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ABSTRACT 

The cyclic AMP receptor protein (CRP) functions in Escherichia coli in the regulation 

of several catabolite-sensitive operons. Cyclic AMP (cAMP) forms a complex with CRP 

which binds to specific DNA sites near the promoter of lactose operon {lac?) and activates 

the rate of its transcription by RNA polymerase. Mutant forms of the proteins (CRP*) that 

function independentiy of cAMP have been described. Studies were conducted to assess 

the response of the wild-type and mutant forms of CRP to changes in template DNA 

structure. To investigate the effect of varying template superhelical density (SHD) on CRP 

and CRP*-mediated lac? activity, in vitro transcription assays were performed. A lac? 

containing plasmid DNA, pJB3.5d/ac, was constructed and a series of topoisomers ranging 

from SHD = 0.000 to -0.098 were generated. The results of both full length transcripts 

and abortive initiation assays showed that CRP-mediated lac? activity was low at low 

template SHD and increased with increased template SHD under all conditions tested. Each 

mutant form of the protein was, however, unique in the range of DNA SHD providing 

maximal lac? stimulation. In addition, two mutant forms of CRP promoted RNA 

polymerase:/acP open complex formation in the absence of cAMP at half-times comparable 

to the CRPicAMP complex. The open complex formation half-times in reactions that 

contained wild-type CRPicAMP complex decreased with increasing SHD and are in good 

agreement with the published data. DNA:CRP binding properties of topoisomers were 

determined in experiments that utilize a product of in vivo recombination product, a small 

(451 base pairs) covalently closed circular DNA containing lac? region. The gel mobility 

shift assay on DNA:CRP:cAMP complex showed that in all DNA SHD examined, both 

wild-type and the mutant forms of CRP cause a retardation in migration rate, while in the 

absence of cAMP no difference in migration was observed. From the abortive initiation 

assay on 451 base pair (bp) DNA, it was found that lac? contained on the 451 bp circle 

vi 



does not show the same degree of cAMP dependence as lac? contained on a larger 

covalendy closed circle. 
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CHAPTER I 

INTRODUCTION 

1.1. Structure of cAMP Receptor Protein 

The cAMP receptor protein (CRP; also referred to as the catabolite gene activator 

protein, CAP), functions in Escherichia coli in the regulation of several catabolite-sensitive 

operons. Regulation by CRP is exerted at the transcription level with cAMP acting as an 

allosteric effector. In the presence of a sufficient concentration of intracellular cAMP, 

cAMP forms a complex with CRP which binds to specific DNA sites near the promoters of 

several operons and alters the rate of their transcription by RNA polymerase. In the lactose 

operon, the cAMP-CRP complex is a positive regulator-it potentiates transcription. 

The structure of CRP in complex with cAMP is known from X-ray crystallographic 

studies at a resolution of 0.25 nm (McKay et al., 1982; Steitz and Weber, 1985). The 

structure of CRP in the absence of cAMP is not known, however, because of difficulty in 

obtaining crystals unless cAMP is present. The active form of CRP is a dimer of identical 

subunits of molecular weight 23,619 daltons and 209 amino acid residues. Each subunit 

has two domains. The larger, amino-terminal domain is responsible for the subunit-

subunit contacts to form the dimer. This domain also binds cAMP in a pocket formed by a 

series of antiparallel p-sheets. The smaller, carboxyl-terminal domain is responsible for 

DNA binding with specific contacts in the F a-hehx. The two domains are connected 

covalendy by a hinge region (see Figure 1.1 for a schematic diagram of CRP). 

