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ABSTRACT

The lambdoid coliphage HK022 can grow in either a lytic or lysogenic mode
following infection. In}... phage the switch to either mode is controlled by the cI and
Cro repressors which bind to operators in the A chromosome and regulate gene
expression of adjacent promoters. HK022 is organized similar to A, but has its own
unique repressors and operators which are different from A. The major goal of this
research was to characterize the properties of the CI repressor from HK022 to
understand better how this protein regulates gene expression.
Seven sites in HK022 with similar nucleotide sequences were identified by
DNase I footprinting analyses as CI binding sites. Six were clustered in two groups of
three, 0LI-OL3 (Qperator left) and 0RI-OR3 (Qperator right), while the remaining site
0PR (operator far right), was alone.

The positions of these sites on the HK022

chromosome from left to right was 0LI-OL3, eI, 0R3-0RI, ero, and OPR'
CI bound to adjacent operators, 0RI and 0R2, with a high degree of
cooperativity (cooperativity parameter, w, of about 2000). When only a single site was
present (as with 0FR), the repressor also increased the affinity for adjacent non-specific
DNA sites resulting in a "phased" pattern of binding.
CI binding sites were defined as operators by analyses of virulent phage
mutants, which were able to escape CI repression and grow on a lysogen. The vast
majority of virulent mutants contained 2 mutations in OR' with single mutations in 0RI

14

and OR2, suggesting that mutations in both sites are required to overcome the high
degree of cooperativity. However, one mutant contained only a single mutation in OR
and a second mutation in the distant site, 0PR. When the single OPR mutation was
recombined with a Wild-type OR' the resulting phage was not virulent, but virulent
mutants arose from it at a high frequency by acquiring a single mutation in either OR!
or OR2. The mechanism of action by OPR is not understood.
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CHAPTER 1

Introduction

Overview
Since the concentrations of many proteins in the cell are controlled at the level
of transcription, gene regulation often plays important roles in various fundamental
biological processes such as development, cancer and neural plasticity. It is therefore
essential to have an understanding of both the regulatory circuitry as well as the
molecular mechanisms responsible for changes in gene regulation.
Simple systems such as the bacteriophage A were originally examined as
models for understanding basic principles of gene regulation.

Studies of gene

regulation in A over the past 25 years have proved useful for beginning to understand
different strategies of regulatory circuitry as well as illustrating basic mechanisms of
gene regulation. This biological system has been particularly powerful because it is
amenable to study by both genetic and biochemical analyses.

Furthermore, A has

several different stages in its life-cycle, such as lytic growth, lysogeny and prophage
induction, and all of these are controlled at the level of gene regulation by what has
been called the "genetic switch" (Ptashne, 1987).
In this investigation, I studied gene regulation in a related phage, HK022,
which has a genetic switch that differs in some characteristics from that of A. The

16

goal of my research was to identify and characterize these differences.
My initial analysis suggested that HK022 repressor bound its operators with
a higher degree of cooperativity than that of A.

Cooperative binding plays an

important mechanistic role in the gene regulation circuitry of A (see below) and other
lambdoid phages. In cooperative binding, presence of one protein molecule on a
DNA site increases the affinity with which a second protein molecule binds to an
adjacent site. The magnitude of the increase in affinity conferred by an adjacent
bound protein is termed the cooperativity parameter, or w. For A CI repressor which
binds to each operator as a dimer (Jordan and Pabo, 1988), the value of w for dimers
bound to adjacent operator sites ORI and OR2 is about 50-300 (Johnson 1979, Koblan
and Ackers 1992, Senear and Batey, 1991). For HK022 CI, this value appeared to
be even higher, and this difference led to the detailed analysis of cooperativity
described below.
Cooperative DNA binding of proteins to DNA is also important in other
biological processes. An increasingly common theme in biology is the assembly of
mUlti-protein complexes or protein machines at specific sites on DNA.

These

nUcleoprotein complexes play crucial roles in processes such as transcription, DNA
replication, and site-specific recombination (Echols, 1986), increasing the specificity
and fidelity of these processes.

Although most of the energy that stabilizes such

complexes probably arises from protein-DNA contacts, protein-protein contacts often
contribute as well. A simple and relatively well-defined example of a multi-proteinDNA complex is one of cooperative binding of specific DNA-binding proteins such

17

as the phage repressors.

Examples of cooperative binding for transcriptional

regulatory proteins from eukaryotes include the glucocorticoid receptor (w ::::: 100;
Tsai et al. 1989) and heat-shock transcription factor (w ::::: 2000; Xiao et al. 1991).
A value of w ::::: 2000 observed for HK022 CI in this dissertation makes this one of
the highest values observed for a specific DNA binding protein. This feature, along
with the relative ease of doing genetics and biochemistry in prokaryotes, makes
HK022 CI a good system for studying cooperativity.
Studies of such features should enhance our understanding of mechanisms
involved in gene regulation. Before making any comparisons between lambda and
HK022, I will first describe the well characterized genetic switch in A.

The Genetic Switch in bacteriophage A
Following infection of E. coli, A can follow one of two fates. The first is
called the lytic pathway, where the infected cell is lysed, and a burst of new phage
is released. The second fate is the lysogenic pathway, which involves repression of
the lytic genes and integration of the phage DNA into the E. coli chromosome.
Phages capable of both lytic and lysogenic growth are termed temperate.

The

integrated phage DNA, termed the prophage, can be maintained indefinitely in the cell
as a lysogen. The prophage can be induced to enter the lytic pathway by treatments
such as UV-irradiation, that lead to inactivation of repressor. The switch to the lytic
cycle has been referred to as the "genetic switch" (Ptashne, 1987).
The principal components of the genetic switch in A are the phage-encoded
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repressors CI and Cro (see Figure 1-1). CI is responsible for the establishment and
maintenance of lysogeny by repressing synthesis of Cro and the genes involved in the
lytic pathway.

When CI is expressed in a lysogen, it also confers immunity to

infection by other A phage. Cro promotes entry into the lytic cycle by repressing
synthesis of the CI repressor later in infection. CI and Cro compete against each
other in committing the phage to either the lytic or lysogenic pathway.

After

commitment, only one of these repressors can prevail. The circuitry of the switch is
such that when CI wins, it continues to win out over Cro. Likewise, when Cro wins
out over CI, it will continue to win out. From a mechanistic standpoint, this winning
out by each repressor is accomplished using three essential features. The first is the
differential intrinsic affinities of the repressors for their binding sites on the phage
DNA, the operators. The second is the cooperative binding by CI, which improves
its binding affinity to adjacent operators and helps to make the switch more sensitive
to small changes in repressor concentration. Cro binding is not cooperative. The
third is the ability of CI but not Cro to activate cI transcription at a promoter called
PM (named

promoter for maintenance of lysogeny).

Differential occupancy of

operators by either CI or Cro serves either to repress or activate the key promoters
PL , PR, or PM (see below).

The operators that CI and Cro bind are clustered in two regions called OR and
OL (see Figure 1-2).

Each of these regions contain three operators designated

0Rl,OR2,OR3 and 0Ll,OL2,OL3 respectively. The operators in OR control expression

from two promoters, the rightward promoter PR which drives Cro synthesis and the

Figure 1-1

Schematic representation of the lysis-lysogen

decision for A..

conuni tment to either the lytic or lysogenic

pathway results from a competition between the Cro and CI
repressors.

The uncommitted phase of growth is shown in the

top two lines.

Transcription initially occurs at P L and P R

(transcripts are depicted by arrows)
second

line,

the

and as shown in the

A. N protein allows antitermination of

transcription, allowing transcription of downstream genes.
The bottom two

lines show the results which occur from

commitment to either the lytic or lysogenic response.

For

the lytic response, Cro repressor wins out and represses P L
and PM (shown by
out

and

JL).

represses

PL

For the lysogenic response, CI wins
and

PR while

synthesis from Pr.\ (shown by J.).

acti vating

its

own

19

The lysis-lysogeny decision for lambda

-<l
--t>
em N el ero en

~~"

eDt N cJ ero en

..

COMMITMENT

/~

Lytic response

Lysogenic response

20

leftward promoter PM' responsible for CI synthesis. The operators in OL control
expression of a leftward promoter PL, the promoter responsible for synthesis of the
lambda N protein, which in turn is required for expression of genes downstream of
P L and PRo CI and Cro compete for these operators.
The main site for control is OR' at which each repressor has differing affinities
for particular operators (for reviews, see Ptashne 1987;Gussin et al., 1983). CI binds
the operators in OR in the following order of affinities, OR1 >OR2::::::0R3, while the
affinity of Cro is OR3 > OR2 :::::: OR 1. The consequences of these binding affinities to
the various operators by the two repressors is summarized in Figure 1-3. CI binds
cooperatively to adjacent operators, but Cro does not. Cooperative DNA binding by
CI helps to increase the affinity to two adjacent sites OR1 and OR2, and also causes
these sites fill up together. The consequence of this binding is two-fold. First, it
serves to activate PM (the promoter responsible for maintenance of lysogeny), which
stimulates CI repressor synthesis; second, it represses the lytic promoter PR, stopping
Cro synthesis.

Cooperativity allows CI to bind to OR1 and OR2 at lower

concentrations, thus favoring lysogeny. At higher CI concentrations, OR3 is also
bound, and PM is repressed.

This helps to maintain CI at a constant level.

Cro

repressor initially binds to OR3 and represses PM. At higher Cro concentrations it
represses its own synthesis by binding OR2 and OR 1.
Factors which influence the level of CI help to set the switch. After infection
two other phage encoded proteins CII, and CIII, determine whether enough CI can be
made to allow lysogeny. CII activates a promoter to the right of ero termed Pn (for

Figure 1-2.

A organization.

A portion of the

A chromosome

is depicted as a solid bar with the various genes shown
above.

Regions for both

OR

and

showing the separate operators.

0L

are expanded below,

Transcripts originating

from P R, P L, P E and PM are shown as dashed lines with arrows
at the ends.
repression at

Transcripts from PR and PM are subject to
OR'

repression from

while transcripts from PL are subject to

0L.
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Figure 1-3.

Binding of Cro and CI to OR in

A.
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~stablishment

of CI synthesis) (see Figure 1-4) and CIII stabilizes CII from

degradation by the E. coli protease Hfl (Cheng et al., 1988). Mutations that inactivate
either eI, ell, or clII cause the phage to enter the lytic pathway, since initially after
infection, there is not enough CI present to stimulate synthesis from PM.
Induction of a prophage occurs when the CI repressor is proteolytica11y
inactivated in a reaction mediated by the E. coli protein RecA, which becomes
activated in response to DNA damage. Induction of A lysogens by DNA-damaging
UV-irradiation was first described nearly forty years ago by Andre Lwoff (1953).
Cooperative binding by CI allows induction to occur with a small decrease in
repressor concentration because the binding curve (percent of operators bound versus
repressor concentration) is sigmoidal and steeper. Therefore, a smaller fraction of the
repressor needs to be cleaved for derepression of PR to take place, resulting in lytic
growth.

Other lambdoid phages.
Other phages such as 434,

~

80 and 21 that are related to A in both their life-

styles and genetic organization, are called lambdoid phages (see Campbell and
Botstein, 1983). These phages have their own repressors and cognate operators,
making them heteroimmune to each other.

Because of their related genetic

organization, these phages are capable of forming functional hybrids. With most
hybrids, P22 being the exception, the immunity and regulation in regards to CI would
all be contained in the immunity region comprising the eI and cro genes as well as

~t

Figure 1-4.

Organization of HK022 and A phages in the

immunity regions.

The organization of the genes for HK022

is shown at the top, with the P L and
The analogous region for

A is

P~,!PR

regions expanded.

shown below.
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and OL regions.

Each lambdoid phage should also have its own genetic switch.

However, components of the switch in these other lambdoid phages may display
slightly different properties. Phage such as the Salmonella phage P22 (Suskind and
Youderian, 1983) and coliphage 4>80 (T. Ogawa and H. Ogawa, 1988a) share a
similar genetic organization with A in their immunity regions and make repressors that
are also thought to have cooperative binding. P22 has also evolved an additional level
of control by having an anti-repressor (Arc) which inhibits the repressor, and another
protein, Mnt which controls expression of Arc (see Suskind and Youderian, 1983).
Although cooperativity has not been measured for these other repressors, cooperativity
for P22 C2 repressor (the analog to A CI repressor for P22) was qualitatively similar
to A CI repressor (Poteete and Ptashne, 1982). From the initial analyses described
below, HK022 CI appeared to bind DNA with a very high degree of cooperativity.
This feature initially stimulated my interest in HK022.

HK022 has not been as

extensively studied as A. In the next section I will briefly review what is known about
this phage.

HK022
The lambdoid phage HK022 was first discovered in Hong Kong 20 years ago
by T.S. Dhillon and KS. Dhillon (1972), thus the designation of "HK". It is a
temperate coliphage which shares similarity with other lambdoid phages in several
respects. As with lambda, HK022 lysogens are UV-inducible (Dhillon et al., 1976).
HK022 appears to have a similar genetic organization since it can also form hybrid
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phages with A (R. Weisberg, personal communication) and other lambdoid phages
such as cp80 (Dhillon et al., 1981a). The site of integration for HK022 is different
from lambda and is near the pyrD gene on the E. coli chromosome (Dhillon, 1981b).
The receptor on the cell surface recognized by HK022 is encoded by the tonA. gene
from E. coli (Dhillon, et al., 1976).
HK022 is heteroimmune to other characterized lambdoid phage, since it is
able to form plaques on lysogens of these phage (Dhillon et al., 1980). This means
that HK022 has its own unique repressors and operators. Recent investigations have
focused on the unusual characteristic of HK022 lysogens to exclude phages 434 and
A from infection. This property is due to the product of the HK022 nun gene which
is expressed in HK022 lysogens and acts as a transcriptional terminator at or near Ndependent anti-termination sites (nut sites) in A (Robert et al., 1987). Termination by
Nun is sensitive to mutations in host genes nusA, nusB and nusE (Robert et al., 1987,
Robledo et al., 1991) and nusG (Sullivan and Gottesman, 1992). The role of Nun in
HK022 biology is not known, but the mill gene is not essential for the phage to grow
(Robert et al., 1987; Oberto et al. 1989).
The immunity region of HK022 is organized similarly to other lambdoid
phages as judged from sequence analysis (Gberto et al.,1989). HK022 candidate
genes for both cro and cI as well as control regions OL (PJ and OR (PR/Pt,J were
identified and, when compared to A as in Figure 1-4, the organization of this region
appears quite similar between these two phages.
The open reading frame for CI encodes a protein of 208 amino acids which is
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similar to other phage-encoded repressors (Oberto et al., 1989). This similarity was
observed both in the amino-terminal region of the protein, which could contain the
helix-turn-helix DNA binding motif as seen with A and 434 CI repressors, and in the
carboxyl-terminal region, which has been shown to be involved in RecA-mediated
cleavage of phage repressors (Little, 1991). Observations that this open reading frame
can confer immunity to superinfection (Oberto et al. 1989) and that a change at
position 163 in the predicted protein sequence render HK022 lysogens thermoinducible (cItsI2, isolated by Dhillon and Dhillon, 1976) provided additional evidence
that this is the cI repressor gene for HK022.

Subsequent in vitro transcription

analyses with purified HK022 CI and DNA templates revealed that low concentrations
of CI cause repression of PR and activation of PM, while higher CI concentrations
caused repression of PM (Cam et al. 1991).
Sequence analysis of the immunity region from HK022 also revealed a likely

ero gene for this phage (Oberto et al.,1989). This gene was presumed to be the ero
gene based on its location and direction of transcription relative to ero in other
lambdoid phages. Also, the gene would encode a protein about the same size of other
Cro repressors and the open reading frame would encode a protein showing homology
with other Cro repressors in the DNA-binding region known as the helix-turn-helix
(Oberto et aI., 1989). There is a high degree of conservation in what would be

Ci-

helix 3 (the DNA specificity helix) of the helix-turn-helix region for both the cI and
cro genes from HK022 where 6 of the 9 amino acids are identical in these two genes
(see Figure 1-5). This high conservation in the putative specificity helices suggests
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that these two repressors may have very similar DNA binding specificities as would
be expected by analogy with A.
Potential operators for OR and OL regions were identified as 15 bp inverted
repeats which share similarity to each other. HK022 differs slightly in the OR region
from most lambdoid phage in two respects.

First, the potential operators are not

uniformly spaced, with 9 bp between ORI and OR2 and 18 bp between OR2 and OR3;
of other lambdoid phages examined, only <1>80 also shows this asymmetric spacing
(Ogawa et al, 1988b). Second, the DNA sequence is the same for OR1 and OR3 in the
15 bp inverted repeats in HK022. By contrast, ORI and OR3 of A differ in sequence,
and A CI and Cro have different affinities for these two sites, a feature thought to be
important in the lysis-lysogeny decision.
Several features of HK022 suggested that its gene regulatory circuitry was
perhaps different from other characterized phages.

First, unlike other lambdoid

phages, HK022 lysogens expressed a gene (called nun) which is 3' to the cI gene,
suggesting that regulation at OR or OL could be different. Second, as noted above, the
potential operators of HK022 were organized differently than other characterized
lambdoid phage. Third, the deduced amino acid sequence of HK022 cI gene was
similar to other lambdoid repressors, but it differed in several positions which were
conserved among other repressors. These points prompted me to examine the DNA
binding and cleavage properties of the HK022 CI repressor.
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BK022 CI
·BK022 Cro

*

***** **

*
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Figure 1-5. Alignment of the putative DNA binding helices for HK022 Cro and CI.
Regions corresponding to the potential DNA binding helix-tum-helix motif are shown
for era and d. The deduced amino acid sequences were obtained from the sequence
analysis of Oberto et al. (1989). Positions of identical amino acids are marked with
an asterisk (*).
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Expernnentalapproach
In this study I have used a genetic and biochemical approach to analyze
properties of the components of the genetic switch from the lambdoid phage HK022.
These include the DNA binding properties of the CI and Cro repressors from HK022
as well as cleavage of the HK022 CI repressor. The primary focus was the CI. DNA
binding sites for CI binding were identified biochemically by footprinting analyses and
genetics were used to define these sites as operators by isolation of ph~ge mutants
which escape repression (virulent mutants).

Further biochemical characterization

using various mutant operator combinations was conducted to determine CI affinity
for single Wild-type operators and adjacent wild-type operators so that cooperativity
could be calculated (chapter 3). Analysis of virulent mutants led to identification of
a regulatory element at the end of ero which is not near any detectable promoter.
This element was named

OPR

(chapter 4). The role of OPR is not yet clear, but it may

be involved in long range cooperative interactions with bound CI repressor. Even
though the mechanism by which

OPR

controls gene expression is not yet clear, it

appears to be unique among characterized lambdoid phage. Preliminary analyses of
the DNA binding of the HK022 Cro repressor was also done (chapter 5) as well as
a preliminary analysis of CI cleavage (chapter 6).

Significance
Systems such as HK022 are good model systems for protein-protein and
protein-DNA interactions because they can be studied using both biochemistry and
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genetics. The research described in this dissertation provides a groundwork for a
detailed analysis on the cooperative binding ofHK022 CI repressor. This system may
give new insights and inroads into understanding cooperative DNA binding, which is
an important aspect both in circuitry and mechanisms of gene regulation.
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CHAPTER 2
MATERIALS AND METHODS
(a) Chemicals and enzymes
Restriction enzymes were purchased from New England Biolabs, Boehringer
and Promega; T4 DNA ligase was from New England Biolabs and Promega; DNA
polymerase I (Klenow fragment) was from Promega; Taq DNA polymerase was from
Perkin Elmer Cetus, Stratagene, and Promega; Sequenase DNA polymerase was from
U.S. Biochemicals; DNase I was from Sigma chemical company. Nucleotides for
PCR were from Perkin Elmer Cetus; nucleotides for sequencing were from U.S.
Biochemicals; [a-32P]dATP specific activity 1000 Ci/mMole, was from ICN.
Acrylamide was from National Diagnostics. Hydroxylapatite resin was from Bio-Rad.
Phosphocellulose was from Whatman. All chemicals were reagent grade or better and
were purchased from Fisher chemicals, U.S. Biochemicals, Research Organics and
Sigma.
(b) Phage and bacterial growth

Formulas for LB, A broth and 2XYT were as in Miller (1972). Antibiotics
were supplemented as recommended by Maniatis et al. (1982) except ampicillin which
was used at a concentration of 100 Ilg/ml. HK022 was grown using standard methods
for A growth (Silhavy et al., 1983), except that phage adsorption to cells was done
using the BSS buffer (100 mM Tris, pH 7.4,0.67 mM CaCI2) described for Tl phage
(Drexler and Christensen, 1961).
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(c) Bacterial strains, bacteriophages and plasmids
Bacterial strains used were derivatives of Escherichia coli K-12 and B and are
listed in Table 2-1.

