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GENETIC TERMINOLOGY 

OR or OR+: Wild type OR operator. 

OR2=: OR2 contains two nucleotide mutations. means double minus. 

OR1+2: A DNA contains both ORI and OR2. 

IL153, RS225, RG225, QR226 and FS233: 

Cooperativity mutant repressors named with the wild type amino acid (one 

letter code), followed by the mutant amino acid and the amino acid position in 

HK022 CI. 

+QK: A cooperativity mutant repressor with two additional amino acids, Ghi and 

Lys, at the C-terminal end of HK022 CI protein. 

+QK-RS225, +QK-RG225: 

Double mutant repressors made by combining two single mutations, a +QK 

mutation and a RS225 or a RG225 mutation. 

IL153-RS225: 

A double mutant repressor made by combining two single mutations, IL153 

and RS225. 
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ABSTRACT 

Cooperative binding of specific DNA-binding proteins to DNA plays a crucial role in 

gene regulation. To understand the molecular basis of cooperative protein-DNA 

interactions and their role in gene regulation, the lambdoid phage HK022 was used as a 

model system to study cooperative binding of HK022 CI repressor to DNA. HK022 CI 

repressor binds to two adjacent operators with a high degree of cooperativity. In this 

work, a combination of genetics and biochemistry was used to study cooperative binding 

of HK022 CI repressor by analyzing the effects of changing either the DNA binding sites 

or the protein on cooperativity. 

In the first part of this dissertation, the effect of changing the spacing between the two 

adjacent operators (ORI and OR2) on cooperativity and on the conformation of the complex 

was examined. The highest cooperativity was observed with wild type spacing of 9 bp, 

implying that the wild type spacing confers the most favorable cooperative interaction. 

Considerable cooperativity was retained for most spacing variants, but was abolished when 

the operators lay on opposite faces of the DNA helix. Almost all spacing variants conferred 

changes in the conformation of the DNA-protein complex. The major conclusions from 

this study are that: 1) the protein-DNA complex is flexible enough to allow some 

cooperativity in most spacing variants; 2) a protein-DNA complex involving the same 

specific binding sites and the s£une protein molecules can adopt many different 

conformations, depending on the spacing between the binding sites. 

In the second part of this investigation, a genetic screen was developed to isolate 

HK022 repressor mutants which are defective in cooperative binding to adjacent operators, 

but are normal in binding to a single operator, so as to identify the amino acids in CI 
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responsible for the cooperative interactions. Five mutants (IL153, RS225, RG225, 

FS233, and +QK) were isolated from this screen. The cooperativity parameter co for these 

mutant proteins (except IL153) was determined by in vitro DNase I footprinting assay. 

The results indicated that +QK was a relatively strong mutant, with a reduction of about 20 

fold in co; the others were weaker, reducing co about 4 to 5 fold. Two double mutant 

combinations (+QK-RS225 and +QK-RG225) conferred greater cooperativity defects than 

the single mutants. One double mutant (RS225-IL153) restored nearly wild type 

cooperativity indicating that those two single mutations suppress each other perhaps by a 

lock-and-key mechanism. The cooperativity mutants were used to demonstrate the 

importance of cooperativity for HK022 phage immunity and the lysis-lysogeny decision. 
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CHAPTER 1 

Introduction 

1.1. Overview 

Transcription initiation has been studied extensively in both prokaryotes and 

eukaryotes as a primary control mechanism for gene expression. The regulation of 

transcription initiation often involves the regulated assembly of multiprotein complexes at 

specific sites on DNA. The assembly of such complexes is achieved by two types of 

specific interactions: protein-DNA interactions involved in sequence specific recognition, 

and protein-protein interactions between the protein components. Many protein-DNA 

interactions involve cooperative binding of proteins to DNA, where the binding of one 

protein molecule on a DNA site increases the affinity of binding a second protein molecule 

to another DNA binding site. The two protein molecules can be the same or different 

types, and two DNA sites can be adjacent or at a distance. Cooperative binding is generally 

believed to arise from favorable protein-protein interactions. 

The importance of cooperative binding in transcription regulation has been indicated 

in both prokaryotes and eukaryotes. Cooperative binding can heighten the sensitivity and 

specificity of the transcription, because it narrows the protein concentration range required 

for the DNA sites to be free or occupied and makes transcription sensitive to small changes 

in concentration of a particular regulatory protein. The best-smdied example in prokaryotes 

is the cooperative binding of ^ CI repressor to its operators. The cooperative binding of X 

CI repressor makes the transition between a transcriptional on and off state in a relatively 

narrow range of the repressor concentration, and is important for an efficient switch from 

one regulatory pattern to another (Ackers et al., 1982; Shea & Ackers, 1985). Cooperative 
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binding in eukaryotes is generally more complex than prokaryotes, because transcription 

initiation in eukaryotes involves a large number of protein factors. These include basal 

transcription factors, assembled at the promoter; activators or repressors bound at specific 

DNA sites; and coactivators that form a bridge between activators and the basal machinery. 

The basal transcription components are RNA polymerase II, basal transcription factors 

TFIIA, TFIIB, IhllL), TFHE, TFIIF and IhllH (for review, see Sheldon and Reinberg, 

1995). Cooperative interaction in eukaryotes can occur between regulatory proteins 

themselves and between the basal transcription components and the regulatory proteins. 

One example of the first type is cooperative binding of steroid hormone receptors at target 

enhancer elements (Tsai et al., 1989). An example involving the basal machinery is TFHA. 

TFIIA mediates activation of transcription by contacting both the transcription activator and 

the TATA-binding protein (TBP) in basal transcription factor, TFIID. TFIIA directs 

cooperative DNA binding with TBP to form a ternary TFIIA-TFIID-promoter complex at 

promoter site. A class of transcription activators can interact directly with TFIIA and 

stimulates TFIIA-TFUD-promoter complex assembly to enhance transcription (Lieberman 

and Berk, 1994; Yokomori et al., 1994; Kobayashi et al., 1995). Thus, a detailed 

understanding of cooperativity would be widely applicable. 

In this research, I used a bacteriophage, HK022, as a model system to investigate 

cooperative binding at a molecular level. HK022 CI repressor binds to its operators ORI 

and OR2 with a very high degree of cooperativity. The cooperativity parameter O) for 

HK022 CI is about 2000 (Carlson and Little, 1993). With such high cooperativity, 

HK022 provides us with a good model system to do detailed molecular genetic and 

biochemical analysis of cooperative binding, because the high value allows even large 

reductions in o) to be measured accurately. 
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The goal of my research is to use a combination of genetics and biochemistry to 

analyze the effects of changing either the DNA binding sites or the protein on cooperativity. 

My investigation includes: 1) examination of the effects of changing the spacing between 

adjacent operators ORI and OR2 on cooperative binding of HK022 CI repressor to DNA; 

2) identification and characterization of mutants in HK022 CI which are specifically 

defective in cooperative binding to adjacent operators to study both cooperative protein-

protein interactions and the effects of cooperativity loss on gene regulation. 

1.2. The genetic switch in HK022 

HK022, a temperate coliphage, belongs to a family of lambdoid phages. It shares 

some common structural and functional features with X, and other lambdoid phages (Oberto 

et al., 1989; for review, see Campbell, 1994). As a temperate phage, HK022 can undergo 

either of two regulatory pathways after infection, termed the lytic and lysogenic pathways. 

In the lytic pathway, HK022 lytic genes are expressed, phage DNA is replicated, and 

structural proteins are made. DNA and these proteins are assembled to make new virions. 

The infected bacterial cell then lyses, releasing a burst of HK022 progeny phages. In the 

lysogenic pathway, lytic genes are repressed by the CI repressor and the infecting HK022 

phage integrates its DNA into the bacterial chromosome to form a prophage. HK022 

prophage can be induced by UV light or DNA damaging chemicals to enter the lytic 

pathway (Dhillon et al., 1976). The lytic-lysogeny decision of HK022 is determined by 

gene expression from its regulatory region. The arrangement of regulatory elements for 

HK022 is similar to that of X and other lambdoid phages (figure 1-1). The gene regulatory 

mechanism of the HK022 lysis and lysogeny decision is thought to be similar to the best-

studied "k phage. 
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Figure 1-1. Organization of the HK022 and X phages in the immunity 

region. The HK022 genes, nun, cl and cro, and the X genes, N, cl and cro are shown 

above the lines. The promoters, PL, PM> PR and PE in both phages are shown as small 

arrows. 



21 

200 bp 
I 1 

nun p cl 'm ^cro 

HK022  —*  ^  

N P|^ Cl 

X ~ .̂v 

^^Rcro 

.L rexB, rexA 
200 bp 

I H 



22 

In X, ±e switch between the lysogenic state and the lytic state has been referred to as 

the "genetic switch" (Ptashne, 1992). Two key transcription factors, C3 repressor and Cro 

protein, and three key promoters, PL, PR and PM play a central role in the genetic switch of 

X (figure 1-1, for reviews, see Ptashne, 1992; Gussin et al., 1983). X CI repressor is 

responsible for establishment and maintenance of lysogeny, while Cro protein is 

responsible for promoting entry into the lytic pathway. Both CI repressor and Cro protein 

can bind to the same operator sites, ORI, OR2 and OR3 in OR region and they compete with 

each other for these binding sites. CI binds cooperatively to ORI and OR2, whereas Cro 

binds noncooperatively to the operators. CI and Cro have different affinities for the OR 

operators. The order of affinities for CI is ORI > OR2 = OR3, while the order for Cro is 

OR3 > OR2 = ORI. The OR operators control gene expression from two promoters, PR (the 

rightward promoter) and PM (the promoter responsible for maintenance of lysogeny). PR is 

responsible for transcription of cro and lytic genes, while PM is responsible for expression 

of the cl gene in the lysogen. The competition between CI and Cro for the operators in the 

OR region determines which promoter is repressed or activated. When Cro wins, it 

represses CI expression from PM and allows expression of lytic genes from PR to lyse the 

host bacteria. When CI wins, it stimulates its own expression from PM and represses cro 

and lytic gene expression from PR to establish and maintain lysogeny. Protein factors, Cn, 

and cm, and a promoter, PE, play an important role for the establishment of the X lysogen. 

cn is expressed from the PR promoter, and it activates the PE promoter which is 

responsible for the establishment of CI synthesis. CHI is expressed from the PL promoter, 

and it stabilizes Cn from degradation by the E. coli protease Hfl (Cheng et al., 1988). 

The genetic switch mechanism for HK022 is believed to be similar to that of X as 

described above. However, HK022 differs from X in that HK022 PL Geftward promoter) 
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controls no functions essential for productive infection, so that HK022 does not require 

expression from PL for lytic growth. In X, gene expression from PL is required for X lytic 

growth. The PL promoter in X is responsible for expression of the N gene, whose gene 

product acts as an antiterminator to assist RNA polymerase to override terminators and 

allow expression of genes down stream of PL and PR. At a position similar to the X. iV 

gene, HK022 has a gene, nun, with some 3' homology to that of the N gene. However, 

the product of HK022 nun gene has no function in antitermination, and is dispensable for 

HK022 lytic and lysogenic growth (Oberto et al., 1989; Robert et al., 1987, Obeno et al., 

1993). 

1.3. HK022 phage immunity 

An HK022 lysogen is immune to the superinfection of another HK022 phage. As in 

other lambdoid phages, HK022 immunity is conferred by the action of the CI repressor. 

When HK022 CI repressor is expressed in a HK022 lysogen, it can bind to OR operators 

of the superinfecting phage and repress lytic gene expression so that the phage carmot grow 

lytically on the host. At a low frequency, mutants arise that can grow lytically on an 

HK022 lysogen. These "virulent" phages contain mutations in operator sites that weaken 

binding of CI to those sites, and the lytic genes are expressed. Previous smdies have 

shown that most HK022 virulent mutants contain two mutations, one each in ORI and 

OR2, leading to derepression of PR. Since gene expression from PL is not required for 

HK022 lytic growth, HK022 virulence does not require mutations in OL- By contrast, 

virulence in X phage requires at least three mutations, two in OR and one in OL. Among a 

collection of HK022 virulent phages, one virulent mutant contained a change in ORI and in 

OPR (Carlson & Little, 1993). OFR is an operator located just downstream of HK022 cro 

gene. An HK022 with only one single OR mutation does not confer virulence, but it does 
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so when OFR is also mutant, suggesting that OFR is an antivirulence element which can 

prevent HK022 with a single mutation in OR from being virulent (Carlson & Little, 1993). 

However, the mechanism for OFR action is still unknown. 

1.4. Binding of HK022 CI and Cro to OR operators 

The operators ORI, OR2 and OR3 in the HK022 OR region are 15 base pair (bp) 

inverted repeats spaced by 9 bp between ORI and OR2 and 18 bp between OR2 and OR3 

(Carlson, 1992; figure 1-2). ORI and OR3 have the same DNA sequence in the 15 bp 

inverted repeats and OR2 shares sequence similarity with ORI and OR3. Compared with 

other lambdoid phages, this operator arrangement in HK022 is unique: the OR operators in 

other lambdoid phages, except (|)80, are unifomily spaced and they do not have the same 

DNA sequence with each other like HK022 ORI and OR3. 

HK022 CI and Cro bind to ORI, OR2 and OR3 operators with different affinities. 

The affinities of CI repressor for these operators have been determined by an in vitro 

DNase I footprinting assay using purified CI protein (Carlson, 1992). The individual 

affinities of CI for ORI, OR2 and OR3 are 6 nM, 29 nM and 20 nM, respectively under the 

conditions used. Although OR3 and ORI have the same DNA sequence in the 15 bp 

inverted repeats, their binding affinities are different, indicating that the sequences outside 

the operators influence the binding affinities. Binding of Cro to these operators was too 

weak in the DNase I footprinting assay using the same conditions as the assay for CI, but 

the order of the binding affinities of Cro for OR operators appears to be OR3 = ORI > OR2, 

at lower salt concentrations (Carlson, 1992). The ranking of relative affinities for HK022 

CI and Cro is apparentiy different from that of X,. As described in section 1.2., the order of 

relative affinities for X CI is ORI > OR2 = OR3, and the order for X, Cro is OR3 > OR2 = 

ORI. Since differential occupancy of CI and Cro to the OR operators is important for 
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Figure 1-2. Sequence of the HK022 OR region. The Operators, ORI, OR2 and 

OR3, are depicted as boxes. The regions corresponding to the cl and cro genes and the 

promoters, PR and PM and the Shine-Dalgamo sequence (SD) are also indicated. 
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controlling the genetic switch between lysis and lysogeny, the difference between HK022 

and X. OR operator affinities for CI and Cro may indicate that the control of the genetic 

switch is different between the two phages. 

In vitro study has indicated that HK022 CI binds at OR in a pattern termed "pairwise 

cooperativity" as does X CI (Carlson, 1993). This term means that cooperative binding of 

CI can occur either between ORI and OR2 or OR2 and OR3, if ORI is mutated. However, 

on a wild type template, the repressor molecules bound to OR2 do not simultaneously make 

cooperative contacts with ORI and OR3 (Johnson et al., 1979). HK022 CI binds 

cooperatively to operators ORI and OR2 when OR3 is present. The value of cooperativity 

parameter O) is about 2000. When ORI is mutated, cooperativity is observed exclusively 

between OR2 and OR3. The value in that case for o) is about 70 (Carlson, 1992). 

Pairwise cooperativity is crucial for the genetic switch, because the intrinsic binding 

affinity for OR2 is low. Pairwise cooperativity between ORI and OR2 ensures occupancy 

of OR2 to activate CI expression from PM, while "extended" cooperativity among ORI, 

OR2 and OR3 would promote binding of OR3 to repress CI expression and disrupt the 

genetic switch. 

1.5. HK022 CI repressor 

HK022 CI protein contains 234 amino acids with 37% amino acid sequence similarity 

to the better understood A, CI repressor. The amino terminal Met is removed after HK022 

CI synthesis in vivo (Littie, unpublished data). Therefore, the number one residue is Val 

which is encoded by the second codon of the cl gene. Partial digestion by proteases 

indicates that HK022 CI contains amino- and carboxyl-terminal domains linked by a hinge 

peptide with approximately 40 amino acid residues. The amino acid sequence comparison 
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between HK022 CI and other latnbdoid repressors suggests that the HK022 CI N-terminal 

domain contains the helix-tum-helix DNA binding motif, suggesting that the N-terminal 

domain of HK022 repressor is the DNA binding domain. The C-terminal domain of 

HK022 CI contains conserved amino acids involved in cleavage of lambdoid repressors, 

suggesting that the C-terminal domain is responsible for the cleavage of this repressor 

(Litde, 1991). Based on the analogy between HK022 CI and X CI and the dyad symmetry 

of the HK022 operator, HK022 CI repressor is predicted to bind to its operators as dimers, 

and its C-terminal domain is responsible for dimerization. The dimerization constant for 

HK022 CI has not been determined. 

HK022 CI repressor is cleavable like many other prokaryotic cleavable proteins such 

as repressors from phages,  X, p22, 434,  80 and SOS proteins UmuD and LexA from E. 

coli. Cleavage of these proteins is a common mechanism used in prokaryotes to inactivate 

proteins which control gene expression. Cleavage and inactivation of HK022 CI in a 

lysogen is expected to cause the expression of lytic genes and switch the HK022 lysogen to 

the lytic pathway. Two well studied examples have been used to explain the cleavage of 

regulatory proteins in vivo. One is the SOS repressor, LexA in E. coli, and another is the 

HK022 CI analog, X CI repressor. LexA acts as a repressor controlling the expression of 

about 20 SOS genes in E. coli. When DNA damage occurs, an E. coli protein, RecA is 

activated, and it facilitates cleavage of LexA repressor. Once LexA is cleaved and 

inactivated, the SOS genes are expressed, resulting in DNA repair (Little & Mount, 1982). 

X CI repressor is responsible for establishment and maintenance of lysogeny by repressing 

lytic genes. When DNA damage occurs in X lysogens, the E. coli host protein, RecA is 

activated and it promotes CI cleavage so that lytic genes are derepressed and X prophage is 

then induced to enter the lytic cycle (Roberts & Devoret, 1983). Besides the RecA 

mediated cleavage, LexA and X CI repressors are shown to be able to undergo autocleavage 
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under alkaline conditions in the absence of RecA. Autocleavage is an intramolecular 

cleavage reaction with both the substrate and the enzyme in one molecule. The model for 

autocleavage reaction of LexA suggests that the substrate cleavage site of LexA is the 

peptide bond between Ala and Gly at position 84 and 85, and the enzyme active site 

includes a Ser at position 119 and a Lys at position 185 of the LexA protein (Littie, 1991). 

Serll9 in LexA acts as a nucleophile for hydrolysis of the peptide bond and Lysl56 

activates Serll9. These amino acid residues are conserved among the prokaryotic 

cleavable proteins, X, p22,434, (1)80 repressors and UmuD and LexA SOS proteins. 

HK022 CI contains all of the amino acid residues required for cleavage. The 

cleavage site for HK022 is probably between Ala and Gly at position 103 and 104, and the 

active site includes a nucleophile Ser at position 148 and a Lys at position 185. HK022 CI 

has been shown to undergo both autocleavage and RecA mediated cleavage (Carlson, 

1992). Serl48 in HK022 CI has been demonstrated to be required for the cleavage 

reaction. A mutant protein with a Ser to Ala mutation at 148 was uncleavable in vitro and 

SA119 mutant CI was not susceptible to proteolytic inactivation in vivo (Carlson, 1992). 

Both autocleavage and RecA mediated cleavage reactions for HK022 CI were shown to be 

very slow compared with those for X CI imder the same experimental conditions (Carlson, 

1992). The reason for this is still unknown. 
f 

1 .6 .  Cooperative binding in X phage 

Cooperative DNA binding has been studied extensively in X,. A. CI repressor binds 

cooperatively to both adjacent operator sites and to sites that are separated by an integral 

number of turns of the DNA helix (Hochschild and Ptashne, 1986; Hochschild and 

Ptashne, 1988). The cooperative binding of X CI to the operator sites spaced by several 

turns of the DNA helix leads to formation of a DNA loop (Hochschild and Ptashne, 1986; 
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Hochschild and Ptashne, 1988). The carboxyl-terminal domain of X, repressor is 

responsible for cooperative binding. Mutant X repressors defective in cooperative binding 

map to the carboxyl-terminal domain (Hochschild & Ptashne, 1988; Beckett et ai, 1993; 

Benson era/., 1994; Whipple er a/., 1994; Burz & Ackers, 1994). The linker region of A, 

CI is shown to play an important role in cooperative binding. It extends the spatial range 

over which carboxyl domains of two repressor dimers can reach each other while their 

amino domains are bound to two adjacent DNA sites (Astromoff & Ptashne, 1995). 

1.7. HK022 as a model system to study cooperative binding 

HK022 is used as a model system to study cooperative binding for several reasons. 

First, HK022 serves as a good system to do both biochemistry and genetics. Second, a 

detailed, quantitative biochemical analysis of cooperativity can be done, because the high 

cooperativity value of HK022 CI allows even large reductions in cooperativity to be 

measured accurately. Third, the high degree of cooperativity also allows the isolation of 

partially defective cooperativity mutants in HK022 CI repressor to test the effects of a 

graded series of mutants on the HK022 genetic switch. Fourth, HK022 differs from X in 

several aspects as described in section 1.2, 1.3 and 1.4, indicating that the gene regulatory 

circuitry of HK022 may be different from that of X. The detailed mechanism of gene 

regulation in HK022 is not yet understood. An understanding of cooperative binding by 

HK022 CI can help to elucidate this mechanism. 

1.8. Questions and experimental approaches 

This dissertation work attempts to address three major questions: First, what 

happens to the cooperative binding of HK022 CI if the spacing between adjacent operator 



sites is altered? Second, which amino acids in HK022 CI repressor are responsible for 

cooperative contacts? Third, what is the role of cooperativity in HK022 phage biology? 

To address the first question, I used an in vitro DNase I footprinting assay and a gel 

shift assay to examine the spacing effects on both the cooperativity value and the 

conformation of the repressor-operator complex (chapter 3). To address the second 

question, I used a genetic approach to isolate mutants in HK022 CI repressor which are 

specifically defective in cooperative binding (chapter 4). These cooperativity mutants were 

characterized both in vivo and in vitro. To answer the third question, I took advantage of 

the isolated cooperativity mutants to study the effects of loss of cooperativity on HK022 

immunity and the lysis-lysogeny decision (chapter 5). 

In chapter 6,1 describe two alternative approaches that I developed for isolation of 

cooperativity mutants. Although I was not able to successfully use these alternative 

approaches, they provided valuable information and modifications of them may be used in 

the future to isolate more cooperativity mutants. 

In the process of developing the genetic scheme for isolation of HK022 cooperativity 

mutants as described in chapter 4,1 observed an interesting phenomenon that a single 

nucleotide mutation at the 3' untranslated region of the HK022 d gene affected the level of 

CI in vivo. I report in chapter 7 preliminary data concerning this region that may lead to a 

deeper understanding of the mechanism for the regulation of HK022 cl gene expression. 

1.9. Significance 

This dissertation research may help us to understand the role of cooperative protein-

DNA binding in gene regulation in several aspects: First, the quantitative analysis of the 

spacing effects oii cooperativity suggests a mechanism for how the position of DNA 
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binding sites controls the interaction between the DNA-bound proteins. Second, 

identification of the amino acids in HK022 CI involved in cooperative binding can increase 

our knowledge about cooperative interactions and help to explain what structural features of 

the HK022 CI repressor account for high cooperativity, as compared with the repressors of 

other lambdoid phages. Third, this work would also help to elucidate the mechanism of 

how cooperativity contributes to the gene regulation involved in the genetic switch of 

HK022. This mechamsm may apply to other biological systems. 
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CHAPTER 2 

Materials and Methods 

2.1. Materials 

Chemical reagents were purchased from Sigma, Fisher Chemicals, U.S. 

Biochemicals and Research Organics. Restriction enzymes were purchased from New 

England Biolabs, Promega and Boehringer Mannheim. Sequenase DNA polymerase was 

from U.S. Biochemicals; T4 DNA ligase was from Promega; Taq DNA polymerase was 

from Stratagene; DNase I was from Sigma. Nucleotides for PCR were from Peridn Elmer 

Cetus. [a-32p]dATP (1000 Ci/mmol) was from ICN. Hydroxylapatite was from Bio-rad. 

Phosphocellulose P-11 was from Whatman. Oligonucleotides for PCR and sequencing 

were from the Division of Biotechnology at the University of Arizona and from the 

Midland Certified Reagent Company. 

2.2. Phage and bacterial growth 

Media for phage and bacteria, such as LB, X, broth, 2XYT and BBL were prepared as 

described in Miller (1972). Antibiotics were supplemented at recommended concentrations: 

ampicillin (100 ^.g/ml), chloramphenicol (10 M-g/nil)» tetracycline (10 |ig/ml), and 

spectinomycin (50 M-g/ml). X-gal was used at a concentration of 40 |ig/ml. 