Results from a variety of techniques (i.e. fluorescence. X-ray scattering and changes in 

protease sensitivity) suggest the CRP undergoes a significant conformational change on 

binding cAMP (Krakow and Pastan, 1973; Kumar etal., 1980; Pampeno and Krakow, 

1979; Wu and Wu, 1974). In cAMP-CRP crystals two molecules of cAMP are bound to 

the dimer in such a way that each contacts the amino-terminal large domains of both 
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subunits. Thus, the conformational change induced by cAMP might involve realignment of 

the subunits widi respect to each other (McKay et a/., 1982). The orientation of the large 

domain with respect to the carboxyl-terminal small domain is different in the two subunits 

in the crystal, showing that the subunit can adopt more than one conformation. Thus 

allosteric transition could involve a change in the relative orientation of the two domains 

within the subunits (McKay et al., 1982). Results of protease digestion experiments also 

support the conclusion that cAMP binding to CRP modifies CRP structure and induces 

sequence-specific DNA recognition (Krakow and Pastan, 1973). In the absence of cAMP, 

CRP is resistant to proteases and exhibits sequence-independent affinity for DNA. In the 

presence of cAMP the protein is rapidly degraded by proteases, exhibits increased affinity 

for DNA and demonstrates sequence-specific DNA binding. 

Specific DNA contacts are made by residues in a-helix F of the small domain. Model 

building studies suggest that the two-fold related a-helix F of a CRP dimer lie in successive 

major grooves of the dyadsymmetric binding sites (Figure 1.2) (Steitz et al., 1983) and 

some specific sequence recognition is achieved by hydrogen bonds formed between side 

chains from the protruding heHces and the edges of base pairs exposed in the major 

grooves (Steitz and Weber, 1985). In addition, either domain-domain or subunit-subunit 

realignment could reshape the DNA binding surface and modulate the affinity of CRP for 

DNA (Anderson, 1986). 

1.2. Models for DNArCRP Interactions 

Several different models have been proposed for the interaction of CRP with DNA but 

current results suggest that CRP binds to right-handed B-DNA and uses the N-proximal 

ponions of its F-helices to contact the major groove as shown in Figure 1.2 (Pabo, 1983; 

Pabo and Sauer, 1984). Originally, McKay and Steitz had proposed that CRP binds to 

left-handed B-form DNA (McKay and Steitz, 1981). However, biochemical experiments 



ruled out this model. If CRP were to bind to left-handed DNA, then it should unwind the 

right-handed DNA by four turns (1440 degrees). Kolb and Buc have shown that CRP 

binding unwinds DNA by no more than 0.1 turn (30 degrees) (Kolb and Buc, 1982). 

The CRP binding site in the lac operon (shown in following) in which the region of 

DNA protected by CRP extends from position -72 to position -52 relative to the start point 

of transcription. 

TAATGTGAGTT AGCTCACTCAT 
ATTACACTCAA TCGAGTGAGTA 

At each promoter, a CRP binding site of ~ 22 bp is bound by a single dimer. The 

binding pattern is consistent with the presence of CRP largely on one face of DNA, the 

same face that is bound by RNA polymerase. A model for the structure of the DNA:CRP 

complex has been proposed (Warwicker et al., 1987; Weber and Steitz, 1984). In the 

model, the DNA:CRP complex is 2-fold symmetric, one subunit of the CRP dimer interacts 

with one half of the DNA site, while the other subunit of the CRP dimer interacts in a 2-

fold symmetry related fashion with the other half of the DNA site (Ebright et al., 1989). In 

the proposed complex of CRP with DNA, many of the DNA contacts are made by two a-

helices that are linked by a tight turn (so called a helix-tum-helk DNA binding motif), a 

conserved a-helical structure found in prokaryotic regulatory DNA-binding proteins (e.g. 

Cro and repressor of lambda phage). In this model, the first helix (helk E) sits above the 

groove near the DNA backbone while the second helix (helix F) fits partly into the major 

groove. 

It has been concluded that the binding of CRP to its DNA binding site induces a DNA 

bend from the analysis of the mobility of DNAiCRP complexes in polyacrylamide gel 

electrophoresis (Fried and Crothers, 1983; Wu and Crothers, 1984). Neither the nature of 

the bend nor its role (if any) in transcription activation has been documented, but it has 

been speculated that it is likely to influence the binding of other regulatory proteins and 

RNA polymerase to adjacent DNA sites (Hudson et al., 1990). 