Strains developed in this study are listed according to the JL

collection number. Previously published strains are listed, along with the source.
HK022 (Dhillon & Dhillon, 1972) was provided by Robert Weisberg (NIH).
The HK022 clear mutant O2 , was obtained from Claire Shean and Max Gottesman
(Columbia Univ). Virulent mutants are listed in Table 3-1. Virulent mutants CHK
11-1, CHK 11-2, CHK 11-6, CHK 11-12 were isolated by C. Shean and M.
Gottesman (see section f) and generously provided by those workers. Virulent mutant
VI-8 (Dhillon & Dhillon 1976) was also provided by C. Shean and M. Gottesman.
The other virulent strains listed in Table 3-1 (with prefixes "VW and VO") were
isolated in this study (see section f). Phage M13 mp9 O. Messing, 1983} was used
as a vector for site-directed mutagenesis. M13 K07 was used as a helper phage for
production of single stranded DNA from pBS-derived plasmids which carry the f1
origin.
Plasmids isolated in this study are listed in Table 2-1. pJ037 (Oberto et al.,
1989) was used as a source of DNA for sub-cloning the HK022 cI gene, OL and OR'
The ero gene was cloned from pJ027 (Oberto et al., 1989). pBS(+} and pBS(-}
(Stratagene) was used as a vector for DNA sequencing, sub-cioning synthetic
operators (section i), and construction of various OR mutants (section h). pBR322
(Bolivar et al., 1977) was used as a vector for sub-cloning both OL and OR'
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(d) Isolation of HK022 virulent mutants
The CHK virulent mutants isolated by C. Shean and M. Gottesman were
obtained from a single lysate of a clear mutant named 02. Phage were plated on a
mutD strain to make a plate stock, followed by selection for plaque formation on a

strain containing two HK022 prophages (C. Shean and M. Gottesman, personal
communication) .
The virulent mutants isolated in this study were obtained by mutagenesis of
either wild-type HK022 or the O2 derivative by plating on a mutD5 strain JL997 under
mutagenic conditions (Schaaper, 1988).

Briefly, JL997 was grown to early

expontntial phase in A medium; either wild-type or O2 phage (from plate lysates grown
on JL1873) were adsorbed to the JL997 cells, and were plated on LB plates at a
density to allow single plaque formation. Plates were incubated at 37°C for 14 hours.
Several of these plaques were individually picked and eluted in 100 J.d of A broth to
make a single-plaque lysate on JL997. Each of these single-plaque lysates were then
plated on the HK022 lysogen JL1877 to identify virulent mutants. In order to increase
the likelihood of independent mutants, only 2 isolates of different plaque size were
picked which had originated from the same individual single-plaque lysate prepared
on JL997. Each of these virulent mutants were subsequently plaque purified on the
non-lysogenic strain JL2833. Virulent mutants (such as VW4-1) were named with
thesecond letter (either W or 0) indicated whether it originated from wild-type or O2
background, the first number corresponds to the assigned single-plaque lysate (from
JL997), and the second number is the isolate number. The frequency of virulent

35

Table 2-1. Bacterial strains, plasmids, phage strains, and oligonucleotides.

Strain

Relevant Genotype (wild-type unless specified

Source

Number

otherwise, plasmids denoted by slash,!)

(Reference)

JL794

GE2265 Alae strA

G. Weinstock

JL997

mutD mutator strain (NR9232)

Schaaper, 1988

JL1l44

W3101 F' lacZ AM15::Tn9IacI\ strA

J. Little

JL1245

dut,ung (Kunkel RZ1032)

Kunkel, 1985

JL1824

BL21, E. coli B P- (ADE3, carries lacP::T7

W. Studier, 1990

gene 1)
JL1829

BL21 (DE3)/pLysS

W. Studier, 1990

JL1833

JL1829/pNGC11

This work

JL1839

JL1829/pNGC60

This work

JL1873

N99 strA +, sup+

Max Gottesman

JL 1876

N99/pJ0143

J. Oberto et al.
1989

JL1877

N99 (HK022 I: :Tn to)

M. Gottesman
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JL2442

MV1190 d(lac-pro), supE, thi, d(srl-

J. Battista

l'ecA)306: :Tnl OfF' :traD36 proA + proB+
lacIQlacZIlM15

JL3248

JL794 X JL1144

This work

JL3259

JL3248/pGB2/pNGC45

This work

JL3260

JL3248/pGB2/pNGC46

This work

JL3261

JL3248/pGB2/pNGC47

This work

JL3262

JL3248/pGB2/pNGC48

This work

JL3263

JL3248/pGB2/pRS415

This work

JL3264

JL3248/pNGC25/pRS415

This work

JL3265

JL3248/pNGC25/pNGC45

This work

JL3266

JL3248/pNGC25/pNGC46

This work

JL3267

JL3248/pNGC25/pNGC47

This work

JL3268

JL3248/pNGC25/pNGC48

This work

JL3269

JL3248/pNGC24/pNGC45

This work

JL3270

JL3248/pNGC24/pNGC46

This work

JL3271

JL3248/pNGC24/pNGC47

This work

37

JL3272

JL3248/pNGC24/pNGC48

This work

JL3273

JL3248/pNGC24/pRS415

This work

JL3274

JL3248 (HK022 CI Is12 )/pNGC45

This work

JL3276

JL3248 (HK022 CI Is12 )/pNGC47

This work

JM103

A (lac-pro) hsdR, F'traD36, proA + proB+

J. Messing, 1983

Plasmid

description (parentheses denote source of

Source

name

origin of replication for plasmid)

(Reference)

pET3A

T7 expression vector, AmpR

Studier, 1990

pLysS

T7 lysozyme, SpecR

Studier, 1990

cloning vector, AmpR

Stratagene

cloning vector, AmpR, TetR

Bolivar et aI.,

Plasmids

pBS

+1-

pBR322

1977
pU3

contains /ac(UV5)P

Johnsrud, 1978

pGB2

Low copy number cloning vector, SpecR

Churchwood,
1984

pRS415

lacZ operon fusion vector, AmpR

Simons, 1987
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pJ027

HK022 immunity region (containing ero), TetR

J. Oberto et al.,

pJ037

HK022 immunity region, TetR

J. Oberto et al.,
1989

pNGC9

cloned HK022 OR (PBR322), AmpR

This work

pNGCll

T7 genelO promoter::HK022 cI, (pET3a),

This work

AmpR
pNGC12

(same as pNGCll, only SA148)

This work

pNGC13

OL cloned into pBR322

This work

pNGC14

T7 gene 10 promoter::HK022 ero, (pET3a),

This work

AmpR
pNGC15

synthetic HK022 ORl,OR2 (PBS), AmpR

This work

pNGC16

synthetic HK022 ORI (PBS), AmpR

This work

pNGC17

synthetic HK022 OR2 (PBS), AmpR

This work

pNGC24

Zae(UV5) promoter: :HK022 ero on pGB2

This work

vector. SpeeR
pNGC25

lac(UV5) promoter::HK022 cI on pGB2

This work

vector. SpecR
pNGC26

synthetic HK022 ORI (in pBR322) AmpR

This work

pNGC27

synthetic HK022 OR2 (in pBR322) AmpR

This work

pNGC28

synthetic HK022 ORl,2 (in pBR322) AmpR

This work
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pNGC3l

ORl-,2+,3+;* {see below for nomenclature}

This work

(PBS), AmpR
pNGC33

HK022 ORl-3 from phage 02 (PBS), AmpR

This work

pNGC38

HK022 0 R,
1- 2= "3+·* (PBS) , AmpR

This work

pNGC39

0Rl =,2+,3=; (PBS), AmpR

This work

pNGC40

ORI +,2= ,3=; (PBS), AmpR

This work

pNGC42

HK022 insert with OR' ero, and wild-type OPR

This work

cloned into pBS, AmpR
pNGC44

HK022 insert with part of ero and mutant 0FR,

This work

pBS, AmpR
pNGC45

Wild-type 0FR: :laeZ , right-ward promoter,

This work

pRS4l5, AmpR
pNGC46

wild-type 0FR::lacZ, left-ward promoter,

This WOi"k

pRS4l5, AmpR
pNGC47

mutant OFR::lacZ, right-ward promoter,

This work

pRS4l5, AmpR
pNGC48

mutant OFR::lacZ, left-ward promoter,
pRS4l5, AmpR

This work
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pNGC60

Ncol resection of pNGC11

This work

Phage

Description

Source

HK022

wildtype

R. Weisberg

HK022

Clts12

Dhillon and
Dhillon, 1976

L1-1

single

DFR

mutant

This work

L5-1

single

DFR

mutant (another isolate)

This work

VL1

Virulent mutant from L1-1

This work

VL3

Virulent mutant from L1-1

This work

VL6

Virulent mutant

This work

VL7

Virulent mutant

This work

VL8

Virulent mutant

This work

VLlO

Virulent mutant

This work

VW5-6

Virulent mutant

This work

VW3-8

Virulent mutant

This work

HK022

"CHK" Virulent mutants

C. Shean and
Max Gottesman
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Oligos
Name

Sequence

Use

61

GTCGACTGTACTATCAGTTCCGTCATCA

synthetic ORl,2

62

AGATCTGGTGAACTTATGGTTCATATGA

synthetic ORl,2

TGAC
HKNI

ATAGTTGAACATATGGTT

NdeI site in cI

192

TGGATCCCAGGCCAGCGCAA

PCR of OR

193

CCCGGGAGAAACTCGAACGG

PCR of OR

504

TCCTGTGGTTAACTTATGGGTCATAAT

ORI mutagenesis

505

ATGACGGAGCTGATAGTGCAGTCAATAC

OR2

506

CTAATATAGTTGACCTTATGGTTTAACA

mutagenesis of

GAAAG

OR3

ATTAACCCTCACTAAAG

PCR of regions

T3

mutagenesis

cloned into pBS
AATACGACTCACTATAG

T7

PCR of regions
cloned into pBS

* + denotes wIld type, "_" denotes a smgle mutation, and
II

II

mutant (see Table 2-1).

"=" denotes a double
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Table 2-11 Nucleotide changes in mutant operator constructs.

OR 3
Version

OR 2

Wi.ld-type pNGC 9
(OR' +,2+,3+)

[TGAACCATAAGTTCA]
I·

I

(OR ,- ,2+,3+)

pNGC31

(OR ,- ,2 =.3=)

pNGC36

A

G

pNGC38

I

I

(OR ,- .2=.3+)

I

[TGTACTATCAGTTCC]
I

I
I

I
I
I
CI
II
I

I

I
I

•

C

C
I

A

G

I

pNGC40

A

G

C

I

[TGAACCATAAGTTCA]

C
I

I

I

,

(OR 1 =.2+.3=) pNGC39

(OR' +.2 =,3=)

OR 1

Plasmid

,

I

t

I
I
I

,

A

I

C

The position and the nucleotide changes for each' construction of OR is shown along
with the plasmid numbers.
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mutants ranged from 2x1(}6 to 2xlO-7 , while the frequency of clear mutants from
mutagenesis of the wild-type stock was 8.5 %, indicating that this mutagenesis was
very efficient.
(e) DNA sequencing of virulent mutants
Virulent mutants were sequenced using a single stranded DNA template for
sequencing generated by asymmetric PCR. Templates were prepared from single
plaques using a procedure provided by Perkin Elmer Cetus with minor modifications.
Briefly, well-isolated plaques were suspended in 100 J.tl of TE (10 mM Tris-HCI, pH
7.5/1 mM EDTA) for 30 min at 37°C, heated to 95°C for 10 min, and centrifuged (2
min, 3000 x g); the supernatant was transferred to another tube. PCR reactions (100
J.tl) contained 5 J.tl eluant and the buffer recommended by the manufacturer (Perkin

Elmer Cetus), 50 J.tM of each dNTP, 2.5 U Taq DNA polymerase, and two primers,
192 (50 pmoles) and 193 (1 pmole) which flanked OR (See Table 2-1). Conditions for
the asymmetric PCR reactions were 35 cycles each of 94°C for 1 min, 37°C for 1
min, and 72°C for 2 min. Following PCR, the DNA was purified away from primers
and unincorporated nucIeotides using UItrafree-MC filter units molecular weight cutoff
10 IcDa (MiIlipore) as recommended by the manufacturer. This purification included
a phenol extraction, dilution of the sample to 400 J.tl with TE, transfer to the
UItrafree-MC filter unit, followed by a 2 min centrifugation at 2000xg, and two
additional washes with 400 J.tl TE (typically leaving about 10-50 J.tl)-

Following

purification of the asymmetric PCR products, 8 J.tl were removed and annealed with
primer 193; chain termination sequencing reactions of Sanger (Sanger et al., 1980)
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were performed using [alpha-35S]dATP], sequenase, and mixes of deoxy/dideoxy
ribonucleoside triphosphates purchased from U.S. Biochemicals.

Reactions were

carried out according to the protocol provided by the manufactures of the sequenase
kit (USBC). Sequencing reactions were fractionated by electrophoresis on an 8%
polyacrylamide/8 M-urea gel with a Tris-borate-EDTA buffer (TBE) (Maniatis, 1982).
After electrophoresis, the gel was fixed in 10% (v/v) methano1l10% (v/v) acetic acid,
dried onto Whatman 3MM and exposed to Kodak XARS film.
(t) Cloning the HK022 left and right operator regions

(i) Cloning OR
A 163 bp fragment containing OR was isolated from pJ037 after digestion with
HinPI and TaqI (see Oberto et al., 1989) position 2962 and 3125 respectively, on the

map of the HK022 immunity region and cloned into the ClaI site in pBR322 (Bolivar
et al., 1977) to generate pNGC11. Of 12 clones, all were in one orientation, although
both orientations could have arisen from the cloning; perhaps the other orientation is
lethal.
The OR region from virulent mutants was cloned from PCR products generated
from single plaque templates amplified with primers 192 and 193 (see Table 2-1).
Following PCR, the fragments were digested with HinPI and TaqI and cloned into the
Ace! site on pBS. Virulent mutants VW5-6 and VW4-1 were cloned in this way to

generate plasmids pNGC31 and pNGC29 respectively.
(ii) Cloning OL
The operators of OL were cloned using a 144 bp TaqJ and HinPJ fragment
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(Oberto et aI., 1989, map positions 2319 and 2176 respectively) from pJ037 which
was cloned into the Clai site of pBR322 to generate pNGCI3. As with OR' the OL
region could only be cloned in one orientation.
(g) Site-directed mutagenesis of OR using PCR
Multiple mutations were introduced into

~

using the scheme outlined in

Figure 2-1. Mutations in OR were chosen from either their presence in virulent
mutants or in conserved positions in the haIf-operators; when an operator contained
two mutations, one was in each haIf-operator. The resulting constructions contained
the following sets of changes (where " = " denotes the presence of two mutations, "
+ " denotes the wild-type sequence, and " - ", denotes the presence of a single
mutation): pNGC31 (OR1-,2+,3+), pNGC36 (OR1-,2+,3=), pNGC38 (OR1-,2=,3+),
pNGC39 (OR 1=,2+ ,3=), pNGC40 (OR 1+,2=,3=). The sequences of each of the mutant
operators are (sequences are given 5' to 3' with the mutation in bold):
(TGAACCATAAGCTCA),

ORI =

(TGACCCATAAGTTAA),

~1-

OR2=

(TGCACTATCAGCTCC), OR3= (TAAACCATAAGGTCA) (see Table 2-2).
The scheme for mutagenesis (Figure 2-1) first required the generation of
mutagenic megaprimers by PCR as described (Sarker, and Sommer, 1990). Two
mutations were initially incorporated into

q~3

(one mutation in each half-site) using

a megaprimer generated with the mutagenic primer 506 and a left-flanking primer
(192, see table 2-1 for primer sequences). After 20 cycles of PCR, the megaprimer
was treated with Klenow to eliminate any untemplated nucleotides. This product was
gel-purified for use in a subsequent PCR with a primer that annealed to the right-
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flanking sequences of OR'

The templates for this second PCR were from single

plaques of either VW5-6 or VW4-! virulent mutants (See Fig. 3-5) to generate
pNGC36 (OR!-,OR2+ ,OR3=) or pNGC30 (OR! +,OR2-,OR3=) respectively. To generate
variants of OR that contained two mutations in two operators, a second set of
mutagenic megaprimers were synthesized.

The scheme for the generation of the

(OR! +,OR2=,OR3=) variant is shown in Figure 2-1. The megaprimer containing two
mutations in both OR2 and OR3 was synthesized by PCR using pNGC30 as a template,
and the OR2-mutagenic primer (507) and a left-flanking primer. After purification of
the megaprimer as described above, a subsequent PCR was performed using this
megaprimer, a right-flanking primer, and pNGC30 as a template. The product of this
reaction was sub-cloned as described above to generate pNGC40.

The

(OR! =,OR2+ ,OR3=) variant was synthesized in a similar manner, except that
megaprimer was made using primer 504 (OR!-mutagenic primer) with pNGC36 as a
template. This was sub-cloned as described above to generate pNGC39.
(h) Construction of synthetic operators
The synthetic operators contained the inverted repeats of OR! and OR2, three
nucleotides flanking the outside of each operator, and one variation from the wildtype
sequence for the nine nucleotides between the two operators. This single change, an
A-C change four nucleotides to the left of OR! created an Ndel site.

The synthetic

OR! and OR2 operators were constructed by annealing primers 6! and 62 (see Table
2-1 for sequence), and extending with Klenow polymerase.

This fragment was

digested with BglII and Sal!, and cloned into the Sal!, BamBI sites of pBS (in which

Figure 2-1.

OR.

peR scheme for generating double mutations in

The double stranded template is indicated by a single

line and the positions
boxes.

of the

operators are shown with

The primers all are shown as arrows to indicate

their polarity.

Mutations are indicated with an "X".
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peR scheme for generating oR double mutants
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the Ndel site had been destroyed) to generate pNGCI5. The single ORI variant was
constructed by digesting pNGC15 with Ndel and San, filling in the ends with Klenow
polymerase, and religated to generate pNGCI6. The single OR2 variant was made by
digestion of pNGC15 with Ndel and Smal, filling in the Ndel end with Klenow, and
religation to generate pNGCI7.

All constructs were verified by DNA sequence

analysis with single-stranded DNA template obtained after infection with the M13helper phage K07.
(i) Overproduction of HK022 CI protein
(i) Site-directed mutagenesis

To facilitate cloning the cI coding region downstream of the T7 promoter and
ribosome binding site in the expression vector pET3a (Studier, 1990), an Ndel site
was introduced at the site of the initiation codon of the HK022 cI gene (position 3006
in the map by Gberto et al.) by site-directed mutagenesis (Weiffenbach et al, 1983).
The method of Kunkel (1985) was used to enrich for site-directed mutants. A 507 bp
RsallBgUI (positions 3033 and 2526 on the Gbelto et al. map) fragment that contained

the 5' end of the cI coding region and 28 bp upstream of the initiation codon was
isolated from pJG37 and cloned into the RF DNA from the M13 cloning vector mp9
(J. Messing, 1983). M13-derived phage were propagated on the dur, ung-, strain
JL1245; uracil-containing single-stranded DNA template was prepared as described
(Zoller and Smith, 1983) and annealed to the phosphorylated mutagenic primer HKN1 (see Table 2-1 for sequence).

Extension reactions were performed with DNA

polymerase 1 (Klenow fragment) in the presence of ligase, followed by transfection
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into the ung+ strain, JM103. RF DNA was prepared from 5 isolates and digested
with NdeI; two of the isolates contained an NdeI site. For one of the isolates (M2A),
the region from the NdeI site to the Ncol site (position 2679) was sequenced by the
method of Sanger et al (1980) and no additional mutations were observed.
(ii) Cloning of the cI coding region into pET3a

The cI coding region was cloned into the T7 expression vector pET3a by a
three piece ligation containing: Ndel digested pET3a, a 309 bp Ndel-Ncol fragment
from RF DNA of isolate M2A, and an 864 bp Ncol-Ndel fragment from pJ037 (the
Ndel site is at position 1815 on the Oberto et al., 1989 sequence).