2.3. Bacterial strains, bacteriophages, plasmids and oligonucleotides 

Bacterial strains, bacteriophages, plasmids and oligos used in this study are listed in 

Table 2-1. 
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Table 2-1. Bacterial strains, bacteriophages, plasmids and oligos 

Strain no. Relevant genotype Source (Reference) 

BL21 E. coli B F" (ADE3, carries lacPvTl gene 1) Studier et al. (1990) 

JL468 ABl 157 recA+ lexA^ / F lacH Little, 1984 

JL783 JL468 TnlO::A(srI-recA) 306 J. Little 

JL794 GE2265 Mlac IP0ZYA)169 sulAlll rpsL G. Weinstock 

JLl 144 W3101 rpsL+/ Flacl^i lacZ AM15::Tn9 L. Lin & J. Little 

JL1873 N99, W3102 rpsl suffi M. Gottesman 

JL1877 N99 (HK0221::TnlO) M. Gottesman 

JL2442 MV1190 AQac-pro), supE, thi, Msrl-recA)306::Tnl0 J. Battista 

FtraD36 proA^proB'*' lacfl /acZAMlS 

JL2497 JL1873 lacZ V FlacI^ lacZ AM15::Tn9 ^• kittle 

JL3248 GE2265/F/acN/acZAM15::Tn9 N.Carlson 

JL3355 JL3248/pNGC25/pCHM38 This work 

JL3356 JL3248/pNGC25/pCHM39 This work 

JL3359 JL3248 (XCHM2) This work 

JL3362 JL3248 (XCHM6) This work 

JL4088 JL2497/pCHM57 J. Little 

JL4089 JL2497/P-22 J. Little 

JL4090 JL2497/P-134 J. Little 

JL4091 JL2497/P-30 J- kittle 

JL4092 JL2497/p-47b J. Little 

JL4093 JL2497/pCHM81 J. Little 

JL4325 JL623 (^CHM6 & X.CHM10) This work 

JL4332 JL794 (XCHM6 & XCHMIO)/ Flacf^::Tn3 This work 



JL4858 JL3248/pNGC25/pCHM88 This work 

JL4878 JL3248 (A,CHM22) This work 

JL4993 JL1873/pJ037 This work 

JL4996 JL1873/pCHM101 This work 

JL4997 JL468/pCHM102 This work 

JL4999 JL468/pCHM103 This work 

JL5403 JL468ypCHM104 This work 

JL5406 JL2497/pCHM90 J. Little 

Phage Description Source (Reference) 

XRS45 phage vector for recombination Simons etal. (1987) 

XRS91 phage vector for recombination Simons etal. (1987) 

A.CHM2 AJRS45 carrying HK022 C)R2"K)R1+: :/flcZ This work 

A.CHM6 XRS45 carrying HK022 C)R2=0R1+: :/acZ This work 

^CHMIO A^S91 carrying HK022 OR2+C)R1+::CA7' This work 

^CHM22 AJiS45 carrying HK022 C)R2=0PR+: :/acZ This work 

HI wild type HK022 R. Weisberg 

H2 HK022 cl- M. Gottesman 

H45 HK022 CPI2 Dhillon etal. (1976) 

H39 contains a single mutation in ORI This work 

H53 contains a single mutation in OR2 This work 

VH39 contains two mutations with one each in ORI & 2 This work 

VH53 contains two mutations with one each in ORI & 2 This work 

VH39-101-T4 HK022 carries RS225 mutation and OR^ This work 

VH39-102-T1 HK022 cairies IL153 mutation and OR"^ This work 



VH39-103-Tl HK022 cairies +QK mutation and OR+ 

VH39-104-T14 HK022 carries RS225,+QK and OR+ 

Plasmid Description 

pBS(-) cloning vector, Amp^ 

pBR322 cloning vector, Amp'^, Tet^ 

pCHMl -1 spacing between ORI and OR2 in pNGClS 

pCHM2 -2 spacing between ORI and OR2 in pNGClS 

pCHM3 +1 spacing between ORI and OR2 in pNGClS 

pCHM4 +2 spacing between ORI and OR2 in pNGClS 

pCHM5 -1 spacing between ORI and OR2 in pBR322 

pCHM6 -2 spacing between ORI and OR2 in pBR322 

pCHM7 +1 spacing between ORI and OR2 in pBR322 

pCHM8 +2 spacing between ORI and OR2 in pBR322 

pCHM9 +8 spacing between ORI and OR2 in pNGClS 

pCHMlO -3 spacing between ORI and OR2 in pNGClS 

pCHMl 1 -4 spacing between OR 1 and OR2 in pNGC 15 

pCHM12 -5 spacing between ORI and OR2 in pNGC15 

pCHM13 +8 spacing between ORI and OR2 in pBR322 

pCHMM -3 spacing between ORI and OR2 in pBR322 

pCHM15 -4 spacing between ORI and OR2 in pBR322 

pCHM16 -5 spacing between ORI and OR2 in pBR322 

pCHM17 +10 spacing between ORI and OR2 in pNGClS 

pCHMlS +12 spacing between ORI and OR2 in pNGClS 

pCHM19 +10 spacing between ORI and OR2 in pBR322 
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This work 

This work 

Source (Reference) 

Stratagene 

Stratagene 

This work 

This work 

This work 

This work 

This work 

This work 

This work 

This work 

This work 

This work 

This work 

This work 

This work 

This work 

This work 

This work 

This work 

This work 

This work 
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pCHM20 +12 spacing between ORI and C)R2 in pBR322 This work 

pCHM21 -6 spacing between ORI and OR2 in pNGClS This work 

pCHM22 -7 spacing (TA) between ORI and OR2 in pNGClS This work 

pCHM23 -7 spacing (GA) between ORI and OR2 in pNGClS This work 

pCHM24 -9 spacing between ORI and OR2 in pNGClS This work 

pCHM25 +3 spacing between ORI and OR2 in pNGC15 This work 

pCHM26 +7 spacing between ORI and OR2 in pNGClS This work 

pCHM27 -6 spacing between ORI and OR2 in pBR322 This work 

pCHM28 -7 spacing (TA) between ORI and OR2 in pBR322 This work 

pCHM29 -7 spacing (GA) between ORI and OR2 in pBR322 This work 

pCHMSO -9 spacing between ORI and OR2 in pBR322 This work 

pCHM31 +3 spacing between ORI and OR2 in pBR322 This work 

pCHM32 +5 spacing between ORI and OR2 in pNGClS This work 

pCHM33 +9 spacing between ORI and OR2 in pNGC15 This work 

pCHM35 +5 spacing between ORI and OR2 in pBR322 This work 

pCHM36 +7 spacing between ORI and OR2 in pBR322 This work 

pCHM37 +9 spacing between ORI and OR2 in pBR322 This work 

pCHM38 HK022 0R2^0R1+: :/flcZ fusion in pRS415 vector This work 

pCHM39 HK022 OR2=OR1 "^rr/acZ fusion in pRS415 vector This work 

pCHM41 HK022 OR2+OR1+::Ac/ fusion in pBR322 vector This work 

pCHM49 Created Kpnl site in pNGC25 This work 

pCHM55 HK022 OR2"'ORl+::C4r fusion in pRS415 vector This work 

pCHM57 Contains Kpnl and Sad sites in pNGC25 This work 

pCHM58 HK022 0R2=0RL+::CAR fusion in pRS415 vector This work 

pCHM59 HK022 0R2=0R1+;:Ac/ fusion in pBR322 vector This work 

pCHM68 Contains Kpnl and Sad sites in pNGCl 1 This work 



pCHM69 

pCHM75 

pCHM77 

pCHM78 

pCHM79 

pCHMSO 

pCHMSl 

pCHM88 

pCHM90 

pCHM92 

pCHM93 

pCHMlOl 

pCHM102 

pCHM103 

pCHM104 

pGB2 

pJ037 

pLysS 

pNGC9 

pNGCll 

pNGC15 

pNGCn 

pNGC25 

pNGC26 
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Sad to BaniHl region is deleted in pCHM68 

Sad to BanHU. region is deleted in pCHM57 

Sad site is deleted in pCHM57 

Sad site is deleted in pCHM68 

Contains Kpnl site in pNGCl 1 

Replace 3' UTR of HK022 cl with 

a A, DNA fragment 

+QK-RS225 in pCHM57 vector 

HK022 C)R2=C)FR'^: :/acZ fusion on pRS415 vector 

IL153 in pCHM57 vector 

QR226 in pCHM57 vector 

RS225-IL153 in pCHM57 vector 

RS225 in pJ037 vector 

IL153 in pJ037 vector 

+QK in pJ037 vector 

+QK-RS225 in pJ037 vector 

Low copy number cloning vector, Spec*^ 

compatible with pBR322 

HK022 immunity region in pBR322 vector 

T7 lysozyme 

Cloned HK022 OR1-^OR2+OR3+ 

T7 gene 10 promoter :HK022 d 

Synthetic HK022 ORI, C)R2 in pBS(-) 

Synthetic HK022 OR2 in pBS(-) 

lac(UV5) promoter :HK022 d in pGB2 vector 

Synthetic HK022 ORI operator in pBR322 vector 

This work 

This work 

This work 

This work 

This work 

This work 

This work 

This work 

This work 

This work 

This work 

This work 

This work 

This work 

This work 

Churchward (1984) 

Oberto et al. (1989) 

W. Studierefa/. (1990) 

Carlson & Little (1993) 

Carlson & Little (1993) 

Carlson (1992) 

Carlson (1992) 

Carlson & Little (1993) 

Carlson & Little (1993) 



pRS415 

p-22 

p-30 

p-47b 

p-132 

Oligos 

192 

193 

799 

800 

801 

802 

1259 

1261 

1260 

1262 

1659 

1660 

1661 
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Synthetic HK022 OR2 operator in pBR322 vector 

Synthetic HK022 OR 1,2 in pBR322 vector 

Qoned HK022 OR1+OR2=OR3+ 

Operon fusion vector 

RS225 in p(3IM57 vector 

+QK in pCHM57 vector 

FS233 in pCHM57 

RG225 in pCHM57 vector 

Carlson & Little (1993) 

Carlson & Little (1993) 

Carlson & Little (1993) 

R. Simons et al. (1987) 

This work 

This work 

This work 

This work 

Sequence Use 

(underlines indicate the positions of restriction sites) 

TGGATCCCAGGCCAGCGCAA 

CCCGGGAGAAACTCGAACGG 

OrrCATATOTGACGGAACTG 

GTTCATATGGACGGAACrG 

GTrCATATGTATGACGGAACTG 

GTTCATATGATATGACGGAACTG 

GTTCATATCIGCGCCATGATGACG-

GAACTG 

GACGGAACTGATAGTAC 

ACGGAACTGATAGTAC 

GTTCATATGACGGAACrGATA 

CGGAACTGATAGTACA 

GGAACTGATAGTACA 

GTTCATATGGCGCCTGATGACG 

PCR, flanking OR 

PCR, flanking OR 

-1 spacing 

-2 spacing 

+1 spacing 

+2 spacing 

+8 spacing 

-4 spacing 

-5 spacing 

-3 spacing 

-6 spacing 

-7 (TA) spacing 

+7 spacing 



1662 

3266 

3267 

4069 

4070 

4071 

4300 

4419 

4420 

4604 

4605 

4839 

5355 

5356 

8821 

CI-5C 

+QK/ 

T3 
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GAACTG 

TCGGAACTGATAGTAC 

TCCXSGAATTCTTAGGTATTGACTG 

AAGCTGGATCCTGTGGTGAAC 

AATCTCTGGCITCXjG 

TTACXGTGATACCGT 

AATGGAAGGCCACAG 

GTCACACCAAAAGCC 

AACAAAGATCTCATCTCCCGGATTG-

ATGGTACCCTCCA 

CATCAACAAAGATCrC 

ATGATCXjATGGTACA 

ATACATGCAGTCCAA 

TGCTGTCCACCAGTCAT 

TATAAAGAGCTCACTACATCAT 

GTAGTGAGCTCTTTATACCCATA 

AAGCrGGATCCAAAAATGTACmT-

AGTACXXjATTATGACGGA 

GATGAACGGCAATGCTG 

GTCAATCGATTACAAGCGATTCGG-

ACAAAAATAAATTTC 

ATTAACCCrCACTAAAG 

-7 (GA) spacing 

PGR, flanking OR 

PGR, flanking OR 

Sequence HK022 cl gene 

Sequence HK022 cl gene 

Sequence HK022 cl gene 

Sequence HK022 cl gene 

Mutagenesis to make 

Kpnl site 

PGR mutagenesis 

Sequence HK022 cl gene 

Sequence HK022 cl gene 

Ndel primer in pNGC25 

Mutagenesis to make SocI site 

Mutagenesis to make Sacl site 

Mutagenesis to make 

OR2=OFR: :/acZ fusion 

Sequence the region between 

Box A and the Ndel site of 

nun gene 

PGR, the end of cl gene to 

introduce +QK mutation 

PGR of regions cloned 

intopNGC15 
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2.4. Correction of HK022 sequence 

N-terminal amino acid sequencing of HK022 CI protein reviews that the N-terminal 

Met is missing. Thus, numbering starts at the next residue (Litde, unpublished data). 

When we sequenced the HK022 cl gene, we found that the sequence initially reported by 

Oberto et al. (1989) for the cl gene missed one nucleotide G at the position following 

G2420. The correct sequence should be G(2420)GCAAGCC(2427) instead of 

G(2420)CAAGCC(2426). Addition of the single nucleotide (G) changes the reading frame 

for the distal portion of the cl gene. The amino acid sequence after position Leu 194 is 

therefore changed from the incorrect sequence (in one letter code) ASSLTMPLMIDGT to 

the correct sequence AVISDNAAYDRWYIEEGEEEQLHILAKVLIRQSIDYKRFG. The 

authors of the initial report agree with this correction. This corrected sequence was used in 

an alignment of cleavage proteins (J. Littie, unpublished data). 

2.5. Construction of plasmids 

(i) Construction of spacing variants 

Strains of E. coli K-12 were JL468, which is AB1157 recA^ lexA^ / F lacH (Little, 

1984), and MV1190 Mlac-pro), supE, thi, ^(srl-recA)306::Tnl0fF'traD36 proA^ proB'^ 

lacH lacZ AM15, from J. Battista (Carlson and Little, 1993). M13 K07 helper phage was 

used to infect MV1190 derivatives carrying pBS-based plasmids to make single-stranded 

DNA for sequencing (Carlson and Littie, 1993). Plasmids included the following: vectors 

were pBS(-) from Stratagene and pBR322 (Bolivar et al., 1977). The synthetic 

(OR1+C)R2) sequence shown in Fig. 3-1 in chapter 3 was cloned into a derivative of pBS(-) 

with a resected Ndel site to give pNGC15 (Carlson and Littie, 1993); pNGC17 contained 

OR2 in pBS, and was derived from pNGC15 by ligation of a filled-in Ndel site and a Smal 
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site; pNGC16 contained ORI, and was derived from pNGC15 by cutting with Ndel and 

Sail, fiUing-in, and ligation. All spacing mutants were first cloned into pNGClS and then 

subcloned into PstlJEc69il sites of pBR322; the operators from pNGClS, 16 and 17 were 

subcloned in the same way. The -3, -2, -1, +1, +2, +7 and +8 variants were generated by 

PGR using oligos containing the spacing changes and a Ndel site as one primer, a T3 

promoter primer (Strategene) and pNGC17 as a template. PGR products were cut with 

restriction enzymes Ndel and //indlll and ligated into the same sites of pNGGlS. The -4, 

-5, -6, -7, and -9 variants were also generated by PGR using a pNGC17 template with the 

T3 primer and oligos with the desired sequence; PGR products were blunt-ended with 

Klenow and cut with HindlE, followed by cloning into the //mdin site and a blunted Ndel 

site of pNGG15, made blunt either by fill-in (-4, -5, -6, -7) or by mung bean nuclease 

digestion (-9). To make the +5, +9, +10 and +12 variants, the GGGGGG sequence in the 

+7 and +8 variants was cut with Kasl or Narl; for the +5 variant, ^arl-treated +7 variant 

was treated with mung bean nuclease and religated; +9 and +10 variants were cloned by 

ligating filled-in Narl ends of +7 and +8 variants respectively; the +12 variant was made by 

ligating filled-in Kasl ends of the +8 variant. The +3 variant was obtained as an aberrant 

product in cloning the -6 variant. Sequences of all variants were confirmed by DNA 

sequencing of constructs in pBS. 

(ii) Gonstruction of plasmids for screening cooperativity mutants 

To constmct operon fusion plasmids pGHM38 (HK022 0R2+0Rl''"::/acZ fusion) and 

pCHM39 (HK022 0^2=0fil^::lacZ fusion), we inserted EcoRl-BamHL DNA fragments 

made from PGR using templates pNGC9 for pGHM38, pNGG40 for pCHM39 and 

primers #3266 and #3267 into the EcoRl-BamiU backbone of pRS415. pGHM88 
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(HK022 ORZ-OFR"'";:/acZ fusion) was constructed similar to pCHM39, using oligos 3266 

and 8821 as PGR primers. Oligo 8821 was used to replace ORI with OFR sequence. 

Cooperativity mutants were isolated in a lacPv.cl fusion carried on pGB2, a low copy 

number plasmid. For cloning purposes, Kpnl and Sad sites unique in our plasmid were 

generated by site-directed PGR mutagenesis. A silent mutation at amino acid 151 created a 

Kpnl site; A Sad site was placed 48bp after d gene (Figure 2-1). The Kpnl site in 

pCHM49 was created by ligating Ncol-BgUl backbone of pNGC25 and Ncol-BgHl DNA 

firagment from PGR using template pNGG25 and primers 4069 and 4419. The Sad site in 

pGHM57 was made by cloning two DNA fragments (BglH-Sad and Sad-Xhol DNA 

fragments) into Bgl[l-Xhol site of pGHM49. The two fragments were made from PGR 

products using template pNGG25 and primers #4071 & #5355 (for BgHlrSad fragment) 

and primer #5356 & #4839 (for Sad-Xhol fragment). The presence of the Sad site in 

resulted in about 5 fold lower level of HK022 GI repressor compared with that from 

pNGG25 as judged by Western blot and repression levels; we believe that it affects cl 

mRNA stability (G. Mao, X. You, and J. Little, unpublished data). 

Double mutants +QK-RS225 and +QK-IL153 were constructed by inserting Ncol-

Clal fragments from RS225 or IL153 clones into the Ncol-Clal backbone of the +QK 

clone. RS225-IL153 was made by inserting BgDl-Sad fragment of RS225 clone into 

BglH-Sad backbone of the IL153 clone. The DNA sequences of these plasmids were 

confirmed by double strand sequencing using the appropriate primers listed in table 2-1. 

(iii) Gonstruction of plasmids for crossing cooperativity mutations onto the HK022 phage 

p-22, p-30, pGHM81 and pGHM90 were pCHM57 derivative plasmids carrying 

cooperativity mutant cl genes RS225, +QK, +QK-RS225 and IL153 respectively (table 2-
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1). These cooperativity mutations were subcloned into the pJ037 vector to give 

pCHMlOl, pCHM102, pCHMlOS and pCHM104, respectively. pJ037 is a pBR322 

derivative plasmid containing about a 3.3kb DNA fragment fiom the EcoRI site right after 

kil gene to the Seal site in cin gene in the HK022 immunity region. pCHMlOl and 

pCHM102 were made by ligating the Ncol-Clal fragment from p-22 or pCHM90, the Clal-

EcoRI fragment from pJ037 and the Ncol-EcoVH backbone of pJ037. pCHM103 was 

made by ligating ClaL-HindSi fragment from pJ037, a Clal-Ndel PGR fragment containing 

+QK mutation and Clal-Hindni backbone of pJ037. The the Clal-Ndel PGR fragment 

containing the +QK mutation was from a PGR product using pCHM25 as template and 

primers #4839 and +QK/Gla. pGHM104 was made by combining the RS225 mutation 

from pGHMlOl and the +QK mutation from pGHM103 using restriction sites Ncol, Clal 

and EcoRI. The DNA sequences of the cl gene in these plasmids were confirmed by 

double strand sequencing using the appropriate primers. 

(iv) Construction of other plasmids 

Plasmid pGHM55 was constructed by replacing the lacZ gene in pGHM38 with the 

CAT gene. The DNA fragment containing the CAT gene was made by fiUing-in the ends 

of the CATIHindUl DNA fragment purchased from Pharmacia. This frugment was ligated 

to the EcllSSn. and fiUed-in BaniHl ends of the pGHM38 vector. The correct orientation of 

the CAT gene was confirmed by restriction mapping. pGHM59 was cloned by inserting a 

DNA fragment containing the 0R2=0R1"'' operators into the EcoRl-BamlU. backbone of 

pCHM41. The insert was made by EcoRI and BamHL digestion of pCHM39. 

2.6. DNase I footprinting and analysis of cooperativity 

pBR322-derived plasmids containing ORI, OR2, ORI & OR2, or spacing variants 

were isolated by alkaline lysis and purified by GsGl gradient ultracentrifiigation. DNA (5 
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|j.g) was cut with followed by 3' end labeling with using Sequenase. 

After phenol extraction and ethanol precipitation, the DNA was digested by BgH. To 

prepare the labeled DNA template containing OFR, CsCl banded plasmid pNGC42 was first 

digested with EcdRl followed by labeling with and then digested with Ddel. 

DNA ftagments (=250 bp) containing OFR, ORI, OR2 and spacing variants were purified 

ftom a 6% polyacrylamide gel following electrophoresis. 

DNase I footprinting and analysis of dissociation constants was done as in Carlson 

and Little (1993). Briefly, 32p-iabeled DNA fragments («12 kcpm per reaction; 

concentration of DNA fragments was not known precisely, but was far below the measured 

K^j, and estimated to be ^0 pM) were incubated with purified HK022 repressor at 37° C 

for 10 min, followed by 10 min DNase I digestion (DNase I final concentration was 0.2 

IXg/ml). The footprinting reaction buffer contained 20 mM Tris-HCl, pH 7.4, 10% (w/v) 

BSA, 200 mM KCl and 4.3 M-g/™l calf thymus DNA. Reactions were analyzed by 

electrophoresis on 8% sequencing gels. The distribution of radioactivity was quantitated in 

a Betascope (Betagen). Percent occupancy (Fig. 3-2 in chapter 3) and calculation of 

dissociation constants was determined as described (Brenowitz et al., 1988; Carlson and 

Little, 1993). Affinities measured in these experiments were about 3-fold weaker than 

previously found (Carlson and Litde, 1993). It is uncertain whether this difference reflects 

differences in conditions, in the protein preparation, or in the templates; the two sets of 

templates were not compared in a single experiment 

The cooperativity parameter was calculated using the equation co = Ki*K2/Ri*R2, as 

described by Carlson and Little (1993), where Kj and K2 are intrinsic dissociation 

constants for ORI and 0^2, respectively, and and R2 are HK022 CI repressor 

concentration at 50% occupancy of ORI and OR2, respectively. This calculation involves 
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several assumptions (Carlson and Little, 1993). First, we assume that essentially all of the 

added repressor was in the form of dimers; if dimerization were relatively weak, the 

calculation would underestimate the values of (o, an effect that would be greater for larger 

values of O). Second, values for CO may be systematically low, because the measured value 

of the intrinsic affinity for OR2 was probably affected by phasing. Third, we do not know 

the fraction of active CI molecules in our preparations; a low fraction would result in the 

concentrations of DNA approaching those of active dimers, so that the concentration of free 

protein would not be accurately known. Even for the wild-type construct, with the highest 

value of 0), this effect was probably small, since the DNA concentrations were at most 

about 2% those of total monomers. Finally, we assume that the intrinsic affinities of CI for 

ORI and OR2 were the same in all of these constructs. All contained three outside flanking 

base pairs that were identical to the wild-type context; the sequences between the operators 

were conserved where possible. In our collection of operator mutations, none affected 

flanking bp (or indeed the outside bp in the 15-bp dyad); however, we did find (Carlson 

and Littie, 1993) that the affinities for ORI and OR3 differed by about 3-fold, even though 

the 15-bp inverted repeats were the same for both. Accordingly, flanking bp or unknown 

context effects may in principle make this assumption wrong. We note, however, that a 

three-fold change in intrinsic affinity would also change the value of co by three-fold, an 

effect that is small relative to the large values of O) we have measured here (Fig. 3-3 in 

chapter 3). To test whether the two-site model used (Carlson and Little, 1993) to derive the 

equation O) = Ki*K2/Ri*R2 adequately describes the system, values of R1 and R2 were 

calculated from K^, K2, and this value of co using equations [10] and [12] of Carlson and 

Little (1993); these values agreed with the measured values (data not shown), indicating 

that this model fits the data (see Carlson and Little, 1993 for details). At least for low 
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values of (O, if one of the intrinsic values was correct and the other one was altered, this 

correspondence would not be obtained. 

