mutant would tum on SOS response constitutively without a DNA

damaging treatment, and thus, had a low level of repressor function, 

leading to the formation of a red colony, even in the absence of 

mitomycin C. 

The frequency of revertants (forming LacZ+ colony in the plate with 

mitomycin C) was 1-2%. Among these revertants, more than 80% were 

lexA(Def) mutants, as determined by the frequency of fonning LacZ + 

colony in the absence of mitomycin C. The rest of them were potentially 

cleavable revertants. A total of 12 (4 for ML120, 5 for SC119, and 3 for 

EV170) of this class of revertants were further characterized. As expected 

from the lack of recombination within lexA gene, none of them were true 

revertants as judged by restriction enzyme analysis (SC119 and ML120 

abolish a TaqI site in the lexA gene) or phenotypic difference from wild

type. To date, at least one of SC119 revertants showed an increased 

cleavage activity compared to the original SCl19, as determined by 

Western blot analysis. Further characterization of the mutant protein is in 

progress in the laboratory. 
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SUMMARY AND FUTURE DIRECfIONS 

This dissertation is a presentation of both genetic and biochemical 

analyses designed to gain a better understanding of the specific cleavage 

reactions of LexA repressor, including RecA-mediated cleavage and 

autodigestion. The amino acids in LexA repressor specifically required for 

the cleavage reaction were identified by the mutational analysis. 

Biochemical analysis of the purified mutant protein has determined the 

possible defects of the mutant protein in the cleavage reaction; it also 

suggests possible roles of activated RecA in promoting LexA repressor 

cleavage. This study provides strong support for the previously proposed 

model for the mechanism of repressor cleavage. 

questions remain to be solved. 

However, several 

First, it is not clear where the actual RecA binding sites are in 

LexA. No mutations that specifically inhibit RecA-mediated cleavage 

without altering autodigestion were isolated. Although several residues 

near the cleavage site and the proposed nucleophile may be important for 

RecA binding, other residues may also directly participate in this process. 

Perhaps, to help address this question, an opposite approach of isolating 

lexA mutants that bind RecA better than wild-type can be used. As 

discussed in CHAPTER 7, this class of mutants can be isolated through 

the search for pseudorevertants of Ind- mutants. Hopefully, this search 

will be facilitated by using indicator strain lacking any chromosomal lexA 

sequence, which eliminates the possibility of recombination of lexA gene 

between plasmid and host chromosome. 
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Second, the role of RecA in the cleavage reaction is not completely 

understood at this stage. One can gain further insights into this question 

by both genetic and biochemical analyses. In addition to the 

pseudorevertants discussed in CHAPTER 7, recA mutants that suppress the 

lexA(Ind-) phenotype can be isolated. Biochemical analysis of this class of 

RecA mutant protein should allow us to learn more information about the 

interaction between RecA and LexA. 

Third, in our model of RecA-mediated cleavage (Figure 1.2), the 

nucleophile that attacks the carbonyl group of the scissile peptide bond 

resides in LexA rather than RecA However, one can not rule out the 

alternate possibility that RecA contributes this nucleophile. Perhaps, to 

prove directly the proposed model (Figure 1.2), one should isolate the 

intermediate of the cleavage reaction. According to the model, the same 

intermediate with the acyl group of Ala-84 attached to Ser-119 should be 

detected in both autodigestion and RecA-mediated cleavage. Additionally, 

one would predict that the serine protease inhibitor, DFP, will specifically 

react with Ser-119 under the conditions for autodigestion and RecA

mediated cleavage, which will prevent the cleavage reactions to occur. 

Fourth, it is still unclear if LexA protein can be cleaved about 

equally well as a monomer or a dimer. A detailed kinetic analysis of 

RecA-mediated cleavage should help to solve the issue. However, due to 

the inefficient dimerization (Kd = 50 f.LM) of LexA protein, a tremendously 

high concentration will be required to obtain a significant amount of 

dimers. Furthermore, the Km measured in this work is below the 

reported dissociation constant for dimer formation. Therefore, if the 

dimer is resistant to cleavage, one would not be able to see the reduced 
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rate of cleavage resulting from the increased amount of the resistant 

species at high concentration because the rate of cleavage already 

reaches the same Vmax at relatively low LexA concentration. In summary, 

the kinetic analysis will be a difficult way to address this question. 