Following

transformation into the strain JLI824/pLysS and selection for AmpR, positive clones
were identified by immunity to HK022. The T7::cI construct (pNGCll) was verified
by restriction analysis.
(iii) Overproduction of CI protein

When cells containing pNGCll (JLI833) were treated with IPTG (4xlQ4 M)
to allow synthesis of the T7 RNA polymerase, two additional proteins with
approximate molecular weights of 24 kDa and 28 kDa were induced as judged by
SDS-PAGE analysis (see Figure 3-1, lanes 1 and 2). The larger of the two proteins
was judged to be the CI repressor by the following criteria. Digestion of pNGCll
with Ncol (the only Ncol site in pNGC11 is in the middle of the cI gene), followed
by a fill-in reaction with DNA polymerase I (Klenow fragment) and religation of the
vector, resulted in the introduction of a stop codon in the middle of the gene. This
eliminated induction of the larger 28 KDa protein and greatly reduced immunity to
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superinfection by HK022 (data not shown).
(iv) Purification of CI

For a typical purification, 2 liters of strain JL1833 was grown at 37'C to early
exponential phase in LB containing ampicillin (100 Itg/ml) and induced for 4 hours
by adding IPTG to 0.4 mM. Cultures were centrifuged (16,000 x g for 10 min); the
typical yield from a 2 liter culture was about 9 grams of cells. Cell pellets were
suspended (:::: 0.15 g cells/ml of buffer) in 50 mM Tris, pH 8.0; 5 mM EDTA; 5 %
(v/v) glycerol; 300 mM NaCI; 1 mM DTT, and frozen at -7('fC. When suspensions
were thawed in a 37°C water bath, action of endogenous T7 lysozyme gave prompt
lysis. Remaining steps were done at 0-4 0 C. After centrifugation (35,000 x g, 30
min), 10% (w/v) polymin-P, pH 7.9, was added to the supernatant fluid with stirring
to 0.35% (w/v). After centrifugation (12,000 x g, 5 min), ammonium sulfate was
added to the supernatant fluid to 60% saturation (0.39 g/ml). After centrifugation
(12,000 x g, 10 min), the precipitate was dissolved in 10 ml buffer B (20 mM
potassium phosphate, pH 7.0; 0.1 mM EDTA; 10 % (v/v) glycerol; 1 mM DTT) plus
400 mM NaCl, dialyzed overnight against the same buffer, and centrifuged (35000 x
g, 10 min) to remove any precipitate. The supernatant fluid was diluted with an equal

volume of buffer B and applied to a phosphocellulose column (5 mls packed bed
volume of resin, in a 15 mm x 100 mm column) pre-equilibrated with buffer B plus
200 mM NaCl. This was followed by washing with about five column volumes of
buffer B plus 200 mM NaCl. The column was eluted with a 200 mM-1600 mM NaCI
gradient in buffer B. SDS-PAGE analysis (Laemmli, 1970) was used to assay fractions
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for repressor, which eluted at about 500 mM NaCl. Peak fractions were combined
and applied to a hydroxylapatite column (3.5 mls packed bed volume, 15 mm diameter
column) pre-equilibrated with buffer C (10% glycerol (v/v); 1 mM DIT) plus 50 mM
potassium phosphate, pH 7.0, followed by washing with

=:;

10 column volumes of the

same buffer and elution with a 50-600 mM potassium phosphate (PH 7.0) gradient in
buffer C, followed by a wash with buffer C plus 600 mM potassium phosphate, pH
7.0. Repressor began to elute at about 450 mM phosphate, and continued to elute
with the 600 mM phosphate wash. Peak fractions were pooled and dialyzed against
buffer D (10% glycerol (v/v); 10 mM PIPES, pH 7.0; 0.1 mM EDTA; 1 mM DIT;
300 mM NaCI). Protein was stored in small aliquots at -7CJ'C.
The CI protein was estimated to be at least 95 % pure as judged by SDS-PAGE
analysis (See Fig. 3-1. lane 4). Protein concentration was determined by amino acid
analysis.

Amino acid samples were analyzed at the University of Arizona

Biotechnology Core Facility on a dedicated Applied Biosystems Model 420A Amino
Acid Analyzer with automatic hydrolysis (Vapor phase at l60C for lhrAOmin using
6N HCI) and per-column phenylthiocabamyl-amino acid (PTC-AA) analysis.
Triplicate samples were analyzed for each purified protein preparation. The molar
amounts obtained for each protein preparation varied by no more than 21 % between
each individual sample in the triplicate set. Based on the protein concentrations by
amino acid analysis, and the absorption of the protein at 280 nm, the extinction
coefficient was 23,000 M- 1cm- 1•
(j) Overproduction of Cro protein.
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(I) Site-directed mutagenesis.

Overexpression of the ero repressor was also accomplished using the T7
expression system (Studier, 1990). To facilitate cloning of the HK022 cro gene into
the T7 expression vector pET3a, an NdeI site was introduced by site-directed
mutagenesis (Weiffenbach et al., 1983) into the initiation codon of the cro gene
(position 3086 on Oberto et al. map) using the mutagenic primer called Nde-cro (see
Table 2-1). Site-directed mutants were enriched by the method of Kunkel (1985).
The template for the mutagenesis contained a 738 bp BglII/ScaI fragment containing
the 5' region of the cro gene (sites on Oberto map are 2526 and 3264) from pJ027
(Oberto et al., 1989) which had been cloned into the BamHI/SmaI sites in the M13
cloning vector mp9 (J. Messing, 1983). M13 phage containing the introduced NdeI
site in the cro gene were identified as isolates that hybridize with high stringency to
the 32P-labeled mutagenic primer (Zoller and Smith,1983).

Three isolates were

sequenced by DNA sequence analysis and found to contain the NdeI site and no other
mutations.
(ii) Cloning cro gene into the T7 expression vector, pET3a.

The cro gene was cloned into pET3a by a three piece ligation containing:
pET3a digested with NheI (filling in with Klenow polymerase) and digestion with
NdeI; a 156 bp NdeI/Sau3A fragment from the M13 site-directed mutant containing

the NdeI site; and a 130 bp Sau3AIHaeIII fragment from pJ027. Restriction analysis
was used to verify the clone containing the T7 promoter fused to the cro gene
designated pNGC14. DNA sequence analysis was done on this construction to further
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verify the construction.
(iiI) Expression of Cro repressor.

pNGC14 was co-transformed along with the plasmid pLysS into the strain
BL21(ADE3) to generate the strain JL1845. Treatment of JL1845 cells with 4xlQ4
M IPTG, which allows synthesis of the T7 RNA polymerase, caused the synthesis of
an 8.5 KDa and a 24 KDa protein as judged by SDS-PAGE analysis. The larger
protein, which was also seen with the induction of synthesis of CI protein (data not
shown), was assumed to be is-Iactamase.
(iv) purification of Cro repressor.

The strain JL1845 was grown to early log phase in LB and induced for 2 hours
by adding IPTG to a final concentration of 4xlQ4 M. The cells were then chilled and
centrifuged (16,000xg). The cell pellet was resuspended ( ::::: 0.15 g cells/ml buffer) in
buffer A containing 50 mM Tris, pH8.0, 5 mM EDTA, 5% (v/v) glycerol, 200 mM
NaCl, and 10 mM DIT. After freezing the suspensions at -70°C, the suspensions
were quickly thawed in a 37°C water bath which caused cell lysis due to expression
of T7 lysozyme encoded on the vector pLysS.

Cell debris was removed by

centrifugation (35,000xg for 30 min). The nucleic acids were precipitated by addition
of polymin-P as done with CI (see above).

Total protein was precipitated by

precipitation with ammonium sulfate at 70% saturation (0.472 g/ml), followed by
centrifugation (35,000xG for 10 min). The precipitated protein was dissolved in 5 mls
of buffer B (20 mM potassium phosphate, pH 7.0, 0.1 mM EDTA, 10% (v/v)
glycerol, 400 mM NaCl, and 10 mM DIT) and was dialyzed against 2 changes of 500
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mls of this buffer. The sample was then diluted with buffer B which contained no
NaCI so that the final NaCI concentration was equal to 100 mM. This was then
passed over a phosphocellulose column which was eluted with a 150-600 mM NaCI
gradient. Fractions eluting from this column were analyzed by SDS-PAGE and the
Cro repressor eluted at a NaCI concentration of about 200 mM. The peak fractions
for Cro repressor were pooled and were dialyzed against 2 changes of a fifty-fold
volume of buffer C (50 mM potassium phosphate pH 7.0, 10% vol/vol glycerol, 10
mM DTT). After dialysis, the sample was passed over a hydroxylapatite column preequilibrated with buffer C. Cro repressor did not adsorb to this resin and eluted

> 95 % pure as judged by SDS-PAGE analysis. The protein concentration of the Cro
repressor was estimated by Bradford analysis using a kit purchased from Biorad.
(k) DNasel footprinting OR and OL
(i) isolation of plasmid DNA and labeling of fragments.

Plasmid DNA was isolated by alkaline lysis (Ausubel, et al., 1987), and
purified by CsCl gradient ultra-centrifugation. Banded plasmid DNA was removed
and extracted extensively with CsCI-saturated isopropanol to remove the ethidium
bromide, and the DNA was dialyzed against TE at 4°C. Depending on which strand
was labeled for the footprinting experiment,S p.g of CsCI-purified DNA was digested
with either HindIII or EeaRI, and labeled at the 3' end by a fill-in reaction containing
T7 DNA polymerase (Sequenase version II, US biochemicals), and alpha-32p dATP.
Labeling of EeaRI ends was followed with a cold chase of unlabeled dATP (100 p.M).
Sequenase was removed by either phenol extraction (and ethanol precipitation) or
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extraction with Strataclean (Stratagene).

This was followed by digestion with a

second restriction enzyme (usually EcoRI or HindIII) and purification of the desired
fragment using PAGE. In the labeled wild-type OR fragment (193 bp), OR1 and OR3
were flanked by 54 and 60 bp respectively. In the

Or. fragment

OL3 were flanked by 30 and 50 bp respectively.

DNA fragments containing OR

(173 bp), OL1 and

mutant derivatives (218 bp) had 56 and 89 bp flanking OR1 and OR3 respectively.
(U) Footprinting reactions/PAGE

DNase I footprinting was done essentially as in Little (1981). Footprinting
reactions were done at 37°C with a buffer containing 20 mM Tris pH7.4, 10% (w/v)
sucrose, 1 mM EDTA, 1.5 mM CaCI2, 2.5 mM MgCI2, 0.1 % (w/v) BSA, 200 mM
KCI, 4.3 J.£g/ml calf thymus DNA, purified HK022 CI repressor at the concentrations
listed for each specific reaction, and 32P-Iabeled DNA fragment containing the
repressor binding sites. The exact concentration of the labeled DNA could not be
measured directly; however, based on starting amounts of DNA and recovery of
counts, I estimated the concentration the specific DNA fragment to be at least 40 fold
less than the repressor concentration at the KD for each of the DNA templates. One
exception was the wild-type ORl-3 template where the DNA concentration was < 15
pM (and the KD for OR1 and OR2 was 330 pM).
Purified repressor protein was pre-incubated with the labeled DNA fragment
for 10 min at 37°C before addition of DNase I (final concentration was usually 0.025
J.£g/ml) and incubation for an additiona1lO min. The amount of DNase I used in each
experiment was determined in a separate experiment and was based on how much
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DNase I was required for roughly 33 % of the labeled fragment to go undigested in
10 min.

This would correspond to approximately one cut per DNA molecule

(Brenowitz et al., 1988). Equilibrium between the bound and free repressor was
reached in less than 2 minutes as judged by DNase I footprinting analysis with
purified CI preincubated at various times and exposed to DNase for short times (data
not shown). With LexA repressor, equilibrium is also reached in less than 2 minutes
(Kim and Little, 1992).
Following DNase I treatment, the reactions were terminated by addition of
non-specific DNA and EDTA to final concentrations of 40 J-tg/ml and 5.7 mM
respectively followed by phenol extraction. The supernatant was removed; DNA was
precipitated with p,thanol and dissolved in a sequencing dye mix containing 10 mM
EDTA , 0.1 % (w/v) bromphenol blue, 0.1 % (w/v) xylene cyanol. Samples were
boiled for 3 minutes and loaded onto an 8 % acrylamide sequencing gel.
Electrophoresis was done at 30 mAmps (constant amperage). The gels were dried
onto Whatman 3MM paper, exposed to Kodak XAR film, and quantitated by (3-scope
analysis (see next section).
(iii) Quantitation of data

The dried gels were quantitated in a Betagen (3-scope for 3 hours. Percent
occupancy was determined essentially by the method of Brenowitz et al. (1988),
except that the gels were quantitated by direct counting of radioactivity and not by
densitometry scanning of autoradiographs.
After determining the percentage occupancy for each repressor concentration,
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binding isotherms such as those in Figure 3-7 (chapter 3) were generated. The KD
was assessed as in Brenowitz et aI. (1988) as the concentration of repressor required
for 50% protection.
(1) OH· footprinting
OH· footprinting was done essentially as in Tullius et aI. (1987) except that
reactions were done in 200 mM NaCl. Reactions were anaIyzed by electrophoresis
as described above. Autoradiographs were scanned using a LKB model 2222-020
ultrascan XL densitometer.
(n) Plasmids for expression of Cro and CI repressors from lac and tac promoters.
The plasmid pNGC24 contains the lac (UV5) promoter fused to the HK022 cro
gene and was constructed by ligation of three fragments: a. a 95 bp EcoRIIPvuH
fragment from pU3 (Johnsrud, 1978) (containing the lac promoter); b. a 330 bp
Bamffi/XbaI (XbaI site was filled in with Klenow polymerase) fragment from

pNGC14; and a pGB2 backbone digested with EcoRI and Bamffi.

The plasmid

pNGC14 contained the T7 promoter fused to the HK022 cro gene and was constructed
with a 260 bp fragment from HK022 starting at the initiation codon of the HK022 cro
gene (in which an NdeI site had been introduced) and extending 30 bp past the
termination codon in cro (positions 3086 to 3346 by Oberto (1989) sequence) cloned
into the NdeI site on the T7 expression vector pET3a (Studier, 1990). The plasmid
pNGC25 is the comparable construction to pNGC24 for the lac (UV5) promoter fused
to the HK022 cI gene cloned into the pGB2 vector. It was constructed as above
except that cI was on the Bamffi/XbaI fragment (XbaI site filled in with Klenow
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polymerase) from pNGCll. This plasmid contains the cI coding region starting from
the initiation codon, extending to the end of the gene, and an additional 564
nucleotides 3' to the cl termination codon (positions 3006 to 1816 respectively from
the Oberto et al (1989) sequence).
(m) OPR-containing plasmids.
Both wild-type and mutant versions of OPR were cloned by first using PCR
with primers 192 and 647 (5' CTGGATCCATAGGTAAATAATfTGGG hybridizing
to position 3430, with the restriction site underlined) to amplify a 450 bp fragment
which was then digested with Bamffi and cloned into the Bamffi site on pBS. The
plasmids pNGC42 contained wild-type OPR and pNGC44 contained the VW5-6 mutant
version of OPR' In the generation of pNGC44 a spontaneous deletion of ~ and most
of the cro gene occurred (after the deletion a region from HK022 corresponding to
coordinates 3230 to 3430 on the Oberto et al. (1989) sequence was left).
(n) Plasmids designed to test for promoters near OPR'
The plasmids in the series pNGC45-48, which were designed to test for the
presence of potential promoters near OPR' were constructed by digesting pNGC42 (for
wild-type OpJ and pNGC44 (for the mutant OPJ with Seal and either EeoRI or
Bamffi to generate fragments of 185 or 163 bp respectively. These fragments were
subsequently cloned into pRS415 (Simons, 1987) which had been digested with either
SmaIlBamffi (to detect a right-ward promoter) or SmaI/EeoRi (to detect a left-ward
promoter). The wild-type version of Om was cloned into pNGC45 and pNGC46 to
detect a right-ward or left-ward promoter respectively (see Figure 4-5, chapter 4).
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The mutant variant of OPR was cloned into pNGC47 and pNGC48 to detect a rightward or left-ward promoter respectively (see Figure 4-5, chapter 4).
(0) DNase I footprinting for OPR.

Footprinting analyses were performed with DNA fragments containing both the
Wild-type and mutant forms of OPR (pNGC42 and pNGC44, respectively). These
plasmids were digested with EcoRI, followed by a fill-in reaction using Sequenase
(version II) T7 DNA polymerase to incorporate ~-32P[dATP] (1000Ci/mMole, ICN)
before a chase with unlabeled dATP.

After inactivation of the polymerase by

extraction with Strataclean resin (Stratagene), a second digestion with Seal was
performed. The 180 bp fragment (with 58 and 107 bp flanking the left and right sides
of OPR respectively) that resulted from these digestions was purified on a 6%
polyacrylamide gel. For the DNase I protection experiments, repressor concentrations
varied as indicated for each experiment and the DNA concentration of the OPRcontaining fragment was estimated to be no greater than 20 pM.

(P) DNA sequencing of virulent mutants arising from OPR mutants.
Asymmetric PCR was performed on single plaques using the primers 193 and
647 (the limiting primer).

The purified asymmetric PCR products were used as

templates for sequencing; the region around OPR was sequenced using the limiting
primer, 647, while the region around OR was sequenced using the primer 193
(CCCGGGAGAAACTCGAACGG anneals to positions 3134 to 3119 in Oberto
sequence (1989».
(q) Genetic cross of OFR mutant onto wild-type HK022.

60

To separate the OPR mutation from the ORI mutation contained in the virulent
mutant VW5-6 (see Figure 4-3), the OPR mutation was first cloned separately onto the
plasmid pNGC44 (see above) and subsequently crossed from that plasmid onto the
wild-type phage. The cross was accomplished by making a plate lysate (Silhavy et
al., 1983) from wild-type HK022 grown on the strain JL2897 (JL2442/pNGC44). To
identify the isolates containing only the DpR mutation, the lysate from the cross was
plated on JL1873 and about 106 plaques were screened by plaque lifts. Bacterial
lawns containing HK022 plaques were overlaid with nitrocellulose paper (Schleicher
and Schuell), followed by lysis as described in Maniatis et al. (1982); filters were
baked under vacuum at 80°C for two hours. These filters were pre-hybridized in
6xSSC, lOX Denhardts, 0.2 % SDS at 67°C for 1 hour.

The oligo 1475

(ATGTGCTTTTGTACC), which was complementary to the OPR mutant, was labeled
by a 2 hour incubation (37°C) with T4 polynucleotide kinase (Promega) and ATP--y32p(ICN, 7000 Ci/mMole) and later purified away from unincorporated label by
electrophoresis on a 20% acrylamide/8.SM urea gel. Filters were exposed to the
probe, then were washed in 6X SSC buffer (900 mM NaCI, 90 mM Na citrate, pH
7.0) at 37°C and exposed to Kodalc XARS x-ray film. Subsequent washes in 6X SSC
were performed at 43° C and several (10) plaques were picked which appeared to still
hybridize with the 32P-Iabeled 1475 oligo. These plaques were purified and reprobed
as described above. Two isolates, Ll-l and L5-1, were then sequenced for both oR
and OPR regions as described in the previous section, and found to contain no
mutations in OR and only the single mutation in OPR.
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(r) Determination of frequency of virulent mutants arising from

~

mutants

apR

mutants

and wild-type phage.
The frequency of virulent mutants arising from both wild-type and

was assessed by plating lysates from these phages on the indicator strains JL1873
(non-lysogen) and JL1877 (HK022 lysogen).

Three separate plate lysates were

initially prepared from single plaques for wild-type, Ll-l, and L5-1 grown on
JL1873. Various dilutions of each of these lysates were then plated on the indicator
strains JL1873 and JL1877 to determine the ratio of phage titers (JL1877 to JL1873)
and the frequency of virulent mutants. For all cases, excluding the wild-type phage
on 1877, approximately 300-1400 plaques were counted per plate. However, the
frequency of virulent mutants arising from the wild-type stock was so low that, even
with 9x108 pfu per plate, only a few plaques were observed (ranging from 0-4 plaques
on the three lysates tested). Therefore, the frequency of virulent mutants arising from
wild-type, which we estimate to be about 4xlO-9 , is only an approximation. Both
isolates of the single apR mutant gave an average of 3.4xlO-5 (from three independent
lysates) for the frequency of virulent mutants and the values for each of the separate
lysates were within a factor of 1.5x when compared to the average value (values were:
2.7xlO-5, 3.2xlO-5, 4.4xlO-5 for Ll-1 and 2.8xlO-5 , 5.1xlo-S, 2.2xlO-5 for L5-1 ).
(s) Assay for promoters near

apR'

The plasmid series of pNGC45-pNGC48 was constructed to test for left-·ward
and right-ward promoters near

apR

(see above). Inserts containing the

apR

region of

165 bp were obtained from both wild-type and OpR-mutant HK022 phage and cloned
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in both orientations in front of the lacZ reporter gene from the plasmid pRS415
(Simons et al., 1987)(see figure 4-5, and plasmid construction section above). Cells
from strains containing these plasmids were grown to exponential phase in L broth
supplemented with the appropriate antibiotics and other components as listed for each
experiment.

The level of #3-galactosidase from each culture was measured (with

duplicate samples) as described (Miller, 1972). #3-galactosidase activity was also
measured in experiments designed to test whether phage-encoded factors increased the
activity of the weak: right-ward promoter,

PPR'

In these experiments, JL3274 and

JL3276 were grown to early exponential phase in L broth at 32°C (which is the
permissive temperature for cIts12) , and shifted to 42°C, the non-permissive temperature
where prophage induction would occur. Cells were removed just prior to and every
30 minutes after the shift in temperature.

At each time point the cells were

immediately lysed in the lysis buffer (Miller, 1972) and stored on ice until the final
time point was taken (2 hours after the shift in temperature).