In Fig. 3-3, results of two representative experiments are combined. Each 

experiment contained wild-type, 0^1 and OR2 DNA; one experiment measured values for 

the variants with low cooperativity (-9, -7, +2, +3 and +12 variants) and the other 

measured values for the remaining variants. values and calculated co for the wild-type 

DNA were similar in both experiments. Data are plotted on a logarithmic scale; this gives a 

linear plot of the energy gained as a result of cooperative interactions. Error bars shown in 

Fig. 3-3 were estimated in the following way. We estimate conservatively from binding 

curves such as those shown in Fig. 3-2, and the results of duplicate assays in numerous 

experiments, that our estimate of log (affinity) has a standard error of about 0.08 for each 

curve, or about 20% of the value for the affinity; accordingly, log (co) = log (K^) ± 0.08 + 

log (K2) ± 0.08 - log (Rj) ± 0.08 - log (R2) ± 0.08. However, since log (K^) and log 

(K2) are the same for all the templates, any error in these values would affect each member 

of the data set in the same way, so that comparisons among various constructs need not 

include the standard errors for these terms. We therefore estimate conservatively that each 

value of log (co) has a standard error of 0.11, given by [Z (error)^]!/^ (Snedecor and 

Cochran, 1967), corresponding to +0.30 co / - 0.23 co. 

2.7. Electrophoretic mobility shift assay 

The same 32p-iabeled DNA fragments (10 nl, 100 cpm/M-l) as those used in the 

footprinting experiments above were incubated with 10 pi of 50 nM HK022 CI repressor at 

20° C for 10 minutes in a buffer containing 10 mM Tris-HCl, pH 8.0, 100 mM NaCl, 500 

|J.M EDTA, 5% (v/v) glycerol and 5 (i-g/ml BSA. The samples were then loaded on 5% 
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polyacrylamide gel and electrophoresis was carried out at 25 mamps with recirculation of 

buffer between upper and lower tanks. 

2.8. Construction of host tester strains for screening cooperativity mutants 

To make single copy operon fusions in host strains, plasmid-bome HK022 

operator/promoter::/acZ operon fusions (ORZ+ORl+rr/acZ, C)R2=0Rl"^::/acZ and 

0R2=0FR+::/flcZ ) were transferred to A,RS45 by homologous recombination in vivo as 

described by Simons et al. using fusion plasmids pCHM38, pCHM39 and pCHM88 

(Simons et al., 1987). The recombinant phages arose at a frequency of about 1(H, and 

gave blue plaques on JL3248 on X-gal plates, whereas XRS45 gave white plaques. 

Lysogens of recombinants (X,CHM2, >,CHM6 and ^CHM22) in JL3248 were isolated as 

host tester strains (JL3359, JL3362 and JL4878, respectively) and used as indicator strains 

for the genetic screen of cooperativity mutants. 

The host strains for alternative genetic systems (as described in chapter 6) were 

constructed. Indicator strain, JL4325, was made by integration of two X phages, XCHM6 

and XCHMIO, into the host JL623 chromosome. X,CHM6 and X,CHM10 were made by 

crossing operon fusions, OR2=ORl+::/acZ and OR2+ORl'^::CAr, from plasmids pCHM39 

and pCHM55 onto phage XRS45 and XRS91, respectively, and screening for blue or white 

plaques, respectively. 

2.9. Mutagenesis and isolation of cooperativity mutants 

HK022 cl C-terminal regions Ncol-BglH and Kpnl-Sacl were subjected to random 

PGR mutagenesis (figure 2-2; Leung et al. 1989). Reactions (100 }ii) contained 100 ^iM 

dGTP, dTTP and dCTP; 20 |xM dATP; IxTaq buffer (Stratagene) plus 7.5 mM Mg2+ and 
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0.75 mM Mn2+; 2 ng of DNA template, 1 ^.M of each primer and 2.5 units of Taq 

polymerase. Fragments were cut with restriction enzymes, and subcloned into the Ncol-

BgM backbone and the Kpnl-Sacl backbone of pCHM57 respectively. Some amino acid 

positions in CI C-terminal region, G146, 8148,1153, N154 and D157, were also targeted 

individually by PGR mutagenesis to give all possible amino acid changes. 

Ligation mixtures containing mutagenized inserts were transformed into host strain 

JL3359 to select for spectinomycin resistant transformants and screen for bluer colonies on 

X-gal plates. The plasmid preparations ftom these mutants were then transformed into host 

strain JL3362 and screened for pale blue colonies on X-gal plates containing 10"^ MIPTG. 

Over 10^ colonies were screened in JL3359. 242 blue colonies were picked and tested in 

the JL3362 strain. About 20 passed the test in JL3362. Those mutant cl genes which 

produced the same protein level as Avild type CI repressor as judged by Western blot were 

then sequenced. 

2.10. Immunoblot analysis 

Strain JL3359 containing plasmid pCHM57 or derivatives were grown at 37°C to 

early exponential phase in LB plus chloramphenicol and spectinomycin. About 4x10' cells 

of each sample were spun down and resuspended in 20 of 2x SDS sample buffer (4% 

SDS, 125 mM Tris-HCl pH 6.8, 1.4 M |3-mercaptoethanol, 10% glycerol and 0.05% 

bromphenol blue). Samples were boiled for 3 min and run on a 15% SDS gel. The 

proteins on the SDS gel were analyzed by Western blot (Bumette, 1981). The proteins on 

the SDS gel were then transferred onto a nitrocellulose membrane at 0.4 Amps for about 2 

hours at 4°C. The membrane was then blocked with low salt western buffer (lOmM Tris 

pH 8.0, 1 mM EDTA, 150 mM NaCl) plus 10% (w/v) non-fat milk for 2 hours at room 

temperature and then incubated at 4°C overnight with primary antibody Rb 13:3 to HK022 
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CI repressor (made by M. Smith) at 1:2000 dilution in low salt western buffer plus 2.5% 

(w/v) non-fat milk. After rinsing with 10% (w/v) non-fat milk, the membrane was 

incubated 1 hour at room temperature with a secondary antibody anti-rabbit IgG-POD from 

Boehringer Mannheim at a dilution of 1:8000 in low salt western buffer plus 2% (w/v) 

non-fat milk. The membrane was then rinsed with TBS solution and detected with 

Amersham ECL Western Bloting Detection System. Amersham ECL Western Blotting 

Detection System was used to detect protein bands. The amount of CI proteins analyzed in 

Western blot assay was in the linear range, as judged by a standard curve using known 

HK022 CI concentrations. 

2.11. In vivo P-galactosidase assay 

To measure p-galactosidase activity, cells were grown to early exponential phase in 

LB with appropriate antibiotics and with or without IPTG as listed in each experiment The 

P-galaaosidase activity from each cell culture was measured as described (Miller, 1972). 

2.12. Overexpression and purification of cooperativity mutant proteins 

(i) Plasmid construction in pET3a 

pNGCll is a derivative of pET3a with a fusion of the wild type HK022 cl gene to 

the T7 promoter, it makes high levels of CI upon induction with IPTG (Carlson & Littie, 

1993). The Ncol-BamHl (903 bp) fragments from cooperativity mutants in the pCHM57 

vector were first cloned into the Ncol and BaniHl sites of pNGCl 1. The mutant proteins 

from these subclones were not inducible by IPTG; for reasons we do not understand, the 

Sacl site gready reduced protein overexpression. This Sad site was deleted by cutting with 

the isoschizomer £c/136II and Ugating to the filled-in BamHl site, thereby deleting about 
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410 bp of HK022 DNA; mutant proteins from these clones were induced to high levels by 

IPTG. 

(ii) Overproduction and purification of cooperativity mutant proteins 

Overproduction of mutant proteins was done similarly to the overproduction of wild 

type HK022 CI protein as described (Carlson & Little, 1993). The above mentioned 

plasmids carrying cooperativity mutants in the T7 system were cotransformed with pLysS 

into the JL1824 strain. These strains were grown to early exponential phase in LB plus 

100 M-g/ml ampicillin and treated with 0.5 mM IPTG for 2.5 hours to induce proteins. The 

protein purification procedure was done using the protocol for purification of wild type 

HK022 CI protein (Carlson & Little, 1993). Briefly, the cell lysate was treated with 

polymin P and ammonium sulfate as described (Carlson & Little, 1993). The precipitate 

from ammonium sulfate treatment was dissolved and dialyzed against buffer B (20 mM 

potassium phosphate (pH 7.0), 0.1 mM EDTA, 10% (v/v) glycerol, 1 mM DTP and 400 

mM NaCl). The dialysate was diluted to 200 mM NaCl and then applied to a 

phosphocellulose column followed by a hydroxylapatite column. The purified mutant 

proteins were ~95% pure as judged by SDS-gel electrophoresis. The concentrations of the 

mutant proteins were determined by UV absorbance at 280 nm. The extinction coefficient 

for HK022 CI protein is 2.3 ± (0.4) x 10^ (Carlson & Littie, 1993). 

2.13. Isolation of virulent HK022 phages on hosts with cooperativity 

mutations 

Wild type HK022 phage was plated on a host strain with a cooperativity mutation, 

+QK-RS225 on a plasmid (JL4093). At frequency of about 10*^, virulent phages arose 

and formed small turbid plaques on JL4093, so called \oc phages (virulent fin cooperativity 



5 2  

mutant). These virulent phages from JL4093 were then purified on the JL1873 strain. 12 

alleles of voc mutants were isolated and their OR regions were sequenced. All of them had 

a single mutation in the OR region (see section 5.2 and figure 5-la in chapto- 5). 

2.14. Isolation of virulent phages from voc mutants 

Two voc phages, H39 and H53, were plated on JL4993 which expresses PIK022 CI 

from plasmid pJ037. At a ftequency of about 10-^-10"^, virulent phages arose on JL4993. 

Two alleles of virulent phages arose from each voc phage, H39 and H53, were isolated and 

their OR regions were sequenced. All of them had two mutations in the OR region 

including the original OR mutations ft^om H39 and H53 (see figure 5-lb in chapter 5). 

2.15. Crossing cooperativity mutations from plasmids onto HK022 phages 

Cooperativity mutations RS225, IL153, +QK and +QK-RS225 were first cloned into 

the pJ037 vector to give pCHMlOl, pCHM102, pCHM103 and pCHM104 (table 2-1), as 

described in section 2.5. (iii). These pJ037 derivative plasmids contained about a 3.3 kb 

DNA fragment of the HK022 immunity region from the EcoRI site right after the kil gene 

to the 5cal site in the era gene and were used to cross the cooperativity mutations onto 

HK022 phage (figure 2-2). Virulent phages VH39-1-1 and VH53-1-1 with two mutations 

in the OR region were plated on host strains carrying these pJ037 derivative plasmids: 

pCHMlOl, pCHM102, pCHM103 and pCHM104 (JL4996, JL4997, JL4999 and 

JL5403, See table 2-1). VH39-1-1 and VH53-1-1 grew lyrically on mixed host strains 

JL1873 and JL4993 with an inoculation ratio of 5:1 and formed clear plaques. 

Recombinants with the wild type sequence in the OR region, including the wild type 

sequence in the cl gene and cooperativity mutations in the cl gene, formed turbid plaques 

on the same mixed host strains. These turbid plaques arose at frequency of about 10"^ to 
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10-^. The turbid plaques were sequenced to screen for the ones containing cooperativity 

mutations. The number of turbid phages from mixed hosts that were sequenced and the 

number of phages containing the correct cooperativity mutations for each cross were listed 

in table 2-2. The OR regions of the phages with the correct cooperativity mutations were 

also sequenced to confirm that there were no mutations in OR. 

2.16. Testing plaque morphology and the efficiency of plating (E.O.P.) 

for the voc mutants on strains with the cooperativity mutant CI repressors 

Two voc mutant phages, H43 and H53, were plated on hosts with wild type HK022 

CI or cooperativity mutant CI repressors and on a host with no CI repressor 

(JL2497/pGB2). The efficiency of plating was determined by the ratio of the number of 

plaques formed on the host with CI repressors to the number of plaques formed on the host 

with no CI (JL2497/pGB2). The results are shown in table 5-2 in chapter 5. 0.1 ml of 

each H43 and H53 phage dilution were plated on each strain to give about 100-1000 

plaques for most cases. Phage dilutions and the number of plaques counted are shown in 

table 2-3. The plaques formed on the host with FS233 were too tiny to count accurately. 
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Figure 2-1. HK022 cl gene map. Numbering for the nucleotide sequence (nt, 

letters in plain) starts at the first nucleotide of the cl gene start codon. Numbering for the 

amino acid sequence (a.a., letters in bold) starts at the second amino acid of the deduced 

sequence from cl coding sequence, because the first amino acid Met is removed after 

protein synthesis. Restriction sites are shown above the lines. The cleavage site for the CI 

protein is in between Ala 103 and Glyl04 as indicated. The N-terminal DNA binding 

domain, and the C-terminal dimerization and cleavage domains are shown. 
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Figure 2-2. Crossing cooperativity mutations from plasmids onto HK022 

phage. Cooperativity mutations in HK022 cl gene were carried on pJ037 derivative 

plasmids. These plasmids contain about 3.3 kb of HK022 phage DNA, including the wild 

type OR region and mutant cl gene. The HK022 vir phages used in the cross carried two 

nucleotide mutations with one each in ORI and OR2. 
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Table 2-2 IdentiHcation of HK022 mutant phages with cooperativity 

mutations in the cl gene. 

cooperativity # turbid phages sequenced # phages with conect 

mutations from the mixed hosts cooperativity mutations 

from VH39-1-1 from VH53-1-1 from VH39-1-1 from VH53-1-1 

RS225 6 6 1 2 

IL153 3 1 2 0 

+0K 2 1 1 1 

+OK-RS225 3 2 1 2 
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Table 2-3. Number of plaques counted for H43 and H53 on host strains 

with or without CI repressor. 

Strains H43 H53 

phage dilutions # of plaques phage dilutions # of plaques 

rL2497/pGB2 

CnoCI) 

10-7 165 10-7 406 

IL1877 

(HK022 lysogen) 

10-2 441 10-4 101 

JL2497/pCHM57 

(wild-type CI) 

10-2 262 10-3 650 

JL2497/p-47b 

(FS233) 

10^ -300 10-5 7 

JL2497/P-22 

(RS225) 

10-7 91 10-6 214 

IL2497/P-30 

(+0K) 

10-7 126 10-7 110 

IL2497/pCHM81 

(+QK-RS225) 

10-7 152 10-7 410 
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CHAPTER 3 

Cooperative DNA-Protein Interactions: Effects of Changing the 

Spacing Between Adjacent Binding Sites 

3.1. Introduction 

Many biological processes involve the assembly of large nucleoprotein complexes at 

specific sites on DNA. These protein machines play important roles in increasing 

specificity and fidelity of processes such as DNA replication, transcription, and site-

specific recombination (Echols, 1986). Such complexes are held together by a large 

number of specific protein-DNA and protein-protein interactions. Their intricacy, 

however, has made a detailed understanding of their assembly and properties difficult, both 

because many complexes involve several different types of proteins, and because the same 

DNA-binding proteins appear to be used in different ways in different contexts. 

To explore in more detail the interactions between bound proteins, we have analyzed 

a relatively simple model system, one involving cooperative binding of a specific DNA-

binding protein to adjacent sites on DNA. In a cooperative interaction, the presence of one 

protein molecule on a DNA site increases the affinity of a second protein molecule for to an 

adjacent binding site. The energy for increased affinity is believed to come from favorable 

protein-protein contacts. Accordingly, this system should allow us to exanune how 

proteins interact when bound to DNA, and to examine the effects of changing either the 

protein or the DNA on the strength of this interaction and on the conformation of the 

complex. 
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Aside from its usefulness as a model system, cooperativity is also of interest in its 

own right for the roles it plays in gene regulatory circuitry. As a result of cooperativity, die 

binding curve of a protein for two adjacent sites (a plot of fractional site occupancy versus 

concentration of the protein) is much steeper than for a single binding site, so that the state 

of the binding site (free or occupied) changes over a relatively narrow range of protein 

levels. This steep binding curve plays a crucial role in many gene regulatory circuits, as 

exemplified in phage A, by the "genetic switch" between two alternative stable regulatory 

states (Ptashne, 1992). This switch involves a competition for pre-eminence between two 

repressors, Cro and CI, which bind to three sites in the OR region. In the lytic state, Cro 

binds to OR3, turning off CI expression without affecting its own expression. In the 

lysogenic state, CI binds tightiy and cooperatively to ORI and OR2, turning off Cro 

expression and activating its own expression. As a result of this positive feedback and the 

steep binding curve conferred by cooperativity, small changes in CI levels can lead to a 

change in the state of the regulatory circuitry. This is particularly evident in the process of 

prophage induction (Roberts and Devoret, 1983), in which induction of the SOS response 

leads to inactivation of CI repressor, the steep binding curve ensures that inactivation of a 

relatively small amount of CI leads to prophage induction. 

Cooperative binding of X repressor occurs predominantiy in a mode termed "pairwise 

cooperativity" (Johnson et al., 1979). Repressor can bind cooperatively either to ORI and 

OR2 or, with a template carrying a mutant version of ORI, to OR2 and OR3. However, on 

a wild-type template, molecules bound to OR2 cannot simultaneously support cooperative 

binding to both ORI and OR3. Pairwise cooperativity is crucial, because extended 

cooperativity would promote binding to OR3, disrupting the genetic switch. At the 

mechanistic level, these findings have been interpreted (Johnson etal., 1979) to mean that 

repressor dimers bound to two adjacent operators "lean" towards one another, and cannot 
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make cooperative contacts with a third dimer bound to an adjacent site. This physical 

model implies that the structure of the complex is dictated by steric constraints, such as 

those imposed by the particular spacing between the two operators. 

In this woric, we have examined the consequences of changing the spacing between 

adjacent operators. Such changes have two effects on the relationship between protein 

molecules bound at two adjacent sites: a change in the distance along the helix axis, and a 

rotational change in the relationship between the two sites. In principle, the same proteins 

and binding sites could be used in different ways in response to spacing changes, such as 

in the distortion proposed to give rise to pairwise cooperativity. 

Previous studies have examined the effects of changing the spacing in two other types 

of cooperative systems. In the first type, binding to distantiy separated sites leads to 

looping. In vivo evidence with AraC protein, which binds to two separated sites, showed 

that these sites must lie on the same face of the helix, implying that AraC is not highly 

flexible (Dunn et al., 1984; Martin et al., 1986). With Lac repressor, which also binds to 

two separated sites, the spacing between these sites also affected the efficiency of 

repression in vivo (Kramer et al., 1987, 1988; Law et al., 1993) and the strength of 

binding in vitro (Kramer et al., 1987), although in this case both sites are probably 

contacted by a single repressor tetramer, so that its binding is not cooperative in the sense at 

issue. In an artificial in vitro system, X repressor was found to bind cooperatively to sites 

spaced several turns of the helix apart, leading to looping of the DNA (Hochschild and 

Ptashne, 1986); again, cooperativity was seen only when the operators were on the same 

face of the helix. A second type of in vitro system involves the spacing between half-sites 

of a single dimer-binding site. AraC protein can bind to a site with half-sites in direct or 

inverted orientation, and to sites with additional turns of the helix, suggesting that it has 
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some flexibility; this flexibility is reduced in the presence of arabinose, the ligand that 

induces the ara operon in vivo (Carra and Schleif, 1993). AraC could not bind to a site in 

which the half-sites were on opposite faces of the DNA helix, indicating that its flexibility 

is limited. LexA repressor cannot bind dghtly to a consensus site in which one or two bp 

have been inserted into the center of the sequence, but two fusion proteins with 

dimerization domains from Lac repressor or c-Jun can bind to these spacing variants 

(Oertel-Buchheit et al., 1993). For yeast MATa2 protein, preformed dimers tolerate several 

small spacing changes between the half-sites (Smith and Johnson, 1992), suggesting that 

a2 by itself is highly flexible; by contrast, in the presence of MCMl, with which a2 binds 

in a cells, the complex is constrained to the natural spacing. Yeast GCN4 protein can bind 

specifically to a sequence containing an additional bp between the two half-sites (Sellers et 

al., 1990), again suggesting flexibility, and this finding can be rationalized in terms of the 

X-ray co-crystal stracture (Ellenberger et al., 1992). Finally, studies with binding sites for 

steroid hormone receptors show that spacing between half-sites is also critical (e.g., Luisi 

et al., 1991), and half-site spacing controls the specificity of receptors for retinoids, 

vitamin D3 and thyroid hormone (Umesono et al., 1989; Kliewer et al., 1992; Green, 

1993). 

In this work, we have done a systematic analysis of changes in spacing between 

adjacent sites, analyzing both the effects on cooperativity and on the conformation of the 

complex. Our evidence suggests that the complexes can adopt many different 

conformations, depending on the spacing, and supports the model that a steric distortion 

accounts for pairwise cooperativity. 

The work described in this chapter is published in the Journal of Molecular Biology, 

1994, and the text was written by my advisor Dr. John Littie. This work was first initiated 

by Dr. Noel Carlson from his dissertation study and then further developed as my research 
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project Under the direction of Dr. John Litde, I carried out this project and contributed 

about 90% of the experimental work. Dr. Noel Carlson contributed about 10% of the 

experimental work. 

3.2. Results 

a. Approach 

The strength of a cooperative interaction is measured by the cooperativity parameter, 

0), which is the increase in affinity of a protein molecule for a binding site when the 

adjacent binding site is occupied (McGhee and von Hippel, 1974). For the best-studied 

cooperative system, X CI repressor, the value of (O under most conditions tested is about 

50-300 (Koblan and Ackers, 1991, 1992; Senear and Batey, 1991). We chose to use 

another protein, coliphage HK022 CI repressor, for these studies, because it has a 

cooperativity parameter of about 2000 for binding to its cognate ORI and OR2 (Carlson and 

Little, 1993). This high value allows large reductions in O) to be measured accurately. 

HK022 repressor is homologous to O) repressor (Oberto et al., 1989). It binds, probably 

as a dimer, to operators with a conserved 15-bp inverted repeat. The spacing between the 

three binding sites is not uniform; 0^2 is separated by 9 and 18 bp, respectively, from ORI 

and OR3. When ORI is mutant, cooperative binding occurs between OR2 and OR3 with a 

value for co of about 70. As with X repressor, binding to these sites is predominantiy 

pairwise (Carlson and Little, 1993). 

To vary the spacing systematically, we cloned a synthetic OR1+OR2 operator region 

(Fig. 3-1) that included the 15-bp repeats of ORI and OR2, and three flanking bp outside 

these regions; the sequence between the operators was the same as wild-type except for a 

single change between ORI and OR2 introduced for cloning purposes. The spacing 
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between ORI and OR2 was then altered systematically (Fig. 3-1); these variants are 

designated by the number of bp by which they differ from the wild-type construct. With 

each of these templates, we then measured the cooperativity parameter using a DNase I 

footprinting assay. The properties of the footprints revealed by this assay and the behavior 

of complexes in an electrophoretic mobility shift assay also showed that various complexes 

had different conformadons. 

b. Effect of spacing changes on the cooperativity parameter 

To measure the affinity of HK022 CI for the various sites, DNase I footprinting was 

carried out over a wide range of CI concentrations. Examples of the binding curves 

generated by this analysis are shown in Fig. 3-2. In each case, the affinity was assessed 

(Brenowitz et ai, 1988) as the concentration of repressor that gave 50% protection of ORI 

or OR2. Similar measurements were made for single operator sites, and the cooperativity 

parameter was calculated for each template (Fig. 3-3; see Materials and Methods). 

For the synthetic operator with the wild-type spacing, the value of O), 25(X) (Fig. 3-

3), was about the same (o) = 1600) as in the natural context. We then compared this value 

for to with those observed for the spacing variants (Fig. 3-3). As expected, different 

spacing variants led to differing values for O). Several features are of interest. We note 

these features here, but largely defer considering their implications to the Discussion. 

First, cooperativity gradually declined as bp were removed, but some cooperativity 

was retained even in the -6 complex, implying that the protein-DNA complex is flexible 

enough to accommodate rotational changes of roughly 200° in the relative disposition of the 

binding sites. 
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Second, by contrast, addition of 2 or 3 bp completely abolished cooperativity. This 

finding shows that adding and removing bp do not have equivalent effects on cooperativity 

in this system. Addition of 1 bp gave some cooperativity, but its magnimde was markedly 

reduced fixim that seen with the wild-type spacing. 