1.3. Organization of Lactose (lac) Operon 

An important means by which gene expression can be controlled is through the 

regulation of transcription initiation. That is, the frequency of transcription initiation as 

programmed by a promoter sequence can be modulated by a variety of mechanisms; 

through the binding of some other sequence-specific protein (i.e., a repressor protein for a 

negative control, an apoinducer protein for a positive control) nearby or within the 

promoter, for an example. The lactose (lac) operon, shown in Figure 1.3, is an important 

system for studying regulation at the level of transcription initiation in which it is regulated 

both positively and negatively. 

The activation of lac? expression by the cAMP-CRP complex illustrates the positive 

regulation of transcription initiation (the CRP binding site is adjacent to the promoter in the 

lac operon in which the region of DNA protected by CRP extends from about position -72 

to -52). The maximal level of lac expression is modulated by the presence of other 

available carbon sources in the media. When glucose is available as an energy source, it is 

used in preference to other sugars. Thus when E. coli finds both glucose and lactose in the 

medium, it metabolizes the glucose and represses the use of lactose. This choice is 

accomplished by preventing expression of genes of the lactose operon, an effect called 

catabolite repression (Makman and Sutherland, 1965). Thus catabolite repression 

represents a general coordinating system that exercises a preference for glucose by 

inhibiting the expression of the operon that codes for the enzymes of alternative metabolic 

pathways. CataboHte repression results from the abiUty of glucose to reduce (by unknown 

means) the level of cAMP in the cell. Expression of the catabolite-regulated operons shows 

an inverse relationship with the level of cAMP (Epstein et al., 1975). 

The E. coli lactose (lac) operon transcription control region contains sequences which 

are recognized by RNA polymerase holoenzyme. E. coli RNA polymerase is an enzyme 



optimized for the control of transcription initiation. A model of transcription initiation 

involves the diree overall steps shown schematically below (McClure, 1985): 

R + P < > RPc >^RPo >RNA 

1) binding 2) isomerization 3) promoter clearance 

This scheme involves the initial binding of RNA polymerase (R) and the promoter (P) 

with a binding constant KB, to form an inactive intermediate termed the closed complex 

(RPc). The closed complex subsequentiy isomerizes with rate constant kf to form the 

transcriptionally active open complex (RPo) with several base-pairs unwound. Both of 

these steps involve noncovalent interactions. The basic reaction catalyzed by RNA 

polymerase is the transfer of a ribonucleoside monophosphate group to the 3'-OH terminus 

of a growing RNA chain, using ribonucleoside triphosphate as substrate. 

The E. coli RNA polymerase consists of a catalytic "core," comprising two a subunits 

a (3 subunit, and a p' subunit. The holoenzyme consists of the core enzyme plus a 

regulatory subunit (a, 70,236 daltons) that plays a central role in the specificity of the 

interaction of the holoenzyme with the promoter and in the subsequent initiation process, 

but is not involved in the elongation stage of transcription. The structure of the enzyme is 

understood only at rather low resolution. When bound to DNA as an open promoter-

polymerase complex, the enzyme protects up to 75 bp (base pairs) of DNA (thus it extends 

~ 250 A along the DNA in this conformation ). Core polymerase in the elongation mode 

has a "footprint" only ~ 30 bp long (~ 100 A). 

The E. coli lactose {lac) operon transcription control region contains two sequences 

which are recognized by RNA polymerase holoenzyme, in vitro: the normal lac promoter 

(termed PI) and an overlapping upstream promoter (termed P2), located about 20 bases 

upstream from the first site (Figure 1.4) (Malan and McClure, 1984). The role of the P2 

promoter in regulating the level of lac expression by PI, along with the potential interaction 

between CRP and the P2 positioned polymerase, are unsettied issues (Buc et al, 1987; 



Lorimer and Revzin, 1986). Functional CRP molecules are not released from the promoter 

on polymerase binding (Fried and Crothers, 1983). The structural basis of the activation is 

still unknown and requires knowledge of the relative positioning of CRP, RNA 

polymerase, and DNA during closed complex formation. 