Another approach will be the use of genetic methods. For example, one 

can isolate mutants that affect the dimerization of LexA and ask if the 

mutant protein affects the cleavage. Additionally, one may expect that 

one class of hypercleavable mutants, for example those isolated through 

the search for pesudorevertants (CHAPTER 7), will affect the dimerization 

process if the monomer of LexA is the only active substrate. 

Finally, perhaps the most important information regarding the 

interaction between LexA and RecA and the mechanism of repressor 

cleavage will come from the 3-dimensional structure of both LexA and 

RecA protein. With this information, the predictions of the 3-D structure 

derived from the mutational analysis can be confirmed. Moreover, the 

cleavage model and several proposed roles for RecA protein can be 

rigorously tested with the combination of the mutational analysis and the 

information of 3-D structure. The effect of mutations isolated in this 

work, on the cleavage reaction can be interpreted far more incisively 

with the knowledge of the crystal structure. 

165 



REFERENCES 

Ackers, G.K., and F.R. Smith. 1985. Effects of site-specific amino acid 
modification on protein interactions and biological function. Ann. 
Rev. Biochem. 54:597-629. 

Beckwith, J.R. 1963. Restoration of operon activity by suppressors. 
Biochim. Biophys. Acta. 76:162-164. 

Bolivar F., R.L. Rodriguez, Pol. Greene, M.C. Betlach, H. Beyneker, B.W. 
Boyer, J.B. Crosa and S. Falkow. 1977. Construction and character
ization of new cloning vehicles, TI. A multipurpose cloning system. 
Gene ~:95-113. 

Burckhardt, S. E., !t. Woodgate, R •. H. Scheuermann, and H. Echols. 
1988. UmuD mutagenesis protein of Escherichia coli: Overproduction, 
purification, and cleavage by RecA Proc. Natl. Acad. Sci. USA 
85:1811-1815. 

Burnette, W. N. 1981. "Western Blotting": Electrophoretic transfer of 
. proteins from sodium dodecyl sulfate-polyacrylamide gels to 

unmodified nitrocellulose and radiographic detection with antibody 
and radioiodinated protein A Analytical BlOchem. 112:195-203. 

Calos, M.P., J.S. Lebkowski, and M.R. Botchan. 1983. High mutation 
frequency in DNA transfected into mammalian cells. Proc. Natl. Acad. 
Sci. USA 80:3015-3019. 

Clark, A. J. 1973. Recombination deficient mutants of E. coli and other 
. bacteria. Annu. Rev. Genet. 1:67-86. 

Clark, A. J. 1982. recA operator mutations and their usefulness. 
Biochimie 64:669-675. 

Cohen, S., B. Knoll, J.W. Little, and D.W. Mount. 1981. Preferential 
cleavage of phage A repressor monomer by recA protease. Nature 
(London) 294: 182-184. 

Craig, N.L. and J.W. Roberts. 1980. E.coli RecA protein-directed cleavage 
of phage A repressor requires polynucleotide. Nature 283:26-29. 

Craik, C.S., C. Largman, T. Fletcher, S. Roczniak, Pol. Barr, R. Flettericlc, 
and W..J. Rutter. 1985. Redesigning trypsin: alteration of substrate 
specificity. Science 228:291-297. 

Craik, C. S., S. Roczniak, C. Largman and W. J. Rutter. 1987. The 
catalytic role of the active site aspartic acid in serine protease. 
Science 237:909-913. 

166 



Creighton, T. E. 1983. Proteins, structures and molecular properties. W. H. 
Freeman and Company, New York. 

~rowl, R.M., R.P. Boyce, and H. Echols. 1981. Repressor cleavage as a 
prophage induction mechanism: hypersensitivity of a mutant ~cI 
protein· to RecA-mediated proteolysis. J. Mol. BioI. 152:815-820. 

Davis, R.W., D. Botstein, and J.R. Roth. 1980. A manual for genetic 
engineering. Advanced Bacterial Genetics. (Cold Spring Harbor 
Laboratory, Cold Spring Harbor, NY). 

Dixon, M. 1972. The graphical determination of Km and Ki. Biochem J. 
129:197-202. 

Dutreix, M., A. Bailone, and R. Devoret. 1985. Efficiency of induction of 
prophage ~ mutants as a function of recA alleles. J. Bacteriol. 
161: 1080-1085. 