Third, adding 5 to 10 bp restored some cooperativity. This finding, and the 

periodicity graphically evident in Fig. 3-3, suggests that adding a full turn of the helix 

allowed dimers bound to the two sites to make protein-protein contacts similar to those 

made with the natural spacing. That is, adding a turn of the helix restored the rotational 

relationship of the two binding sites; however, it also moved them further apart by about 34 

A along the helix axis, so that some sort of distortion of the complex was presumably 

necessary to allow the two dimers to interact 

Fourth, removing 7 or 9 bp abolished cooperativity, but the affinities for the two sites 

in these variants were the same as when they were measured individually. This result 

implies that proteins bound to the two sites do not detectably interact. In the -9 variant, the 

15-bp inverted repeats are immediately adjacent to each other, but the portions of the major 

groove that are likely contacted by groups in the repressor would be displaced by 5 bp in 

the two sites and would lie on opposite faces of the heUx. That this is plausible is implied 

by the co-crystal structure of the Met repressor (Somers and Phillips, 1992), which shows 

that this protein can bind to adjacent dimer-binding sites without steric hindrance, although 

in this case there is cooperative interaction between the two dimers, and the operator half-

sites lie closer together than for HK022 repressor. 

c. Effect of spacing changes on conformation of the complex 

Several lines of evidence suggested that the conformation of the DNA-protein 

complex was affected by changes in spacing. First, in an electrophoretic mobility shift 
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assay (Fig. 3-4) most of the complexes with altered spacing moved more slowly than the 

wild-type complex (Fig. 3-4A). These small differences were more clearly evident when 

wild-type DNA was present as an internal control (Fig. 3-4B). We assume (see 

Discussion) that all complexes contained the same amount of protein, since the footprints 

were very similar (data not shown). Since the complexes differed only by a few bp in the 

size of DNA, we infer that these changes in mobility reflected changes in the conformation 

of the complex. The -1 change produced only a slight retardation; interestingly, the -2, -3 

and -4 complexes were more retarded than the -1 complex, and each of these had about the 

same degree of retardation, suggesting that these three complexes adopt an alternative 

conformation, and that a transition between this conformation and that adopted by the wild-

type complex occurred between -I and -2. Since the -2 complex reproducibly showed 

somewhat less cooperativity than the -3 complex, it is possible that the -3 spacing was 

more favorable than the -2 complex for this conformation. 

Each of the +5, +7, +9 and +10 complexes had distinctive mobilities, and some of 

them gave a set of diffuse bands with larger shifts than the -2 to -5 complexes. A simple 

explanation for these findings is that these complexes contain bends in the DNA, which 

might be expected to confer different conformations for each spacing variant. The presence 

of multiple bands for certain complexes suggests that multiple conformations exist for these 

particular complexes. 

A second line of evidence for changes in the conformation was that certain complexes 

displayed DNase I hypersensitive sites (Fig. 3-5). Existence of such sites implies that the 

DNA is distorted {e.g., Hochschild and Ptashne, 1986; see Drew et al., 1990) (an 

alternative cause for hypersensitive sites, interaction between DNase I and a bound protein, 

is unlikely in this case since the same protein molecules are involved in all the complexes). 

A site at the edge of OR2 was strongly hypersensitive in the +1 complex, which was 
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probably in a strained conformation (see Discussion). This site gave widely differing 

behavior in the different complexes (see Fig. 3-5 legend). In addition, weak hypersensitive 

sites were observed in the spacer region (Fig. 3-5, arrows in Fig. 3-1) for complexes with 

insertions of 5 to 10 bp. If the DNA were tighdy bent to allow the cooperative interaction, 

one might expect (as seen in loops with X CI repressor) these sites to be much more 

hypersensitive. The slight degree of hypersensitivity suggests that the bends were not 

sharp. 

d. Phasing 

At high concentrations of HK022 repressor, a template with a single operator site 

shows a periodic pattern of protection in flanking sequences, termed phasing, which we 

attribute (see Fig. 3-7C below) to cooperative non-specific binding that is nucleated by the 

molecule bound at the specific site (Carlson and Littie, 1993). Phasing results in an 

alternating pattern of protections and enhancements, and is particularly evident in the 

sequences above the specific operators in a footprinting assay (see Fig. 3-6). Phasing is 

scarcely evident on a template carrying OR1+OR2 with the wild-type spacing, suggesting 

that the structure of repressor dimers bound in pairwise cooperativity cannot nucleate 

phasing. We examined the DNase I footprints conferred by high repressor concentrations 

for evidence of phasing (Fig. 3-6). 

Two of the spacing mutants, -1 and +1, also showed littie phasing, and (at lower 

protein concentrations) formed complexes having essentially the same mobility as wild-type 

in the electrophoretic mobility shift assay (Fig. 3-4); by contrast, phasing abruptiy became 

apparent with the -2 complex and all those deleting more bp. This finding supported the 

above inference of a qualitative difference between the -1 and -2 complexes. Among the 

series fi^om +5 to +10, most complexes showed phasing with the exception of +10 and, to 
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some extent, +9, again implying that inserting a full turn of the helix gave a similar 

relationship between repressor molecules as that with the wild-type spacing. 

3.3. Discussion 

We first interpret the cooperativity data. Then we turn to evidence that complexes 

involving the same binding sites and the same proteins can assume a range of 

conformations, depending on the spacing. This conclusion is then applied to the question 

of pairwise cooperativity, supporting the interpretation (Johnson et al., 1979) that this 

feature arises from a steric distortion of the complex. Finally we return to several general 

implications of our work for protein-protein interactions. 

a. Cooperativity and flexibility 

Cooperative binding by HK022 repressor occurred on templates with a wide range of 

spacings between the adjacent sites (Fig. 3-3). Clearly, this interaction did not depend on 

the precise relationship between these sites. Indeed, removing 5 bp had a surprisingly 

modest effect on cooperativity, despite the fact that the relative positions of the two bound 

dimers were changed both by an angular rotation of about -170° and a linear distance of -17 

A along the helix axis. These findings strongly suggest that the flexibility of the protein-

DNA complex is considerable. Since DNA on this scale is relatively stiff and resistant both 

to twists and bends, we believe it likely that much, if not most, of this flexibility lies in the 

conformation of the protein. In turn, this implies that the part of the protein involved in the 

protein-protein interaction providing cooperativity is not anchored in a fixed spatial 

relationship to the DNA. 

This interpretation is consistent with previous conclusions about the organization of 

other lambdoid repressors. These proteins contain two domains, an amino-terminal DNA-
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binding domain and a carboxy-teraiinal domain involved in dimerization and specific 

repressor cleavage (see Ptashne, 1992; Gimble and Sauer, 1985). Genetic analysis 

(Hochschild and Ptashne, 1988; Valenzuela and Ptashne, 1989; A. Hochschild, personal 

communication; P. Youderian, personal communication) indicates that the carboxy-terminal 

domain is also involved in cooperative interactions, as judged by the isolation of mutants in 

that domain that interfere with cooperative binding to operators that are either adjacent (P. 

Youderian, personal communication) or separated by several turns of the helix (Hochschild 

and Ptashne, 1988; Valenzuela and Ptashne, 1989; A. Hochschild, personal 

communication). Among the latter mutants, those tested are also deficient in pairwise 

cooperative binding to adjacent operators. Since HK022 repressor is homologous to these 

proteins (Oberto et al., 1989), it is likely that the protein-protein contacts promoting 

cooperativity in HK022 repressor also lie in the carboxy-terminal half of the molecule. 

This part of the molecule is not known to interact with DNA and can likely adopt a variable 

conformation with respect to the binding site. 

Reductions in the cooperativity parameter reflect decreases in the energy gained via 

the cooperative interaction. It is unclear how to partition this energy loss between effects 

on the protein and the DNA. Our evidence suggests that different complexes adopt 

different conformations (see also below). The +1 complex and the +7 to +10 complexes 

show some DNase I-hypersensitive sites, implying that the DNA is distorted to some 

extent, an event that presumably would cost some energy. 

One complication, however, is that energy differences between different complexes 

might also arise if the protein-protein contacts are not the same in all the complexes. That 

is, the local contact surfaces might not be identical and might not make an identical set of 

contacts in all complexes. As noted above, mutants in X and P22 repressors isolated as 

defective in looping cooperativity are also defective in adjacent pairwise cooperativity, 
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suggesting that the same surfaces are involved in both interactions. However, it remains 

possible that the local protein-protein interface between adjacent dimers differs in certain of 

our complexes, contributing to differences in energy and hence in the value of co. 

Resolution of this issue must await analysis of mutant proteins. 

Peiliaps the most striking aspect of these data is that, despite the tolerance for spacing 

changes, several spacing variants, in particular +2 and +3, did not support detectable 

cooperativity. Moreover, the response to spacing changes was asymmetric, in that 

removing bp had a small effect while adding bp completely abolished cooperativity. These 

findings imply that the flexibility is limited in such a way that particular spacings prevent 

the cooperative interaction. In an undistorted DNA molecule, the centers of the two dimer 

binding sites would be offset by an angular displacement whose value would differ for 

each construct. We denote a right-handed screw displacement (as seen with the wild-type, 

Fig. 3-7B) with a positive sign. For the wild-type, this displacement would be about 

+1(X]'. Apparentiy, the angular displacement of about +170° imposed by the +2 spacing 

exceeded the flexibility of the protein to make the cooperative contacts, presumably because 

the binding sites lay on opposite faces of the helix. The distortion revealed by the 

hypersensitive site in the +1 complex, as well as the large decrease in cooperativity, imply 

that a displacement of roughly +135-140' was about the maximum tolerated. By contrast, 

deleting 6 bp would give an angular displacement of about -1(X)°; apparentiy the entire 

range from about -1(X)° to +140° is compatible with cooperative binding. 

The flexibility evident in the HK022 repressor case may be contrasted with several 

examples that do not permit similar flexibility. The interaction between yeast MATa2 and 

MCMl is constrained to the natural spacing (Smith and Johnson, 1992). The interaction 

between RNA polymerase and "k repressor that results in activation of takes place in 

residues in the DNA-binding domain of CI that lie close to the DNA (Jordan and Pabo, 
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1988); these residues were identified by the locations of pc mutations in X cl that affect this 

interaction (Hochschild et al., 1983). Contacts between Oct-1 and VP16 appear similarly 

to lie close to the DNA (Lai et al., 1992; Pomerantz et al., 1992). Finally, cooperative 

contacts observed in the co-crystal structure of the Met repressor (Somers and Phillips, 

1992) are between adjacent dimers and would likely be intolerant of spacing changes, since 

the protein-protein interface lies close to the DNA in a compact part of the structure. 

b. Multiple conformations of a specific DNA-protein complex 

Because the relationship between the two binding sites varies in the different 

complexes, one would expect that the DNA-protein complex could adopt several different 

conformations, depending on the spacing. Several lines of evidence supported this 

expectation, and gave clues as to the possible nature of conformational variations. 

First, several complexes exhibited DNase I hypersensitive sites. For the insertion 

series (-t-5 to -t-10), these were located about halfway between the two operators, and the 

simplest interpretation is that these sites result from bends in the DNA. If the cooperative 

contacts lie well away from the surface of the DNA, relatively small bend angles would 

suffice, as also suggested by the slight degree of hypersensitivity to DNase. In addition, a 

site at the edge of OR2 was extremely hypersensitive in the +1 complex, a finding that may 

result from a very localized change in the DNA in this complex. 

Second, different complexes had different mobilities in an electrophoretic mobility 

shift assay (Fig. 3-4). For the insertion series, the changes in mobility were relatively 

large, and each complex had a distinctive set of bands, some of them smeary. One 

possibility is that certain of these species had differing mobilities because they contained 

differing amounts of protein. Although we cannot exclude this possibility, we regard it as 

unlikely for the following reasons. The complex with the ORI template formed a single 
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sharp band in the mobility shift assay; since this complex showed phasing, we infer that 

this relatively weak binding is not significant in the mobility shift assay. For all the 

complexes, the footprints did not change at high repressor concentrations, except for the 

appearance of phasing (data not shown); accordingly, any additional protein molecules 

would presumably not interact directly with the DNA. Such protein-protein interactions 

would probably be relatively weak, and too unstable (as with phasing) to allow a discrete 

species to persist in the mobility shift assay. Finally, littie retardation was seen with an 

OR2 template (not shown), which binds CI less tighdy than ORI, arguing again that weak 

interactions did not give rise to discrete species in this assay. Accordingly, we shall assimie 

for the sake of discussion that all the complexes contain the same amount of protein. 

Given this assumption, the magnitude of the retardation for the complexes with the 

+7 to +10 templates is again compatible with the idea that the DNA is bent to some degree. 

Presence of more than one band in certain variants suggests the possibility that more than 

one conformation can exist for certain complexes. For the deletion series, by contrast, 

most of these changes were rather small. The mobilities of the -2, -3 and -4 complexes 

were about the same (see below). The molecular basis for the similar retardation of these 

complexes is unclear, but it may reflect changes in the protein stmcture rather than bends in 

the DNA, as previously suggested (Ellenberger et al., 1992) for the effect of GCN4 protein 

bound to DNA. We did not examine variants with different sequences between the 

operators; it is possible that particularly flexible sequences would permit higher degrees of 

cooperativity for 5- to 10-bp insertions, and that certain sequences might allow or favor 

particular conformations of the complex. 

Finally, we observed a systematic variation in the ability of the various complexes to 

nucleate a phased pattern of protection in flanking non-specific sequences. Although 

assessing the degree of phasing is somewhat subjective and difficult to see in photographs. 
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two different effects were apparent. There appeared to be a gradual loss in the degree of 

phasing as base pairs were added in the series of -6 to -2 and of +5 to +8; that is, the 

smaller spacings gave somewhat more phasing. In addition, there was an abrupt transition 

between -2 and -1, such that no phasing was observed for -1. Perhaps a similar transition 

occurred between +8 and +9, but this was less clear-cut. 

Accordingly, the abrupt change in phasing between the -1 and -2 complexes 

coincided with a difference in electrophoretic mobilities with ±ese complexes. One 

possibility is that some of the local contacts in the protein-protein interface giving 

cooperative binding are lost upon deformation, giving rise to the abrupt transition revealed 

by these assays. However, we believe it more likely that a discrete change in the 

conformation of the complex is taking place upon going fix)m -1 to -2. 

c. Molecular basis of pairwise cooperativity 

The change in phasing pattern suggests a simple model for a possible structural 

change between the wild-type complex and those with small deletions (Fig. 3-7). We 

interpret phasing with a single operator to result from an array of flanking molecules 

interacting with the specifically-bound dimer (Fig. 3-7C); whether the protein-protein 

contacts are identical to those supporting cooperativity is not yet known (Carlson and Littie, 

1993). We propose that, in the -2, -3 and -4 complexes, which also exhibit phasing and 

for which the two operators are closer to the same face of the helix (as in the -3 complex. 

Fig. 3-7A), the contact surfaces for pairwise cooperativity are likewise available for 

contacting flanking, non-specifically bound dimers. In the -1 and wild-type complexes, by 

contrast, steric constraints cause the cooperativity domain of the dimers to move towards 

the region between the two operators. In this view, the molecules "lean" towards each 

other (Fig. 3-7B), as first proposed for X, repressor (Johnson et al., 1979). Accordingly, 
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the surfaces mediating cooperativity are not available for contacting flanking dimers, 

whether these are bound specifically (as at 0^3 in the wild-type operator) or non-

specifically. This model therefore explains the pairwise nature of cooperativity at operators 

with the natural spacing. 

At the level of gene regulatory circuitry, this arrangement makes sense, because 

extended cooperativity would disrupt the circuitry of the lysis-lysogeny switch. For X, and 

probably for HK022 (Cam et al, 1991), extended cooperative binding of CI to OR3 would 

lead to repression of the cl gene, preventing CI from retaining control of the genetic switch. 

One might imagine that this problem could be solved by making the protein incapable 

of phasing. We suggest two different reasons that this may not be feasible. First, a dimer 

bound to a single site has pseudo-dyad symmetry (as seen for each of the dimers in Fig. 3-

7A, centered on the axes labeled "D"), and presents identical surfaces to any molecules 

approaching from either side. If the conformation of the dimer is not distorted by 

cooperative interactions with an adjacent dimer (compare Fig. 3-7A with 3-7B), an identical 

contact surface would be available for a similar interaction on the other side. Second, 

previous data (Carlson and Littie, 1993) have suggested that HK022 repressor may be 

involved in higher-order interactions at OL, and perhaps among molecules bound at OR and 

at a repressor-binding site distal to cro termed OpR. It may therefore be that the protein 

contains sites involved in such interactions and that these sites result in phasing under our 

in vitro assay conditions. 

d. Application to other systems 

Two general conclusions from this work should be broadly applicable to other 

complex protein-DNA interactions. First, the ability to assume multiple conformations will 

likely prove to be an important property of protein-DNA complexes, particularly when 
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energy is provided by protein-protein contacts such as the cooperative contacts in our 

system. In addition, if several conformations of a particular complex have about equal 

stability (as suggested for HK022 repressor by the electrophoretic mobility shift data), and 

are therefore about equally energetically favored, different heterologous factors might be 

able to stabilize different conformations with the same sites and spacing. 

A corollary is that, as recognized for other systems, it is difficult to predict the effects 

on a process such as activation of transcription simply from the presence of binding sites 

for a given protein. Recent work (Pan and Courey, 1992; Jiang et al, 1992) suggests, for 

example, that the Drosophila Dorsal protein can act either as an activator or a repressor, 

depending upon the context of its binding sites. In addition, the effect of bound 

glucocorticoid receptor at certain sites can be modulated by the presence of other bound 

proteins; while a Jun:Jun homodimer activates transcription, a Jun:Fos heterodimer 

represses (Diamond et al., 1990). The CRP protein of E. coli can activate transcription by 

direct interaction with RNA polymerase (Irwin and Ptashne, 1987; Gaston et al., 1990) or 

by promoting DNA looping (Richet et al., 1991), and it can cause repression by helping a 

repressor bind (Pedersen et al., 1991; Hoist et al., 1992). 

Second, our work suggests that changing the spacing between multiple binding sites 

is a versatile means to modulate the conformation and function of DNA-binding proteins. 

Recent work with several nuclear hormone receptors suggests, for example, that the 

spacing between diiectiy repeated half-sites controls which receptor will bind to these sites 

(see Green, 1993). Our work suggests that a detailed analysis of spacing effects using 

purified components is likely to be fruitful in other systems as well. 
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Figure 3-1. Sequences of the Synthetic HK022 Operators and Spacing 

variants. The sequences of 0^2 and OR 1 are boxed and are shown at the top. These sites 

confer ahnost all the specificity for binding, as judged by analysis of operator mutants and 

footprinting studies (Carlson and Little, 1993). Three flanking bp on the outside (GAC 

and CCA, adjacent to OR2 and ORI, respectively) were also conserved (not depicted). The 

sequence between ORI and OR2 differs from the natural one by an A to C change 4 bp to 

the left of ORI, creating an Ndel site for cloning purposes. This change had littie or no 

effect on the affinity or cooperativity of repressor binding. The sequences shown below 

for spacing mutants indicate only the nucleotides between the operators. Arrows indicate 

the positions of hypersensitive sites (see Fig. 3-4); the large bold arrow denotes an 

extremely hypersensitive site (see also Fig. 3-4 legend), while the small and medium-sized 

arrows indicate sites that were slightly and moderately hypersensitive, respectively. 



wild-type: 

TGTACTATCAGTTCC GTCATCATA TGAACCATAACTTCA 

Or2 ORI 

-9 
-7 TA 
-6 GTA 
-5 GTTA 
-4 GTCTA 
-3 GTCATA 
-2 GTCAATA 
-1 GTCACATA 
WT GTCATCATA 

+1 GTCATACATA 
+2 GTCATATCATA 
+3 GTCATCATAATA 

+5 GTCATCAGGCCATA 

+7 GTCATCAGGCGCCATA 

+8 GTCATCATGGCGCCATA 

+9 GTCATCAGGCGCGCCATA 
i l l  t  

+10 GTCATCATGGCGCGCCATA 
+12 GTCATCATGGCGCGCGCCATA 
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Figure 3-2. Binding curves for binding of HK022 CI repressor to wild-

type operator and several spacing variants. Fractional occupancy at each repressor 

concentration was determinated by Betascope analysis of DNase I footprinting gels (see 

Materials and Methods). The dotted line indicates 50% occupancy, a value that represents 

the apparent affinity of repressor for each site. Wild-type, -3, +5 templates are shown with 

long dashes, solid lines, and short dashes respectively; ORI and Oi^2 templates are shown 

with dotted lines; open and closed symbols represent occupancy of ORI and OR2, 

respectively. The two curves for the wild-type template overlap because occupancy was 

almost identical for the two sites. The curves for templates with two operators are steeper 

than those for the ORI and OR2 templates, as expected, since the binding is cooperative. 

The curve for OR2 is somewhat steeper than that for ORI, as observed previously, perhaps 

due in part to phasing (see Carlson and Little, 1993). 
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Figure 3-3. Cooperativity as a function of spacing. The cooperativity parameter 

was measured for each spacing variant and calculated as described in Materials and 

Methods. The error bars represent conservative estimates of uncertainty (see Materials and 

Methods). 
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Figure 3-4. Electrophoretic mobility shift assay with different spacing 

variants. Panel A: Assay for individual spacing variants. Reaction mixtures were 

prepared and analyzed as described in Materials and Methods. Samples contained the 

indicated template DNA, and 50 nM HK022 CI repressor as indicated. The ORI template 

did not yield any material migrating more slowly than the single complex, implying that the 

slower-migrating material for the other complexes did not result from phasing or other non

specific binding. Location of free DNA, complexes containing one bound dimer, and 

complexes containing two dimers are indicated by symbols to the right of the figure. Panel 

B: Assay for DNA of spacing variants mixed with wild-type DNA. Each reaction for this 

assay contained 10 |il of 50 nM HK022 CI repressor and either 10 ^1 of spacing variant 

DNA (100 cpm/nl) or 7 |xl of spacing variant DNA and 3 |j.l of wild-type DNA, as 

indicated. The position of the wild-type complex is indicated on the left; symbols on the 

right are as in panel A. Although we did not analyze the response to variations in repressor 

levels with this assay, at the concentration tested, the complexes with higher values for co 

(Fig. 3-3) had a larger proportion of the labeled fragment in the complex with two bound 

dimers (Fig. 3-4). 
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Figure 3-5. DNase I footprinting showing hypersensitive sites in the 

spacing variants. DNase I footprinting reactions were carried out and analyzed as 

described in Materials and Methods. Adjacent pairs of lanes contained the indicated 

template and either 0 or 48 nM HK022 CI repressor, as indicated. The location of the 15-

bp inverted repeats of ORI and OR2 are indicated for the -6 variant. Hypersensitive sites 

lying between the operators for the +10 variant are indicated by arrows to the right of the 

lanes; locations of all such sites are indicated by arrows in Fig. 3-1. A highly sensitive site 

in the +I variant is indicated by an star. The sensitivity of this sequence, which was 

present in all the variants (and marked by an open circle next to the +10 variant), varied 

markedly from one variant to another (this was seen more clearly in the original film and in 

the dilution series used to determine values (not shown)). It was protected in the -6 

variant; somewhat protected in the -5, -1, and +5 variants; only slightiy protected in the 

wild-type construct; not protected in an 0^2 template and in the +7 and +9 variants; slightly 

hypersensitive at high CI levels in the -4, -3, -2, and +8 variants; and slightly 

hypersensitive in the +10 variant. 
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Figure 3-6. Phasing patterns shown by spacing variants. Samples contained 

the indicated spacing variant DNA, and either no HK022 repressor or 400 nM repressor as 

indicated. The sequences above the footprint are the same for all variants and can be 

compared with the controls lacking protein in the first and last lanes. The location of the 

ORI and 0^2 sites in the -6 variant are indicated. The phasing pattern is indicated above 

the region of OR2 by arrows for hypersensitive sites and brackets for regions of protection. 

This pattern continues above this part of the gel but is gradually attenuated with increasing 

distance from the operators (see also Carlson and Little, 1993). 



^ -6 -5 -4 -3-2 -lWT+1+5+7+8 +9+10+10 
a  - + + + + + + + + + + + + + +  
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Figure 3-7. Model for molecular basis of pairwise cooperativity. In these 

schematic diagrams, the DNA binding domain is depicted as a sphere in contact with the 

DNA; the C-terminal domain as an elongated ellipsoid; and the hinge region as a bar 

connecting the two. The dimer contacts are depicted as the wide point of contact between 

monomers; the cooperativity contacts lie between dimers. The angular displacement 

between the two operators in panels A and B is depicted accurately, assuming 10.5 bp/tum. 

A. Depiction of the -3 complex. In this complex, the two operators lie on the same face of 

the helix. A single bound dimer would have a pseudo-dyad axis of symmetry, centered on 

the middle of the operator. Since the -3 complex can nucleate phasing, we propose that 

each dimer in this complex is relatively undistorted, and retains this pseudo-dyad axis 

(depicted as "D"). 

In addition, the entire complex has a pseudo-dyad axis ("C") about its center. 

B. Depiction of the wild-type complex. In this complex, one operator is displaced by 

about 102° relative to the other. As proposed by Johnson et al. (1979), we suggest that the 

dimers lean in towards the center, so that the pseudo-dyad axes D are lost. The distortion 

prevents possible contacts with dimers bound to flanking sites, restricting the cooperativity 

to the pairwise mode. Although we depict the entire complex as pseudo-symmetric about 

its center, it is possible in principle that this symmetry is also lost in this or certain other 

complexes. 