After this (3-

galactosidase activity was measured as before.
(t) RecA-mediated and autodigestion of CI repressor.
RecA-mediated cleavage of purified HK022 CI repressor was done using the
same conditions described by Lin and Little (1989) for LexA repressor cleavage.
RecA protein was from USBC and was pre-activated for 20 minutes at O°C with the
following conditions (25 JLM RecA, 1 mM adenosine 5'-(,,-thio) triphosphate, 2 mM
MgCI2 , 1 mM DIT, 20 mM Tris-HCI, pH 7.4 and 32 JLg/ml of heat denatured calf
thymus DNA).

Reactions were initiated by addition of activated RecA, and
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incubations were performed at 37°C in a buffer containing 13 i'M HK022 CI, 1 mM
adenosine 5'-('Y-thio) triphosphate, 75 mM NaCI, 5 mM MgCI2 , 2 mM DIT, 20 mM
Tris-HCI, pH 7.4, and 5 i'M RecA (final concentrations). At the times indicated for
each experiment, samples were removed and mixed with a one-fourth volume of
5xSDS cracking buffer (10% SDS, 60 mM Tris-HCI, pH 6.8, 3.5 mM (3mercaptoethanol, 30 % (v/v) glycerol and 1 % bromophenol blue).
Autodigestion reactions were performed at 37°C, with purified CI protein at
a concentration of 13 i'M, and 50 mM CAPS [3-cyclohexlamino)-propane sulfonic
acid] buffer, pH 10.5. Samples were prepared for SDS-PAGE analyses as described
above.
Cleavage experiments of tracer levels of 3sS-labeled CI were performed as
described above for both RecA-mediated and autodigestion reactions. Labeled protein
for both Wild-type and SA-148 CI proteins was made in vitro using an E. coli
transcription/translation coupled lysate purchased from Promega. The wild-type and
SA-148 proteins were synthesized using pNGC23 and pNGC12 respectively as a
templates. Labeled CI was partially purified by batch adsorption to phospho cellulose
followed by elution with 200 mM NaCl. Partially purified CI was stored at -20°C
until cleavage reactions were performed.
(u) Analysis of cooperativity
In the model of Fig. 3-8, the dissociation constants are defined as
K1 = [0201][R]/[02Rl]
K12

=

[02Rl][R]/[R2Rl]

K2 = [0201][R]/[R201]
K21

=

[R201][R]/[R2Rl]

[1]
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K'

= Kl

0

= K2

K12

0

K21

= [0201][R]2/[R2Rl]

(units of M2)

where 0201, 02Rl, R201, and R2Rl are defined in Fig. 3-8, and R is free
repressor. Since repressor was in vast molar excess over all operator species, we
assume that free R
w

=::

total added R. The cooperativity parameter w is defined by

= K.tK21 = K2/K12

[2]

Combining [1] and [2],

K' = K 1 oK2/w

[3]

Expressing all the forms of the operator in terms of 0201:
[02RI] = [0201][R]/K l

[R201] = [0201][R]/K2

[4]

[R2RI] = w o[0201][R]2/K 1 oK2
So that the total concentration of all operator species in the reaction is given by
[0] = [0201](1

+

[R]/K 1

+

[R]/K2

+w

0

[R]2/Kl KJ

[5]

0

Fractional occupancies are given by dividing [0201] or eqs. [4] by [0], giving
f[0201] = 1 I x

f[02RI] = ([R]/K 1) I x

f[R201] = ([R]/K2) I x

f[R2RI] = (w [R]2/Kl K2) I x
0

0

}

[6]

where

x = (I + [R]/KI + [R]/K2 + w· [R]2/Kl • KJ .

[7]

Since there are multiple species with CI bound to ORI or OR2, the observed
binding curves for these sites are not directly related to a single dissociation constant
(cf. Brenowitz et aZ., 1986; Ackers 1983). The fractional occupancies of ORI and
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OR2 are given by
f(ORI)

= f[02RI]

+ f[R2RI]

= ([R]/K}

+ ",o[Rf/K}oK2 ) / x

:=

[8]

f[R20I] + f[R2RI]

= ( [R]/K2

+ '" [R]2/K} • K2 ) / x

[9]

0

R is now calculated at 50% occupancy of ORI and OR2, symbolized by R} and
R2, respectively. At Rh f(ORI) = 0.5, so that [7] and [8] give
R}/K}

+ '"

0

R}2/K}K2 = I + RtfK2

The quadratic equation gives
R} = {(K} - K2)

where y = {(K} - K2)2

+ y} / 2 '"
+ 4 K}

K2

[10]

[11]

",}1/2

Similarly,
R2 = {(K2 - K1)

+ y}

[12]

/ 2 '"

where y is defined as in [11].
Multiplying [10] and [12]:
RI R2 = (K2 - KI
0

+y)

(KI - K2

+ y)

/ 4 ",2
0

RIo R2 = (y2 - (KI-K2)2) / 4 ",2
0

Substituting y and canceling terms,
[13]

RI R2 = KI K2 / '"
0

0

which is the same value as given in [3] for K'; that is, K' = RIo R2

•

Rearranging

[13],
[14]
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At high values of w, Rl

::=

R2 , and the two binding curves largely superimpose

(see Fig. 3-7). However, at lower values of w, the curves separate, and the value of
w calculated from [14] should predict the individual values of Rl and R2 from [10] and

[12], if the data are consistent with the model.
(v) model for phased binding
A model was developed and analyzed (by I. Little) for phased binding (Fig. 3II). In this model, repressor can bind to a segment of DNA containing a single
operator (P) by nucleation at the specific site, followed by non-specific binding to
flanking adjacent sites. The species of DNA: protein complexes are restricted to those
which contain a repressor molecule bound to site P and to one or more contiguous
sites on one or both sides of site P. 0 represents free operator and LARb represents
a complex with repressor molecules bound to P and to a and b contiguous sites on the
left and right sides, respectively, of P. For simplicity, binding is restricted to five
flanking sites on each side; extensions to longer tracts are obvious, but this simpler
model adequately represents the experimental situation.

The equilibria, where C

represents CI protein, are
C

+0

C

..... LoRo

Kp1 = [C]· [O]/[LoRa]

[15]

+ LoRo ..... LiRa

Kn = [C]· [LoRo1/[LIRo1

[16]

C

+ LxRo ..... Lx+1Ra

KPJ = [C]. [LxRo1/[Lx+lRa] x=14

[17]

C

+ LoRx ..... LIRx

C

+ LxRy ..... Lx+IRy where x=I-4;y=I-5;

Kp.J = [C]· [LoRJ/[LIRJ where x= 1-5

KPJ is the dissociation constant for all such reactions

[18]
[19]
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Similar equilibria apply to molecules binding to sites on the right side. Different
equilibrium constants are assigned to

eI binding next to site P when the opposite side

is free (KP2) or occupied (KP4), and still a different one (KPJ) for binding to a site
adjacent to a non-specifically bound molecule.
The total concentration of all species of operator is given by
5

[O]total

5

= [0] +LL

[LiRj]

[20]

i=O j=O

Expressing all the various forms in terms of [0] and [e] yields
[21]

[0]10141 = [0] • W

where

w = {1 +

[C] + 2X • (1 + Z + Z2 + Z3 + Z4) +

[22]

Kp1

Y • (1 + 2 Z + 3 Z2 + 4 Z3 + 5 Z4 + 4 ZS + 3 Z6 + 2 Z 7 + Z8) }

and

y

and

=X

• [C] / KP4

}

[23]

Z = [C] / KP3

So that the fraction of free operator is given by
f[0]

= [O]/[O]lolal =

1I W

[24]

Equations [15]-[19] and [24] yield a set of equations for the fractional concentrations
of all the various species from the equations that express them in terms of [0], [e],
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and the various equilibrium constants. For example,

As in the case of pairwise cooperativity, fractional occupancy of site P and of flanking
non-specific sites is not directly related to a single dissociation constant. The set of
equations similar to [25] were used to calculate the fraction of occupied sites SL.-SLs,

P, and SR.-SRs, where SLj or

S~

represents the ith site to the left or right of site P,

by subtracting species with free sites from the total. This yields
f[P] = 1 - [0]
5

f [ SL1 J

=1

- (f [0 J +

L

f [LoRi J )

i=O

= 1 - f[O] • (1

+

[C]/K p1

+X

• ex )

[26]

where
ex = 1

+ Z + Z2 + Z3 +

Z4.

[27]

Similarly~

5

f[SL 2 J

f[S~]

= f[SL 1 J - L

i=O

f[L 1R i J

= f[SLI1 - f[0] • (X

+

y • Z • ex)

[28]

And by extension, for a=3 to 5
f[SLJr = f[SL a_1]

-

f[0] • (X •

za-2

+y .

za-l •

ex)

[29]

Since the system is symmetrical about site P, these terms also give fractional
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occupancies of sites SRI - SRs•
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CHAPTER 3

Characterization of the DNA Binding Properties of HK022 CI
Introduction
In this chapter I describe work aimed at analyzing cooperative binding of CI
repressor from the lambdoid phage HK022. This phage is heteroimmune to other
characterized lambdoid phage (Dhillon et al., 1980), indicating that it contains its own
unique repressor and specific operators. DNA sequence analyses of the immunity
region from HK022 by Oberto et al. (1989) showed that the genes and potential
operators of HK022 share similar organization with A. and related phages.
Both biochemical and genetic analyses were used to identify the binding sites
for HK022 CI at 0L and OR' Mutants which escape repression (virulent mutants) and
contain changes in OR were isolated and used to construct various mutant derivatives
of OR' Intrinsic affinities were measured for purified repressor binding to 0RI and
0R2 using DNase I footprinting analysis. From these affinities I determined that the
cooperativity factor for the HK022 repressor was approximately 2000, a value that
represents one of the highest degrees of cooperativity known for a regulatory protein.
Also, at high repressor concentrations, this protein protected non-specific sequences
adjacent to a single specific site from DNase I resulting in a phased pattern of
protection extending from the specific site of interaction.
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Results
a. Purification of the HK022 CI protein
I overproduced the putative CI repressor from HK022 using the T7 expression
system (Studier, 1990) (Fig. 3-1, compare first two lanes) and purified it to greater
than 95% purity as judged by SDS-PAGE analysis (Figure 3-1, last three lanes).
In addition to the genetic evidence identifying this open reading frame as the
cI gene, several lines of biochemical evidence suggested that this purified protein was

the CI repressor of HK022. First, purified CI which I sent to our collaborator R.
Weisberg at NIH had repressor activity in vitro, as evidenced by its ability to inhibit
transcription of HK022 PL and P R (Cam et al, 1991). Second, Cam et al. (1991) also
found that transcription from HK022 PM was stimulated at moderate CI concentrations
and inhibited at higher concentrations, demonstrating that this protein had features
similar to A CI repressor. Finally, footprinting data described below showed that this
protein bound to operators located between the cI and ero genes. I conclude that this
protein is the immunity repressor of HK022, and refer to it henceforth as HK022 CI
protein or repressor.
HK022 CI protein expressed in the T7 expression system migrated in SDSPAGE analyses with an apparent molecular weight of z28 lilla.

The predicted

molecular weight from the amino acid composition deduced from the DNA sequence
analysis of the cI gene by Oberto et al. (1989) is about 23.1 kDa. However, the
purified repressor co-migrated with repressor from HK022 lysogens as judged by
immunoblot analysis using antibodies raised against purified repressor (data not

Figure

3-1.

repressor.

Induction

and

purification

of

HK022

CI

Cells (JL1873) containing the T7p::HK£I plasmid

(pNGC11) were grown and induced with IPTG, and harvested 4
hours later (see chapter 2 for details).

Aliquots before

and after induction were treated with SDS-PAGE cracking
buffer

(see chapter 2)

and run in lanes 1 and 2.

The

soluble material after lysis of induced cells is in lane 3.
The

pooled

peak

fractions

from

chromatography

on

phosphocellulose and hydroxyapatite were run in lanes 4 and
5,

respectively.

stained with

After SDS-PAGE analysis,

coomassie

blue

to

visualize

the gel was
the

proteins

(Fairbanks et al., 1971), and destained according to Little
(1991a).

Note: more contaminating proteins were evident in

lane 4 when larger amounts of protein were analyzed.
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shown). This apparent anomalous migration by ID(022 CI repressor is not without
precedence; other proteins such as c-myc (persson, 1984) and prokaryotic (]'
transcription factors (HeImann and Chamberlin, 1988) also do not migrate according
to their molecular weight.
b. Mapping of operators OR and OL
Oberto et al. (1989) identified three potential operators (OJ located in tandem
between the cr gene and the putative ero gene and three other potential operators (OJ
lying 3' to the

cr gene and 5' to the nun gene (see Fig. 3-2).

Each of these potential

operators consists of 15 bp inverted repeats with dyad symmetry which were similar
to each other in sequence. The general organization of the potential operators with
respect to

cr, ero,

PR, PM' and PL is similar to that of other characterized lambdoid

phage (see Fig. 3-2).
I used DNase I footprinting analysis over a range of repressor concentrations
to test whether these sequences were the operators and to measure how tightly the
repressor bound to its various sites.

32P-Iabeled DNA fragments containing the

putative operator regions were incubated with various concentrations of purified CI
protein followed by treatment with DNase I and subsequent PAGE analysis.
At OR' CI repressor protected regions corresponding to all three of the
predicted operators from DNase I digestion (Figure 3-3). Assuming that the important
contacts for binding are contained in the 15 bp inverted repeats, then the 50-fold
weaker affinity observed for OR3 versus OR 1, combined with the observation that OR 1
and OR2 filled up together, suggested that the repressor bound ORI and OR2 with a

Figure

3-2.

Schematic
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Figure 3-3.
Part a.

Binding of purified CI to OR.

DNase I footprinting of OR region.

containing

the

incubated

with

OR

region

various

was

A DNA fragment

end-labeled

concentrations

with

of

32p

purified

repressor followed by limited digestion with DNase I
materials

and

fragments

were

polyacrylamide,

methods).

Following

precipitated
7

M urea,

and

digestion,

fractionated

sequencing

gel,

autoradiography (see chapter 2 for details).
concentrations are shown above the lanes.

CI
(see

the
on

and

DNA

a

8%

followed

by

The total CI
Standards were

obtained by Maxam and Gilbert sequencing reactions (1980),
and the regions of the 15 bp inverted repeats (ORl-3) are
shown.
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DNase

I

footprinting

of

OR

region.

Footprinting was done as in part a except that the opposite
strand was labeled.
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the

Sequence of protected regions.

region

comprising

OR

is

shown

The sequence

along

with

the

protected regions (denoted by a solid bar above or below the
sequence).

The protected regions for the top and bottom

strands were obtained by inspection of the autoradiogram in
parts a and b respectively.

Regions of ambiguity in the

protection by CI due to a lack of DNase I digestion, are
denoted with the line extending from the solid bar.

The

regions corresponding to cX, cro and promoters PR and PH are
also indicated.
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Figure 3-4.
Part a.

Binding of purified CI to 0L.

DNase I footprinting of 0L region.

A DNA fragment

which contained the 0L region was used for footprinting
analysis (the bottom strand is shown here) as described in
Fig. 3-3a.

Maxam and Gilbert sequencing reactions (1980)

were run in (A+G) and (C+T) lanes to identify the operator
sequences.
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DNase footprinting was done as in part a,

except that the top strand was labeled.
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Sequence of protected regions in

OLe

The

protected regions are denoted by bars above or below the
sequences which were protected when that strand was labeled.
The protected region in the sequence between 012 and 013

may

not actually be a true operator and may be protected because
of looping (see text and discussion).

As in Figure 3-3c,

regions of ambiguity in the DNase I protection are denoted
with a

line extending from the bar.

sequences for P l are indicated.

Also,

the promoter

o
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I
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high degree of pairwise-cooperativity (see section d below).
The binding pattern of the repressor to OL was more complicated (Figure 3-4).
Two contiguous high affinity sites for CI binding were observed, corresponding to the
regions Oberto et al. (1989) predicted for OLI and OL2. The relative affinity of the
repressor for these sites was even greater than for ORI and OR2, where cooperative
binding (section d) occurs, suggesting that the binding to OL1 and OL2 is also
cooperative. At higher repressor concentrations, another region 38 nucleotides away
(or 53 nucleotides center to center) from OL2 was protected (OL3).

The region

between OL2 and OL3 contained both protected and hypersensitive sites which were
especially evident on the top strand (see Figure 3-4b arrows for hypersensitive sites).
The protection pattern in this region differed from that seen with the other operators.
Instead, it resembled that seen for DNA looping when A CI repressor binds
cooperatively to two operators spaced 68 nucleotides (center to center) apart
(Hochschild and Ptashne, 1986). This pattern was not observed when Q1 and OL2
were not present, suggesting that this pattern resulted from DNA looping.

An

alternate but less likely model, is that the protected regions, between OL2 and OL3
resulted from phased binding (see section f) nucleated by CI bound specifically to OL2
and OL3. For the remainder of this study I focused on the binding of the repressor
to OR' where the binding appeared less complicated.

c. Virulent phage mutants.
Assessment of the cooperativity of HK022 CI repressor binding requires a
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knowledge of the affinities of the repressor for the individual operators. Therefore
I needed to define the important contacts for CI repressor on the DNA; this would
allow me to construct derivatives of ~ in which only one of the three operators was
wild-type (see next section).
I was able to identify OR mutations by isolating those phage which escape
repression by CI, thereby enabling them to grow on a lysogen (JL1877).

These

virulent mutants should contain changes in their operator sequences which decrease
repressor affinity and allow the phage to grow in the presence of repressor. Similar
mutants have been found for A. Unlike Aphage, which requires mutations in both OR
and OL for the virulent phenotype (see Flashman, 1978; Hopkins and Ptashne, 1971),
HK022 does not appear to require changes in OL for virulence, as judged from the
observation that HK022 virulent mutants can be isolated which are still repressible at
OL (Claire Shean and Max Gottesman, personal communication). The evidence for
this is that virulent mutants of HK022 can be obtained that plate on a polA--HK022
lysogen with much lower efficiency than on either a polA--non-lysogen or a polA +HK022 lysogen. They reasoned that these mutants were sensitive to repression at Q
by the following criteria.

With A, recombination genes to the left of PL (and

expressed from PJ are required in the absence of polA for phage growth (see Smith,
1983). Therefore, by analogy with A, if HK022 should also require its recombination
genes expressed from PL in a polA- strain for phage growth, then the inability of some
HK022 virulent mutants to grow efficiently in a polA-/HK022 lysogen was due to
repression at PL' Accordingly, virulent mutants of HK022 were expected to contain

Figure 3-5.
Part a.

OR mutations in the virulent mutants.

The sequence changes for each virulent mutant are

indicated

below the wild type

sequence.

02

is

not

a

virulent mutant, but does contain a single change in 0R2
(see text).
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Half-operator sequences of all the operators
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mutations in OR.
Virulent mutants were obtained in this study and from other investigators (see
Figure 3-5a). I isolated virulent mutants from mutagenized Iysates of either wild-type

(cr+) or cI- (0:0 phage strains (see Materials and Methods). The cr- strain (0:0
contained a change near the center of OR2 which was different from wild-type. The
affinity of the repressor for this form of the operator was similar to that of wild-type
as judged by DNase I footprinting analysis (data not shown). Also, the mutation in
O2 was in what could be the -35 region of PP,h and may be a PM down mutant.
Twenty independent isolates were sequenced, of which IS were found to be
unique.