Dutreix, M, P. L. Moreau, A. Bailone, F. GaUbert and R. Devoret. 1988. 
RecA mutations that discriminate repressors. in UCLA Symposia on 
Molecular and Cellular Biology. 17th Animal Meetings. Alan R. Liss, 
Inc., New York. 

Ennis, D.G., B. Fisher, S. Edmiston, and D.W. Mount. 1985. Dual role for 
Esherichia coli RecA protein in SOS mutagenesis. Proc. Natl. Acad. 
Sci. USA 82:3325-3329. 

Esbima, J., S. Fujii, and T. Horiuchi. 1972. Isolation of ~Ind mutants. Jpn. 
J. Genet. 47:125-128. 

Fairbanks, G., T. L. Steck, and D. F.. H. WaIIach. 1971. Electrophoretic 
analysis. of the major polypeptides of the human erythrocyte 
membrane. Biochemistry 10:2606-2617. 

Fersht, A. ·1985. Enzyme Structure and Mechanism. Freeman, New York. 

George, J., M. CasteIIazzi, and G. Buttin. 1975. Prophage induction and 
cell division in E.coli. III. Mutations sfiA and sfiB restore division in 
tif and Jon strains and permit the expression of mutator properties of 
tif. Mol. Gen. Genet. 140:309-332. 

Gimble, F.S., and R.T. Sauer. 1985. Mutations in bacteriophage ~ 
repressor that prevent RecA-mediated cleavage. J. Bacteriol. 
162:147-154. 

Gimble, F.S. and R.T. Sauer. 1986. ~ repressor inactivation: properties of 
purified Ind- proteins in the autodigestion and RecA-mediated 
cleavage reactions. J. Mol. BioI. 192:39-47. 

Ginsburg, H., S. H. Edminston, J. Harper, and D. W. Mount. 1982. Isolation 
and characterization of an operator-constitutive mutation in the recA 
gene of Escherichia coli K-12. Mol. Gen. Genet. 187:4-11. 

167 



Henderson, P. J. F. 1973. Steady-state en~e kinetics with high-affinity 
substrates or inhibitors. Biochem. J. 135:1u1-107. 

Hohn, B. and K. Murray. 1977. Packaging recombinant DNA molecules into 
bacteriophage particles jn vitro. Proc. Natl. Acad. Sci. USA 
74:3259-3262. 

Horii, T., T. Ogawa, T. Nakatani, T. Hose, H. Matsubara, and H. 
Ogawa. 198J. Regulation .of . SOS fu?ctions:. puri~cation of E.coli 
LexA protem and determmatlon of Its specific site cleaved by the 
RecA protein. Cell 27:515-522. 

Huisman, O. and R. d'Ari. 1981. An inducible DNA replication-cell 
division coupling mechanism in E. coli. Nature 290:797-799. 

Huisman, 0., R. d' Ari, and S. Casaregola. 1982. How Escherichia coli sets 
different basal levels in SOS operons. Biochimie 64:709-712. 

Hurstel S., M. Granger-Schnarr, M. Daune, and M. Schnarr. 1986. In vitro 
binding of LexA repressor to DNA: evidence for the involvement of 
the' amino-terminal doma'in. EMBO J. ~:793-798. 

Johnson D. A., J. W. Gautscb, J. R. Sportsman and J. H. Elder. 1984. 
Iinproved Technique utilizing nonfat dry milk for analysis of proteins 
and nucleic acids transferred to nitrocellulose. Gene Anal Techn. 1:3-
8. 

Krau! J. 1977. Serine proteases: structure and mechanism of catalysis. 
Ann. Rev. Biochem. 46:331-358. 

Krueger, J.H., S.J. Elledge and G.e. Walker. 1983. Isolation and 
characterization of Tn~ insertion mutations in the lexA gene of 
Escherichia coli. J. Bacteriol. 153:1368-1378. 

Kunkel, T.A. 1985. Rapid and efficient site-sIJecific mutagenesis without 
phenotypic selection. Proc. Natl. Acad. Sci. USA 82:488-492. 

Laemeli, U. K. 1970. Cleavage of structural proteins during the assembly 
of the head of bacteriophage T4. Nature 227:680-685. 

Lieb, M. 1981. A fine structure map of spontaneous and induced 
mutations in the A repressor gene, including insertions of IS 
elements. Mol. Gen. Genet. 184:364-371. 