C. Schematic depiction of phasing. At the top is a single dimer bound specifically to an 

operator (shaded box); below is an array of molecules bound non-specifically to flanking 

sites. Binding is nucleated by the specifically-bound dimer, fixing the positions of the 

flanking molecules. The DNA is depicted as straight for convenience, but it is possible that 

it it is bent or twisted in this complex. It is unclear whether the contacts supporting phasing 

are the same as those involved in cooperative binding. 
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Ê ::msa 



9  

CHAPTER 4 

Identification and Characterization of Cooperativity 

Mutants in HK022 CI Repressor 

4.1. Introduction 

In this work, I focused on the HK022 CI protein to study the molecular mechanism 

for cooperative interaction of this protein. Studies of cooperative binding in other 

biological systems have suggested several mechanisms for cooperative interaction. The 

most common mechanism to be demonstrated is that cooperativity arises from favorable 

protein-protein interactions between the two bound proteins. For example, the cooperative 

binding of X and P22 repressors, P22 Arc repressor, the Met repressor, the enhancer-

binding protein NtrC of E. coli and T4 gene 32 protein, has been demonstrated to operate 

by direct protein-protein interactions (Hochschild & Ptashne, 1988; Beckett et al., 1993; 

Benson et al., 1994; Valenzuela and Ptashne, 1989; Whipple et al., 1994; Smith & 

Sauer, 1995; Somer & Phillips, 1992; Chen & Reitzer, 1995; Casas-Finet et al., 1992). 

A possible second mechanism that has been demonstated in a few cases is that between 

protein molecules bound at two distant DNA sites, cooperative binding arises from DNA 

looping promoted by another protein or proteins which bind in the middle of the loop and 

bend the DNA, but do not touch the protein molecules bound to the distant DNA sites 

(Goodman & Nash, 1989; Goodman et al., 1992; Richet et al., 1991; Vossen et al., 

1996). A third mechanism has also been suggested that cooperativity is mediated by 

conformational changes in DNA structure. By this model, when one protein molecule 

binds to one DNA site, the DNA stmcture is changed to make the second protein molecule 

bind tighter to the second DNA site. Only one example, the cooperative binding of the Oct-



9 2  

1 POU domain, lias been reported to be of this type. The crystal structure of the Oct-1 

POU domain-octamer DNA complex showed no involvement of direct protein-protein 

interaction in cooperativity (Klemm et al., 1994). The cooperativity was probably mediated 

via the overlapping contacts of the two domains with DNA and subde changes in the DNA 

structure (Klemm et ai, 1994; Klemm & Pabo, 1996). 

In the A, system, cooperative interaction is from repressor dimer-dimer interaction and 

is in the carboxyl-terminal domain of X repressor. Mutant X repressors defective in 

cooperative binding mapped to the carboxyl domain rather than the amino domain of the 

protein (Hochschild & Ptashne, 1988; Beckett et al., 1993; Benson et al., 1994; Whipple et 

al., 1994; Burz & Ackers, 1994). By comparison with X and P22 repressors, we believe 

that cooperative interaction of HK022 CI is also the dimer-dimer interaction and is in the 

carboxyl domain of this repressor. 

To find out which amino acids in HK022 CI are involved in cooperative binding, a 

genetic screen was designed to isolate repressor mutants that are specifically defective in 

cooperative binding to adjacent operators, but are normal in DNA binding to a single 

operator. This design was based on the assumption that cooperativity is independent of 

other functions of the CI repressor, such as dimerization and DNA binding. Similar logic 

has been previously used by other research groups to isolate cooperativity mutants in X and 

P22 repressors (Hochschild & Ptashne, 1988; Beckett et al., 1993; Benson et al., 1994; 

Valenzuela and Ptashne, 1989; Whipple et al., 1994). Although HK022 CI resembles X 

and P22 repressors, its amino acid sequence differs in many positions which are conserved 

among X, P22 and other lambdoid repressors. Therefore, identification and 

characterization of HK022 repressor cooperativity mutants could help us to find the amino 

acids responsible for the cooperative interactions of HK022 repressor and to understand 

what structural features of the HK022 CI repressor account for such a high degree of 
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cooperativity as compared with better understood X and P22 repressors. The behavior of 

HK022 repressor cooperativity mutants could also give us insights into the mechanism of 

cooperativity for the regulation of HK022 gene expression and its role in HK022 phage 

biology (see chapter 5). 

4.2. Results 

a. Genetic screen for cooperativity mutants 

In this work, a genetic screen (figure 4-1) was developed to isolate mutants in 

HK022 CI repressor which are specifically defective in cooperative binding. The 

expectation is that the cooperativity mutants are defective in binding to adjacent operators, 

but are normal in DNA binding to a single operator. Two host tester strains were made for 

the mutant screen. Host #1, JL3359, carried the 0R2+C>Rl+::/acZ operon fusion; host #2, 

JL3362, carried the OR2=ORL+::/ACZ fusion, in which OR2= with two mutations can not 

bind to CI repressor (see figure 4-2 for operator sequences). We reasoned that 

cooperativity mutant proteins would repress the two-adjacent-operator fusion poorly in host 

#1 relative to the wild type repressor, but would maintain the same repressor function as 

wild type on a single operator fusion in host #2. 

The screen involved two steps. The first step was to screen in JL3359 for mutants 

deficient in repression of lacZ transcription. Because wild type CI repressor bound 

cooperatively to ORI and OR2, it efficiendy repressed lacZ and gave white colonies on X-

gal plates. Mutants forming bluer colonies included poor repressors and cooperativity 

mutants. In the second step, plasmid from these mutants were then transformed into 

JL3362. The plasmid pCHM57, carrying the wild type cl gene, gave blue color in host #2, 

presumably because CI could not bind single operator ORI very well at low protein 
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concentration. At 10-^ MIPTG, cells with wild type CI gave pale blue colonies on X gal 

plates, allowing discrimination between different levels of repressor. Therefore, this level 

of IPTG was used. Under these conditions, we expected that cooperativity mutants would 

give a pale blue color, while other mutants defective in binding to a single operator would 

repress lacZ poorly and give a bluer color. 

b. Mutagenesis and isolation of cooperativity mutants 

HK022 CI C-terminal region from Ncol to fig/n and Kpnl to Sad was mutagenized 

as described in materials and methods (see figure 2-1). The plasmids which carry 

mutagenized cl genes were screened as described in chapter 2. Over 10^ colonies were 

screened in JL3359 strain. 242 blue colonies were picked and tested in the IL3362 strain. 

About 20 isolates showed the phenotype expected of a cooperativity mutant Among them, 

6 mutants expressed about the same protein level as the wild type cl gene as judged by 

western blot (see materials and methods, data not shown). The DNA sequencing of these 

isolates (p-22, p-30, p-47b, p-125, p-132 and p-134) is shown in table 4-1. 

Mutant isolates p-22, p-132 and p-134 had a single amino acid substitution (Table 4-

1). Mutants are named with the wild type amino acid (one-letter code), followed by the 

mutant amino acid and amino acid position in CI. P-30 changed stop codon TAA to CAA, 

adding Gin and Lys before the next stop codon; we term this "+QK". This mutant gave a 

relatively strong cooperativity defective phenotype. The two mutations in p-47, LP216 and 

FS233, were separated. FS233 was responsible for a cooperativity defective phenotype. 

P-125 had four amino acid changes. Of these, EG158 gave nearly a wild type phenotype 

when it was separated from other three amino acid changes. The other three amino acid 

changes in p-125 have not been separated, so that it is uncertain which changes confers a 

cooperativity defective phenotype. p-132 had a weak cooperativity mutant phenotype, but 
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its FL160 mutant repressor was insoluble in crude extracts of overproducing cells, so it 

was not characterized further. 

c. Isolation of cooperativity mutants by other methods 

At a later stage of this work, we identified additional cooperativity mutations by two 

other approaches. One approach was to target some potential amino acid positions in 

HK022 CI to screen for cooperativity mutants. In X and P22, some cooperativity mutants 

are clustered close to the active site residues involved in specific cleavage. By comparison 

with X and P22, several residues surrounding Serl48, including Glyl46, Serl48, nel53, 

Asnl54 and Asp 157 in HK022 CI were targeted individually by PCR mutagenesis to give 

all possible amino acid changes. Then the plasmids were screened for potential 

cooperativity mutations. From this screen, no potential cooperativity mutants were found 

from amino acids G146, S148, N154 and D157, but four isolates with the IL153 mutation, 

ne-3, ne-34, Ile-32 and ne-37, were identified. The IL153 mutant showed a cooperativity 

mutant phenotype, but it had about a 2 fold decrease in protein level, as judged by Western 

blot (Data not shown). 

Another cooperativity mutant, QR226, was identified by sequencing a virulent 

HK022 phage, VW4-7 (Carlson & Little, 1993). The cI gene of VW4-7 had a single 

nucleotide mutation changing Gln226 to Arg. This mutant cl gene was subcloned into the 

pCHM57 vector and tested in the indicator strains, JL3359 and JL3362. The result 

showed that QR226 had a strong cooperativity mutant phenotype, indicating that it was a 

good cooperativity mutant. However, for reasons we do not understand, QR226 caused 

cells to form very small colonies, suggesting that this mutant protein caused a growth 

defect. The IL153 and QR226 proteins have not yet been characterized in vitro. 
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d. /n vivo P-galactosidase assay for cooperativity mutants 

To quantify the cooperativity defects in vivo, the P-galactosidase (P-gal) levels for the 

potential cooperativity mutants in JL3359 and JL3362 were analyzed as shown in table 4-2. 

Relative to wild type, all mutants gave at least a 12 fold increase in P-gal level in JL3359 

but only modest increases in P-gal level in JL3362. The result indicated that these mutants 

are defective in binding to adjacent operators ORI & OR2, but are normal or nearly so in 

binding to a single operator ORI. 

e. Distinguishing between Coop* and dimerization defective mutants by 

using an OFR template 

In principle, mutations affecting dimerization, rather than cooperativity of CI might 

give the same behavior as cooperativity mutants in the above screen. In the second step of 

the screen, IPTG was used to increase protein concentration, which could drive protein 

monomers to form dimers even for dimerization defective mutants. To test this possibility, 

a strong operator, OFR, was used to replace ORI, in order to obtain good repression on a 

template with a single operator fusion without adding EPTG. OFR is an operator located 

immediately down stream of the cro gene (Carlson & Littie, 1993). HK022 CI binds to 

OPR with an affinity similar to that seen on an OR 1+2 template (Carlson & Littie, 1993; see 

also table 4-4 below). Host strain #3, JL4878, which carries the OR2=OFR'^::/acZ fusion 

was made as described in Materials and Methods (the sequence for the operators is shown 

in figure 4-2). Thus, mutant repressors could be assayed in this strain at the same protein 

concentration as used in host #1 strain, JL3359. The mutants RS225, RG225, +QK, 

FS233 and IL153 were tested in JL4878. They all have a color similar to that of the wild 

type CI on X-gal plates. The P-gal levels in JL4878 are shown in Table 4-2. Most 
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mutants, except for IL153, had similar p-gal levels to that of the wild type CI, indicating 

that these mutants are not dimerization defective mutants. A four fold increase in ^-gal 

level for IL153 might be due to a lower IL153 repressor level as described above and/or in 

part to a deficiency in dimerization. 

f. Analysis of double mutants 

To test whether these cooperativity mutations are independent of each other, four 

double mutants +QK-RS225, +QK-RG225, RS225-IL153 and +QK-IL153 were made by 

combining two single mutations. Their P-gal levels in host strains are shown in table 4-3. 

The P-gal assay showed that the double mutants +QK-RS225, +QK-RG225 gave higher 

P-gal levels than the single mutants +QK, RS225 and RG225. This result indicated that 

these two double mutants conferred greater cooperativity defects than the single mutants. 

Remarkably, RS225-IL153 was restored to nearly wild type cooperativity with a P-gal 

level similar to that of the wild type CI in host #1 strain (Table 4-3). The P-gal level for 

+QK-IL153 double mutant in host #1 was also decreased compared to that of the single 

mutants, +QK and IL153. These results indicated that IL153 suppresses RS225 and +QK 

mutations which are located at the C-terminal end of the CI protein. 

g. DNase I footprinting assay for mutant proteins, RS225, RG22S, +QK, 

FS233 and +QK.RS225 

In order to quantify defects in cooperativity in vitro, the cooperativity mutant 

proteins, RS225, RG225, +QK, FS233 and +QK-RS225 were purified and analyzed by in 

vitro DNase I footprinting assay. First, a DNase I footprinting assay with a template 

containing the OFR operator was carried out to see how well mutant proteins bind to a 

single operator OFR. The binding curves from the footprinting analysis is shown in figure 
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4-3. Most mutant proteins, except for FS233, had similar binding curves to the wild type 

CI. The Kd's for these mutant proteins on OFR templates (KFR), which are the repressor 

concentration at 50% occupancy of OFR operator, are determined from the binding curves 

(figure 4-3, and table 4-4). The result showed that these mutant proteins, except FS233, 

bound to single operator OFR as well as wild type CI, suggesting that they were not 

dimerization defective mutants. FS233 bound to OFR two fold weaker than wild type CI. 

One explanation is that this might be due to defective dimerization (see above). However, 

two lines of evidence argue against this interpretation. One is that the in vivo p gal assay in 

table 4-2 suggested that FS233 was not defective in dimerization. Another is that the 

affinity of FS233 for ORI was also about two fold weaker than wild type CI. If FS233 

was defective in dimerization, we would expect that it was more defective in binding to OFR 

than binding to ORI. However, it was not this case. Therefore, FS233 might not be a 

dimerization mutant. The weaker binding to OFR and ORI ought be due to a lower fraction 

of active repressor molecules in the protein preparation. 

DNase I footprinting assays with three templates ORI, OR2 and OR I+2 with wild 

type spacing were done to determine the cooperativity parameter co for these mutant 

proteins, co was calculated from the equation o) = K1K2/R1R2 as described in Materials & 

Methods, where Ki and K2 are intrinsic dissociation constants for ORI and OR2, 

respectively, and Ri and R2 are defined as CI protein concentration at 50% occupancy for 

ORI and OR2, respectively. The data is shown in table 4-4. Examples of the binding 

curves from this assay are shown in figtire 4-4. The result indicated that +QK was a 

relatively strong mutant, with reduction of about 20 fold in Q); the other single mutants were 

weaker, reducing o) about 4 to 5 fold. Double mutant +QK-RS225, with about 60 fold 

reduction in co, had roughly additive defects in cooperativity from single mutations +QK 
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and RS225. This relative ranking of cooperativity mutants was consistent with that seen in 

the in vivo P-gal assay. 

h. Cooperativity mutant proteins did not siiow phasing pattern 

At high wild type CI protein concentrations (400 nM, 800 nM), there is a periodic 

enhancement and protection footprint pattern at the flanking sequences of ORI template, a 

phenomenon we term "phasing" (see figure 4-5 panel A, lane 2 and 3. Carlson & Little, 

1993; Mao et al., 1994). Phasing is interpreted to result from cooperative non-specific 

binding that is nucleated by the molecule bound at specific sites. This model predicts that 

cooperativity mutant proteins might be defective in phasing, if the contacts that support 

phasing are the same as those involved in pairwise cooperativity. This prediction was 

tested by footprinting a single operator at high repressor concentrations (figure 4-5 panel A, 

lanes 4-11). The DNase I footprinting results showed that the coop" mutants did not have 

the kind of phasing pattern as the wild type CI. However, the mutant proteins 

unexpectedly gave a new and altered footprinting pattern, and the hypersensitive bands 

were stronger for stronger mutants (see fig. 4-5 panel A, lane 4 to lane 11). 

To account for this altered footprinting pattern, we entertained two models. Model 1: 

the altered pattem from mutant proteins was due to non-specific binding at random sites. 

Model 2: the altered pattem was due to an altered pattem of interaction between the 

specifically bound dimer and those at flanking sites. To distinguish between these two 

models, a non-specific DNA template, with the same flanking sequences as the ORI 

template but no operators was used. If model 1 is correct, the altered footprinting pattem 

fix)m mutants should also be seen on the non-specific DNA template. Otherwise, model 2 

was favored. Our results showed that 1) The pattem shown by mutant proteins was also 

seen on the non-specific DNA template (see fig. 4-5 panel B lane 1-8); 2) The phasing 
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pattern from wild type CI was not seen on the nonspecific DNA template (see fig. 4-5 panel 

B lane 9-10). We conclude that this altered pattern from coop' mutant proteins was due to 

non-specific binding at random sites, not to an altered phasing pattern. The absence of 

phasing for coop- mutants suggested that these mutant proteins had lost cooperative 

interactions to non-specific bound dimers at flanking sequences. However, the wild type 

protein did not confer a similar pattem of non-specific binding, as expected if it also binds 

non-specifically (see discussion). 

i. Testing how cooperativity mutants behave on a -3 template 

A previous study showed that changing the spacing between two adjacent operators 

ORI and OR2 affects cooperative binding of HK022 CI repressor (Mao et al., 1994). The 

study also indicated that HK022 CI protein is flexible to maintain some cooperative 

contacts for some spacing variants. We expected that multiple amino acid residues are 

involved in the cooperative contacts of HK022 CI. When the repressor binds to different 

spacing variants, some amino acid interactions may be retained, whereas others are 

disrupted depending on the spacing. Accordingly, it was possible that the mutant proteins 

would resemble the wild type CI protein, if the contacts affected by mutations were 

disrupted. 

We tested how the HK022 CI cooperativity mutants bound to a spacing variant, -3 

template, in which the spacing between ORI and OR2 is 3 nt shorter than the wild type 

spacing. This template was chosen for several reasons. First, previous study showed that 

the wild type CI still bound cooperatively to the -3 template with only two fold reduction in 

(0 (Mao et al., 1994). This left some room to check how the cooperativity mutants behave 

on the -3 template. Second, although the co value decreased only two fold on -3 template, 

the binding cf CI to the -3 template was qualitatively different. The wild type CI gives a 



1 0 1  

phasing pattem at high repressor concentration on the -3 template, as on the OR 1 template 

(Mao et al., 1994). The interpretation was that, for wild type spacing, CI repressor dimers 

leaned towards each other and hence were not available for contacting flanking, non-

specifically bound dimers; while for a -3 spacing template, two CI dimers bound to the 

same face of DNA were available for contacting flanking, non-specifically bound dimers. 

Whether the cooperativity mutants show phasing pattem on this template could be tested. 

DNase I footprinting on the -3 template was done for the cooperativity mutant 

proteins, RS225, RG225, +QK, FS233 and double mutant +QK-RS225. The results 

showed that the cooperativity mutant proteins gave the same footprinting pattem at flanking 

sequences of the -3 template as at OR 1 template and a non-specific template, therefore 

suggesting that they did not show a phasing pattem on the -3 template. This is another line 

of evidence that these mutant proteins have lost cooperative interactions to non-specifically 

bound dimers at flanking sequences. 

The cooperativity parameter co for RS225, RG225, +QK, FS233 and double mutant 

+QK-RS225 was also determined on the -3 template (table 4-5). The result indicated that 

1) all the cooperativity mutants tested also lost cooperativity on the -3 template to certain 

extent; 2) +QK and +QK-RS225 had greater cooperativity defects on the -3 template in 

terms of the fold decrease in co. 

4.3. Discussion 

a. Genetic screen 

A two-step genetic screen was used to isolate cooperativity mutants in the HK022 CI 

repressor. The advantages of using this genetic system are: first, both steps are a simple 

screen; second, this allowed direct comparison of repressor function in both host strains in 
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the two steps by simply measuring P-galactosidase activity. The disadvantage of using a 

genetic screen instead of a selection was that there was a limitation in the niraiber of 

mutants that could be screened. Some cooperativity mutants might be missed. Although 

mutations appeared repeatedly at the same amino acid positions (at position 225, R to S in 

isolate p-22 and R to G in p-134, at position 233, F to S in p-47b, and F to L in p-125), 

the screen was probably not yet saturated. 

The cooperativity mutants isolated in this study were not very strong mutants. The 

possible reasons that we might miss strong mutants are the following: first, the 

cooperativity interactions between the HK022 CI repressor dimers were expected to be 

strong because of the high value of the cooperativity parameter for this repressor. It is 

possible that multiple amino acids in HK022 CI are involved in the strong cooperative 

protein-protein interactions, therefore, the mutants that completely lose cooperativity might 

be difficult to isolate. This might also be the reason that all mutants with single amino acid 

mutations isolated from the genetic screen were weak cooperativity mutants. Since the 

genetic screen was designed to isolate mutants specifically defective in cooperative binding, 

some amino acid mutations affecting both dimerization and cooperativity were excluded 

from the screen. Second, we observed that one strong cooperativity mutant, QR226, 

caused cells to form small colonies. In the initial screen, we avoided small colonies, and an 

important class may have been missed. 

b. Evaluation of cooperativity for HK022 cooperativity mutants 

Several factors affecting the estimation of cooperativity have been discussed in 

Carlson & Littie (1993). As discussed in Carlson & Littie (1993), weak dimerization of CI 

repressor would also lead to the underestimation of cooperativity. We have not yet 

determined the dimerization constant for HK022 CI repressor and the estimation of 
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cooperativity is based on the assumption that the repressor is predominately in the dimer 

form at the concentration of our assay. We found that most cooperativity mutants bound to 

high affinity operator OFR as well as wild type repressor at the low repressor concentration 

of 0.4 nM. We infer that these mutants dimerized in a similar fashion to the wild type 

repressor. This should not affect the comparison between wild type and mutants. 

Another factor that probably led to underestimating cooperativity for wild type CI was 

uncertainty in estimating the apparent KD for OR2 (Carlson & Little, 1993). The binding 

curve for OR2 was steeper than that for ORI, an effect attributed to phasing. As a 

consequence, binding to OR2 appeared to be tighter than its actual value. Since 

cooperativity mutant proteins lost phasing contacts, their binding curves at C)R2 were 

shallower than wild type CI (figure 4-4). Thus, the estimation of intrinsic KD's for OR2 for 

these mutant proteins was probably more accurate than that for wild type CI. In this case, 

the cooperativity value for AvUd type CI was actually higher than we estimated and therefore 

the mutants should be stronger than they appear to be by this assay. 

Moreover, the fraction of active repressor molecules for wild type and mutant 

proteins were not measured and compared. This might have affected the estimation of 

cooperativity for wild type and mutant proteins. We inferred that the mutant proteins had a 

similar fraction of active repressor molecules as wild type protein, because all mutant 

proteins behaved similarly to the wild type CI protein during the purification process, and 

most mutant proteins bound to single operator templates ORI, OR2 and OFR about as well 

as the wild type protein, as judged by the DNase I footprinting assay. 

The in vitro data indicated that the cooperativity mutants were not as strong as we 

expected based on the in vivo phenotype. This may be due to several reasons: 1) 

underestimation of intrinsic Kd's for OR2 because of phasing led to the underestimation of 
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cooperativity value for the wild type CI as discussed above; 2) the conditions between in 

vivo and in vitro are different; 3) the in vivo analysis measures transcription controlled by 

binding of the repressors, while the in vitro analysis directly measures the binding of the 

repressors. 

c. Cooperative interactions in HK022 CI repressor 

Our data indicate that amino acids He 153, Arg 225 and Phe 233 contribute to 

cooperative contacts in HK022 CI. Arg 225, a basic amino acid, might be involved in salt 

bridge formation with a negatively charged amino acid side chain. The hydrophobic amino 

acid residues, Be 153 and Phe 233, might be involved in hydrophobic interactions. The 

+QK mutation adds two amino acids and a positive charge at the end of the CI protein. 

One possible explanation is that the C-terminal carboxyl group of the protein is involved in 

cooperativity interactions, and this mutation changes the location and electrostatic 

environment of the carboxyl group. +QK and the mutations at Arg 225 are additive, 

indicating that these two regions act independendy of each other. 

In striking contrast, IL153 suppressed RS225 and +QK mutations, both of which are 

located at the C-terminal end of CI. The mutations from these two regions compensated 

each other. A simple explanation to this is a lock-and-key model in which the region 

around He 153 from one repressor dimer interacts with the region at the C-terminal end of 

the adjacent repressor dimer. Mutations at either region interrupted the interaction and led 

to weakening of the cooperative binding. When both regions were mutated 

correspondingly, they interacted with each other again and restored cooperativity. To our 

knowledge, suppressors for cooperativity mutants have not been reported from other 

systems. Further study of suppressor mutants would help us to understand specific amino 

acid contacts in CI involved in cooperative binding. 
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d. Comparison with other systems 

The amino acid sequence alignment among HK022, X and P22 repressors indicates 

that X and P22 repressors have a high degree of sequence similarity, whereas HK022 CI 

has a poor sequence similarity with A, and P22 repressors. HK022 CI differs in many 

amino acid positions which are conserved among X and P22 repressors. We compared the 

locations of HK022 cooperativity mutants with their counterparts in X and P22 repressors 

We expect that the specificity of cooperativity is determined by the non-conserved amino 

acids. The cooperativity mutants in X and P22 repressors are spread out in the C-terminal 

domain of the repressors, whereas most of our mutants (RS225, RG225, FS233, +QK) in 

HK022 repressor clustered at the C-terminal end of CI. We doped two amino acids, Gly 

146 and Ser 148 in HK022 CI repressor, which are conserved in X, P22 and HK022 for 

roles in cleavage of the repressors. In X, two cooperativity mutants with mutations at these 

amino acid positions were isolated. We did not find potential cooperativity mutants at those 

positions in HK022 CI. Thus, Gly 146 and Ser 148 in HK022 CI might not contribute to 

cooperative interactions. Alternatively, they may make very weak cooperative contacts that 

can not be detected in our screen. Our results suggest that the C-terminal end of HK022 CI 

is important for the cooperative interaction of this repressor. Whether this region accounts 

for the higher degree of cooperativity as compared with X and P22 repressors still needs to 

be ftirther demonstrated. 