These mutations were in nuc1eotides within the 15 bp inverted repeats

comprising ORI and OR2, and occurred predominantly in the most conserved positions
in the operators (see Figure 3-5b). Some of these individual virulent mutants had
different residual sensitivities to repressor, as judged by differences in plating
efficiencies on a lysogen and on a strain containing multiple copies of the cr gene on
a plasmid (see Table 3-I). These results suggest that the nuc1eotides contained in the
15 bp inverted repeats are the most important for specific DNA binding, and that
certain positions may be more important for specific contacts by CI.
Of these 15 virulent mutants, 11 contained mutations in both ORI and OR2.
This may be the result of a high degree of pairwise cooperativity of the repressor
binding to ORI and OR2, suggesting that both operators must be affected to reduce
repressor affinity sufficiently to produce virulence (see chapter 7 for discussion).
Of the four remaining mutants, one contained an insertion of a T in the right
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Table 3-1 Efficiency of plating with virulent mutants.
JLI87711873
Phage strain

(L~sogen/wild-

JL1876/1873
(t cI/wild-t~12e)

JL1876/1877
(t cI/1~so~)

<3xlO-7
< 9. 7x 10-8
2xlO-2
4xlO-3
0.2
Ix 10-3
0.5
0.5
0.6
0.8
0.4
0.5
0.2
0.6
0.4
1
0.6
0.5
4xlO-6
9xlO-7
Ix 10-6
0.4
0.9

0.3
0.7
0.4
I
0.7
I
0.8
0.9
I
I
1
I
0.8
1.1
0.7
I
lxlO-5
2xlO-6
4xlO-6
0.6
I

~

wild-type
02
CHKll-l
CHKll-2
CHKll-12
CHKll-6
VI8
CHK23-2
CHK30-1
CHK24-1
VOl-I
V02-1
V02-3
V04-1
VWI-l
VW2-1
VW2-8
VW3-1
VW3-8
VW4-1
VW4-7
VW5-1
VW5-6

< 3xlO-7
6xlO-2
6xlO-3
0.4
3x104
0.7
0.5
0.8
0.9
0.4
0.4
0.2
0.6
0.5
0.9
0.4
0.5
0.3
0.5
0.3
0.7
0.3

Note: Groups of virulent mutants containing the same mutations in OR:
(VW3-8, VW4-1, VW4-7), (CHK23-2, VI-8), (CHK24-1, CHK30-1, CHKll-12),
(V02-3, VWI-I), and (CHKll-6, V02-8). I do not understand why the last two
mutants have different plating efficiencies, yet they have the same mutations in OR.
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side of OR2 (see Fig 3-5). This mutation might be expected to be as disruptive for
repressor binding as the other 11 mutants which contained changes in both operators,
since it would compromise the intrinsic affinity for OR2 while also changing the
spacing between operators; other work in the laboratory indicates that this spacing is
important for cooperativity (C. Mao, N. Carlson, and J. Little, in preparation).
The remaining class of mutants was three isolates which contained only a
single change in either ORI (VW5-6) or OR2 (CHKll-2 and VW3-8). The mutants
VW3-8 and CHKll-2 were among the least virulent phage strains and the level of
virulence was the most sensitive to CI levels in the cell (see Table 3-1). By contrast,
VW5-6 was less sensitive to different CI levels as judged by its plating efficiencies
on strains expressing different levels of CI (see Table 3-1). Even though this mutant
plated well on strains expressing CI repressor, it made much smaller plaques on these
strains (data not shown), indicating some effect from CI expression. VW5-6 differs
from the other virulent mutants containing a single mutation in OR in that it also
contained a second mutation in another operator located near the 3' end of ero in a
site called OPR (next chapter). The mechanism by which OPR + prevents virulence is
not well understood (see next chapter).
d. Relative intrinsic affinities for individual operators and cooperativity of repressor
binding.
Drawing upon analogy with phage A, upon the binding pattern for OL and OR
(Figures 3-3 and 3-4), and upon the apparent requirement for mutations in both

~l

and OR2 for virulence in HK022, 1 surmised that HK022 CI repressor would bind its
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operators with a high degree of cooperativity.

To assess cooperative binding, I

needed to measure the relative individual or intrinsic affinities of each operator when
it was adjacent to mutant operators. To this end, DNase I footprinting analyses were
conducted with purified CI protein using single-mutant versions of

~

from the

virulent mutants VW3-8 and VW5-6. However, repressor still appeared to occupy
aRt and OR2 together, indicating that a single mutation in an adjacent operator was

not sufficient to block cooperative repressor binding between aRt and OR2.
Therefore, in order to assess the relative intrinsic affinities of the individual operators,
I needed more than one mutation in the adjacent mutant operators.
Derivatives of OR were constructed (see materials and methods) containing a
single wild-type operator adjacent to mutant operators; each mutant operator contained
two of the mutations found in various virulent mutants giving derivatives termed
aRt +,2= ,3= or aRt =,2+ ,3= (where" = " denotes the presence of two mutations, " +

" denotes the wild-type sequence, and " - ", used below, denotes the presence of a
single mutation). For footprinting experiments, end-labeled DNA fragment containing
either aRt +,2= ,3= or aRt =,2+ ,3= templates were incubated with no repressor or
various concentrations of total repressor ranging from 100 pM to 400 nM and treated
with DNase I.

These templates showed protection from DNase I digestion of

individual wild-type operator regions without protection of adjacent mutant operators
(Figure 3-6). Furthermore, the repressor appeared to have greater affinity for aRt
than OR2.
To determine affinities of CI for the various sites, fractional occupancies were
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quantitated by Betascope analysis from gels with more CI concentrations than shown
in Fig 3-6. The percent protection was plotted against the log of the total repressor
concentration (Figure 3-7). Assessment of the repressor concentration required for
50% maximal protection for each operator, gave the apparent relative Ko of the
repressor for that operator (Brenowitz et al.1988). These values are shown in Table
3-11, along with the Ko values for binding of repressor to wild-type OR' Since I did
not know the dimerization constant or the fraction of active molecules in our purified
CI repressor preparation, all these binding constants were based on total repressor
concentration, and can only be viewed as relative binding constants. For the sake of
discussion, I will assume that all the repressor is in the dimer form in estimating
relative intrinsic binding affinities. If substantial amounts of monomer were present
at low [CI], this assumption would lead to an underestimation of cooperativity (see
discussion).
From the values in Table 3-11, a cooperativity factor (w) was determined to
assess the pairwise interaction between repressor complexes bound to adjacent
operators (see Figure 3-8). The value obtained for w was approximately 2000 for
HK022 repressor.
The dissociation constant of the repressor for OR3 was also determined using
both the wild-type template OR! +,2+ ,3+, (determined from footprinting experiments
analogous to that in Figure 3-3) and the mutated OR template ORl-,2=,3+ (data not
shown). The Ko for CI binding to OR3 was 20 nM for both templates (see Table 3III), indicating that repressor molecules that were bound to the adjacent wild-type ORI
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Table 3-11.

Affinities of CI repressor for OR operators (shown as dissociation

constants).

operator

KD (nM)

context

ORI

0.33

0(1+
R ,2+ ,3+)

OR2

0.33

0R(1 +,2+,3+)

ORI

6

oR(1 +,2= ,3=)

OR2

29

0R(1 =,2+ ,3=)

OR3

20

OR(1 +,2+,3+)

OR3

20

°R(1-,2=,3+)

Figure 3-6.
double
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and OR2 did not apparently increase the affinity of OR3. To my surprise, the intrinsic
affinity for OR3 was less than for ORl, a result I did not expect, since the sequence
of the 15 bp inverted repeats is the same for both ORI and OR3. The implication is
that sequences outside the operator (15 bp inverted repeats) influence slightly the
intrinsic affinity of the repressor for the operators.

Similar but somewhat larger

context effects have been observed by Brenowitz et al. (1988) for A repressor.
e. Cooperativity of repressor bound to OR2 is predominantly pairwise
With A repressor, cooperative binding can occur either between ORI and OR2
or, if ORI is mutant, between OR2 and OR3; molecules bound to OR2 do not
simultaneously make cooperative contacts with ORI and OR3 (Johnson et al., 1979).
This pattern is therefore termed "pairwise" cooperativity. Two lines of evidence
indicated that HK022 C1 has similar behavior at OR. First, repressor binding was
tested with templates carrying wild-type OR2 adjacent to a singly-mutated ORI. When
a wild-type OR3 was present (ORl-,2+,3 +), (See Table 3-1II) , cooperativity was
observed almost exclusively with repressor bound to OR2+ and 0R3+. The value of

w for this binding was about 70. By contrast, when OR3 was mutant (ORl-,2+,3=),
repressor bound ORl- and OR2 cooperatively. Second, the affinity of C1 for OR3 was
about the same, whether it was measured in a Wild-type template or in an OR 1-,2 =,3 +
template (Table 3-1). Taken together, these findings imply that, although binding
between OR2 and OR3 can be cooperative, this interaction does not take place on a
template with cooperatively interacting molecules at ORI and OR2.
Paradoxically, the binding constants for the two pairwise interactions on the
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Table 3-III. Affinities of CI repressor for mutant operators.

Operator
Version of OR
OR(1-,2+ ,3+)

130 nM

2.6nM

OR(l-,2+ ,3=)

4nM

4nM

3.3 nM

------

-----

>400 nM

Figure 3-8.

Estimation of cooperativity from Ko's shown in

Table 3-II.

Equilibria between the various bound forms of

OR are shown along with the measured and calculated (shown
in

parentheses)

dissociation

section u for calculations).
and 0R2

are denoted 01

constants

(see

chapter

2,

The unoccupied states for 0R1

and 02 ,

respectively,

repressor-bound forms are denoted R1 and R2.

while the

The diagonal

arrow between 0201 and R2R1 depicts the overall equilibrium
between these two forms.

The cooperativity parameter (w) is

estimated as the ratio of the observed intrinsic Ko to the
calculated Ko for binding when the adjacent operator is
occupied (w=K,IKzl=Kz/K1Z)'

with high w, K' can be measured

from curves like Figure 3-7 and KZl and K 1Z are calculated
from K' and K z or Kl respectively (K'=[KzJ [Kz,J=[K,J [K 1Z J) •
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ORI- templates (OR2+/0R3+ and 0Rl"I0R2+) were similar. This being so, I would
expect that with the ORI-,2+,3+ template, repressor bound to 0R2+ would interact
about equally well with repressor at ORI- and OR3+; instead, interaction was almost
entirely with 0R3+. I do not understand the basis for this observation.
f. Protection of flanking regions following CI binding to single operators.
I examined the binding of CI to templates derived from synthetic DNA; these
templates contained only the original 15 bp operator sequences flanked by 3 bp of the
natural context sequence. Affinities of CI for these synthetic operators was slightly
less than those for wild-type operators with dissociation constants for intrinsic site of
ORI,::::15 nM,

OR2~90

correspond to an

nM and adjacent sites 0RI and

w~3000

OR2~750

pM; these

(C. Mao, N. Carlson, and J. Little, in preparation).

However, with these individual synthetic operators, a pattern of phased protection was
observed which extended out far away from the operator site (See Figure 3-9). This
was also seen in Figure 3-6. With the synthetic operators, these phased patterns
(which I term "phasing") were only apparent at repressor concentrations at which the
operator was just reaching maximum protection, and were characterized by the
appearance of multiple small protected regions and new DNase I hypersensitive sites.
These small protected regions showed no similarity to operator sites in sequence
composition, and I interpret them to result from non-specific binding. Phasing was
less pronounced on a template carrying adjacent synthetic OR! and 0R2 operators, and
required higher amounts of repressor. Also, phasing occurred at different repressor
concentrations for different synthetic operator constructs. For each synthetic operator

Binding of CI to synthetic operators.

Figure 3-9.

End

labeled DNA fragments containing 0Rl and 0R2 together, or
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analyses as indicated for Figure 3-3.
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construction, phasing began to appear at much lower CI concentrations for individual
operators ORI and OR2 than for ORI and OR2 together. Therefore, phasing appeared
to be DNA-template dependent. Also, when pairwise interactions were possible as
with ORI and OR2 together, nucleation for phasing did not appear to be as efficient.
To assess better the periodicity of the phasing, OH--radical footprinting was
done using the single synthetic operators (see Figure 3-10). This phased pattern
repeated every 10-11 nucleotides, as many as 4 or 5 times, gradually fading away
with increased distance from the operator.

However, when two operators were

adjacent to each other, the periodicity between the two operators was closer to 12
nucleotides (see Fig lOb). This periodicity correlates well with the distance of 24 bp
(center to center) between specific operators (see discussion). Despite these obvious
differences, a more exact determination of the periodicity was not possible due to the
asymmetry in the pattern of cleavage by OH· of the DNA fragment even without
repressor bound. This phased binding of CI may be related to the high degree of
cooperativity observed with this repressor (see section v in chapter 2).
DISCUSSION
Two major features regarding the DNA binding properties of the CI repressor
were uncovered in the biochemical analyses described in this chapter. The first, is
the high degree of cooperativity observed for binding of CI to adjacent operators.
Binding of repressor to one operator increases the affinity for an adjacent operator at
least 2000-fold (w of 2000). The second, is the phased binding observed at high CI
concentrations with a single binding site on the DNA template. Genetic analyses of

Figure 3-10.
Part

a.

operators.

Phased pattern of CI binding.
Hydroxyl-radical

footprinting

of

synthetic

DNA fragments used in the reactions shown in

Figure 3-8 were used for hydroxyl-radical footprinting (see
chapter 2 for experimental details) with 0, 2, or 20 nM CI.
positions of OR shown were deduced from Maxam and Gilbert
sequencing reactions run on the same gel (data not shown).
The affinities in these reactions differed from those seen
with DNase I footprinting reactions and are presumed to be
due to the differences in reaction conditions for the two
types of footprinting.
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virulent mutants defined the CI sites in

~

as operators. Nearly all of the virulent

mutants examined contained mutations in both ~1 and OR2, suggesting that mutations
in both operators are required to overcome the high degree of cooperativity.
a. Evaluation of cooperativity for HK022 CI repressor.
In principle, several different factors can influence the degree of cooperativity
measured by my methods.

My approach of measuring affinity of the individual

operators in the context of one wild-type operator adjacent to two mutant operators
should accurately reflect the cooperativity for the HK022 repressor. Brenowitz et al.
(1989) found that cooperativity might be overestimated as a result of DNA context
effects.

Measurements of cooperativity with A repressor binding to chemically

synthesized operators which lack adjacent flanking sequences leads to overestimation
of cooperativity, since the apparent affinity for isolated operators is weaker than for
the natural context. In addition, when synthetic operators were used for HK022 CI
binding, only a slight increase in cooperativity was observed (w

~

3000) (C. Mao,

N. Carlson, and J. Little, in preparation).
Conversely, several different considerations might lead to an underestimation
of cooperativity.

The first consideration is related to the effect of the IiNA

concentration in the footprinting reactions on the assessment of the dissociation
constant (Ko). The DNA concentration should be far lower than the Ko, so that free
repressor is not significantly depleted by binding to DNA, since the Ko for a site is
equal to the free repressor concentration at half-protection of that site with DNase I
footprinting analyses (see Brenowitz et al., 1989). High affinity sites (such as wild-
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type OR 1 and OR2) could cause a depletion of the free repressor and an overestimation
of the Kn (resulting in an underestimation of affinity).

I estimated that the

concentration of wild-type operator DNA was at most 5 % of the concentration of
repressor in the footprinting assay, so that, at half-maximal protection, depletion of
free repressor was not significant. However, I do not know the fraction of active
molecules in my CI repressor preparations. If the fraction of active repressor was
considerably < 100%, then the concentrations of active repressor would approach
more closely the concentration of wild-type operator DNA in the reactions.
Consequently, free active repressor would have been significantly depleted in the
reaction with the high affinity templates, leading to a reduction in the apparent value
of w.
Second, I am assuming most of CI is presesent as dimers under the conditions
of my experiments. Weak dimerization of the repressor would increase the value of
cooperativity. The active DNA binding species of HK022 CI is assumed to be a
dimer, both by analogy with A CI (Jordan and Pabo, 1988) and 434 repressor
(Aggarwal et al., 1988), which have been shown to bind as dimers by x-ray
crystallography, and because of the dyad symmetry of the HK022 operators. I have
not determined the dimerization constant for HK022 CI, and all of my estimations of
cooperativity are based on the assumption that the repressor is predominantly in the
dimer form at the concentrations of our assays. This assumption may be incorrect.
With weak dimerization, a far smaller fraction of molecules would be present as
dimers in the concentration range used with wild-type operator than in the case of the
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mutant templates. Again, this would result in a higher value for w. For example, if
HK022 CI were to dimerize with a

K.Jimcr

of 7 nM as A CI repressor does under the

conditions tested (Koblan and Ackers, 1991), then I estimate that the degree of
cooperativity would be 40-fold higher than my reported value (w ~ 80,000 or ~G ~-7
Kcal/mol). Calculations of A CI repressor cooperativity have included a correction
for dimerization. Overestimates of cooperativity for A CI using incorrect K.Jimcr values
have appeared in recent years, so these values must be accepted with caution.
Finally, an underestimation of cooperativity may also have resulted from an
underestimation of the intrinsic Kn of repressor for OR2. The slope for the intrinsic
binding of repressor to OR2 appeared to be much steeper than for ORI and, indeed it
was nearly as steep as when repressor bound two adjacent operators (Figure 3-7).
This observation was reproducible and suggests that some cooperative binding might
still be occurring for OR2. One possible explanation for this is that the weaker affinity
site OR2 may be more affected than ORI by the non-specific binding to adjacent sites
(phasing) (Figs. 3-9 and 3-10). The contribution from phasing to an increase in
affinity of a weak site such as OR2 was estimated using a computer program written
(by JWL) to calculate fractional occupancies as a function of [Cll (see chapter 2,
section x and Figure 3-11). For the sake of simplicity, in this calculation it was
assumed that KP2=KP3=KN (equilibrium constants for adjacent non-specific sites); the
pattern of occupancies for various ratios of Kp /K P2 was calculated. Holding Kpil the
affinity for site P, constant at 10 nM, the fractional occupancy of site P was calculated
at various KP2 values over a range of [CIl. The resulting plots are shown in Figure
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3-11b, where it is evident that occupancy of flanking sites has little effect on the shape
of the binding curve, or on the apparent dissociation constant, when Kn>

> Kp1 •

However, as Kn is reduced towards Kp1 , the binding curve begins to steepen and to
shift to tighter binding. A curve similar to the one observed experimentally for

~2

(Figure 3-7) was calculated at a Kn lK pl ratio of about 2. At this ratio, calculated
occupancy of the flanking sites was low (about 14 % for each adjacent site) and might
not have been detectable with the limited resolution of our analysis, particularly since
I could not evaluate 100% occupancy.

At this ratio, the observed dissociation

constant for the specific site was reduced by almost 50% from the true value (KP1),
an effect which would underestimate w to this same extent.
b. Comparison with other cooperative systems
The best studied example of cooperative DNA binding is that of A CI
repressor. This system has proven complex; the value of w appears to depend on the
experimental conditions. In part this is because the dimerization constant for A
repressor is sensitive to conditions (Koblan and Ackers, 1991), and earlier studies
assumed a constant value for this constant. In addition, the cooperative interactions
themselves have been reported to be sensitive to conditions such as [KCI] (Senear and
Batey, 1991). The highest values of w observed in these studies (Koblan and Ackers,
1991,1992; Senear and Batey 1991) approach the value of 2000 observed in my work
with HK022 CI.

However, I have not studied the value of w over a range of

conditions for HK022, so that a detailed comparison is premature. Given the factors
discussed above that might tend to underestimate w for HK022 CI, I believe it likely

Figure
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that cooperative interactions for this protein are stronger than for A CI, but resolution
of this issue will require further study.
Cooperativity has also been measured in a number of other systems. My value
for HK022 CI repressor is comparable to the value of 2000 observed for the

Drosophila heat shock transcription factor at 37° C, a value measured by a cruder
assay than that used here (Xaio et al., 1991). Another nucleic acid binding protein,
T4 gp32, has also been shown to bind with a cooperativity factor of about 3000 (Kelly
et al., 1976), but unlike the previous examples, binding of this protein is non-specific.
Smaller degrees of cooperativity have also been demonstrated for a number of other
DNA binding proteins.

Recently, examples of cooperative binding of eukaryotic

transcriptional regulatory proteins include steroid receptors (Tsai et al., 1989),
immunoglobulin enhancer binding factor Oct-2 (Lebowitz et al., 1989), and yeast a2
and MCMl (Keleher et al., 1989). Additional examples of cooperative DNA binding
interactions are also found in prokaryotic systems such as the Met repressor (Phillips
et al., 1989), the Lac repressor (Kramer et al., 1987; Oehler et al. 1990), the Gal
repressor (Brenowitz et al., 1990) and AraC (Lee and Schleif, 1989).

These

numerous examples illustrate the important biological role of cooperativity in
transcriptional regulation.
The LexA repressor which can dimerize on the DNA, has cooperativity factor
for binding of a second monomer to the operator half-site in the range of l()1i (Kim
and Little, 1992). Furthermore, most or all of the cooperativity is from proteinprotein contacts, and not from changes in DNA structure.

However, this
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cooperativity is between two half-sites, and not between two complete operators as
with HK022 CI.
c. Long range cooperative interactions with HK022 CI repressor
The major emphasis of this chapter has been the pairwise cooperative binding
of the HK022 CI repressor to two adjacent operators. However, additional properties
of this repressor were observed which suggest the possibility of more complex
interactions.

One of these properties is the potential interaction of CI repressor

between operators at the leftward promoter, 0L2 and OL3, which are separated from
center to center by 53 nucleotides (see Figure 3-4).

The appearance of small

protected regions accompanied by enhanced DNase I sensitive sites between 0L2 and
0L3 resembles that seen with A CI repressor when it forms loops in the DNA
(Hochschild and Ptashne, 1986).

Looping of this type has been observed for A

repressor when its operators were artificially separated by 5 or 6 turns of the DNA
helix, but not with 5.5,6.5, and 7.4 turns (Hochschild and Ptashne,1986). However,
with HK022 extended spacing between operators in OL occurs naturally and involves
three operators (OL1,OL2,0r.3) and not two operators as with A experiments. Since
complete occupancy of OL1 and 0L2 is observed for HK022 CI when occupancy of
0L3 becomes apparent, potential long range contacts with repressor bound to 0L3 may
not necessarily be pairwise. Also, the role of the CI complex at OL may serve an
additional function other than repression of Pr.. Nun, whose gene is to the left of Or.,
is expressed in HK022 lysogens from PM (Cam et aI., 1991).