1.4. DNA Supercoiling and Topoisomerases 

Supercoiled DNA was first discovered by Vinograd (Vinograd etal., 1965). Vinograd 

and his associates deduced that the DNA of the animal polyoma virus is "negatively 

supercoiled" in that its linking number (i.e. the number of times the two strands revolve 

around each other in the ring-shaped molecule when it is laid in a plane) is lower dian that 

of the same DNA in relaxed (or nicked) form. The term supercoiling was coined to signify 

the compaction and twisting, and subsequent studies showed that supercoiling is a 

ubiquitous property of DNA extracted from natural sources whenever DNA molecules lack 

ends capable of rotation. Enzymes that regulate supercoiling were discovered by Wang and 

Gellert et al., and many details are now known about the biochemistry of these enzymes 

called topoisomerase (reviewed in references (Wang, 1985; Wang, 1987)). From 

biochemical characterization, it is now clear that DNA supercoiling plays a central role in 

bacterial chromosome structure. 

The topology of closed, circular DNA is described by the relationship, W = L-T, 

where W is writhe (the geometric contortion of the helix axis), L is the linking number (the 

number of times one strand of the double helix passes over the other if the molecule were 

constrained to lie on a plain), and T is twist (the number of helical turns in the molecule in 

its native conformation). Supercoiling, which is the intuitive expression for W, arises 

when L^T. CurrenUy, W and T cannot be readily measured; consequently, supercoiling 

is more commonly described by the relationship, x=L-Lo, where T , the number of 

titrable superhelical turns, is the difference between L, the linking number of the 



topoisomer in question, and L^, tiie linking number of a relaxed topoisomer. In all natural 

cases, supercoiling arises when topologically constrained DNA has a deficiency of duplex 

turns relative to relaxed DNA (L < LQ, above equation). By convention, supercoiling 

arising from a deficiency of duplex turns is said to be negative. This is the type of 

supercoiling found in cellular DNA. 

In E. coli, two major DNA topoisomerases, DNA topoisomerase I (product of topA) 

and topoisomerase II (product of gyrA and gyrB), are known to regulate the state of 

supercoiling of intracellular DNA (reviewed in (Drlica, 1984; Gilbert, 1976; Wang, 1985; 

Wang, 1987). A proper balance of these two topoisomerases, which exhibit opposing 

enzymatic activities, appears important and previous results have led to the suggestion that 

intracellular DNA supercoiling is maintained primarily by a dynamic balance between the 

actions of these two opposing topoisomerases. More recentiy, the proposal that RNA 

transcription is accompanied by template supercoiling was suggested by Liu and Wang (Liu 

and Wang, 1987). As proposed in the twin-supercoiled-domain model, translocation of the 

RNA polymerase complex along right-handed double helical DNA generates positive 

supercoiling "waves" ahead of and negative supercoiling "waves" behind the moving RNA 

polymerase. The local superhehcal state of DNA is thus determined by RNA transcription 

in addition to the relative abundance of the two major topoisomerases (Tsao et al., 1989). 

1.5. Role of DNA Supercoiling in Gene Expression 

The control of transcription initiation is a key component in regulating bacterial gene 

expression. The frequency of initiation can be controlled by a variety of factors. As 

discussed above, activators or repressors have long been known to affect the expression of 

certain genes. In addition, the superhelical density (SHD)"" of covalently closed circular 

^SHD is defined as a where a equals (a-(Xo)/ao. Here, a-Oo (= x) is the linking 
number difference between the supercoiled and relaxed DNAs while OCQ is the linking 
number of the relaxed molecule. 
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(CCC) DNA has been shown to affect the transcriptional activity of some prokaryotic genes 

in vitro (Borowiec and Gralla, 1985; Borowiec and Gralla, 1987; Brahms et al., 1985). 