The location of cooperativity mutations in HK022 CI repressor suggests that the C-

temainal end of the repressor may act as an aim to contact another repressor molecule. The 

importance of the C-terminal end of a protein for cooperative interaction has been indicated 

in other systems. One example is the cooperative binding of the adenovirus single-stranded 

DNA binding protein (AdDBP) to DNA. The crystal structure of AdDBP shows that this 

protein contains a 17 amino acid C-terminal extension which hooks onto a second molecule 
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(Tucker et al., 1994). When this C-terminal arm is deleted, the cooperativity is reduced, 

suggesting that the C-terminal arm is important for maintaining cooperative contact with the 

second molecule. HK022 may use a mechanism similar to this for cooperative interaction. 

e. Phasing pattern 

At high repressor concentration, wild type CI protein shows a phasing pattern on an 

ORI template (Fig. 4-5, also see Carlson & Little, 1993). Phasing was interpreted to result 

from extended cooperative binding of repressor dimers at non-specific DNA binding sites. 

If the cooperative interactions between adjacent repressor dimers at non-specific DNA sites 

were the same as those between adjacent repressor dimers at the specific DNA binding site 

(operator), the expectation would be that the cooperativity mutants would not support 

phasing. Indeed, the results showed that the mutant proteins tested did not have a phasing 

pattern on an ORI template, or on a -3 template with two adjacent operators. However, 

they showed a new footprinting pattern on the ORI template and even on a non-specific 

template. It is unclear why the wild-type protein did not also confer a similar pattern of 

non-specific binding, since it should also bind non-specifically. We think that these mutant 

proteins may have gained a new function whose nature is as yet obscure. 

f. Cooperativity mutants with gain of function 

Two lines of evidence suggested that the cooperativity mutants isolated in this study 

might have gained new functions. First, one strong cooperativity mutant, QR226, caused 

cells to form small colonies, suggesting that this mutant protein might have gained a new 

function which could cause a growth defect. Second, cooperativity mutant proteins, 

RS225, RG225, FS233 and +QK, showed a new footprinting pattern on a non-specific 

template, and the hypersensitive bands in the footprint were stronger for stronger mutants. 
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suggesting that these mutants might have gained a new function. However, the nature of 

the new functions is still not yet understood. 

g. Interaction with the -3 template 

Chir previous evidence (chapter 3) suggested that complexes on templates with 

different spacing have subtly different structures. Maybe different protein-protein contacts 

play different roles. We found here that all cooperativity mutant proteins tested had a 

greater cooperativity defect on the -3 template than on the OR1+2 template. This finding 

suggested that the contacts made by the residues altered in the mutant proteins are more 

important on the -3 template than on the wild type template. 

In summary, several amino acids in HK022 CI repressor were identified to be 

important for cooperative interaction. The location of the cooperativity mutations indicated 

that the C-terminal end of the repressor is important for the cooperativity interaction. The 

analysis of the double mutation combinations suggested that the region near the C-terminal 

end of the CI repressor may interact with lie 153 from another repressor molecule. This 

study may help us to understand the molecular basis of cooperative binding of HK022 CI 

repressor. 
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Figure 4-1. A genetic scheme for isolation of cooperativity mutants. 

Plasmids and chromosome fusion in host strains and the predicted phenotype for 

cooperativity mutants are shown. 
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EcoRI BamHI 

0R2^0Rf : GGRATTCTTAGGTATTGRC | TCTACTATCAGTTCCI CJTCATAATA | TGftACCATftAGTTCAl CCACAGGATCC 
-35 

0R2=0R1^: 

C)R2 

OR2 -10 

c > 

OrI 

ClGGTACTAaAAGTACAl TTTTrGGATCC 
OpR 

Figure 4-2. Operator sequences for the operon fusions. 
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Table 4-1. Potential cooperativity mutants isolated from the genetic screen. 

The isolate number, amino acid changes and corresponding codon changes are shown. 

Two panels in the table separated by a double line represent two separate screens as 

described in the results. Mutants are named with the wild type amino acid (one-letter 

code), followed by the mutant amino acid and amino acid position in Q. 
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Isolate # amino acid changes codon changes 

p-22 RS225 AGG-AGC 

one silent mutation at F160, I'i l -TTC 

p-30 +QK TAA-CAA 

p-47 LP216, FS233 CIT-CCr, TTC-TCC 

p-125 EG158, YH230 

KE231, FL233 

GAG-GGG, TAC-CAC, 

AAG-GAG, TTC-CTC 

p-132 FL160 TTT-CTT 

two silent mutations: at L216, CTT-CTC; 

atI224, ATT-ATA 

p-134 RG225 AGG-GGG 

ne-3, ne-34 IL153 ATC-TTG 

ne-32 IL153 ATC-CTT 

ne-37 IL153 ATC-CTG 
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Table 4-2. p-glactosidase assay for the wild type and the cooperativity 

mutants in three host indicator strains. The ^-glactosidase assay was done as 

described in Materials and Method. The strains lacking CI carried the pGB2 plasmid. The 

indicated plasmids carrying the wild type or the mutant CI repressors were present in the 

host strains, JL3359, JL3362 and JL4878. P-glactosidase measurements in each host 

strain were from a single representative experiment. No E[*TG was added to assays of 

JL3359 and JL4878. IPTG was added to a concentration of 10*^ M to assays of the 

JL3362 strain. Values given are the averages of duplicate assays. The difference between 

the two values in the duplicates was less than 10%. The fold increase in P-glactosidase 

levels compared with the wild type CI repressor in each host strain is given. 



1 1 4  

isolate # amino acid 

changes 

Host#l(JL3359) 

(-IPTG) 

Host#2(JL3362) 

(+IPTG) 

Host#3(JL4878) 

(-IPTG) isolate # amino acid 

changes P-Gal 

units 

fold 

increase 

p-Gal 

units 

fold 

increase 

P-Gal 

units 

fold 

increase 

pGB2 no CI 1350 1170 360 

pCHM57 wra 8 s 1 92 si 4 Hi 

p-22 RS225 146 18 146 1.6 10 2.5 

p-30 +QK 600 75 180 2.0 8 2.0 

p-47b FS233 146 18 102 1.1 8 2.0 

p-134 RG225 93 12 126 1.4 6 1.5 

pCHM90 IL153 250 31 112 1.2 18 4.5 
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Table 4-3. ^-glactosidase assay for wild type repressor and double mutants 

in three host indicator strains, p-galactosidase activity for the indicated double 

mutants was measured in the same experiments as described in table 4-2. The difference 

between the two values in the duplicates was less than 10%. The fold increase in p-gal 

level compared with wild type CI repressor in each host strain is given. 
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Host#l (JL3359) Host#2(JL3362) Host #3 (JL4878) 

1 amino acid (-IPTG) (+IPTG) (-IPTG) 

changes in CI p-Gal fold p-Gal fold P-Gal fold 

units increase units increase units increase 

no CI 1350 1170 360 

wra 8 H 1 92 = 1 4 = 1 

+QK-RS225 770 96 189 2.0 16 4.0 

+QK-RG225 900 112 167 1.8 14 3.5 

RS225-IL153 11 1.4 92 1.0 8 2.0 

+QK-IL153 190 24 137 1.5 14 3.5 
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Table 4-4. Dissociation constants and cooperativity parameters for wild 

type and cooperativity mutant repressors. The dissociation constants were 

determined from DNase I footprinting data, co values and fold decrease in co for each of 

the cooperativity mutants tested are given. Results from two representative experiments are 

combined. Each experiment used DNA templates containing OPR. ORI, OR2 and OR1+2 

with wild type spacing. One experiment contained wild type CI, RS225, RG225, +QK 

and FS233 repressors. Another experiment contained wild type and +QK-RS225 

repressors. K<i values and O) calculated for the wild type repressor were similar in both 

experiments. 
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KFR (nM) Ki (nM) K2 (nM) Ri (nM) R2 (nM) CO fold decrease 

wra 0.4 11.8 74 0.56 0.60 2600 SI 

RS225 0.4 14.7 65 • 1.3 1.5 490 5 

RG225 0.4 15.0 82 1.4 1.5 590 4 

+QK 0.4 14.7 70 2.6 3.3 130 20 

+QK-RS225 0.4 15.5 78 4.3 6.8 40 65 

FS233 0.8 23.0 82 1.6 2.0 590 4 
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Figure 4-3. Binding curves for binding of HK022 wild type and mutant CI 

repressors to Oni template. Panel A and B are from two representative experiments. 

Wild type CI was used for both experiments as an internal control. Wild type CI, RS225, 

RG225, +QK, FS233 and +QK-RS225 are shown with corresponding lines and symbols 

as indicated in panel A and B. 
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Figure 4-4. Binding curves for binding of HK022 wild type and mutant CI 

repressors to adjacent operators ORI and OR2 with wild type spacing. Open 

and filled symbols represent occupancy of ORI and OR2, respectively. Wild type CI, 

RS225, RG225, +QK and +QK-RS225 are shown with corresponding lines and symbols 

as indicated above. 
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Figure 4-5. DNase I footprinting showing new footprint pattern for some 

cooperativity mutants. DNase I footprint reactions were carried out as described in 

Materials and Methods. The location of ORI is indicated. Panel A and panel B are 

footprinting for ORI template and ORI-deleted template, respectively. Panel A, lane 1 and 

panel B, lane 11 contained no repressor. Panel A, lane 2-11, adjacent pairs of lanes 

contained either 400 nM or 800 nM of the indicated repressor. Panel B, lane 1 to 10, 

adjacent pairs of lanes contained either 800 nM or 400 nM of the indicated repressor. The 

phasing pattern for wild type HK022 CI repressor is indicated above ORI by arrows for 

hypersensitive sites and brackets for protected regions. The new hypersensitive sites for 

cooperativity mutants are indicated by solid lines between panel A and panel B. 
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Table 4-5. O) values for wild type and cooperativity mutant repressors on 

-3 template. The fold decrease in co for each cooperativity mutants tested is given. The 

results were calculated from two representative experiments as described in table 4-4. 



1 2 6  

0) Fold decrease in O) 

wild type CI 1300 1 

RS225 240 

+QK 22 -60 

RG225 180 ~7 

FS233 310 ~4 

+QK-RS225 6 -200 
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CHAPTER 5 

The Role of Cooperativity in HK022 Phage Biology 

5.1. Introduction 

As described in chapter 4, several HK022 repressor mutants were isolated to be 

specifically defective in cooperative binding. Here, I took advantage of these mutants to 

investigate the effects of loss of cooperativity on HK022 immunity and the lysis-lysogeny 

decision, so as to understand the role of cooperativity in HK022 phage biology. 

One possible role for cooperativity is that cooperativity helps to increase occupancy of 

OR. Occupancy of OR is necessary for the lysogenic response. So one expectation is that 

mutant HK022 phages with cooperativity defective mutant CI repressors cannot form stable 

lysogens. To test this, cooperativity mutant CI repressors were crossed onto HK022 

phage to examine their plaque phenotypes. A range of cooperativity mutants was selected 

to study the degree of cooperativity required for the maintenance of HK022 lysogeny. 

Another possible role of cooperativity is that it may help the immune response, 

because in a lysogen, CI repressor also binds OR of the superinfecting phage to repress 

lytic gene expression. At a low frequency, virulent phages can escape immunity usually 

because they have mutations in the CI binding sites and they do not bind CI. Since a 

cooperativity mutant CI binds less tightly to its binding sites, one would expect that the 

frequency of virulent phages arising from a lysogen with a cooperativity mutant CI should 

be higher than that from a wild type lysogen. To test this, I asked the question whether 

HK022 is virulent on a bacterial host expressing HK022 cooperativity mutant CI 

repressors, and if not, what is the virulent phage frequency compared with the frequency 
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on a host expressing wild type HK022 CI repressor. The classical HK022 virulent phage 

collection showed that most virulent HK022 mutants sequenced contained two mutations, 

one each in ORI and C)R2 (Carlson & Little, 1993). The inference is that a single mutation 

in ORI or OR2 would not confer virulence. If it could, then one would expect the large 

majority of virulent phages to contain only a single mutation in OR, because these should 

arise at a high frequency of about since virulent phages with two mutations arise at a 

frequency of about 10-^. We hypothesized that cooperative binding of wild type CI 

repressor prevents a single OR mutation from being virulent 

To test whether loss of cooperativity in CI repressor will allow a single OR mutation 

to be virulent, HK022 was plated on a host with a cooperativity mutant repressor. It was 

found that small plaques were formed with an E.O.P. (efficiency of plating) of about 10"^. 

These virulent mutant phages Qn the host with a cooperativity mutant repressor (voc 

mutants) were sequenced. These voc mutants had only a single mutation in the OR region. 

Moreover, from the previous virulent phage collection, one virulent mutant contained a 

change in ORI and in OFR (Carlson & Little, 1993). OFR is an operator located just 

downstream of the HK022 cro gene. A study by Carlson & Little suggested that OFR is an 

antivirulence element which can prevent HK022 with a single mutation in OR from being 

virulent (Carlson & Little, 1993). With the wild type CI repressor, a single OR mutation 

does not confer virulence, but it does do so when OFR is also mutant. However, the 

mechanism for OFR action is still unknown. One simple explanation for the role of OFR as 

an antivirulence element is that HK022 CI repressor may bind cooperatively to OFR and the 

remaining wild type OR site to repress transcription of lytic genes from PR. This 

hypothesis predicts that such a cooperative interaction between OFR and the remaining wild 

type OR site would be abolished by a loss of cooperativity, and when an HK022 phage 

carries a cooperativity mutant CI repressor, OFR would not be able to prevent a single 
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mutation in OR from being virulent This prediction could also be tested by isolation of voc 

mutants. 

5.2. Results 

a. Is a host with a cooperativity mutant repressor immune to HK022 

superinfection? 

A range of cooperativity mutants, FS233, RS225, +QK and +QK-RS225, was 

selected to test how loss of cooperativity affects HK022 immunity. FS233 and RS225 are 

weak cooperativity mutants with about a 4 and 5 fold reduction in the cooperativity 

parameter to, respectively; +QK and +QK-RS225 are relatively strong cooperativity 

mutants with about a 20 and 60 fold reduction in O), respectively (chapter 4). Wild type 

HK022 phage was plated on hosts expressing wild type CI or cooperativity mutant 

proteins, FS233, RS225, +QK, and +QK-RS225 from the low copy number vector pGB2 

derivative plasmids (see Materials & Methods in chapter 2). The results are: I) hosts 

carrying either wild type Q or coop" mutants were immune to wild type HK022 phage 

superinfection; 2) the frequency of virulent HK022 phage mutants (termed voc for yirulent 

Qn cooperativity mutant) arising from the hosts with cooperativity mutant repressors was 

much higher than from a host with wild type CI; the frequency is about 10-^ for the 

strongest mutant +QK-RS225, compared to about 10"^ for wild type CI (table 5-1); 3) a 

higher virulence frequency was seen with the hosts carrying stronger cooperativity 

mutants. 

The OR region of 12 voc alleles (H39 to H54) arising from the host with coop" 

mutant +QK-RS225 were sequenced. The result indicated that all of them carried single 

ORI or OR2 mutations (Figure 5-la). There was no correlation between the plaque 
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phenotypes and the lcx:ations of the mutations. As predicted, these voc mutant phages 

grew on the host with cooperativity mutant +QK-RS225, but they did not grow on an 

HK022 lysogen (JL1877) or a host with the wild type CI carried on a plasmid 

(JL2497/pCHM57). These voc mutant phages in turn gave rise to mutants virulent on an 

HK022 lysogen at a frequency of about to 10"^, compared with 10*® for wild type 

HK022. Presumably, most of these are double mutants with changes in both ORI and 

OR2. SO cooperativity somehow prevents single ORI and OR2 mutations from being 

virulent 

Two voc mutants, H43 and H53, were selected to test their growth on hosts with 

either weak or strong cooperativity mutant repressors. Their plaque morphology is shown 

in Table 5-2. The efficiency of plating (E.OJP.) for these voc mutants was determined by 

the ratio of the number of plaques formed on a host with a cooperativity mutant repressor 

(JL2497/p-47b, JL2497/p-22, JL2497/p-30, JL2497/pCHM81) to the number of plaques 

formed on a host with no CI repressor (JL2497/pGB2) (see table 5-2). The results showed 

that these voc mutants grew well and formed small plaques on a host with the strongest 

cooperativity mutant repressor, +QK-RS225 (JL2497/pCHM81), with E.O.P. of 0.6 and 1 

for H43 and H53, respectively. However, on a host with a weak cooperativity mutant 

repressor, these voc mutants had lower E.O.P., and the plaques were tiny. In particular, 

on the host with the weakest cooperativity mutant repressor, FS233 (JL2497/p-47b), the 

plaques were too tiny to be quantified accurately. These results suggested that the voc 

mutants were able to grow on the host with cooperativity mutant repressors. However, the 

ability of these mutants to escape expression is correlated with the magnitude of the defect 

in cooperativity. 
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b. Effects of cooperativity loss on the lysis-Iysogeny decision 

The cooperativity mutants, RS225, +QK, +QK-RS225 and IL153 were crossed onto 

HK022 phage. ILI53 is a strong cooperativity mutant, as judged by in vivo P-

galactosidase assay (chapter 4). Wild type HK022 phages formed turbid plaques on 

bacterial strain JL1873. RS225 phages formed turbid plaques similar to the wild type 

phages. +QK phages gave slightly turbid plaques and +QK-RS225 phages gave almost 

clear plaques. IL153 phages formed clear plaques. Lysogens of RS225 and +QK phages 

were isolated indicating that these phages were still able to make stable lysogens. Failure in 

isolation of +QBt-RS225 and IL153 lysogens implied that with the greater loss in 

cooperativity, HK022 was not able to maintain the lysogenic state. 

5.3. Discussion 

In this work, a range of HK022 cooperativity mutant CI repressors was used to 

investigate the role of cooperativity in the HK022 lysis-lysogeny decision and immune 

response. The results indicated that loss of cooperativity destabilized the lysogenic state of 

HK022 phage and allowed HK022 phages with single OR mutations to be virulent, 

therefore suggesting that cooperativity was important for the lysogenic response and for 

phage immunity. 

Both weak and strong cooperativity mutants were crossed onto HK022, and their 

effects on the lysogenic response were tested. The phages with weak cooperativity 

mutations were still able to make a stable lysogen, while the phages carrying the strong 

mutations, +QK-RS225 and IL153 failed to make a stable lysogen. These results 

suggested that loss of cooperativity in CI destabilized the lysogenic state. The more 
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defective the Q is in cooperative binding, the more likely the phage would follow the lytic 

pathway. 

Cooperativity is expected to have two possible effects: first, it can increase the 

binding affinity of CI repressor to its operators to repress lytic genes and activate its own 

gene more efficiendy to make lysogens more stable; second, cooperativity makes the 

binding curve steeper so that the transition between the operator being occupied and free is 

more efficient, thus the transition fix)m the lysogenic state to the lytic state is more efficient. 

The results fi:om this investigation are consistent with the first expectation. However, to 

further demonstrate the second effect of cooperativity, we need to make a direct comparison 

between a non-cooperative repressor and a cooperative repressor with the same apparent 

binding affinity to ORI and OR2. 

The sequencing of the voc phage mutants selected for growth on a host with 

cooperativity mutations indicated that cooperativity mutants allowed HK022 phages with 

single OR mutations to be virulent. This result suggested that cooperative binding of 

HK022 Q can prevent HK022 phages carrying single OR mutations from being virulent, 

therefore implying one important role of cooperative binding is to prevent virulent phages 

from arising in a single step, a feature which would preclude the lysogenic lifestyle. 

This work also helped us to understand a possible role of the antivirulent element, 

OpR. A previous study indicated that OFR prevents HK022 with a single OR mutation from 

being virulent (Carlson & Littie, 1993). With wild type protein, a single OR mutation does 

not confer virulence, but it does do so when OFR is also mutant. One simple explanation is 

that cooperativity plays a role in the action of OFR. The OFR site interacts with the 

remaiiung wild type OR site through the CI repressor to repress transcription of lytic genes 

from PR. The study of voc mutants indicated that when cooperativity is abolished, OFR 
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failed to prevent the single OR mutations firom being virulent, therefore supporting this 

model. However, this result does not rule out other possible models for the action of OFR-

One alternative model is that repressor bound at OFR may act as a roadblock to 

prevent a low level of transcription of lytic genes from a partially derepressed PR promoter. 

When OR has two mutations, one each in ORI and OR2, the level of transcription from PR 

is high, OFR cannot block the high level of transcription and the lytic genes are expressed 

which results in virulence. When OR has a single mutation in ORI or OR2, and the CI 

repressor is wild type, less occupancy of OR due to the single mutation may allow a low 

level of transcription from PR. OFR can block this low level of transcription and prevent 

lytic gene expression. However, when the CI repressor is defective in cooperativity, the 

occupancy of OR would be significantiy decreased and allow a high level of transcription 

from PR. OFR can no longer block the high level of transcription, so that the lytic genes are 

expressed to make the phage virulent. The data from this investigation could not 

distinguish between the two alternative models, as described above. A future study is 

needed to be earned to elucidate the mechanism of OFR action. 
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Or2 ORI 
wUd type CCTATTGACTOTACTATCAGTTCCGTCATAATATGAACCATAAGTTCACC 

plaque moiphology 
a. voc alleles on JL1873 

H39. H40, H41 C dear 
mi dear 
m3 dear 

H44. H54 1 turbid 
H48 A fairiy turbid 
H50 A tuibid 
HSl tuibid 
H52 C fairiy turbid 
H53 tuibid 

b. vir alleles 

VH39-1-1 C dear 
VH39-1-2 C dear 
VH53-1-1 C dear 
VHS3-2-1 T dear 

Figure 5-1. Sequence of ORI and OR2 region for voc mutants and HK022 

virulent mutants. 
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Table 5-1. Virulent frequencies arising from the hosts with wild-type or 

cooperativity mutant repressors. 

hosts virulent ftequency 

HK022 lysogen in JL1873 8x10-9 

JL2497/PCHM57 (wild type CI) 2x10-9 

JL2497/P-22 (RS225) 7x10-5 

JL2497/P132 (FS233) 2x10-6 

JL2497/P-30 (+QK) 1x10-4 

JL2497/pCHM81 (+QK-RS225) 2x10-3 
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Table 5-2. Plaque morphology and efficiency of plating (E.O.P.) of voc 

mutants on strains with cooperativity mutant repressors. The plaque 

morphology described here represents the phenotypes of the majority of the plaques on the 

plates. 
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Strains voc H43 voc H53 

E.O.P. }laque morphology E.O.P. }laque morphology 

JL2497/pGB2 1 large 1 large 

(no CI) clear turbid 

IL1877 3 X 10-5 small 2x 10^ small 

(JIK022 lysogen) clear clear 

JL2497/pCHM57 2x 10-5 small 2 X 10-4 small 

(wild-type CI) clear clear 

JL2497/p-47b 0.02 very tiny 0.002 very tiny 

(FS233) 

IL2497/P-22 0.6 tiny 0.05 tiny 

(RS225) clear turbid 

JL2497/P-30 0.8 small 0.3 small 

(+0K) clear, some turbid turbid, some clear 

JL2497/pCHM81 0.9 small 1.0 small 

(+QK-RS225) clear fairly turbid, 

some clear 
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CHAPTER 6 

Other Genetic Schemes for the Isolation of Cooperativity 

Mutants in the HK022 CI Repressor 

6.1. Introduction 

Chapter 4 described a two-step genetic screening system that I used to isolate 

cooperativity mutants in the HK022 CI repressor. This genetic scheme had two related 

disadvantages: first, since it was a screen rather than a selection, there was a limitation in 

the number of mutants that could be screened; second, it was labor intensive. To solve 

these problems, two alternative schemes were developed involving only a single step of 

selection and screening in the same strain. The logic for the alternative systems was the 

same as the first genetic system using two operon fusions, an adjacent operator fusion and 

a single operator fusion. I expected that the desired cooperativity mutants would repress 

poorly the adjacent operator fusion and have the same ability to repress the single operator 

as the wild type CI repressor. In contrast to the first genetic system, the alternative systems 

were designed to put two operon fusions in one bacterial host instead of two hosts. In 

theory, these two schemes should be better than the first genetic screen, because they 

combine genetic selection and screening in one step. However, in practice, these schemes 

did not work as expected, so that I continued to use the two-step genetic screening system 

to isolate cooperativity mutants. Nonetheless, these approaches are described briefly here, 

in the hope that modifications of them may be used in the future to facilitate isolation of 

more cooperativity mutants. 
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6.2. Results and discussion 

Both alternative schemes were designed to first use a selectable maker to select for 

loss of repressor function mutants on a promoter with two adjacent operators. To 

discriminate cooperativity mutants from other repressor defective mutants, the mutants 

passing the selection would then be screened by color phenotype for wild type repressor 

function on a promoter with a single operator. 

a. Selection for resistance to chloramphenicol 

The main idea of this genetic selection for cooperativity mutants was to put two 

operon fusions in a host bacterial chromosome (figure 6-1). The first operon fusion was 

an 0R2"^RL+::CAR fusion containing two adjacent operators, C)R2 and ORI. This fusion 

was made on a plasmid and crossed onto A, as described in chapter 4 for other operon 

fusions. The second fusion was the 0R2=0Rl+::/acZ fusion used previously. Phages 

bearing the two operon fusions were lysogenized in the host JL623 to make a double 

lysogen, JL4325 (See Chapter 2, section 2.8.). This indicator strain also contains FlacPP 

to control expression of HK022 CI from a plasmid-bome lacP/0::CI fusion. lacPP 

expresses constitutive active Lac repressor which cannot be induced by the lactose present 

in the indicator plates. As indicated in figiu-e 6-1, I expected that wild type CI would 

repress OR2+ORl'^::C/ir fusion very well and make cells sensitive to chloramphenicol; 

meanwhile, the wild type CI would moderately repress the single operator fusion 

0^1=0^\^"lacZ and form white or pink colonies on MacConkey plates. Mutants with 

impaired CI function would repress the OR2+ORl+;:Ci4r fusion poorly and make cells 

resistant to chloramphenicol. To discrintiinate cooperativity mutants from other repressor 

defective mutants, the mutants passing the selection would be screened by color phenotype 

on MacConkey plates. The desired cooperativity mutants would repress the single operator 



1 4 0  

fusion, C)R2=ORl"''::/acZ, as well as the wild type CI and the cells would form white or pink 

colonies on MacConkey plates; while other loss of repressor function mutants would not be 

able to repress the single operator fusion, C)R2=ORl"^::/acZ, and the cells would form red 

colonies on MacConkey plates. So the desired phenotype for cooperativity mutants would 

be white or pink color on MacConkey chloramphenicol plates. 