Therefore, the

transcription apparatus must proceed through the repressor complex at 0L.

It is
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possible that C1- induced looping at OL may in some way facilitate this, perhaps by
allowing RNA polymerase to pass.
Long range interactions may also occur between repressor bound to sites in OR
and to a more distant operator located at the end of cro. This other operator, which
I term OPR (for Qperator farther right), has a high affinity for C1 and was identified
by analysis of one of the virulent mutants, VW5-6, which contained only a single
mutation in ORt.

Sequence analysis of regions outside of OR revealed a second

mutation in this virulent mutant which lay within OPR and greatly reduced its affinity
for repressor (see chapter 4). This site is located 5 nucleotides 3' to the cro gene and
it shares homology with the other operators. VW5-6 was less sensitive to repressor
levels than other single-hit virulent mutants, and resembled virulent mutants that had
changes in both ORI and OR2 (see Table 3-1). One plausible interpretation of these
findings is that repressor bound to OPR increases occupancy at OR by way of long
range cooperative interactions.
d. Phasing
Another apparently novel property of this repressor is its ability to give a
phased pattern of nuclease protection at high repressor concentrations. One model
(developed by JWL) (Fig. 3-11a) for how phasing could occur is that binding of
repressor to a specific site increases the affinity for adjacent, non-specific sites. This
model is analyzed in chapter 2 (section v). Phasing could result in increased affinity
of wealc single operators (See Figure 3-11 and section a of discussion).
Higher concentrations of repressor are required to give phasing when two
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operators are present instead of one (See Figure 3-9). This observation might indicate
that pairwise cooperativity is favored over phasing when two specific sites are
properly positioned in relation to each other. When only one operator is present,
binding of repressor to a single specific site apparently increases the affinity for an
adjacent non-specific site. Since phasing continued to extend beyond regions predicted
for pairwise interactions, new or additional repressor-repressor contacts must also be
made.
When comparing the binding of CI to a site adjacent to a specific site for
phasing and cooperativity, each appeared to give different properties. The protection
pattern of an adjacent non-specific site observed with phasing is much different than
that seen for an adjacent specific site with cooperativity. With phasing, protection of
the adjacent site from DNase I is less complete than for an adjacent specific site
(Figure 3-9), suggesting different contacts of the DNA with phasing. In addition, the
periodicity of protection from OR" appeared to differ between cooperativity and
phasing. A periodicity of 10-11 bp was seen for phasing, whereas the periodicity for
cooperative binding in the region between OR1 and OR2 was closer to 12 bp (see
Figure lOb). This increase in periodicity observed with cooperative binding correlates
well with the 24 bp spacing (center to center) between these operators. This might
indicate that CI may use different contacts with the DNA for phasing than for
cooperativity. CI may also exist in different conformations when bound to a specific
site, and this might in turn affect cooperativity. A repressor has recently been shown
to undergo conformational changes in the C-terminal domain when bound to DNA
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(Saha et al., 1992).

Conformational changes after binding DNA has also been

observed for other proteins (reviewed in Sauer, 1990).
I do not know whether concentrations of CI are ever reached in vivo which
would allow phasing to occur.

Estimates of total CI repressor concentrations in

lysogens from western analyses are in the range of 600 nM (data not shown). This
concentration of CI is in the range where phasing is observed in vitro at physiological
salt and pH and temperature (3rC). However, I do not know the concentration of
free CI in lysogens. It is possible that this pattern of binding may have a biological
role when high concentrations of CI are present. Stricter control of CI concentrations
in HK022 may be required to limit the amount of repressor and subsequently the
amount of phasing. In addition to autoregulation by binding to OR3, this phage may
have an additional level of the control of CI expression through message stability.
There is an RNAase III cleavage site 3' to the cI gene which might be important in
controlling CI expression through message stability (Cam et al.,1991).
Phasing has also been observed with the DNA binding protein TFI from the
Bacillus subtilis phage SPOl (Green and Geiduschek, 1985). TFI has weak specific

binding to several sites on the SPOl chromosome. The role of TFl for this phage is
not known, but it has been proposed to perhaps be involved in phage chromatin
structure. It remains to be seen whether the phasing observed for HK022 CI can play
a similar role.
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CHAPTER 4
Identification and characterization of a novel control element (Qpnl,

Introduction
Virulent mutants of a temperate phage are those phage that can propagate
on a lysogen of that phage. In A, most virulent mutants are those which contain
mutations in the CI binding sites. In A, virulent mutations map to both

C\ and

OL'

and mutations in each are required for virulence (Flashman, 1978; Hopkins and
Ptashne, 1971) since genes controlled by PL and P R are required for lytic growth.
Like A, HK022 also gives rise to virulent mutants (Chapter 3; T.S.Dhillon
and K.S. Dhillon, 1976; C. Shean and M. Gottesman personal communication).
However, HK022 is unlike A in that PL is not required for phage growth (Cam et
al., 1991), accordingly, mutations in OL are not required for virulence (see chapter
3, virulent mutant section). HK022 probably does not require PL because it does
not have any analog to the N gene from A. In A, N protein is synthesized from PL
and is required for anti-termination of transcription to allow expression of
downstream genes (Freidman and Gottesman, 1983). Anti-termination does occur
in HK022, but requires no phage-encoded factor (R. Weisberg, personal
communication) .
Analyses of the OR region from HK022 virulent mutants revealed that most
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mutants contained two mutations in OR' with one mutation each in ORI and OR2
(chapter 3). Two mutations in OR were thought to be required, since HK022 CI
repressor binds ORI and OR2 with a high degree of cooperativity (chapter 3,
discussion section). However, a few of the mutants contained only a single
mutation in OR' raising the possibility that other operators outside of OR might
contribute to virulence. In the study described in this chapter, I identified and
analyzed a new operator in HK022 located just 3' to the cro gene. This site,
which I named OFR (Qperator far right), acts to prevent virulence. A mutation in
this site that greatly decreased CI repressor affinity did not confer virulence by
itself. However, this OFR mutant became virulent after acquiring a single change
in OR (either in ORI or OR2).
The precise role of OFR in the transcriptional control of genes in HK022 is
at present unknown. 0pR is a regulatory site for repression by both CI and Cro for
a very weak right-ward promoter. Other models for the action of OFR such as long
range looping are discussed along with the possibility that OFR-type operators are
present in other characterized lambdoid phage.

Results
CI binding site 3' to cro. Inspection of the DNA sequence from the immunity
region of HK022 revealed a 15 bp region located 6 nucleotides 3' to the
termination codon of the cro gene that shared homology with known CI binding
sites located in OR and OL (chapter 3). The sequence of this site differs by only 1
nucleotide from the consensus half operator site (Figure 4-1).

Figure 4-1.
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To test whether this sequence was a binding site for the HK022 CI
repressor, DNase I footprinting analysis was done using purified repressor protein
and a 32P-Iabeled DNA fragment containing this site. As seen in Figure 4-2,
purified CI repressor protected this region from DNase I digestion. No other
binding sites were detected near OPR (designated OPR' for operator farther right),
and the affinity was determined to be KD = 800 pM. The intrinsic affinity of CI for
OPR is greater than for any of the individual operators in OR (chapter 3, Table 3-

II).

The role of OFR in virulence of HK022. Analysis of virulent mutants of HK022
revealed that almost all mutants contained two mutations in OR' with single
mutations in ORI and OR2 (chapter 3). However, a few virulent mutants contained
only a single mutation in OR (either in ORI or OR2) and seemed likely candidates to
contain mutations in other CI binding sites. Since HK022 does not require
mutations in OL for virulence (see discussion), the possibility that mutations might
be present in additional repressor binding sites was considered. To test whether
these single OR mutants contained a second mutation in OFR, DNA sequence
analyses were done in this region for the three single OR virulent mutants. Only
one of the mutants tested (VW5-6) contained a mutation in OFR (Fig. 4-3). This
mutation was also in a highly conserved position in the consensus half-operator
(Fig 4-1).
DNase I protection studies with purified CI repressor and a DNA fragment

Figure 4-2.
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containing the mutant OPR revealed that this mutation decreased the affinity for the
repressor by about 250 fold (data not shown). The magnitude of this effect is
typical when compared to effect seen for A CI binding to an operator containing
single base substitutions (Sarai and Takeda, 1989).

Phenotype of single OFR mutant. To test whether a single mutation in OPR by
itself conferred a phenotype, the OPR mutation was separated from the OR1
mutation in VW5-6. This was done by crossing the OPR mutation onto the
wild-type HK022 phage from a plasmid (pNGC44) that contained the mutant OPR
with 95 and 55 nucleotides flanking OPR to the left and right respectively. Single
OPR mutants from the cross were initially identified by plaque hybridization as
plaques which hybridized at higher stringency than surrounding plaques with a

32p_

labeled oligonucleotide complementary to the OPR mutation (see chapter 2). DNA
sequence analysis of both the OR and OPR regions was then done to confirm that
only the OPR mutation was present.
Two isolates were identified that contained only the OPR mutation (isolates
Ll-l, L5-1). These isolates were plated on the non-lysogen indicator strain
JL1873. Both isolates formed turbid plaques indicating that they could lysogenize
efficiently, and they were phenotypically indistinguishable from wild-type HK022
on this strain. When plated on a lysogen indicator strain (JL1876), neither Ll-l or
L5-1 was virulent. However, both of these isolates gave rise to virulent mutants at
a much higher rate than wild-type HK022 (see chapter 2, section t). The

119

spontaneous frequency for virulent mutants arising from wild-type HK022 was
about 10-9 • However, both Ll-l and L5-1 gave rise to virulent mutants at a
frequency of 10-5 • This is analogous to the All mutant originally described by
Jacob and Wollman (1954). All is not virulent by itself, but gives rise to virulent
mutants at a similar frequency of about 10-5 (Jacob and Wollman, 1954) by
acquiring a single mutation in OR (Hopkins and Ptashne, 1971; Devoret, 1979) (see
discussion).
The analogy with All and the presence of two mutations in almost all
HK022 virulent mutants (chapter 3) suggested that virulent mutants derived from
OPR mutants would be expected to have acquired a second mutation, presumably in
OR. To test this possibility, spontaneous virulent mutants were obtained from LI-l
and DNA sequence analyses performed on both the OPR and OR regions. None of
these virulent mutants had any additional changes in OPR' and each had acquired a
single mutation in either ORI or OR2 (Fig 4-4).
The high frequency of virulent mutants arising from Ll-l and L5-l also
caused lysogens of these mutants to form ragged looldng colonies that contained
many very small plaques. When lysogens were grown in liquid culture to high
density, great amounts of cell lysis ensued and culture supernatants contained high
titers of virulent phage. This behavior was presumed to be due to the OpR mutant
lysogens shedding virulent phage, which then were able to grow on the remaining
cells in the colony or culture.

Figure 4-4.
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Regulatory role for O."Ro The observation that aPR mutants make virulent HK022
phage with only a single change in OR implies that a wild-type aPR acts to prevent
a single mutation in OR from becoming virulent, presumably by binding CI. What
mechanism could account for this behavior? Three models could be advanced.
The first is that CI bound to aPR could make long range interactions with operators
such as those in OR (see discussion). This could act through long range
cooperativity, where binding OFR by CI helps to increase affinity for sites in OR.
The second and simpler mechanism, would be control of expression of a promoter
overlapping aPR. However, since single aPR mutants were not virulent unless
accompanied by an OR mutation, decreased repression of any such promoter
resulting from the mutation in OFR might also require decreased repression at PR
for a virulent phenotype. Therefore, this might make OFR mutants more sensitive
to mutations in OR. A third mechanism could have features from the first two,
where long range cooperative interactions between repressor bound toboth OR and
OFR regulate a promoter overlapping 0FR. The absence of any promoter near aPR

would favor the first proposed mechanism, while the presence of a promoter would
favor the last two proposed mechanisms.
To test for potential promoters near aPR' a 165 bp DNA fragment
containing

aPR flanked by 95 and 55 nucleotides to the left and right respectively,

was linked in both orientations upstream of a lacZ reporter gene in the vector
pRS415 (See Fig. 4-5 for diagram). This vector contains a promoter-less lacZ
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reporter gene and is used as a probe for promoters (Simons et al., 1987). Identical
constructions were made for both wild-type and mutant OPR-regions. When the
region containing OPR was inserted in the orientation to detect a leftward directed
promoter (pNGC46,pNGC48), only slightly increased levels of fj-galactosidase
expression (4-5 fold) were observed over the background conferred by plasmid
promoters, as observed with pRS415 (Fig. 4-5). This low level of expression
suggests that there is no significant leftward promoter. However, a much greater
increase in the levels of fj-galactosidase expression (15-18 fold) was observed with
the orientation designed to detect a rightward promoter (pNGC45,pNGC47).
Furthermore, with this orientation, expression was diminished with wild-type OPR
(pNGC45) when either CI or Cro repressors were present. By contrast, the mutant
OPR construct (pNGC47) was relatively insensitive to repression by either
repressor.
A potential promoter sequence for a rightward promoter (designated PPR,
for Rromoter farther right) was identified by a visual inspection of the region
around 0FR. There was some agreement to a concensus promoter, with 4 of 6
nucleotides matching concensus sequences in both the -35 and -10 regions (see Fig
4-2b for potential promoter sequence). However, this putative promoter appeared
to be a weak promoter. In contrast to examples with single copies of lacZ such the
native lacZ (Miller, 1972) and operon fusions sulA::lacZ (Lin and Little, 1988)
which give 1000 and 3000 units respectively when derepressed, these operon
fusions were present on a multi-copy vector (see chapter 2), and only gave

Figure 4-5.
gene.

Operon fusions of

0FR

regions to a lacZ reporter

A 165 bp fragment of HK022 DNA containing

0FR

was

cloned into the vector pRS415 in front of the lacZ gene.
the left is a schematic representation for each

0FR::

On
lacZ

operon fusion and the name of the resulting plasmid is
indicated.
and

0FR

flanking

The region from HK022 is shown by a thin line

depicted as
0FR

a

box.

The

length of

of HK022 DNA are also shown.

the regions

An arrow indicates

the 3' end of the cro gene and the apostrophe

(')

shown

before or after cro indicates that the 5' end of the gene is
missing.

The beginning of the lacZ gene (which is about 3

Kbp in length)

is shown as a solid bar.

The shaded bar

depicts flanking regions from the cloning vector pRS415.
The mutation in 0FR is shown as an "x".

To the right of each

~-galactosidase

values obtained with

illustration are the

each operon fusion in the presence of either no repressor,
CI repressor, or Cro repressor.

CI and Cro were expressed

from a lac(pjo): :.£I or lac(pjo): :cro on a derivative of pGB2
(Churchward et al.,
PBR322-based pRS415.

1984),

a vector compatible with the

Cro synthesis was increased in by

s

adding IPTG to a concentration of 10- M (indicated by *).

M
N

M

pRS415

Strain plasmid orR repressor
JL3263 pRS415 none
none
JL3264 pRS415 none
el
JL3273 pRS415 none
ero

I>

I>

pNGC46
ero I

lacZ h JL3260

C'Fi .- JL3266

r===t
oFR ...

~

ero I
=::::;

pNGC48

oFR

!acZ

q

-<l

r==]l

pNGC45

~

oFR

lacZ

c=J
95 nt

pNGC47

pNGC46
pNGC46

P JL3262

wt
wt

pNGC48
JL3268 pNGC48

mutant
mutant

JL3259

pNGC45
pNGC45
pNGC45

wt
wt
wt

pNGC47
pNGC47
pNGC47

mutant
mutant
mutant

none
el

none
el

70
15

80
15

\ ero

----------,1>

~

B-gal units
15
15
15

55 nt

q P JL3265
JL3269

none
el
ero*

220
12
25

\ ere

=----....::..~--.

I>

oFR
'7d

lacZ
JL3261
~
P JL3271
JL3267

none
el
ero*

265
170

260

124

relatively small amounts of {3-galactosidase expression. Because of the relatively
weak: promoter strength of Pm, it seems unlikely that control of this promoter
could account for the entire mechanism of 0pR (see discussion).
One possible explanation for the weak: activity of PPR with these operon
fusions is that this promoter requires a phage-encoded activator for efficient
expression, as seen for example, at the A PM and PE promoters, which are activated
by CI and CII respectively (see chapter 1). It was not possible to test this directly
by measuring the {3-galactosidase expression level after infection with HK022
phage, due to the rather poor efficiency of adsorption by HK022 to cells (T.S.
Dhillon and K.S. Dhillon, 1976). Instead, this possibility was tested by measuring
{3-galactosidase levels in strains after prophage induction. Lysogens that carried
the temperature-sensitive cI gene (CIts12) and contained either the Wild-type
(pNGC45) or mutant 0pR (pNGC47) operon fusions, PpR::lacZ, were grown at
32°C in L-broth to early log phase and shifted to the non-permissive temperature
(42°C) to induce the prophage. If PPR were activated by a phage encoded factor
expressed during prophage induction, then there should be an increase in {3galactosidase expression. This should be most pronounced with the plasmid
containing the mutant OrR' which is insensitive to repression by CI and Cro.
Following the change in temperature, {3-galactosidase levels were assayed
every 30 min for up to 2 hours (when substantial prophage induction had occurred
as evidenced by cell lysis). When compared to the levels for cells grown at 32°C,
no increase in {3-galactosidase expression was observed for the mutant OPR plasmid
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(pNGC 47) at any time after shifting the cells to 42°C (data not shown). In
addition, the level of l1-galactosidase expression in the lysogen prior to prophage
induction with wild-type
for the mutant

OPR

OPR

(pNGC45) was much lower (at about 30 units), than

(pNGC47) which gave levels (about 200 units) similar to those

seen in the non-lysogen (Figure 4-5). After prophage induction, the level of
expression increased slightly from 30 to about 80 units with the wild type OpR.
These values probably reflect a more efficient repression by CI in the prophage,
and less efficient repression by Cro after prophage induction.
Since no increase in (3-galactosidase expression was observed in the

OPR

mutant which was insensitive to repression by either CI or Cro, it would appear
that there is no phage-encoded factor made during prophage induction that can
stimulate

PPR

mutation in

expression. This conclusion is based on the assumption that the

OPR

does not influence binding or activity of any activator. This is

probably a safe assumption, otherwise the change in

OPR

would not be expected to

give a virulent phenotype. It is still a formal possibility that a phage-encoded
factor expressed during infection but not prophage induction stimulates
any potential factor for

PPR

PPR

or that

activation made during prophage induction is not active

at the temperature (42°C) required for induction of the

ers

l2

-containing prophage.