Negative supercoiling is expected to stimulate the initiation of transcription, since it 

favors the DNA strand separation that occurs during RNA polymerase-promoter open 

complex formation. It is clear, however, that the stimulation must be more complex, for 

many promoters are stimulated by DNA relaxation while others are unaffected (Pruss and 

Drlica, 1989). Some of this complexity is now being revealed by detailed studies of 

individual genes and the regulatory elements. In vitro transcription studies have shown that 

some genes have an optimum level of supercoiling for expression and that the level is 

different for different genes. In some cases supercoiling optima are a characteristic of the 

RNA polymerase-promoter interaction. Using an abortive initiation assay, Browiec and 

Gralla found that the rate of open complex formation in three lac promoter variants peaked 

at different superhelical densities (Borowiec and Gralla, 1987). A progressive activation of 

transcription in supercoiled pBR322 DNA relative to the relaxed form with increase of 

negative linking difference was reported (Brahms et al., 1985). The activation of 

transcription reaches its maximum at a SHD about equal to that of naturally occurring 

supercoiled DNA (Borowiec and Gralla, 1985). 

1.6. The Effect of DNA Supercoiling on RNA Polvmerase-

Promoter Interaction 

RNA polymerase when bound in an open complex has unwound the DNA by ~ 15 base 

pairs. In a strict thermodynamic sense the negative superhelical torsion within the DNA 

double helix should favor the equilibrium of a process involved in the unwinding of DNA 

(McClure, 1985). 

Kinetic and structural studies performed on complexes between RNA polymerase and 

strong promoters have led to the notion of the "open" complex (McClure, 1985). The open 

complex RPo is the final binary complex formed after interaction between promoter P and 



enzyme R. It is transcriptionally active and topologically unwound. A well-defined region 

of single-stranded DNA is present in tfiis complex, which is located slighdy upstream from 

the transcription start. 

Amouyal and Buc have investigated topological unwinding of a strong lac L8UV5 

("up" PI mutant) promoter and wild-type (WT) lac control region by RNA polymerase by 

DNase I and orthophenandiroline footprint (Amouyal and Buc, 1987). From these 

approaches they concluded that, the formation of the single-stranded region occurs at the 

expense of a negative change in linking number, initially stored in a closed intermediate. 

Furthermore, abortive transcription assays indicated that the specific initiation efficiency of 

the WT promoter is increased as a whole with increasing superhelicity (the range of 

superhelical densities examined was from 0.00 to -0.06). 

1.7. Mutant Forms of cAMP Receptor Protein 

Several groups have isolated CRP mutants that are active in the absence of cAMP. The 

mutations usually called crp*, were isolated and analyzed in strains of E. coli lacking a 

functional adenylate cyclase, the enzyme responsible for cAMP synthesis. Strains that lack 

a functional adenylate cyclase (i.e., cya mutants) cannot activate CRP and fail to synthesize 

proteins encoded by CRP-dependent operons. Genetic analysis on the cya suppressor 

strains that overcome the cAMP deficiency showed that these strains contain a second-site 

mutation diat lies in the crp gene (Aiba et al., 1985; Garges and Adhya, 1985; Harman et 

al., 1986; Harman et al., 1988). These mutant strains utilize CRP-dependent sugars other 

than glucose in the absence of exogenous cAMP, although with lower efficiency than a 

wild type strain. They are stimulated by added cAMP and, unlike wild type, they respond 

to cGMP as well (Garges and Adhya, 1985; Harman and Dobrogosz, 1983). The 

nucleotide sequence of crp for some CRP* strain has been determined. Mutations in crp 

that give rise to the CRP* phenotype have been found in a number of places in the protein. 
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The mutant CRPs, 91 CRP and 222 CRP, studied in diis work were first purified by 

Harman et al. and their genetic and biochemical characteristics have been described 

(Harman et al., 1986). 