Lieberman, H.B. and E.M. Witkin. 1983. DNA degradation, UV 
sensitivity and SOS-mediated mutagenesis in strains of Escherichia 
coli deficient in single.;.strand DNA binding protein: effecys of 
mutations and treatments that alter levels of exonuclease V or RecA 
protein.' Mol. Gen. Genet. 190:92-100. 

Lin, L. and J. W. Little. 1988. Isolation and characterization of 

168 



noncleavable (Ind-) mutants of the LexA repressor of Escherichia coli 
K-12. J. Bacteriol. 170:2163-2173. 

Little, J.W. 1983. The SOS regulatory system: Control of its state by the 
level of RecA protease. J. Mol. BIOI. 167:791-808. 

Little, J. W. 1983. Variations in the in vivo stability of LexA repressor 
during the . SOS regulatory cycle. iIi Cellular Responses to DNA 
Damage. 369-378. Alan R. Liss, Inc., New York, NY. 

Little, J.W. 1984. Autodigestion of LexA and phage A repressors. Proc. 
Natl. Acad. Sci. USA 81:1375-1379. 

Little, J.W., S~H. Edmiston, LZ.PacelIi, and D.W.Mount. 1980. Cleavage of 
the Escherichia coli LexA protein by the RecA protease. Proc. Natl. 
Acad. Sci. USA 77:3225-3229. 

Little, J.W., and M. Gottesman. 1971. Defective A particles whose DNA 
carries only a single cohesive end, p.371-394. In A. D. Hershey (ed.), 
The Bacteriophage Lambda. Cold Spring Harbor Laboratory, Cold 
Spring Harbor, N.Y. 

Little, J.W., and SA. Hill. 1985. Deletions within a hinge region of a 
spe~ific DNA-binding protein. Proc. Natl. Acad. Sci. USA 
82:2301-2305. 

L~ttle, J.W.,and D.W. Mount. 1982. The SOS regulatory system of 
Escherichia coli. Cell 29:11-22. 

Little, J.W. and D.W. Mount. 1984. Creating new restriction sites by 
~ilent changes in coding' sequences. Gene 32:67-73. 

Little, J.W., D. W. Mount, and C .. R. Yanisch-Perron. 1981. Purified lexA 
protein is a repressor of the recA and lexA genes. Proc. Natl. Acad. 
SCi. USA 78:4199-4203. 

Markham, B.E., J.W. Little and D.W. Mount. 1981. Nucleotide 
sequence of the lexA gene of Escherichia coli K-12. Nucleic Acids 
Res.2:4149-4161. 

Markham, Jt Eo, J. E. Harper, D. W. Mount, G. B. Sanear, "A. Sanear, W. 
D. Rupp, C. J. Kenyon, and G. C. Walker. 1984. Analysis of mRNA 
synthesis following induction of tthe Escherichia coli SOS system. J. 
Mol. BioI. 178:237-248. 

Maxam, A., and W. Gilbert. 1980. Sequencing end-labeled DNA with base
specific chemical cleavages. Methods. Enzymol. 65:499-560. 

McEntee, K., Weinstock, G. M., and Lehman, I. R. 1979. Initiation of 
enera~ ~ecom?ination catalyzed in. vitro by the RecA protein of 
schenchta coho Proc. Natl. Acad. SCI. U.S.A. 76, 2615-2619. 

169 



McEntee K.j G. M. Weinstock and I. R. Lehman. 1981. Binding of the recA 
p~otein of Escherichia coli to single- and double- stranded DNA. J. 
Blot Chern. 256:8835-8844. 

McEntee, I{', and Weinstock, G. M. 1981. tif-l mutation alters 
. polynucleotide' recognition by the' recA protein of Escherichia coli. 

Proc. Natl. Acad. Sci. U.S.A. 78, 6061-6065. 

Messing J. 1981. A system for shotgun DNA sequencing. Nucleic Acid Res. 
2:309-321. 

Messing J. 1983. New M13 vector for cloning. Methods in Enzymol. 
101:20-78. 

Miller, J.B. 1972. Experiments in molecular genetics. (Cold Spring Harbor 
Laboratory, Cold Spring Harbor). 

Moreau, P.L 1987. Effects of overproduction of single-stranded DNA
binding protein on RecA-protein dependent processes in Escherichia 
coli. J. Mol. BioI. 194:621-634. 

Mount, D.W., 1976. A method for the isolation of phage mutants altered 
. in their response to lysogenic induction. Molec. Gen. Genet. 145:165-

167. 