Discussion
In this chapter I have identified a novel control element (Om) in the
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lambdoid phage HK022. This control element, located 3' to the cro gene,
constitutes a binding site for both the HK022 CI and Cro repressors. Binding of
either protein appeared to repress a weak right-ward promoter (PPJ in vivo.
Mutations in OPR do not make the phage virulent and appeared to confer no
discernible phenotype. However, combinations of an OPR mutation with a single
mutation in either ORI or OR2 resulted in a virulent phenotype.
Although OPR evidently helps prevent virulence, the mechanism of action of
OPR is still not clear. Even though OPR is a regulatory site for the expression of the
weak right-ward promoter PPR, this promoter is so weak as to suggest that
regulation of PPR is not the only role for 0PR. HK022 repressor has been shown to
bind to adjacent operators in OR with a high degree of cooperativity (chapter 3).
However, footprinting analyses did not reveal any other operators near OPR which
would allow for the high degree of cooperative binding found when repressor is
bound to adjacent operators in OR.
It may be possible for CI bound at OPR to interact cooperatively with more

distant sites such as in OR. For example, A CI repressor can bind cooperatively
operators that are spaced as far as 19 integral turns of the DNA helix apart
(Hochschild, 1991). In the A case, it is important that the pair of operators be
spaced an integral number of turns of the DNA helix apart to position the operators
on the same side of the helix to allow cooperativity. In HK022, the distance from
OPR to the closest identified operators OR1, OR2 and OR3 is 267, 291 and 324
nucleotides respectively, representing 25.4, 27.7 and 30.9 turns of the DNA helix,

127

assuming 10.5 bp/turn. Another example is the AraC protein from E. coli (Lee
and Schleif, 1989). The in vivo repressor activity could be seen with operators
spaced as far apart as 500 bp; also, the level of repression fluctuated with a
periodicity of about 11 base pairs in spacing between operators. It is not known
whether cooperative binding can occur with HK022 CI repressor over these greater
distances or if these operators are positioned on the same side of the DNA helix
which would allow cooperative binding.
In an attempt to determine whether there is cooperative binding by CI
between OPR and OR' preliminary DNase I footprinting experiments were done (J.
Little and N. Carlson, unpublished result) with linear DNA fragments containing
either a Wild-type or a mutant OPR linked to OR which had either a single mutation
in OR1 or OR2. In both cases, there was no difference in affinities of CI for sites
in OR between the fragments which contained the wild-type or mutant OPR'
suggesting that there is no cooperativity under the in vitro conditions tested (like
those used in Fig. 4-2). However, other variables such as DNA conformation (eg.
supercoiling) or protein factors such as IHF, HU, or PIS (Lee et al., 1991) may be
required. With other systems such as the Lac repressor, long range cooperative
interactions could only be observed in vitro with supercoiled DNA (Borowiec et

at., 1987). Also, between OPR and OR there are three regions which share some
similarity with known IHF binding sites (Lee et at, 1991). If these are real sites
for IHF, then binding of this protein might be required for long-range
cooperativity.
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Examples of transcriptional control in prokaryotes with distant regulatory
sites have recently been increasing in number (See Gralla, 1988; Hochschild, 1991;
Matthews, 1992 for reviews). The common scheme with most of the current
examples is that one regulatory site overlaps a promoter, and the distant site helps
to increase repression (Collado-Vides, 1991). For instance, in the lac operon,
DNA looping has been observed when the Lac repressor is bound to two distant
sites (Kramer et al., 1987; Oehler et al., 1990) forming what has been called a
repression loop. Long range cooperativity of this type has been found to occur in
prokaryotes with sites spaced as great as a kilobase apart with the RepA protein of
plasmid PI (Stenzel et al., 1991). Therefore, even within the limits of known
examples, it is still possible that HK022 CI repressor may form a loop with OPR
and other known repressor binding sites in OR and 0L' A repression loop between
OPR and either OR 1 or OR2 to repress PR could explain why mutants in OPR become
virulent with a single mutation in either ORI or OR2. Single mutations in either
ORI or OR2 would decrease affinity and consequently decrease repression of PRo
However, cooperative binding with CI bound to OPR may increase the affinity of
the remaining wild-type operator in OR' thereby maintaining high occupancy of OR
and repression of PRo Mutations in OPR would presumably not allow this
interaction to occur and would much more sensitive to single mutations in either
OR! or OR2.
A fourth model to explain the mechanism of 0pR is that binding to

0pR

might have some effect independent of looping on expression of Cro from PRo CI
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bound at OPR might impede elongation of the cro transcript by RNA polymerase.
This effect might be more pronounced at high repressor concentrations, where
protection of adjacent non-specific regions is observed (as seen in Fig. 4-2 lane 4).
This same effect, called phasing, has been observed with CI bound to single
operators in OR (chapter 3).
An alternative model is that the only role for OPR is to control PPR' If our
experiments do not reflect the activity of this promoter in the phage, due either to
context effects or to the presence of a factor not provided upon prophage
induction, then PPR could actually be considered to be an important promoter.
However, this promoter would be regulated much differently than other promoters
controlled by CI. The lack of any operators closely linked to OPR differentiates
this control region from the other characterized control regions, OR and OL' which
have multiple operators located adjacent to each other (chapter 3). The affinity of
CI for OPR is greater than either ORI or OR2 separately, and almost as great as
when ORI and OR2 are adjacent where cooperative binding can occur. Yet, with
only the single site in OPR' the highly cooperative binding cannot occur. As a
consequence, the binding curve for OPR (% occupancy vs [CIn would be less steep
than for OR (see Ptashne, 1986). Therefore, regulation of PPR would not be
sensitive to small changes in CI concentration. Also, if expression from PI-'R were
required in prophage induction, a greater amount of CI would have to be
inactivated for this site to become unoccupied. Therefore derepression could only
be expected to occur over large changes in CI concentration.
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PPR is also controlled by Cro repression. So, even when CI is not
abundant, such as in early infection or when CI repressor is cleaved during
prophage induction, this promoter should be repressed when Cro levels are high.
This raises another question of what role PPR might play in phage growth,
and how single mutations in OR cause virulence in OPR mutants. Assuming that the
genome of HK022 is organized similarly to A, PPR might be partially responsible
for expression of the genes on the right part of the chromosome analogous to A 0,
P, and Q as well as the subsequent late genes expressed after Q expression.

Derepression of PPR would not appear to be sufficient for expression of these rightward genes, since the OPR mutant is not virulent until it acquires an additional
mutation in OR' It would then appear that PR must also be derepressed in order for
sufficient levels of expression to occur and allow virulence. Whether expression of
the genes on the right side of the chromosome from P FR requires anti-termination
as with PR, is not yet known. PPR might have different anti-termination properties
than PR'
It may be possible that other lambdoid phage also contain an "OPR" type of

regulatory site. To test this, sequences from other characterized lambdoid phage,

A, cJ>80, 21, 434, and P22, were examined by visual sequence scanning in regions
near the termination codon in the ero genes for likely operators that showed
agreement with their respective consensus operator sequences. Only two of the
phages, 434 and P22, appeared to have potential operators which share some
homology to the consensus operator sequences (Fig. 4-6). This raises the

Figure 4-6.

Potential 0FR operators in 434 and P22 phages.

The sequences of potential 0FR operators (boxed sequences)
near the end of the cro genes from P22 and 434 are shown in
the top lines for each phage.

The half-operators for each

0FR are compared to the respective consensus half-operator

(derived from
phage.

a

consensus

of

operators

in OR)

for

that

The number of mismatches in the conserved positions

of the half-operator are shown.
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oFR in other lambdoid phages

'eno

--------------~------------~
CGCTTATCGCCAAGCGGCGTA
AGCAAAACGCTCTTTACC AATCTGAACCGCCGACAACGCGGTA
GCGAATAGCGGTTCGCCGCAT TCGTTTTGCGAGAAATGG TTAGACTTGGCGGCTGTTGCGCCAT
Half operator
Consensus

"oFR"

ANT t/a A A G N N

A G k A A.A AC G
~

G T A A A GAG

mismatches 3

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

TAAACGCGGTAAAGCCGCTTAA ACATTCCCGCTCTT ACACATCCCAGCCCTGAAAAAGGGC
ATTTGCGCCATTTCGGCGAATT TGTAAGGGCGAGAA TGTGTAGGGTCGGGACTTTTTCCCG

HALF-OPERATOR

consensus A C A A g/t a t

"oFR"

A C AI T C C
A A~ A G C G . mismatches 3
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possibility that other lambdoid phages might have control elements like OPR' Yet
these phages may have other characteristics that might make OPR less important
than it is in HK022.
As mentioned before, after an initial mutation in OPR' only a single mutation
is required in HK022 for virulence. This is analogous to the A mutant A11, which
only needs a single mutation in ORI to become virulent (Hopkins and Ptashne,
1971). However, unlike the A11 mutant which has the two mutations,
V3

V2

in OL and

in OR' the HK022 mutants appear to have only a single mutation in OPR'

Differences in these two related phage might explain how virulent mutants might
arise by a single mutation in two very different genetic backgrounds. First, A does
not appear to have any OFR element at the end of the cro gene as judged by
inspection for sequences which resemble known repressor binding sites. Second,
even though A and HK022 phages share a similar organization of genes in the
immunity region (See Oberto et al, 1989), and both phages require anti-termination
of transcription for phage growth, HK022 does not appear to have a phage-encoded
anti-terminator like A N (R. Weisberg, personal communication). Thus, HK022
does not require P L for growth (Robert et al., 1987), and consequently has no
apparent requirement for mutations in OL for virulence (see chapter 3). Therefore,
the need for an OFR element may be greater in HK022 than in other lambdoid
phages.
For HK022, changes in OFlt would malce the phage more sensitive to
becoming virulent since only one more mutation in either OR! or OR2 will result in
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virulence. Therefore, there should be a strong selective pressure for maintaining a
wild-type

OPR

in HK022. However, other phages that require multiple mutations

for virulence, may be under less selective pressure to maintain a wild-type

OPR'
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CHAPTER 5
Cleavage of the HK022 CI repressor
Introduction
HK022 lysogens are inducible by treatment with UV-irradiation (Dhillon et

aI., 1976). A lysogens are also UV-inducible. In this case, UV-irradiation causes
activation of an E. coli host protein, RecA (active form is designated RecA*),
which can facilitate cieavage and inactivation of the CI repressor (J.Roberts and C.
Roberts, 1975). This inactivation is also seen with other lambdoid phage
repressors, where RecA· mediates the cleavage of the CI repressors from 4>80
(Eguchi et aI., 1988) as well as the phage P22 C2 repressor (Sauer, 1982) which is
analogous to A CI. RecA· also mediates the cleavage of both the E. coli SOS
repressor, LexA, to inactivate it (reviewed in Little, 1991) and the SOS protein
UmuD activating it for mutagenesis (Burkhardt et aI., 1988; Nohmi et aI., 1988;
Shinagawa et al., 1988).
Cleavage of these proteins can occur in vitro at neutral pH with RecA
protein and two cofactors, ATP and single stranded DNA (reviewed in Little,
1991). LexA and A CI proteins were the first proteins shown to undergo a specific
reaction, termed autodigestion, which occurs ill vitro, at high pH, in the absence of
RecA (Little, 1984). Autodigestion occurs by an intramolecular cleavage reaction
resulting in hydrolysis of the peptide bond between an alanine (or cysteine for
UmuD and 4>80 repressor) and glycine located near the center of the protein
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molecules. The key catalytic residues for this intra-molecular reaction are a serine
(ser 119 in LexA), which is thought to act as a nucleophile for hydrolysis of the
peptide bond, and a lysine residue (lys 156 in LexA), which is thought to activate
the serine (Slilaty and Little,1987; Little, 1991). The mechanism of this cleavage
reaction is thought to be similar to the serine proteases such as subtilisin (Slilaty
and Little, 1987), based on the requirement of the serine and lysine residues for
cleavage (Slilaty and Little, 1987; Lin and Little, 1988). A serine protease
inhibitor, di-isopropylfluorophosphate (DFP), inhibits autodigestion of LexA and
reacts specifically with the proposed nucleophile (serine 119) in that protein
(Roland and Little, 1990).
The catalytic residues and nearby amino acids, as well as the cleavage site,
show a high degree of conservation among the self-cleaving proteins (See Figure 51). Mutations in or near the catalytic residues, as well as mutations in the
cleavage site, abolish both autodigestion and RecA-mediated cleavage for both
LexA (Slilaty and Little, 1987; Lin and Little, 1988) and A CI repressor (Gimble
and Sauer, 1985). Autodigestion is therefore believed to proceed, at least in part,
by the same pathway as RecA-mediated cleavage (Lin and Little, 1988). Recently,
the catalytic activity of RecA * has been called a co-protease, since RecA appears
to contribute no catalytic residues in the cleavage reaction. Mutations in LexA
which allow autodigestion to occur at neutral pH (Smith et al., 1991) are believed
to mimic the effect of RecA· by driving the protein into a conformation that
promotes cleavage (Roland et al., submitted 1992).
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When compared to the other cleavable proteins, HK022 CI repressor
contains all the amino acid residues required for cleavage. These residues include
an ala-gly cleavage site at positions 103 and 104, a potential serine nucleophile at
position 148, and a lysine at position 185 (see Figure 5-1) (note: since the Nterminal met residue is cleaved from HK022 CI ill vivo (J. Little, unpublished
observation), the number one residue is a val which is encoded by the second
codon in the cI gene). This high degree of conservation along with the UVinducibility of HK022 lysogens, suggest that HK022 CI repressor should undergo
the same autodigestion and RecA-mediated cleavage reactions as the other proteins
shown in Figure 5-1. In this chapter, I present data showing that HK022 CI
repressor does indeed undergo both of these reactions, and that the proposed serine
nucleophile is required.

Results
Cleavage of the purified CI repressor.
To test whether HK022 CI repressor does indeed undergo both the RecAmediated and alkaline stimulated cleavage reactions, purified repressor was
incubated with either activated RecA· at neutral pH, or by itself in a buffer at pH
10.5 (see chapter 2 for description of reaction conditions). Samples were
removed from both reactions after incubation at 37°C for either 0,4,or 24 hours
and examined using SDS-PAGE analysis (Figure 5-2). Both reactions resulted in
the gradual appearance of two fragments of about 14 kDa each (see Figure 5-2).

Figure 5-1.

Alignment of the c-terminal regions from the

self-cleaving proteins.

positions identical amino acids are

boxed; conservative changes are boxed with a dotted line.
The cleavage sites are marked with

**,

and the active site

serine (nucleophile) and lysine (activator)
an asterisk (*).

are marked with

Initial alignment was done using CLUSTAL

(Higgins and Sharp, 1989).

Sequences were from (Oberto et

aI,

1990; Nohmi,

1989; Battista et al.,

smith et ale 1990; Mustard et al., 1992).

et al., 1991; c.
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Figure 5-2.

Cleavage of HK022 CI by autodigestion and RecA-

mediated reactions.

Purified HK022 CI was incubated with

either RecA and cofactors at neutral pH for RecA-mediated
cleavage, or with a buffer at pH 10.5 for autodigestion (see
chapter 2, section v, for details of reaction conditions).
At the times indicated above each lane, samples were removed
and

analyzed

by

SDS-polyacrylarnide

gel

electrophoresis.

After electrophoresis, the gel was stained with Coomassie
blue (Fairbanks, 1971).
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RecA-Mediated Autodigestion
Cleavage
(pH 10.5)

·66 Kd

45 Kd

22 Kd

CLEAVAGE PRODUCTS

i

14 I(d
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Fragments of this size would be expected for cleavage between the ala-gly residues
at positions 103 and 104 respectively in the HK022 CI repressor. These results
indicate that this repressor is capable of undergoing both reactions.
One striking feature in this analysis of cleavage of HK022 CI repressor was
the very slow rate at which both reactions appeared to proceed. Although precise
kinetics were not obtained from the data in Figure 5-2, the repressor appeared to
cleave at a rate with a half-life greater than 15 hours. When this rate is compared
to the rate of cleavage for A CI repressor, HK022 appeared to be cleaved much
more slowly.
Of the many explanations for the slow cleavage of HK022 CI repressor, one
possibility is that the protein exists in oligomeric forms that are resistant to
cleavage. If this repressor has a very low dimer dissociation constant, then at the
concentrations of the purified repressor tested, it would exist mostly as dimers.
With A CI, dimers are resistant to cleavage (Gimble and Sauer, 1985). The dimer
dissociation constant KOimer for A CI varies according to different buffer conditions
(Koblan and Ackers, 1991). Under similar conditions (pH 7.0, 50 mM [NaCI],
3rC) used in the RecA-mediated cleavage reactions, the Koimer for A CI would be
in the range of 50 nM. The concentration of HK022 repressor in these cleavage
reactions was about 13 p.M, and the repressor would have been predominately
dimers if HK022 has a similar KOimer. If HK022 repressor has a similar or even
smaller KDimer than ACI, then this could partially explain why the HK022 CI
repressor was cleaved so slowly in the RecA-mediated reaction. However, HK022
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repressor must also form dimers at high pH to explain the slow rate of
autodigestion to be consistent with this model.
If the slow rate of cleavage were due to oligomerization of CI into

cleavage-resistant forms, then it might be possible to increase the rate of cleavage
by increasing the proportion of CI in the monomeric form. This should be
possible at lower CI concentrations which would be at or below the dissociation
constant for oligomerization. To this end, cleavage was examined with only tracer
levels of 35S-labeled repressor. In spite of this, cleavage of HK022 CI repressor
still appeared to proceed very slowly (data not shown).
Another explanation for the slow rate of cleavage of HK022 CI repressor
observed in vitro is that an additional component or cofactor is missing. For
example, the repressor from the lambdoid phage 4>80 requires the di-nucleotides
GpG or ApG as cofactors for cleavage (Eguchi et al., 1988). These factors bind
directly to the 4>80 repressor to help facilitate its cleavage by RecA·. However,
when GpG was added to the RecA-mediated cleavage reaction of HK022 CI
repressor, it did not appear to stimulate the rate of cleavage (data not shown).
Therefore, it is still not clear whether the slow rate of cleavage of HK022
observed in vitro for both the autodigestion and RecA-mediated reactions is
intrinsic, or if some component required for cleavage is missing.

Requirement of serine 148 in HK022 CI repressor for cleavage.
As noted in Figure 5-1, HK022 CI repressor shares homology with the
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other cleavable proteins in both the cleavage site and active site residues. In
particular, HK022 repressor contains a serine at position 148, which, by alignment
with the other cleavable proteins, would suggest that this residue serves as the
nucleophile for cleavage. To test this possibility, serine 148 was changed to an
alanine by site-directed mutagenesis (done by Kevin Wilson currently at Univ. of
Oregon, while an undergraduate at the Univ. of Az). When purified to near
homogeneity, this mutant protein (designated SA-148) did not appear to be cleaved
in either cleavage reaction with incubations as long as 24 hours (data not shown).
The lack of cleavage in the RecA-mediated reaction was not due to loss of activity
from RecA, since even after 24 hours at the 37°C, the RecA· was still able to
cleave LexA added at that time (data not shown). Also, when either autodigestion
or RecA-mediated cleavage was examined with only tracer amounts of 3sS-labeled
SA-148 protein, under conditions allowing as little as 5% cleavage to be seen, no
cleavage products could be detected (data not shown), indicating that autodigestion
of SA-148 protein occurs at

< 1% the rate of the wild-type protein. This indicates

that HK022 repressor must also require a serine nucleophile for cleavage to occur,
and that its cleavage reaction is similar to that of LexA and the other characterized
cleavable proteins.

Discussion
HK022 repressor was shown in this chapter to be able to undergo in vitro
both RecA-mediated and autodigestion cleavage reactions. Both of these reactions
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required the serine residue at position 148 in HK022 CI repressor, suggesting that
this residue serves as the nucleophile analogous to serine 119 in LexA. In
preliminary analyses, cleavage of the repressor in vivo also appeared to require
serine at position 148. In a strain that contained a constitutively-activated RecA
(recA730), immunity was conferred when the cl-SAI48-containing plasmid

(pNGCI2) was present, but not when a plasmid containing wild-type cI (pNGCll)
was present (data not shown). Therefore, the SA149 CI molecules were not
susceptible to proteolytic inactivation in vivo. The cleavability of HK022 CI
repressor and the requirement for serine 148 were not unexpected, based on the
UV-inducibility of HK022 prophages and alignment of HK022 CI repressor with
other cleavable proteins. Therefore, HK022 CI repressor is another member of the
group of self-cleaving serine proteases that include LexA and A CI repressor.
One unexpected result was the relatively slow rate of cleavage of the
HK022 CI repressor. This slow rate of cleavage observed in vitro was not due to
dimerization of the repressor, unless it can form very tight dimers which are stable
even at pH 10.5. Furthermore, unlike ¢80 repressor, cleavage of HK022 CI
repressor was not stimulated by the di-nucleotide GpG.
Another possible explanation for the observed slow rate of cleavage of
HK022 CI is that conditions which support cleavage for other proteins such as
LexA and A CI, may not be conducive to cleavage of HK022 CI. Alternatively,
cleavage of HK022 CI may require an unidentified factor, which is absent in the
reactions conducted in vitro. Despite these limitations in evaluating what might be
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a more realistic rate of cleavage for HK022 el, these in vitro rates of cleavage
may still reflect a relatively slow rate of cleavage in vivo.
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CHAPTER 6
DNA binding of HK022 Cro repressor
Introduction
The lysis-lysogeny decision and prophage induction are controlled in A
phage by two repressors, Cro and CI. The CI repressor is responsible for both the
establishment and maintenance of lysogeny, while Cro repressor is responsible for
stopping CI synthesis, thus preventing lysogeny and allowing the lytic pathway to
occur (see chapter 1). HK022 must also control these two processes. Therefore,
by analogy with A phage, HK022 would be expected to have analogs for both cI
and ero. Indeed, HK022 does have its own CI repressor which binds to regulatory
sites in HK022 OR' OL and OFR (see chapters 3 and 4) and represses transcription
from the promoters, PM (at higher repressor concentrations), P R and PL, while
activating transcription from PM (Cam et al., 1991).
Sequence analysis of the immunity region from HK022 also revealed a
likely ero gene for this phage (Oberto et al., 1989). This gene was presumed to be
the ero gene because it is located to the right of cI (reading in the opposite
direction) as in other lambdoid phages. Also, the gene would encode a protein
about the same size of other ero repressors and the HK022 Cro repressor would
share homology with other Cro repressors in the DNA-binding region known as
the helix-turn-helix (Oherto et aI., 1989). There is a high degree of conservation
in what would be a-helix 3 (the DNA specificity helix) of the helix-tum-helix
region between the cI and cro genes of HK022; 6 of the 9 amino acids are
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identical in these two genes (see Figure 1-5). This high conservation in the
putative specificity helices suggests that these two repressors may bind specifically
to similar DNA sequences. In the work described in this chapter I examined the in

vitro binding of purified HK022 Cro repressor to sites in OR'

Results
The open reading frame in HK022 identified by Oberto et al. (1989) was a
promising candidate for being the cro gene for this phage. If this is so, one
prediction is that the protein encoded by this gene should bind to the same operator
sites as does HK022 CI repressor. Also, by analogy with A. phage, the affinities
for the different operators would be different than that for CI.
To test these predictions, the HK022 Cro repressor was over- expressed in
the pET expression system (Studier, 1991) by fusing the HK022 cro gene
downstream from the T7 promoter (see chapter 2 for details). Following
purification to greater than 95% purity as judged by SDS-PAGE analysis (data not
shown), purified Cro repressor was tested for specific DNA binding by DNase I
footprinting analysis. Cro repressor was tested at concentrations ranging from 02.4 ~M and was incubated with a 32P-Iabeled DNA fragment containing wild-type
copies of all three operators in OR' However, when these reactions were carried
out under the same physiological conditions (200 mM KCI, 37°C) where HK022 CI
repressor showed strong binding (see chapter 3), only very wealc binding to ORI
and OR3 was observed for Cro repressor (data not shown). Even at the highest
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concentrations or Cro repressor, binding to OR2 was not observed.
To assess whether OR2 was a binding site for Cro repressor, the
concentration of the salt (KCI) in the footprinting reactions was decreased to 50
mM; this will increase the affinity of most proteins for DNA. This resulted in
increased affinity for Cro repressor to both OR1 and OR3 (Figure 6-1a). Binding
became apparent for OR2, but the affinity was much less that for either ORI or
OR3. Although the affinities were not quantitated, the affinities of Cro repressor
for the operators appeared to be ORI :::::; OR3 > OR2. It is apparent that Cro repressor
does indeed recognize the same operators in OR that CI does; however, CI binds
with the affinities of ORI > OR3 > OR2 (see chapter 3). Also, Cro repressor did not
appear to bind cooperatively to the operators in OR. This would be expected by
analogy with A Cro repressor, which does not bind cooperatively.
Cro repressor and CI repressor gave different protection patterns for the
operators in OR (Figure 6-1a, compare lanes 8 and 12). CI repressor protected a
much larger region than Cro repressor around ORI and OR2. Also, at high
concentrations of Cro repressor, a DNase I hypersensitive site was apparent in

~3

(See Figure 6-1a, lanes 6-8). DNase I hypersensitive sites often reflect altered
DNA conformations which make that site more sensitive to attack by DNase I
(Hochschild, 1991). It is not clear whether this plays any role in the action of
HK022 Cro repressor.
Cro repressor had very poor binding activity when tested in vitro. One
explanation for this result is that this repressor is intrinsically a weak DNA binding

Figure 6-1.