1) The sites of mutations in crp. Complete sequences were obtained from both the 

coding and the noncoding strands of each crp allele (Harman et al., 1986). The 91 

crp allele is identical to wild-type with the exception of a mutation that results in the 

substitution of threonine for alanine at amino acid position 144 (in the middle of a-

helix D). The 222 crp allele contains three mutations: one substitutes isoleucine for 

threonine at position 127 (in the middle of a-helix C), a second substitutes lysine 

for glutamine at position 170 (in the middle of a-helix E), and a third substitutes 

arginine for leucine at position 195 (at die carboxyl terminal of a-helix F). 

2) The effects of mutations on CRP* secondary structure. The results of protease 

digestion studies indicate that the mutant forms of CRP are more sensitive than the 

wild-type protein to protease digestion in the absence of cAMP. In the absence of 

cAMP, the mutant proteins' conformations share properties with the wild-type 

CRPrcAMP complex. 

3) CRP*-acrivated lac promoter regulation in a purified transcription svstem. In 

addition, both 91 CRP and 222 CRP activated lac promoter and exhibited apparent 

affinity for lac? DNA in the absence of cAMP. 

One unusual regulatory property of E. coli strain NCR91, {cycr crp28), a cya 

suppressor strain, is glucose-mediated repression of CRP-dependent enzyme synthesis 

(Lee and Dobrogosz, 1983): The 91 CRP and the 222 CRP are similar in that both activate 

lac? independentiy of cAMP in vivo. However, cells containing either the 91 CRP or 222 

CRP differ in their response to glucose in vivo. p-Galactosidase synthesis in strain 

NCR91 is repressed by glucose whereas that in cultures of strain 222 is not. Harman et al. 

(1986) also observed that the activity of m vitro lac? transcription reactions containing 
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either 91 CRP or 222 CRP exhibit a differential response to spermidine. Spermidine 

inhibited 91 CRP-mediated transcription and had litde effect on transcription reactions 

mediated by 222 CRP. Spermidine inhibition of 91 CRP-mediated lac transcription was 

not observed in reaction mixtures that contained 91 CRP and cAMP. Spermidine is known 

to affect die structure of DNA (Tabor and Tabor, 1984), so Harman et al. proposed diat 

spermidine-induced changes in lac? stmcture affect either 91 CRP promoter recognition or 

the recognition of die 91 CRP:/acP DNA complex by RNA polymerase. 

Recent evidence indicates diat DNA SHD varies in response to environmental changes, 

including changes that elicit repression of CRP-mediated promoter activity in E. coli (Bailee 

and Gralla, 1987). When glucose is added to cells that are metabolizing a poorer carbon 

source, catabolite repression occurs. Catabolite repression is thought to result from 

changes in the cAMP level in cells. The relationship between catabolite repression and 

changes in supercoiling was investigated by measuring p-galactosidase induction and 

plasmid supercoiling after the addition of glucose to cultures that were growing on acetate 

(Balke and Gralla, 1987). The results from these experiments indicated that changes in E. 

coli plasmid supercoiling can occur in response to changes in externally supplied nutrients 

and suggested that the changes in supercoiling and lac expression are coupled in some 

manner. The most significant of these changes involved a decrease in number of negative 

supercoils, or relaxation of plasmid DNA followed by resupercoiling. The significance of 

these results with respect to this study is that glucose effects on supercoiled DNA structure 

are similar to die effect of spermidine on relaxing negatively supercoiled DNA (Harman et 

al., 1986). These reports and other evidence of die spermidine-mediated inhibition of 91 