To test this genetic system, plasmids carrying the wild type HK022 cl gene were 

transformed into the indicator strain, JL4325 to check chloramphenicol sensitivity and color 

phenotype on MacConkey plates. The expected phenotype for wild type CI in the indictor 

strain was white or pink color and sensitive to chloramphenicol. Both low copy number 

and high copy number plasmids carrying the HK022 cl gene were used to check which CI 

level could make a good window for mutant selection. The expected window for the 

selection and screen was: 1) a good range of chloramphenicol sensitivity for selection, so 

that the mutants would survive while wild type would die; 2) a good color range for the 

screen, so that the cooperativity mutants could be distinguished from other types of 

repressor mutants by a color phenotype. pNGC25, a pGB2 derivative plasmid (low copy 

number), expresses a low level of CI and pNGC23, a pBR322 derivative plasmid, 

expresses a high level of CI. Both plasmids were tested in the host JL4325. The host with 

pNGC25 was red on MacConkey plates and was sensitive to chloramphenicol. Red color 

indicated that the CI level was too low to repress the single operator 0R2=0R1+::/acZ 

fusion. The host with the high copy number plasmid pNGC23 formed sectored colonies 

with a mixture of white and red color on MacConkey plates. This complicated phenotype 

was not good for a genetic test. Accordingly, neither the pNGC25 nor the pNGC23 

plasmid was a good choice for this genetic system. 

To increase the level of CI further, a new indicator strain, JL4332, was made to 

replace F'lacM^ with FlacP::Tn3, so that Lac repressor could be induced by lactose in the 
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MacConkey plates; this would increase CI expression from the low copy number plasmid. 

When JL4332 was transformed with the low copy plasmid, pNGC25, the colonies were 

white and homogenous on the MacConkey plate, indicating that CI expression was high 

enough to repress the C)R2=OR1+::/acZ fusion. Thus, I found the correct window for the 

desired color phenotype. The next question was whether this level of CI was good for 

testing chloramphenicol sensitivity. To check whether there were differences in 

chloramphenicol sensitivity between the wild type CI and cooperativity mutant CI, I tested 

wild type CI from pNGC25 and some CI mutants which were known to be poor repressors 

for the 0R2'K)Rl'*"::/acZ fusion isolated from the two-step genetic screen. These mutant 

alleles were PCR-9, PCR-10, PCR-43, PCR-75, HA-112, HA-150, HA-260 and HA-266 

carried on pNGC25 derivative plasmids. A range of chloramphenicol concentrations (0.5, 

1, 2,5, 10 Hg/ml) was used. The host with the wild type CI was sensitive to 1 p.g/ml and 

higher concentration of chloramphenicol. Unexpectedly, all of the mutant repressors tested 

had the same chloramphenicol sensitivities as the wild type CI. The speculation was that 

the CAT expression from the chromosome was too low to distinguish between the 

repression by the wild type repressor and the repression by the mutant repressors. 

Therefore, the window for assaying chloramphenicol sensitivity was not good for the 

mutant selection. 

b. Selection for immunity to X 

A scheme similar to that described above was then developed using X CI repressor as 

a selective marker (figure 6-2). The adjacent operator fusion, OR2+ORl+::ArI, was carried 

on a pBR322 derivative plasmid, pCHM41 (see chapter 2 for description). The single 

operator fusion, 0R2=0R1 , was carried on a host chromosome. The HK022 cl 

gene was carried on pGB2 derivative plasmid, pNGC25. Since pBR322 and pGB2 
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derivative plasmids are compatible, they can be cotransformed. The adjacent operator 

fusion, OR2+OR1+;:ACI, was designed to select for immunity to A,. A range of A, virulent 

phages (X virs), and were used to test immunity. As described by 

Gimble & Sauer (1985), bacterial strains bearing lysogen levels of A, CI repressor are 

immune to A* infection. Strains with 14, 110, 350 and 1000 times higher concentrations 

of A, CI repressor than that found in a A, lysogen are immune to the infection of A,3*, 

A,^*, and A,®*, respectively. Therefore, these A, virulent phages can be used to test the level 

of A, CI expressed in a bacterial strain. 

As indicated in figure 6-2,1 expected that the wild type HK022 CI repressor would 

repress 0R2+0R1+::ACI well. Low (or no) expression of A, CI repressor would make cells 

sensitive to the infection by weak A virulent phages; Meanwhile, the wild type HK022 CI 

would have a moderate repressor function on the single operator fusion, C)R2=C)Rl+::/acZ, 

and show pale blue color on an X-gal plate with IPTG. This color phenotype should be the 

same as we saw from the second indicator strain in the two-step generic screen (Chapter 4). 

Mutants with impaired CI function would repress 0R2+0R1+;:ACI fusion poorly and allow 

expression of A CI. The cells would be immune to the infection of certain A, virulent 

phages. To distinguish cooperativity mutants from other repressor defective mutants, the 

mutants passing the selection would be screened by color on X-gal plates. The desired 

cooperativity mutants would repress the single operator fusion, C)R2=ORl+::/flcZ, as well as 

the wild type CI and the cells would form pale blue colonies on an X-gal plate with IPTG; 

while other loss of repressor function mutants would not be able to repress the single 

operator fusion and the cells would form blue colonies. Thus, the desired phenotype for 

cooperativity mutants was pale blue color and survival on certain A virulent phages. 



1 4 3  

To design a control to mimic the expected behavior of a cooperativity mutant, I 

reasoned that a strong cooperativity mutant HK022 CI on C)R2+0R1+::ACI would behave 

similarly to the wild type HK022 CI on a single operator fusion, C)R2=OR1+::ACI; because 

CI binding affinity for OR2 was about 6 fold weaker than that for ORI, as judged by a 

previous in vitro footprinting assay. Residual binding to a wild type template in the 

absence of cooperativity would be mostiy to ORI (Carlson & Little, 1993). Thus, by 

testing the phenotype of the wild type CI on the single operator fusion, OR2=OR1+::ACI, I 

could predict the phenotype for cooperativity mutants on the adjacent operator fusion, 

C)R2+C)R1''"::ACI. A host with 0R2=0R1+;:ACI on a pBR322 derivative plasmid (pCHM59) 

was made to test the immunity phenotype expected for cooperativity mutants. A range of X 

virs was used for the immunity test. 20 jil of each X phage (about 

10® PFU/ml) was streaked on a A, plate as indicated in figure 6-3. The different bacteria 

strains to be tested were streaked across all X phages as shown in figure 6-3. 

The results showed that a control strain with pNGC25 and without operator: :ACI 

fusion (JL3248/pNGC25) was sensitive to all phages tested. The host with pNGC25 and 

pCHM41 (0R2+0R1+::ACI fusion) was immune to X cI" and X", somewhat sensitive to X^" 

and and sensitive to and The host with pNGC25 and pCHM59 

(OR2=OR1+::ACI fusion) was immune to X cl- and X^, slightly sensitive to X^" and , 

and sensitive to X^" and X,®^, suggesting that it had a somewhat higher level of X CI. 

These results suggested that the wild type CI repressor and cooperativity mutants in the 

host carrying 0R2+0R1+::ACI fusion might have different sensitivity to X^", infection. 

To test this expectation under the conditions of selection, the strain JL3362 (with 

0^^2=OJ^l*::lacZ fusion) was cotransformed with pNGC25 and pCHM41 and then plated 

on the X plate with and proper antibiotics for selecting transformants (JL3362 could not 

be transformed with pCHM41 alone, because without repression by HK022 CI, A, CI 
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would be overexpressed from the HK022 PR promoter in pCHM41, an event found in 

other experiments to be lethal). The cotransfonnants with pNGC25 and pCHM41 were 

able to grow as colonies on the plate with These colonies were then restreaked on a 

plate with a stronger virulent phage, to test cell growth. Surprisingly, even these cells 

grew, although they were somewhat sick, on the X plate with indicating that these 

cells were making a high level of X CL Since the host with wild type HK022 CI could still 

survive on X virs, this scheme was not good for cooperativity mutant selection. 

Neither genetic schemes described in this chapter worked as expected. The major 

problem was the selection. In both schemes, I was not able to find a condition to show a 

clear distinction between cell death and growth. Under the experimental conditions, the 

cells which were expected to die still survived. Although the experiments showed that 

these cells were getting sicker with the more restricted conditions, there was no threshold 

to differentiate the cell sensitivity to the selectable markers. Therefore, neither genetic 

scheme could be used for the selection of desired mutants. 
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Figure 6-3. Immunity test. Various X phages were streaked across on a ^ plate as 

indicated by brackets. X cI" represents a X phage with inducible X CI repressor, v, 3v, 4v, 

5v and 6v represent X virulent phages, X", X^", and X^", respectively. The cells 

from three different strains were streaked across the phages in the direction indicated by 

arrows. 
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CHAPTER 7 

Effects of a Single Nucleotide Mutation in the 3'-Untranslated 

Region of HK022 cl Gene on CI Protein Levels 

7.1. Introduction 

In the process of developing the genetic scheme for isolation of cooperativity mutants 

as described in chapter 4,1 observed an interesting phenomenon that a single nucleotide 

mutation at the 3' untranslated region of HK022 cl gene affected the CI level. A simple 

explanation to this is that the mutation in the 3' untranslated region affected cl mRNA 

stability. The current working hypothesis is that the 3' untranslated region of HK022 CI 

gene forms a stem-loop stracture which stabilizes cl mRNA and that the mutation disrupts 

this structure. This work may lead to a further study of the post-transcription regulation of 

HK022 cl gene and help to understand the mechanism of cl mRNA stability. Before I 

present this work, I will briefly review smdies on mRNA stability in prokaryotes. 

7.2. mRNA stability in prokaryotes 

Gene expression in prokaryotes is often regulated by the rate of transcription, the 

stability of mRNA and the efficiency of translation. Control of mRNA stability is an 

important step in the regulation of individual gene expression (for reviews, see Alifano et 

al., 1994; Lindahl et al., 1992). Bacterial mRNA can be degraded chemically by either 

endoribonucleolytic or exoribonucleolytic attack. mRNA can be also functionally 

inactivated by non-nucleolytic processes, such as binding of a translational repressor, 

binding of anusense mRNA, or the formation of secondary structures which prevent 

initiation of translation. The non-nucleolytic processes may also influence the chemical 
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stability of mRNA in several ways: 1) specific sequences or secondary structures in the 

message can be the target sites for RNases; 2) secondary structures can block exonuclease 

activities; 3) association of mRNA with ribosomes, RNA-binding proteins or antisense 

RNAs can protect mRNA from RNase attack. 

Bacterial mRNA degradation may proceed in the 3'-5' direction as well as in 5'-3' 

direction. A few 3'-exoribonucleases, such as RNasell, PNPase have been identified to be 

involved in 3' to 5' mRNA degradation. No 5'-exoribonuclease has been identified so far. 

Several models have been proposed to explain mRNA decay in bacteria. A current model 

for 3' to 5' decay of mRNA suggests that the 3' end of mRNA may be attacked and 

subsequently degraded by 3'-exoribonucleases. However, when the 3' exoribonucleolytic 

activities are blocked by a stable stem loop structure or a stem loop structure stabilized by 

RNA binding proteins, an endoribonulease is required to attack upstream of the secondary 

structure to remove it, and 3' exoribonucleases are then able to degrade remaining mRNA 

starting at the new unprotected 3' end. Two alternative models have been proposed to 

explain mRNA decay in the 5-3' direction. One model suggests that 5' to 3' decay is 

initiated by an endonucleolytic cleavage at the ribosomal binding site (RBS) of the 5' 

untranslated region which controls translation initiation, so that translation cannot be 

initiated by freshly bound ribosomes. After the ribosomes dissociate, the unprotected 

mRNA is exposed to endonuclease attack and the cleaved mRNA fragments are 

subsequently degraded by 3' exonucleases. An alternative model for 5' to 3' mRNA decay 

suggests that an endonuclease first binds to the 5' termini of mRNA and then migrates or 

loops downstream to encounter a suitable cleavage site. The cleaved fragment is then 

degraded by 3' exonucleases. The endonuclease may bind to the 5' termini of the 

remaining mRNA and migrate or loop downstream to attack another suitable cleavage site. 

The same reactions are repeated until the mRNA is degraded. 
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The transcript of HK022 cl from PM has an unusual feature that its 5' end begins at 

the start codon, AUG, in the cl gene, and it has no upstream ribosome-binding site. 

Perhaps the 3" untranslated region of the cl transcript improves its translatability (for 

review, see Campbell, 1994; also see Shean & Gottesman, 1992, Cam et al., 1991). Cam 

et al. (1991) predicted a secondary structure for the 3' untranslated region of HK022 cl 

gene. Their study showed that a site in this structure is sensitive to cleavage by RNase HI 

in vitro. The mechanism of cl mRNA stability is still not yet understood. The work 

present here may make inroads into understanding this mechanism. 

7.3. Results 

a. A single nucleotide mutation in the 3'-untransiated region of the 

HK022 cl gene affected CI protein levels 

For cloning purposes, a Sad site was created by a point mutation (T to C) at the 

position 48 nt after the cl stop codon (see gene map in figure 7-1). To our surprise, this 

single nucleotide mutation led to more than 5 fold reduction in CI protein level, as judged 

by in vivo P galactosidase analysis and western blot using the indicator strain, JL3359 (see 

Chapter 2 for construction of JL3359 strain and Chapter 4 for using the strain as an 

indicator strain for mutant isolation. See table 7-1, and figure 7-2, lane 2 and 4 for 

results). This result suggested that the DNA sequence in the 3' untranslated region of the 

cl transcript was important for CI protein level. Since this 3'-untranslated region cannot 

affect CI protein itself, it probably somehow affects cl mRNA stability or the translation 

machinery. One simple explanation for the effect of the Sad mutation is that it either 

creates a structure or a sequence that destabilizes CI mRNA or disrupts a structure or a 

sequence that stabilizes CI mRNA. To find the cis element in the 3'-untranslated region 

which affects CI level, deletions were made to test their effects on CI level. When the 
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region from Sad to BamlU was deleted (=510 bp fragment), CI protein stayed at a low 

level like the Sad mutation indicating that the region after the cl gene is important for 

maintaining CI protein level and suggesting that all or part of the cis element lies in Sad to 

BamHl region (table 7-1, and figure 7-2, lane 5). A small deletion at the the Sad site (4 

nucleotides) was made by ligating blunt ends of the Sad site to see ±e effect This 

construct still contained the T to C mutation, but the 4 nucleotides before this mutation were 

deleted. As a result, CI level was restored (table 7-1, and figure 7-2, lane 6), indicating 

that the 4-nucleotide deletion within the Sad site somehow compensated for the defect from 

the T to C mutation. 

b. The Sad mutation also affected HK022 CI protein induction in the T7 

system 

The Sad mutation (T to C) in the 3' untranslated region of d gene also affected CI 

protein level when the transcript was made by T7 RNA polymerase. This effect was seen 

in the T7 system we use to overproduce HK022 CI protein. In this system, the gene to be 

overexpressed is fused to the T7 promoter, T7 RNA polymerase is provided by a lacP::T7 

RNAP fusion, which is induced by IPTG. When the wild type HK022 d gene and its 3' 

untranslated region (~530 bp) was cloned into the T7 expression vector pET3a, CI protein 

could be induced by IPTG to a high level as judged by SDS-PAGE electrophoresis (figure 

7-3, figure 7-4, lane 3-5). With constructs bearing the Sad site or the deleted Sad 

mutation (4 nt deletion within the Sad site), by contrast, CI protein was not induced by 

IPTG and stayed at a low level (figure 7-4, lane 6-8, 12-14). However, when the region 

from Sad to BaniHl was deleted (figure 7-3), CI protein was induced to even a higher 

level than the normal induction from pNGCll (figure 7-4, lane 9-11). This finding 

suggested that the region from Sad to BamHl somehow inhibited CI protein induction. 
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These results from the T7 system were not consistent with the results from section a. 

This may be due to different effects of the Sad mutation in the two systems, which use 

different RNA polymerases and transcription terminators. To test whether the sequence or 

the length of the region from Sad to BaniHl is important for CI induction, this region was 

replaced with a DNA fragment from X DNA. When a 651 bp of BglU. X DNA fragment 

was inserted into the deleted Sad-BaniHl region, CI protein was induced at the same level 

as the normal induction from pNGCl 1 (data not shown). This result indicated that it was 

the sequence in the Sad to BaniHl region that affected the protein induction. Since Q was 

induced with the wild tj^ sequence in this region, we infer that the T-C point mutation of 

Sad somehow makes this region insensitive to the induction. These constructs (except the 

X DNA substitution construct) in the T7 system were also used to test the CI level before 

IPTG induction using Western blots. The result is shown in figure 7-5. The highest CI 

level was observed with the Sad-BamHl deletion construct (pCHM69), and the lowest CI 

level was observed with the construct with the Sad mutation and deleted-5acl mutation 

(pCHM68 and pCHM78). This result was consistent with the result from the protein 

induction. Since the CI levels were tested before IPTG induction, the T7 polymerase was 

probably expressed only at a basal level. We do not know if the CI expression was from 

the T7 promoter or a weak coli RNAP promoter. 

c. The 3' untranslated region of the cl gene affected termination in the T7 

system 

The Sad-BamHl region after the d gene seemed also to affect termination of T7 

polymerase at the T7 terminator present in these plasmids. When the cl gene and the 3' 

untranslated region (~530 bp) was subcloned into pET3a vector, P-lactamase (Amp^ gene 

product) was also induced by IPTG along with CI protein (figure 7-4, lane 3-5). This 
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indicated that the T7 terminator did not terminate T7 polymerase efficiendy and allowed it to 

continue to transcribe the Amp^ gene. However, when the Sacl-BamtO. region was 

deleted, ^lactamase was not significantiy induced by IPTG, indicating that T7 polymerase 

now terminated at the T7 terminator efficiendy (figure 7-4, lane 9-11). 

One hypothesis to explain this is that the position of the T7 terminator affects the 

termination efficiency. If the T7 terminator is close to the end of CI gene, the T7 terminator 

will work efficiendy; if the T7 terminator is far way fi-om the end of CI gene, termination 

will not be efficient. Alternatively, T7 RNAP may be recognizing signals in the HK022 

DNA. To test these hypotheses, the HK022 sequences were replaced with a 650 bp X 

DNA fragment in the deleted SacI-BamHI site (the same construct as in section b.). In this 

construct, P-lactamase responded to IPTG induction, indicating that the T7 terminator did 

not work efficiendy (data not shown). This result supports the hypothesis that the position 

of the T7 terminator affects die termination efficiency, presumably by its distance from the 

promoter. The effect of T7 terminator location on termination efficiency has also been 

described by Macdonald et al. (Macdonald et al., 1994). 

7.4. Discussion 

In this work, I observed that a single nucleotide mutation in the 3' untranslated region 

of the HK022 cl gene affected the expression of CI protein. This finding leads to a 

speculation that a cis element, perhaps a secondary structure in the 3' untranslated region, 

affected cl mRNA stability. Studies on mRNA stability in prokaryotes have shown that a 

stem-loop structure in the 3' part of a transcript can stabilize mRNA and prevent its 

degradation by 3' exoribonuclease activities. So it is possible that the 3' untranslated 

sequence of the HK022 cl gene near the Sad site forms a stem-loop structure which 

stabilizes the cl mRNA. The Sacl mutation may destabilize the stem-loop structure so that 
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the cl mRNA is less stable. A computer analysis of the 3' untranslated sequence of the cl 

mRNA predicted a stem-loop structure near the Sad site (figure 7-6a). This structure is 

different firom the structure predicted by Cam et al. (1991). A study in our lab supported 

this model and suggested that the Sad mutation (U to C) disrupts the H-bonds between U 

and A and destabilizes the stem-loop structure (X. You & J. W. Little, unpublished data, 

figure 7-6b). You and Little's data showed that several point mutations in the 3' 

untranslated region suppressed the defects from the Sad mutation, and these point 

mutations are located in the stem of the predicted secondary stmcmre (figure 7-6d). This 

structure model also explained the phenotype from a mutant construct with a small deletion 

near Sad mutation (section 7.2. a). This 4-nucleotide mutation created new H-bonds and 

therefore compensated the H-bond loss from the Sad mutation (figure 7-6c). 

The 3' untranslated sequence of the cl gene was also shown to affect CI expression 

and induction in the T7 system, and the effects seemed to be different in the T7 system. 

This result is interesting and it may lead to a discovery of a mechanism for post-

transcriptional regulation in the T7 system. However, since the data are still limited to 

explain this observation, a future study needs to be carried out to help to discover the 

mechanism behind these results. 
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Figure 7-1. Restriction map of the HK022 cl gene in pCHM57 plasmid. 
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Table 7-1. P-galactosidase assay for clones with different mutations in the 

3' untranslated region of the cl gene using the JL3359 indicator strain. The 

plasmids listed in this table were transformed into the JL3359 strain for p-galactosidase 

assays. pNGC25 carries a wild type sequence of the HK022 cl gene and its 3' 

untranslated region. pCHM49 contains a Kpnl site created by a silent mutation at GlylSl 

in Q. pCHM57, pCHM75 and pCHM77 contains the Kpnl site and different mutations in 

the 3' untranslated region, as indicated in the table. Sad, A5acI-flamHI and A5acl 

represent the Sad mutation, the deletion from the Sad to Bam^S. site and the deletion 

within the Sad site. 
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P-gal units in JL3359 

PNGC25 ("Kpnl, -SacD 1.7 

pCHM49 C+Kpnl*, -SacI) 1.2 

pCHM57 (+KpnI, +SacI) 9.5 

pCHM75 (+KpiiI, ASacI-BamHI) 10.5 

pCHM77 (+KpnI, ASacI) 2.4 

pGB2 (no cl gene) 2000 
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Figure 7-2. Western blot analysis of the effects of 3' untranslated 

sequence of HK022 cl gene on CI protein levels. The CI levels expressed from 

the plasmids listed in table 7-1 in JL3359 strain were analyzed by a Western blot assay. 

Lane 1-6 are pGB2, pNGC25, pCHM49, pCHM57, pCHM75 and pCHM77, 

respectively. CI band is indicated. 
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Figure 7-3. HK022 cl gene in the T7 system. 
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Figure 7-4. Protein induction in the T7 system. CI protein and |3-lactamase 

levels from plasmid pNGCll, pCHM68, pCHM69, and pCHM78 before and after IPTG 

induction were assayed by SDS-PAGE electrophoresis. pNGCll carried the wild type 

sequence of the HK022 cl gene and its 3' untranslated region. pCHM68 carried a Sad 

mutation in the 3' untranslated region of the cl gene. In pCHM69, the Sad to BamHl 

region of HK022 DNA was deleted. In pCHM78, 4 nucleotides within Sad site were 

deleted. Lane 1: molecular weight marker, Lane 2: purified HK022 CI protein; Lane 3-5: 

pNGCll; Lane 6-8: pCHM68; Lane9-11: pCHM69; Lane 12-14: pCHM78. Lane 3,6, 9, 

12 are before induction; Lane 4,7, 10,13 are 2 hours after BPTG induction; Lane 5, 8, 11 

and 14 are 3.5 hours after IPTG induction. In each lane (lane 3-14), an equal amount of 

cells were loaded. 
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Figure 7-5. Western blot analysis for HK022 CI expression in the T7 

system. The CI levels expressed from plasmid pNGCll, pCHM68, pCHM69, and 

pCHM78 before induction were assayed by Western blot. Lane 1 and 2 are 2 ng and 8 ng 

of purified HK022 CI protein. Lane 3-6 are pNGCll, pCHM68, pCHM69, and 

pCHM78, respectively. In each lane, equal amounts of cells were loaded. 
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Figure 7-6. Potential secondary structures in the 3' untranslated region of 

the HK022 cl gene. Panel a: wild type sequence. Panel b: the Sad mutation as 

indicated in boxes. Panel c: deleted Sad mutation. Panel d: Sad suppressor mutations as 

indicated in boxes (You & Little, unpublished data). Lines between the nucleotides 

represent H-bonds. 
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CHAPTER 8 

Summary and Future Directions 

8.1. Summary 

In this dissertation research, I investigated cooperative binding in coliphage HK022 

and its effects on gene regulation to study the molecular basis of cooperativity. 