Binding of HK022 Cro and CI to OR.

Part a. DNase I footprinting analysis of HK022 Cro and CI
proteins.

A

32

P-labeled DNA fragment was containing the OR

region was used for footprinting analysis as described in
Figure 3-2a
reactions).

(except that the

[KCl]

was

50 roM in these

Maxam and Gilbert sequencing reactions were run

in A+G and C+T lanes to identify the operator sequences
(lanes 6 and 7).

The concentration of Cro (lanes 2-5) or CI

(lane 8) used in each reaction is indicated above the lane.
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Sequence of region protected by Cro.

The

regions protected by Cro repressor from DNase I digestion
are shown above and below the sequences with solid boxes.
In part a, the bottom strand was end labeled.

Protection of

the top strand was determined from another experiment (data
not shown).
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regions for £I and cro are indicated with horizontal arrows.
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protein and that these in vitro tests accurately reflect its activity in vivo .
Alternatively, binding activity of the purified Cro repressor may have been
compromised during the purification of the protein (see discussion).
One test for in vivo repressor function would be to ask whether expression
of HK022 Cro in vivo confers immunity to superinfection by HK022. When A Cro
repressor is expressed at high levels, it makes cells immune to infection by A
(Roberts et al., 1979). Therefore, by analogy with A Cro, expression from the
HK022 ero gene should render cells immune to HK022 superinfection. This assay
could serve as an indicator of in vivo repressor function of HK022 Cro. This was
accomplished using a lae promoter fused to the HK022 ero gene contained in the
plasmid pNGC22. Various HK022 strains were plated on the indicator strains
JL2838 (which contained pNGC22) and an isogenic strain, JL2836, which
contained no HK022 ero gene. When this analysis was done in the absence of
IPTG, no Cro repressor function was apparent since all the HK022 strains tested
plated equally well on both bacterial strains (see Table 6-1). However, when IPTG
was added to a concentration of 10-5 M to allow increased synthesis of Cro
repressor, the non-virulent HK022 strains made plaques < 10-4 less efficiently on
JL2838 than on JL2836 (Table 6-1); this immunity due to Cro expression indicates
that this ero gene encodes a functional repressor in vivo. Immunity was less
pronounced with two of the virulent mutants tested (Table 6-1), indicating that
mutations which decrease CI repressor binding also decrease Cro repressor
binding.
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Table 6-I Efficiency of plating of virulent mutants on strains expressing Cro.

Efficiency of plating (2838/2836)

No IPTG

10-5 M IPTG

Phage strain

wild-type

1

< 10-4

02

1

< 10-6

CHK11-6

1

<10-5

Vl-8

1

0.1

Note: 2838 contains the vector pNGC22 (pBS, lacp::cro), 2836 is the isogenic
strain containing pBS.
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Functional evidence for in vivo Cro repressor activity was seen with
repression of the wealc right-ward promoter PPR (chapter 4). Cro expression from
the vector pNGC24, which contained the same lacP::ero operon fusion, but on a
low copy number plasmid, gave repression of a PPR::laeZ fusion on pNGC45, and
mutants in 0PR also showed decreased repression by Cro (see chapter 4). These
two examples, combined with the analogy to A phage, suggest that the ero gene for
HK022 encodes an active repressor.
Discussion
DNase I footprinting analysis indicated that the Cro repressor from HK022
binds to the operators in OR' However, the in vitro binding by Cro appeared to be
quite feeble, perhaps due to a loss of binding activity for the repressor which
occurred during purification. One explanation for a loss of Cro activity is that a
particular Cys residue in the DNA binding region might be sensitive to oxidation,
which decreases its DNA binding activity. Comparison of the sequences for both
the HK022 CI and Cro repressors for the putative helix-turn-helix DNA binding
motif, reveals that the Cro repressor has a Cys residue located in the first amino
acid in the turn region. If oxidation of this residue decreases activity, it could
explain the weak binding of the purified repressor in vitro. During the course of
purification, all the buffers contained the reducing agent DIT at a concentration of
10 mM, which should have helped to decrease oxidation of that residue; however,
this concentration of DIT may not have been sufficient to maintain enough
molecules in the active state.
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Two lines of evidence indicate that HK022 Cro can act as a repressor in

vivo. The first is that expression of high levels of Cro conferred immunity to
super- infection by HK022. The second is that in vivo, Cro can represses a
promoter (PpJ which is controled by the OPR operator (see chapter 4). Therefore,
in spite of the weak binding observed in vitro, it is apparent that the HK022 cro
gene encodes a functional repressor. These points, combined with the
demonstration that Cro protein binds to the same sites as CI repressor, establish
that the cro gene from this phage is analogous to the A cro gene. No attempts
were made to generate cro mutants. Such mutants have been obtained in A phage
(Gussin et al., 1983; Smith, 1983).
In contrast to A Cro repressor, which has decreasing affinities in the order
of OR3 > OR2 =:: ORI (see Ptashne, 1987;Gussin et al., 1983), HK022 Cro repressor
had decreasing affinities of OR3 =:: ORI > OR2. This difference in affinities is not
however, unique to HK022. Purified Cro repressor from the lambdoid phage P22
also shows a binding preference for its operators in OR which is like that observed
for HK022 Cro repressor (Poteete et al., 1986). Those authors reasoned that the
Cro repressor for P22 could function like the A Cro repressor to allow the phage to
enter the lytic pathway, but that it would take more Cro repressor to accomplish
this. Also, computer modeling (by J.Little) utilizing an approach similar to that
used for A (Shea and Ackers, 1985), demonstrated that HK022 can form a bi-stable
switch when the relative affinities of both CI and Cro for the operators in OR' and
the cooperative binding by CI, are taken into account.

153

CHAPTER 7
SUMMARY AND FUTURE DIRECTIONS.
Overview
The research described in this dissertation consists of a biochemical and
genetic analysis of the main components of the genetic switch in the lambdoid
phage HK022, the CI and Cro repressors. Information gathered from these
experiments should not only prove useful in understanding elements of the
regulatory circuitry of this phage, but should also be helpful for future analysis of
fundamental processes such as cooperative interactions of proteins bound to DNA
and long-range cooperative interaction. An analysis of this sort would have proved
less informative if the components in HK022 acted in a fashion identical to the well
characterized components of A. There were several aspects of HK022 which
distinguish it from A and other characterized phage.
In chapter 3, the binding sites on the phage DNA in both

On and

OL were

determined using DNase I footprinting analysis with purified CI. Further
identification of the operators in OR was achieved by investigation of virulent
mutants. This analysis proved useful on three counts. First, it provided genetic
evidence that these were indeed the sites for CI binding, and that these sites play
an important role for the phage to enter the lysogenic pathway. Second,
identification of the mutations in OR which decrease CI binding helped to define
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the important contacts, which was helpful in designing experiments to assess
intrinsic affinities for sites in OR so that the level of cooperativity could be
determined. Third, analysis of virulent mutants led to the identification of a novel
control element

0PR'

Three characteristics of CI DNA binding which distinguish it from other
phage repressors were identified and further characterized in chapter 3. The first
is the highly cooperative binding by CI to adjacent sites in OR' A cooperativity
parameter, w , of at least 2000 for this repressor makes HK022 Clone of the one
of the most cooperative specific DNA binding proteins. The second characteristic
termed phasing, is the ability of CI to bind to non-specific regions adjacent to
specific sites, resulting in a repeated pattern of nuclease protection that extends
beyond a single specific binding site. The third is the long range cooperative
interactions observed in

0L

and inferred in

0PR'

An understanding of the role of

cooperativity to adjacent sites in OR is aided by what is known for this in A (see
below). Long-range cooperative interactions play an important role in eukaryotic
systems. For example, transcriptional regulatory elements are sometimes
positioned several Kbp apart. However, the role is only beginning to be
understood in other phage systems. Looping in artificial systems has been
observed in vitro for both A (Hochschild and Ptashne, 1988; Hochschild, 1991) and
P22 repressors (Valenzuella and Ptashne, 1989), but there has been no
demonstration that looping plays any role in the biology of these phage. For
HK022, a looped structure formed by CI at

0L

may be important for expression of
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Nun in a lysogen. Nun is expressed from the distal promoter PM in HK022
lysogens (Cam et al., 1992). This means that the RNA polymerase would have to
proceed through the CI-bound complex at 0L. It is therefore possible that looping
at OL may play some role.
The role of phasing by CI is less clear. HK022 CI could playa role
analogous to another protein, TFI from the Bacillus subtilis phage SP01, which
also exhibits phasing (Green and Geiduschek, 1985). TFI has weak specific
binding to several sites on the SPO 1 chromosome and has been thought to perhaps
playa role in phage chromatin structure. Phasing by HK022 CI might be used to
influence chromatin structure of HK022. This also raises the possibility of more
sites for CI binding in the HK022 genome, which could be important for phage
chromatin structure.
Chapter 4 included the initial identification of the regulatory element OPR
and experiments designed to test the mechanism of gene regulation by this element.
This element is perhaps unique to HK022 and appeared to prevent single mutants
in OR from becoming virulent. The mechanism for this effect is not yet known,
but two hypotheses were tested. The first hypothesis is this site is involved in long
range cooperative interactions, also called looping. This possibility is currently
under investigation. In preliminary analyses, there was no evidence of any long
range cooperativity between repressor bound to OPR and to operators in OR (J.
Little and N. Carlson, unpublished results). An alternative and perhaps simpler
hypothesis, was that this site controls a nearby promoter. However, only a very
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weak rightward promoter named PPR was detected, making this possibility unlikely.
However, either model is still possible (see chapter 4 discussion) and further
analysis will be required to ascertain how 0pR acts. Looping between 0pR and OR
could be tested under a variety of conditions which include DNA supercoiling, or
addition of other proteins which bend the DNA. Mutants of PPR could also be
tested to see if this promoter is important to growth of the phage. It is also
possible that the main role for OFR might be that it is a site for phasing by CI, and
that this in turn helps to regulate expression from PRO An understanding of these
points might help reveal new aspects of gene regulation.
In chapter 5 cleavage of the HK022 CI repressor was examined. This
property is essential to prophage induction, and the results indicate that HK022 CI
can undergo both RecA-mediated and autodigestion cleavage reactions. One
mutant was examined which blocked cleavage in both reactions, serine 148, which
by analogy with other cleavable proteins serves as the nucleophile in proteolysis.
This indicates that HK022 CI repressor is cleaved similarly to other cleavable
proteins. The only unexpected result was the relatively slow rate at which HK022
CI was cleaved. It is not clear whether other factors contribute to the cleavage of
HK022 CI ill vivo.
Finally in chapter 6 the DNA binding of HK022 Cro was evaluated. This
protein also recognized operators in OR. with the relative affinities being
OR1::::::: OR3 > OR2. The relative affinities differ between HK022 Cro and A Cro for
their respective operators as A Cro binds its operators with the affinities
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OR3 > OR2:::::: ORl. Instead, HK022 the relative affinities of HK022 Cro resemble
those seen with P22 Cro (poteete, et al, 1986). When the relative affinities of
HK022 Cro for the sites in OR are taken into account along with both the
cooperativity and binding affinities by CI, a bi-stable switch can be observed in
computer modeling (done by J. Little). This illustrates that with HK022, a new
kind of switch can be made which allows Cro to bind with equal affinities to

~1

and OR3.
One unresolved issue in the in vitro analyses of Cro binding was the very
poor affinity observed for this repressor for sites in OR' This may be due to loss
of DNA binding activity during the isolation of this protein.

Biological roles of cooperativity
Perhaps the most striking observation in the analysis of CI binding is the
high degree of cooperative binding. How might cooperativity of HK022 CI
contribute to the biology of this phage, and what are the consequences of having
high cooperativity in a regulatory protein? To understand these questions it is
useful to draw upon a similar and well characterized system such as phage A for
comparison. In the A system, the role of cooperativity is better understood (see
introduction). Despite the potentially higher cooperativity by HK022 CI repressor,
regulation of the HK022 early promoters by HK022 CI protein is, at least at first
inspection, similar to that of A, as demonstrated by Cam et al (1991). In their in
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vitro experiments, low levels of repressor activate transcription of PM' presumably
by binding ORI and OR2, while higher CI repressor concentrations repress PM'
presumably due to repressor binding to OR3. Some of the differences in
organization of operators in HK022 might compensate for increased cooperativity
for CI. In particular, the extra spacing between OR2 and OR3 (18 bp verses 9 bp)
might be required to reduce the cooperative interactions of repressor bound to
these two operators; CI bound cooperatively to OR2 and OR3 when ORI was
mutated, but the level of cooperativity appeared to be greatly diminished (w=70).
Cooperativity of CI may also playa role in the lysis-lysogeny decision. A
preliminary analysis of the Cro repressor from HK022 suggests that this protein
binds ORI and OR3 with about equal affinities and it binds more weakly to OR2
(Chapter 6). In computer modeling (by JWL) of the lysis-lysogeny decision for
HK022, highly cooperative binding of CI appears to be an essential component of a
bi-stable switch when the relative binding affinities of Cro repressor for the
individual operators in OR are taken into account.
The preponderance of virulent mutants which contained changes in both

~l

and OR2 could reflect a requirement for changes in both operators to overcome the
high degree of cooperativity. From a biological perspective, if virulence could be
achieved with only one mutation, then virulent mutants would arise at such a high
frequency as to be a detriment to the phage. In physical terms, with high w, a
mutation at one site will only reduce the affinity for this site and the adjacent
operator by the square root of the change for the mutation; this may not decrease
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repression enough to give virulence. However, the appearance of virulent mutants
with only single changes in OR seem to be inconsistent with this apparent
requirement. It is likely that these mutants have a second mutation by the
following line of reasoning. If only 1 mutation were required for virulence, then
this class of mutants would be the vast majority of the virulent mutants; this was
not the case. These mutants may contain other changes outside of ~ which
contribute to virulence.

One of the weaker virulent mutants (VW3-8) which still

showed cooperative binding by CI to its sites in OR (data not shown), might also
have a mutation in cI which acts as a dominant-negative allele that could contribute
to virulence; these kinds of mutations would make the virulent mutants sensitive to
CI repressor levels. Alternatively, these mutants may contain changes in sites
other than OR or OPR which have not yet been identified. These potential sites
could be either new operators analogous to OPR' or sites that influence DNA
conformation which could effect long range cooperative interactions. However,
sequence analyses of these mutants showed no mutations in the region from OR to
aPR'

Finally, the major emphasis of this dissertation was the relatively large
pairwise interaction of HK022 CI. It is not known whether this characteristic
directly plays an important role for HK022 biology. It might merely be a
consequence of other complex interactions, such as long-range cooperativity, which
could be of real importance for this phage. Further analysis is required to
determine which properties of this repressor are important to this phage.

160

Nonetheless, HK022 CI appears to exhibit many novel properties when compared
to other characterized lambdoid phage repressors. This work suggests that HK022
CI repressor will be a useful model system for these features of specific DNAprotein interactions.

Future directions
Identification and characterization of mutants in HK022 CI defective in
cooperative binding would help resolve whether this property serves a key role in
the biology of HK022. Moreover, the relationship between cooperativity and other
properties such as phasing and looping could be tested. Mutants of this type would
also be useful in determining the type of protein-protein interactions involved in
HK022 CI cooperative binding. The cooperative interactions with the highly
cooperative Drosophila heat-shock transcription factor (Xiao et aI., 1991) are
thought to occur between potential structures that resemble a leucine zipper motif
(Westwood wt aI., 1991; Clos et aI., 1991). Leucine zipper motifs are important
for protein-protein interactions in eukaryotic transcription factors such as jun and
fos (Landschulz et aI., 1988). Inspection of the sequence of HK022 CI reveals no
apparent leucine zipper motif in this protein, but, analysis of cooperativity mutants
in HK022 could define a new motif for cooperative DNA binding. Bacteriophage
T4 gene 32 protein binds single-stranded DNA with even a higher degree of
cooperativity (w=3000) (for review see Karpel, 1990) through contacts in what has
been called the "LAST" motif (Casas-Pinet, et aI. 1992). This motif, which is
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required for cooperative binding only, consists of a 5 amino acid sequence, LysArg-Lys-Ser-Thr-Ala, located near the amino terminus of this protein (positions 38). There is a similar sequence (Lys-Asn-Arg-Leu-Ala-Ser-Ser) near the Cterminus (positions 191-197) of HK022 CI which could possibly be involved in
cooperative contacts with this protein. Cooperative mutants have been obtained in
both A (Hochschild and Ptashne, 1988) and P22 (Valenzuela and Ptashne, 1989)
repressors. These mutants are also defective in looping, suggesting that for these
repressors these characteristics are related. The first mutant identified in A
repressor was

Ser~Asn

at position 228 near the end of the protein (Hochschild and

Ptashne, 1988). Interestingly, of the 6 cooperativity mutants identified in P22
repressor (Valenzuela and Ptashne, 1989), 2 are located near the active site serine
required for repressor cleavage. More recently, A repressor cooperativity mutants
have been obtained at positions in or near the active site residues involved in the
cleavage reaction (A. Hochschild personal communication, P. Youderian personal
communication). These findings may suggest that conformations of the protein
involved in cooperativity and cleavage may in some way be related. Whether this
will be true for HK022 CI remains to be seen; but, the SAl48 mutant of HK022
CI did not appear to be any less cooperative than the wild-type CI as judged by
DNase I footprinting analysis (C. Mao, personal communication).
Since HK022 binds with such a high degree of cooperativity, changes in
cooperativity are easily measured. This feature makes the HK022 CI repressor a
good system to study cooperativity. In a study currently under way in our
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laboratory (C. Mao, N. Carlson and J. Little), the effect of altered spacing
between adjacent operators on cooperativity has been tested. Deletions of up to 5
bp between operators normally spaced 9 bp apart had only modest decreases in
cooperativity. However, addition of 2 bp essentially abolished cooperativity, while
additions of 5 to 10 bp resulted in cooperativity which was somewhat lower than
the wild-type spacing. Moreover, many of the spacing mutants which still showed
cooperativity also appeared to have changes in DNA conformation as judged by
both the appearance of DNase hypersensitive sites and increased retardation of CIDNA complexes in gel binding experiments. These results suggest that HK022 CI
is quite flexible in accommodating these differences in spacing. Furthermore, this
repressor may be able to use some of the free energy involved in cooperativity to
change the conformation of the DNA. Structural analysis of HK022 CI by x-ray
crystallography could be very useful for understanding these characteristics.
Further characterization of novel properties initially identified by this research
should be useful in understanding both genetic circuitry and mechanisms of gene
regulation.
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