CRP-activated lac mRNA syndiesis in vitro lead us to test die hypothesis that glucose 

repression of CRP-dependent operon expression in vivo may result from structural changes 

in CRP binding sites diat affect promoter recognition for die mutant forms of CRP (CRP*) 

to different degrees. 
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Figure 1.1. A schematic drawing of the 
CRP monomer in the closed subunit. 
The regions of the polypeptide diat are in 
a-helical conformation are represented 
as tubes and are lettered A through F. 
Those regions that are in p conformation 
are represented as arrows numbered from 
1 to 12 The approximate position of the 
cAMP in the p roll is indicated (modified 
from (McKay r̂ a/., 1982)). The subunit 
has a modular structure consisting of two 
domains: the smaller C-terminal domain 
binds to DNA and the larger N-terminal 
domain binds the allosteric regulator 
molecule, cAMP. 
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Figure 1.2. A schematic drawing showing 
one way that CRP might interact with B-
DNA. The small domains of CRP are 
shown with the F helices penetrating into 
the major grooves of right-handed B-DNA. 
Side chains from helix F can interact with 
about four base pairs in the major groove, 
(from Steitz and Weber, 1985). 
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Figure 1.3. The lactose operon. The transcription of the 
lacZ, Y, and A genes resulted from transcription initiation 
by RNA polymerase at lac?. Transcription is regulated in 
either positive or negative way by CRP:cAMP complex or 
the repressor, respectively. Translation (indicated by the 
wavy arrows) of each of the product proteins results from 
ribosome (rbs) binding to the mRNA translation initiation 
signal for each gene. This figure is the same as that 
presented in reference (Reznikoff er al, 1985). 
Abbreviations used are rbs, ribosome; I, inducer; RNAP, 
RNA polymerase; CAP (or CRP) cAMP receptor protein. 



15 

CRP site ,5̂  P-1 promoter ,Q AAUU 

^ PPP1 EHH I " 
l l l l | l i l l | IMIil | l l | l l l l i l | l l | l l l l | | | l l | l l l l |MII| l l ll|||ll|IIIIIIIM[IMMIIII|llll|||ll| 

-80 -70 -60 -50 -40 :30 -20 -lo +1 +10 

-35 DO . -10 
P-2 promoter 

Figure 1.4. Diagramatic illustration showing the position of PI and P2 promoters for the 
lac operon, with their cortesponding -10 and -35 control regions. The CRP site is centered 
between -61 and -62. The homology consensus (the -35 and -10 regions ) is indicated by 
boxes. The sequence of abortive transcript, a tetramer (AAUU) from PI, is indicated. The 
mRNA start site is noted as +1. 



CHAPTER n 

DNA SUPERHELICAL DENSITY EFFECTS ON CRP-

MEDL\TED LACTOSE OPERON PROMOTER 

ACTIVATION 

2.1. Introduction 

The goal of the present work is to test the hypothesis that environmentally-mediated 

changes in DNA superhelical density affect die changes in CRP-dependent enzyme 

synthesis in cycT crp* strains oiE. coli. Among the cycT crp* strains to be examined, 

cya~ crp2% strain was reported to have one unusual and as yet uncharacterized regulatory 

property, i.e., NCR 91 cya suppressor strains show glucose-mediated repression of CRP-

dependent enzyme syndiesis (Harman et al., 1986). One plausible explanation that could 

account for this glucose-mediated repression in the absence of cAMP is that CRP-

dependent promoter activity in the cya~ crp* strain responds to glucose-mediated changes 

in CRP-dependent promoter structure. To test this hypothesis a series of experiments was 

designed to elucidate the effect of varying template superhelical density (SHD) on CRP-

mediated lactose operon promoter activity. 