Mount, D.W., K.B. Low aJ}d' S.J. Edmiston. 1972. Dominant mutants (lexA) 
in Escherichia coli K-12 which affect radiation sensitivity and 
fr~quency of ultraviolet light-induced mutations. J. 
Bacteriol.112:886-893. 

Myers, R.M., L.S. Lerman, and T. Maniatis. 1985. A ~eneral method for 
saturation mutagenesis of cloned DNA fragments. SCIence 229:242-247. 

Nohmi, T., J. R. Battista, L A. Dodson, and G. C. Walker. 1988. RecA
mediated cleavage activates UmuD for mutagenesis: Mechanistic 
relationship between transcriptional derepression and posttranslational 
activation. Proc. Natl. Acad. Sci. USA 85:1816-1820. 

Pabo, C.O., and R.T. Sauer. 1984. Protein-DNA recognition. Ann. Rev. 
Biochem. 53:293-321. 

Peterson, K.R., and D.W. Mount. 1987. Differential repression of 80S 
enes by unstable LexA41(Tsl-l) protein causes a "split-phenotype" in 
scherichia coli K-12. J. Mol. BioI. 197:27-40. 

Peterson K. R., N. Os sanna, A. T. Thliveris, D. G. Ennis and D. W. 
Mount. 1988. Derepression of specific genes promotes DNA repair and 
mutagenesis in Escherichia coli. J. Bacteriol. 170:1-4. 

Peterson K. R., N. Os sanna, and D. Mount. 1988. The Escherichia coli K-
12 lexA2 gene encodes a bypocleavable repressor. J. Bacteriol. 
170:1975-1977. 

170 



Phizicky, E.M., and J.W. Roberts. 1980. Kinetics of RecA protein
directed inactivation of repressors of phage A and phage P22. J. Mol. 
BioI. 139:319-328. 

Phizicky, E. M., and Roberts, J. W. (1981). Induction of SOS functions: 
regulation of proteolytic activity of E. coli RecA protein by 
interaction with DNA and nucleoside triphosphate. Cell 25, 259-267. 

Pugh, ~'. F., and M. M. Cox. 1988. HiSh salt activation of RecA protein 
ATPase in the absence of DNA J. BIOI. Chern. 263:76-83. 

Quillardet, P., P. L Moreau, B. Ginsburg, D. W. Mount, and R. Devoret. 
. 1982. Cell surviv~l, UV -reactivation and induction of frophage A in 

Escherichia coli K-12 overproducing RecA protein. Mo. Gen. Genet. 
188:37-43. 

Roberts, J.W., C.W. Roberts, and N.L. Craig. 1978. Escherichia coli recA 
gene product inactivates phage A repressor. Proc. Natl. Acad. Sci. 
USA 75:4714-4718. 

Roberts, J. W. and C. W. Roberts. 1981. Two mutations that alter the 
regulatory activity of E. coli recA protein. Nature 290:422-424. 

Roberts, J. W., Phizicky, E. M., Burbee, D. G., Roberts, C. W., and 
Moreau, P. L. 1982. A brief consideration of the SOS inducing signal. 
Biochimie 64, 805-807. 

Roberts, J. W., and Devoret, R. 1983. Lr.sogenic induction, p.123-144. In 
Hendrix, R. W., Roberts, J. W., Stah, F. W., and Weinsberg, R. A. 
(ed). Lambda II, Cold Spring Harbor Laboratory, Cold Spring Harbor, 
N. Y. 

Sanger, F., S. Nicklen and A.R. Coulson. 1977. DNA sequencing with chain
terminating inhibitors. Proc. Natl. Acad. Sci. USA 74:5463-5467. 

Sauer, R.T., M.J. Ross, and M. Ptashne. 1982. Cleavage of the A and 
P22 repressors by RecA protein. J. BioI. Chern. 257:4458-4462. 

Sauer, R.T., R.R. Yocum, R.F. Doolittle, M. Lewis and C.O. Pabo. 1982. 
Homology among. DNA-binding p'roteins suggests use of a conserved 
super.;.secondary structure. Nature (London) 298:447-451. 

Schleif, R. F. and P. C. Wensink. 1981. Practical methods in Molecular 
Biology. Springer-VErlay. New York. 

Schmidt, D. E., F. H. Westheimer. 1971. pK of the lysine amino group at 
the active site of acetoacetate decarboxylase. Biochemistry 10:1249-
1253. 