Specifically, I used a combination of genetics and biochemistry to study cooperative 

binding of HK022 CI repressor by analyzing the effects on cooperativity of changing either 

the DNA binding sites or the protein. 

In chapter 3, the effects of changing the spacing between HK022 adjacent operators 

ORI and OR2 on cooperative binding of HK022 CI and on the conformation of the CI-

DNA complex were examined. The spacing between operators was altered by deletion of 1 

to 9 bp or insertion of 1 to 12 bp. The highest cooperativity was observed with wild type 

spacing of 9 bp, implying that the wild type spacing confers the most favorable cooperative 

interaction. Considerable cooperativity was retained for most spacing variants, but was 

abolished when the operators lay on opposite faces of the DNA helix. Almost all spacing 

variants conferred changes in the conformation of the DNA-protein complex. We conclude 

that a protein-DNA complex involving the same specific binding sites and the same protein 

molecules can adopt many different conformations, depending on the spacing between the 

binding sites. These generalized conclusions may apply to other biological systems. 

In chapter 4, a genetic screen was developed to identify mutant HK022 CI repressors 

which are defective in cooperative binding to adjacent operators, but are normal in binding 

to a single operator. Several mutants were isolated and the mutant proteins were purified. 
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The cooperativity parameter o) for these mutant proteins were determined by in vitro DNase 

I footprinting assays. The results indicated that all of the mutants reduce cooperativity to a 

certain extent. Several double cooperativity mutants were made by combination of two 

weak mutations to test whether the mutations were independent of each other. Double 

mutants, +QK-RS225 and +QK-RG225, showed stronger cooperativity defects compared 

with the single mutants, indicating that the two mutations in each double mutant were 

independent of each other. Double mutant, 1L153-RS225 showed wild type cooperativity, 

indicating that the two mutations suppressed each other. This result may suggest that the 

region around 1153 may interact with the region around R225. The analysis of the 

cooperativity mutants in HK022 CI repressor may help us to understand cooperative 

contacts of this protein. 

In chapter 5, a range of cooperativity mutants was used to demonstrate the importance 

of cooperativity for HK022 phage immunity and the lysis-lysogeny decision. The results 

suggested two important roles of cooperativity. One is that cooperativity can help to 

stabilize lysogeny. Another role is that cooperativity is important for phage immunity. It 

can prevent HK022 phages carrying single OR mutations from being virulent, implying that 

one important role of cooperative binding is to prevent virulent phages from arising in a 

single step, a feature which would preclude the lysogenic lifestyle. 

Chapter 6 described two alternative approaches that I developed for isolation of 

cooperativity mutants. These alternative schemes were designed to improve the first 

genetic screen system as described in chapter 4. Although I was not able to use these 

alternative approaches, they provided some valuable information and modifications of them 

may be used in the future to isolate more cooperativity mutants. 
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Chapter 7 described an interesting phenomenon that a single nucleotide mutation in 

the 3' untranslated region of the HK022 CI gene affected CI level. A preliminary study on 

this was carried out to investigate the mechanism of how 3' untranslated region regulates 

HK022 cl gene expression. A hypothesis was proposed that the 3' untranslated region of 

HK022 CI gene forms a stem-loop structure which stabilizes cl mRNA and that the 

mutations disrupting the structure would make the mRNA unstable. This work may lead to 

a further smdy of the post-transcriptional regulation of the HK022 cl gene and help to 

understand the mechanism of cl mRNA stability. 

8.2. Future directions 

This dissertation research may lead to future smdies in several directions. First, more 

cooperativity mutants can be isolated to identify other amino acids in the CI repressor 

which are involved in cooperative interaction. Second, X-HK022 CI hybrids with the X CI 

N-terminal domain and the HK022 CI C-tenninal domain (or vice versa) can be made to 

study the specificity of cooperative interaction. Third, structural analysis of wild type and 

cooperativity mutant HK022 CI repressors by X-ray crystallography could be useful for 

understanding cooperative protein-protein interactions of this protein. Fourth, a further 

study of the effect of cooperativity on lysis-lysogeny decision can be carried out to directiy 

compare the efficiency of the transition from the lysogenic state to the lytic state between 

the HK022 phages carrying a non-cooperative repressor or a cooperative repressor with the 

same apparent binding affinity to ORI and OR2. The non-cooperative repressor with the 

same apparent binding affinity to ORI and OR2 as the wild type CI repressor can be made 

by using a repressor mutant with cooperativity mutations in its C-terminal domain and 

mutations which increase DNA binding affinity in the N-terminal domain. Fifth, the effect 

of loss of cooperativity on prophage induction can be investigated to understand the role of 
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cooperativity on prophage induction. Sixth, the stability of the HK022 cl gene mRNA can 

be studied to elucidate the mechanism of the post-transcriptional regulation of the HK022 cl 

gene. These future studies should be very useful for understanding the mechanisms of 

gene regulation. 



1 7 2  

References: 

Ackers, G.K., Johnsone, A.D., and Shea, M.A. (1982). Quantitative model for gene 
regulation by 1 phage repressor. Proc. Nat. Acad. Sci., USA 79, 1129-1133. 

Alifano, P., Bruni, C. B. and Carlomagno, M. S. (1994). Control of mRNA processing 
and decay in prokaryotes. Genetica 94:157-172. 

Astromoff, A. & Ptashne, M. (1995). A variant of X repressor with an altered pattern of 
cooperative binding to DNA sites. Proc. Nat. Acad. Sci., USA 92, 8110-8114. 

Beckett, D., Burz, D. S., Ackers, G. K. and Sauer, R. T. (1993). Isolation of X repressor 
mutants with defects in cooperative operator binding. Biochemistry. Vol. 32, No. 35, 
9073-9079. 

Benson, N., Adams, C. and Youderian, P. (1994). Genetic selection for mutations that 
impair the co-operative binding of lambda repressor. Mol. Microbiol. 11 (3): 567-579. 

Bolivar, F., R.L. Rodriguez, P.J. Greene, M.C. Bedach, H.L. Heynecker, H.W. Boyer, 
J.H. Crosa and S. Falkow. (1977). Construction and characterization of new cloning 
vehicles. II. A multipurpose cloning system. Gene 2:95. 

Brenowitz, M., D J. Senear, M.A. Shea & G.K. Ackers. (1988). Quantitative DNase I 
footprint titration: A method for studying protein-DNA interactions. Methods Enzymol. 
130: 132-181. 

Bumette, W.N. (1981). Anal. Biochem. 112, 195-203. 

Burz, D. S. and Ackers, G. K. (1994). Single-site mutations in the C-terminal domain of 
baaeriophage 1 cl repressor alter cooperative interactions between dimers adjacentiy bound 
to OR. Biochemistry. Vol. 33, 8406-8416. 

Cam, K.M., Oberto, J., and Weisberg, R.A. (1991). The early promoters of bacteriophage 
HK022: contrasts and similarities to other lambdoid phages. J. Bacteriol. 173,734-740. 

Campbell, A. (1994). Comparative molecular biology of lambdoid phages. Anna. Rev. 
Microbiol. 48: 193-222. 

Carlson, N.G. and Littie, J.W. (1993). A novel antivirulence elements in the temperate 
bacteriophage HK022. J. Bacteriol. 175, 7541-7549. 

Carlson, N.G. and Littie, J. W. (1993). Highly cooperative DNA binding by the coliphage 
HK022 repressor. J. Mol. Biol. 230, 1108-1130. 

Carlson, N.G. 1992. Characterization of the repressor from the lambdoid phage HK022. 
Ph.D. Dissertation, University of Arizona. 

Carra, J.H. and R J. Schleif. (1993). Variation of half-site organization and DNA looping 
by AraC protein. EMBO J. 12: 35-44. 



1 7 3  

Casas-Fiet, J.R., Fischer, K.R. and Karpel, R.L. (1992). Structural basis for the nucleic 
acid binding cooperativity of bacteriaophage T4 gene 32 protein: The (Lys/Arg)3(SerATir)2 
(LAST) motif. Proc. Nat. Acad. Sci., USA Vol 89, 1050-1054. 

Chen, P., and Reitzer, L.J. (1995). Active contribution of two domains to cooperative 
DNA binding of the enhancer-binding protein nitrogen regulator I (NtrC) of Escherichia 
coli: Stimulation by phosphorylation and the binding of ATP. J. Bacterial. Vol. 177, No. 
9, 2490-2496. 

Cheng, H.H., Muhlrad, P.J., Hoyt, M.A., and Echols, H. (1988). Cleavage of the cII 
protein of phage 1 by purified IKIA protease: Control of the switch between lysis and 
lysogeny. Proc. Nat. Acad. Sci., USA 85, 7882-7886. 

Churchward, D.B. and Nagamine, Y. (1984). pSClOl-derived plasmid which shows no 
sequence homology to other commonly used cloning vectors. Gene 31,165-171, 

Dhillon, T.S., and Dhillon, E.K. (1976). Temperate coliphage HK022. Clear plaque 
mutants and preliminary vegetative map. Jpn. J. Microbiol. 20, 385-396. 

Diamond, M.I., J.N. Miner, S.K. Yoshinaga and K.R. Yamamoto. (1990). Transcription 
factor interactions: selectors of positive or negative regulation from a single DNA element. 
Science 249: 1266-1272. 

Drew, H.R., McCall, M.J. & Calladine, C.R. (1990). New approaches to DNA in the 
crystal and in solution. In N.R. Cozzarelli & J.C. Wang (Eds.). DNA topology and its 
biological effects (pp. 1-56). Cold Spring Harbor, NY: Cold Spring Harbor Laboratory 
Press. 

Dimn, T., S. Hahn, S, Ogden and R. Schleif. (1984). An operator at -280 base pairs that 
is requir^ for repression of araBAD operon promoter: Addition of DNA helical turns 
between the operator and promoter cyclically hinders repression. 
Proc.NatlAcad.Sci.U.SA. 81: 5017-5020. 

Echols, H. 1986. Multiple DNA-protein interactions governing high precision DNA 
transactions. 5c/e/zce 233: 1050-1056. 

Ellenberger, T.E., C.J. Brandl, K. Struhl and S.C. Harrison. (1992). The GCN4 basic 
region leucine zipper binds DNA as a dimer of uninterrupted a helices: Crystal structure of 
the protein-DNA complex. Cell 71:1223-1237. 

Gaston, K., A. Bell, A. Kolb, H. Buc and S. Busby. (1990). Stringent spacing 
requirements for transcription activation by CRP. Cell 62: 733-743. 

Gimble, F.S. and R.T. Sauer. (1985). Mutations in bacteriophage X repressor that prevent 
RecA-mediated cleavage./jBacrerio/. 162:147-154. 

Goodman, S.D. and Nash, H.A. (1989). Functional replacement of a protein-induced 
bend in a DNA recombination site. Nature 341: 251-254. 



1 7 4  

Goodman, S.D., Nicholson, S.C. and Nash, H.A. (1992). Deformation of DNA during 
site-specific recombination of bacteriophage X: Replacement of IHF protein by HU protein 
or sequence-directed bends. ProcIiatlAcadSciXJ.SA. 89: 11910-11914. 

Green, S. (1993). Promiscuous liaisons. Nature 361:590-591. 

Gussin, G., Johnson, A., Pabo, C, and Sauer, R. (1983). Lambda H. In R. W. Hendrix, 
J. W. Roberts, F. W. Stahl, and R. A. Weisberg, eds. (Cold Spring Harbor, New York: 
Cold Spring Harbor Laboratory), pp 93-121. 

Hochschild, A. and M. Ptashne. (1986). Cooperative binding of X repressors to sites 
separated by integral turns of the DNA helix. Cell 44:681-687. 

Hochschild, A. and Ptashne, M (1988). Interaction at a distance between X repressors 
disrupts gene activation. Nature Vol. 336, 353-357. 

Hochschild, A., N. Irwin and M. Ptashne. (1983). Repressor structure and the mechanism 
of positive control. Cell 32: 319-325. 

H0lst, B., L. S0gaard-Andersen, H. Pedersen and P. Valentin-Hansen. (1992). The 
CAMP-CRP/CytR nucleoprotein complex in Escherichia coli: Two pairs of closely linked 
binding sites for the cAMP-CRP activator complex are involved in combinatorial regulation 
of the cdd promoter. EMBO /.II: 3635-3643. 

Irwin, N. and M. Ptashne. (1987). Mutants of the catabolite activator protein of 
Escherichia coli that are specifically deficient in gene-activation function. 
ProcIfatlAcad.Sci.U.SA. 84: 8315-8319. 

Jiang, J., C.A. Rushlow, Q. Zhou, S. Small and M. Levine. (1992). Individual dorsal 
morphogen binding sites mediate activation and repression in the Drosophila embryo. 
EMBO J. 11: 3147-3154. 

Johnson, A.D., B.J. Meyer and M. Ptashne. (1979). Interactions between DNA-bound 
repressors govern regulation by the X phage repressor. Proc.NatlAcad.Sci.USA 76: 
5061-5065. 

Jordan, S.R. and C.O. Pabo. (1988). Structure of the lambda complex at 2.5 A resolution: 
Details of the represser-operator interactions. Science 242: 893-899. 

Klemm, J. D. and Pabo, C. O. (1996). Oct-l POU domain-DNA interactions: cooperative 
binding of isolated subdomains and the effects of covalent linkage. Genes & Dev. 10: 27-
36. 

Klenmi, J. D., Rould, M. A., Aurora, R., Herr, W. and Pabo, C. O. (1994). Crystal 
structure of the Oct-l POU domain lx)und to an octamer site: DNA recognition with 
tethered DNA-binding modules. Cell. Vol 77, 21-32. 



1 7 5  

Kliewer, S.A., K. Umesono, DJ. Mangelsdorf and R.M. Evans. (1992). Retinoid X 
receptor interacts with nuclear receptors in retinoic acid, thyroid hormone and vitamin D3 
signalling. Nature 355:446-449. 

Kobayashi, N., Boyer, T. G. and Berk, A. J. (1995). A class of activation domains 
interacts directly with TFIIA and stimulates TFIIA-TFIID-promoter complex assembly. 
Mol. Cell. Biol. 15, 6465-6473. 

Koblan, K.S. and G.K. Ackers. (1991). Cooperative protein-DNA interactions: effects of 
KQ on lambda cl binding to OR. Biochemistry 30:7822-7827. 

Koblan, K.S. and G.K. Ackers. (1992). Site-specific enthalpic regulation of DNA 
transcription at bacteriophage lambda OR. Biochemistry 31:57-65. 

Kramer, H., Niemoller, M., Amouyal, M., Revet, B., Von Wilcken-Bergmann, B., & 
Miiller-Hill, B. (1987). Lac repressor forms loops with linear DNA carrying two suitably 
spaced operators. EMBO J. 6, 1481-1491. 

Lai, J.-S., M.A. Cleary and W. Herr. (1992). A single amino acid exchange transfers 
VP16induced positive control from the Oct-1 to the Oct-2 homeo domain. Genes Dev. 6: 
2058-2065. 

Law, S.M., Bellomy, G.R., Schlax, P.J., & Record, M.T., Jr. (1993). In vivo 
thermodynamic analysis of repression with and without looping in lac constructs. Estimates 
of free and local lac repressor concentrations and of physical properties of a region of 
supercoiled plasmid DNA in vivo. J. Mol. Biol. 230, 161-173. 

Leung, D.W., Chen, E., and Goeddel, D.V. (1989). A method for random mutagenesis of 
a de^ed DNA segment using a modified polymerase chain reaction. Technique-A Journal 
of Methods in CeU and Molecular Biology. Vol. 1, No. 1, pp 11-15. 

Lieberman, P.M. and Berk, A.J. (1994). A mechanism for TAFs in transcriptional 
activation: activation domain enhancement of TFUD-TFIIA-promoter DNA complex 
formation. Gene. & Dev. 8, 995-1006. 

Lindahl, L. and Hinnebusch, A. (1992). Diversity of mechanisms in the regulation of 
translation in prokaryotes and lower eukaryotes. Curr. Opin. Gene.& Dev. 2(5): 720-726. 

Little, J.W. (1984). Autodigestion of lexA and phage lambda repressors. 
ProcJ^atlAcad.Sci.U.SA. 81: 1375-1379. 

Littie, J.W. and Mount, D.W. (1982). The SOS regulatory system of Escherichia coli. Cell 
29, 11-22. 

Luisi, B.F., W.X. Xu, Z. Otwinowski, L.P. Freedman, K.R. Yamamoto and P.B. Sigler. 
(1991). Crystallographic analysis of the interaction of the glucocorticoid receptor with 
DNA. Nature 352:497-505. 



1 7 6  

Macdonald, L.E., Durbin, R.K., Dunn, J.J. and McAllister, W.T. (1994). 
Characterization of two types of termination signal for bacteriophage T7 RNA polymerase. 
/. Mol. Biol 238: 145-158. 

Mao, C, Carlson N.G., and Littie, J.W. (1994). Cooperative DNA-protein interactions. 
Effects of changing the spacing between adjacent binding sites. J. Mol. Biol. 235(2): 532-
544. 

Martin, K., L. Huo and R.F. Schleif. (1986). The DNA loop model for ara repression: 
AraC protein occupies the proposed loop sites in vivo and repression-negative mutations lie 
in these same sites. ProcNatlAcad.Sci.U.SA. 83: 3654-3658. 

McGhee, J.D. and P.H. Von Hippel. (1974). Theoretical aspects of DNA-protein 
interactions: cooperative and non-cooperative binding of large ligands to a one-dimensional 
homogeneous lattice. JMolBiol. 86: 469-489. 

Miller, JJI. (1972). Experiments in Molecular Genetics (Cold Spring Harbor, New York: 
Cold Spring Harbor Laboratory). 

Oberto, J., Clerget, M., Ditto, M., Cam, K. and Weisberg, R. A. (1993). Antitermination 
of early transcription in phage HK022: Absence of a phage-encoded antitermination factor. 
J. Mol. Biol. 229, 368-381. 

Oberto, J., Weisberg, R. A. and Gottesman, M. E. (1989). Structure and function of the 
nun gene and the immunity region of the lambdoid phage HK022. /. Mol. Biol. 207,675-
693. 

Oertel-Buchheit, P., Schmidt-Dorr, T., Granger-Schnarr, M., & Schnarr, M. (1993). 
Spacing requirements between LexA operator half-sites can be relaxed by fusing the LexA 
DNA binding domain with some alternative dimerization domains. J. Mol. Biol. 229,1-7. 

Pan, D. and A.J. Courey. (1992). The same dorsal binding site mediates both activation 
and repression in a context-dependent manner. EMBO J.W: 1837-1842. 

Pedersen, H., L. Sogaard-Andersen, B. H0lst and P. Valentin-Hansen. (1991). 
Heterologous cooperativity in Escherichia coli. The CytR repressor both contacts DNA and 
the CA>^ receptor protein when binding to the deoP2 promoter. JMiol.Chem. 266: 
17804-17808. 

Pomerantz, J.L., T.M. Kristie and P.A. Sharp. (1992). Recognition of the surface of a 
homeo domain protein. Genes Dev. 6: 2047-2057. 

Ptashne, M. A Genetic Switch: Phage X and Higher Organisms, Cambridge, MA:CeU 
Press and Blackwell Scientific Publications, 1992.2nd edition. 

Richet, E., D. Vidal-Ingigliardi and O. Raibaud. (1991). A new mechanism for 
coactivation of transcription initiation: Repositioning of an activator triggered by the 
binding of a second activator. Cell 66: 1185-1195. 



1 7 7  

Robert, J., Sloan, S. B., Weisberg, R. A., Gottesman, M. E., Robledo, R. and 
Hari^recht, D. (1987). The remarkable specificity of a new transcription termination factor 
suggests that the mechanisms of termination and antitermination are similar. Cell 51,483-
492. 

Roberts, J.W. and Devoret, R. Lysogenic Induction. In: Lambda II, edited by Hendrix, 
R.W., Roberts, J.W., Stahl, F.W. and Weisberg, R.A. Cold Spring Harbor, NY: Cold 
Spring Harbor Laboratory, 1983, p. 123-144. 

Robledo, R., Gottesman, M.E. & Weisberg, R.A. (1990). X, nutR mutations convert 
HK022 Nun protein from a transcription termination factor to a suppressor of termination. 
/. Mol. Biol. 212, 635-643. 

Sellers, J.W., A.C. Vincent and K. Struhl. (1990). Mutations that define the optimal 
half-site for binding yeast GCN4 activator protein and identify an ATF/CREB-like 
repressor that recognizes similar DNA sites. MoLCell Biol. 10: 5077-5086. 

Senear, D J. and R. Batey. (1991). Comparison of operator-specific and nonspecific DNA 
binding of the lambda cl repressor: [KCl] and pH effects. Biochemistry 30: 6677-6688. 

Shea, M.A. and Ackers, G.K. (1985). The OR control system of bacteriophage lambda: A 
physical-chemical model for gene regulation. J. Mol. Biol. 181,211-230. 

Shean, C.S. and Gottesman, M.E. (1992). Translation of the prophage lambda cl 
transcript. Cell. 70(3): 513-22. 

Sheldon, M. and Reinberg, D. (1995). Transcription activation. Tuning-up transcription. 
Curr. Biol. 5, 43-46. 

Simons, R.W., Houman, F., and Kleckner, N. (1987). Improved single and multicopy 
/ac-based cloning vectors for protein and operon fussions. Gene 53, 85-96. 

Sloan, S. B. & Weisberg, R. A. (1993). Use of a gene encoding a suppressor tRNA as a 
reporter of transcription: analyzing the action of the Nun protein of bacteriophage HK022. 
Proc. Nat. Acad. Sd.. USA 90, 9842-9846. 

Smith, Di. and A.D. Johnson. (1992). A molecular mechanism for combinatorial control 
in yeast: MCMl protein sets the spacing and orientation of the homeodomains of an alpha 2 
dimer.Ce//68: 133-142. 

Smith, T.L. and Sauer, R.T. (1995). P22 Arc repressor: Role of cooperativity in 
repression and binding to operators with altered half-site spacing. J. Mol. Biol. Vol. 249, 
729-742. 

Somers, W.S. and S.E.V. Phillips. (1992). Crystal structure of the met repressor-operator 
complex at 2.8 A resolution reveals DNA recognition by B-strands. Nature 359: 387-393. 

Studier, F.W.. Rosenberg, A.H., Dunn, J.J., and Dubendorff, J.W. (1990). Use of T7 
RNA polymerase to direct expression of cloned genes. In Method in Enzymology, Vol. 



1 7 8  

185. Gene expression technology. D.V. Goeddel, ed. (San Diego, CA: Academic Press), 
pp. 60-89. 

Tsai, S.Y., Tsai, M.-J. and O'Malley, B.W. (1989). Cooperative binding of steriod 
hormone receptors contributes to transcrpitional synergism at enhancer elements. Cell 71, 
437-450. 

Tucker, P.A., Tsemoglou, D., Tucker, A.D., Coenjaerts, F.E.J., Leenders, H. and Van 
der Vliet, P.C. (1994). Crystal structure of the adenovirus DNA binding protein reveals a 
hook-on model for cooperative DNA binding. EMBO. Vol. 13, no. 13,25^4-3002. 

Umesono, K. and R.M. Evans. (1989). Determinants of target gene specificity for 
steroid/thyroid hormone receptors. Cell 57:1139-1146. 

Valenzuela, D. and Ptashne, M. (1989). P22 repressor mutants deficient in co-operative 
binding and DNA loop formation. EMBO Vol. 8, No. 13,4345-4350. 

Vossen, K.M., Stickle, D.F. and Fried, M.G. (1996). The mechanism of CAP-lac 
repressor binding cooperativity at the E. coli lactose promoter. J. Mol. Biol. Vol. 255,44-
54. 

Whipple, F.W., Kuldell, N.H, Cheatham, L.A. and Hochschild, A. (1994). Specificity 
determinants for interaction of 1 repressor and P22 repressor dimers. Genes & Dev 8 (10): 
1212-1223. 

Yokomori, K., Zeidler, M.P., Chen, J.-L, Verrijzer, P., Mlodzik, M. and Tjian, R. 
(1994). Drosophila TFIIA directs cooperative DNA binding with TBP and mediates 
transcriptional activation. Gene. & Dev. 8,2313-2323. 