Schnarr, M., J. Pouyet, M. Granger-Schnarr, and M. Daune. 1985. Large 
scale purification, oligomerization equilibria, and specific 

171 



interaction of the LexA repressor of Escherichia coli. Biochemistry 
24:2812-2818. 

Schnarr, M. G., P. Oertel, and M. Schnarr. 1988. A mutant LexA repressor 
harboring a cleavage motif cysteine-glycine remains inducible. FEBS 
Letters. 231:437-439. 

Segel I. H. 1975. Enzyme Kinetics. Wiley-Interscience. USA. 

Shinagawa, H, B. Iwasaki, T. Kato, and A. Nakata. 1988. RecA protein
dependent cleavage of UmuD protein and SOS mutagenesis. Proc. Natl. 
Acad. Sci. USA 85:1806-1810. 

Shibata, T., C. DasGupta,. R. P. Cunningham, and C. M. Radding. 1979. 
Purified . Escherichia COli. RecA protein catalyZes homologous pairing o.f 
superhebcal DNA· and smgle-stranded fragments. Proc. Natl. Acad. SCI. 
U.S.A. 76, 1638-1642. 

ShortIe, D., 1987. Genetic strategies for analyzing proteins. in Protein 
Engineering. 103-108. Alan R. Liss, Inc., New York. 

Slilaty, S.N. and J.W. Little. 1987. Lysine-156 and serine-119 are 
required for LexA repressor cleavage: a possible mechanism. Proc. 
Natl. Acad. Sci. USA 84:3987-3991. 

Slilaty, S.N., J.A. Rupley, and J.W. Little. 1986. Intramolecular 
cleavage of LexA and phage A repressors: dependence of kinetics on 
repressor concentration, pH, temperature and solvent. Biochemistry 
25:6866-6875. 

Smith, G. R., ·1987. Mechanism and control of homologous recombination1 
in Escherichia coli. Ann. Rev. Genet. 21:179-201. 

Sprang S., T. Standing, R. J. Fletterick, R. M. Stroud, J. Finer-Moore, N
B. Xuoilg, R. Hamlin, W. J. Rutter and2C. S. Craik. 1987. The 
three-dimensional· structure of Asn10: mutant of trypsin: role of 
Asp102 in serine protease catalysis. Science 237:905-909. 

Takahashi, M., M. Daune, and M. Schnarr. 1986. Fluorescence study of the 
RecA-dependent proteolysis of LexA, the repressor of the SOS system 
in Escherichia coho FEBS Letters 196:215-218. 

Tessman, E. S., and Peterson, P. K. 1985. Isolation of protease-proficient, 
recombinase-deficient recA mutants of Escherichia coli K-12. J. 
Bacteriol. 163, 688-695. 

Walker, G.e. 1984. Mutagenesis and inducible response to DNA damages in 
Escherichia coli. Microbiol. Rev. ~8:60-93. 

Wang, W. B., and Tessman, E. S. 1986. Location of functinal regions of 
the Escherichia coli RecA protein by DNA sequence analysis of RecA 

172 



protease-constitutive mutants. J. Bacteriol. 168, 901-910. 

Weinstock, G. M., and McEntee, oK. 1981. RecA-protein dependent 
proteolysis of bacteriophage ~ repressor. Charterization of the 
reaction and stimulation by DNA-bindmg proteins. J. BioI. Chern. 256, 
10883-10888. 

Wells, T.N.C., and A.R. Fersht. 1985. Hydrogen bonding in enzymatic 
catalysis analyzed by protein engineering. Science 316:656-657. 

Witkin, EM. 1976. Ultraviolet mutagenesis and inducible DNA repair 
in Escherichia coli. Bacteriol. Rev. 40:869-707. 

Zagurs~, R..}., K. Baumeister, and M.L Berman. 1985. Rapid and easy 
sequencing of large linear double-stranded DNA and supercoiled 
plasmid DNA Gene Anal. Techn. ~:89-94. 

Zagursky, R.T., and M.L Berman. 1984. Cloning vectors that yield high 
levels of single-stranded DNA for rapid DNA sequencing. Gene 27:183-
191. 

Zoller, M. J., and M. Smith. 1983. Oligonucleotide-directed mutagenesis of 
DNA fragments cloned into M13 vectors. Methods in Enzymol. 
100:468-501. 

173 