2.2. Materials and Methods 

2.2.1. Materials 

2.2.1.1. Bacteria and plasmids 

E. coli strains used are D1210 [F", hsdS20 (rB;mB), supE44, aral4, galK2, lacYl, 

proA2, rpsL20, xyl-5, md-1, recA13, mcrA+, mcrB"] and AGl [F", recAl, endAl, 

gyrA96, thi, hsdR17 (rk~, mk+), supE44, relAl, X^. Plasmid DNAs, pJB3.5d and 

pKL201, were the gifts of Dr. Cozzarelli, University of California at Berkeley (Bliska and 

16 
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CozzareUi, 1987) and Dr. Harman, Texas Tech University (Hannan et al, 1986), 

respectively. 

2.2.1.2. Enzvmes and other materials 

CRP and RNA polymerase were provided by Dr. James G. Harman. CRP was 

purified according to Harman et al. (1986). RNA polymerase was prepared by the mediod 

of Burgess and Jendrisac (1975) as modified by Lowe et al. (1979) and contains a full 

complement of subunits (a2pp'a) as determined by sodium dodecyl sulfate/ polyacryl

amide gel electrophoresis. a-32p.labeled UTP and die nucleoside triphosphates ATP, 

CTP, UTP and GTP were purchased from Pharmacia. Agarose was purchased from 

International Biotechnologies, Inc. Restriction enzymes, DNA polymerase I (Klenow), 

nucleases (mung bean and Bal-31), and T4 DNA ligase were purchased from New England 

Biolabs. Calf intestine alkaline phosphatase, placental RNase inhibitor, and wheat germ 

topoisomerase I were purchased from Promega. Ribonuclease (RNase) A was purchased 

from Sigma Chemical Company. Reaction conditions were those specified by the supplier. 

2.2.2. Methods 

2.2.2.1. Plasmid construction 

2.2.2.1.1. Construction of pJB 3.5d/ac plasmid DNA 

pJB3.5d/ac plasmid DNA, a substrate for transcription assays, was constructed by 

subcloning the 309 bp Hindlll fragment containing lac? region of pKL201 (Harman et al, 

1986) into the BamHI restriction site of the vector, pJB3.5d (Bliska and CozzareUi, 1987). 

Figure 2.1 illustrates the cloning strategy as well as structure of pJB3.5d/ac DNA . A 

Hindni restriction fragment containing the regulatory region of the E. coli lactose operon 

was purified from agarose gels and single-stranded ends were treated with mung bean 

exonuclease. Plasmid pJB3.5d was digested by BamHI restriction enzyme. The DNA 
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was dien treated widi mung bean exonuclease followed by treatment widi calf alkaline 

phosphatase to minimize recircularization of die plasmid DNA in ligation reactions. Vector 

DNA was mixed widi die lac? firagment and T4 DNA ligase. The ligation nuxture was 

used to transform calcium chloride-treated competent D1210 cells and die cells were plated 

out on LB agar medium containing ampicillin at 50 ̂ ig/ml. Ampicillin-resistant colonies 

were selected and plasmid DNAs were purified (Maniatis et al, 1982). The orientation of 

the lac promoter was determined from the restriction enzyme analysis of each plasmid DNA 

by PstI endonuclease which has a target site in the cloned lac fragment as well as in the 

vector. pJB3.5d/ac was isolated following the protocol oudined below which involves 

three basic steps: growth of bacteria and ampUfication of the plasmid using 

chloramphenicol (final concentration 170 |ig/ml); harvesting and lysis of the bacteria 

(alkaline mediod); and purification of the plasmid DNA (Maniatis et al, 1982). 

The genealogy of pJB3.5d/ac was deduced from the literature (Bliska and Cozzarelli, 

1987; Mizuuchi et al, 1980; Mizuuchi and Mizuuchi, 1978; Nash, 1989) and is illustrated 

in Figure 2.2. 

2.2.2.1.2. Sequencing of the template DNA 

DNA sequence analysis of pJB3.5dlac was accomplished using the dideoxynucleoside 

triphosphate sequencing procedure on double-stranded DNA templates (Chen and Seeburg, 

1985) using die reagents and protocol provided in a kit purchased from United States 

Biochemicals. Primers used for the sequencing reactions were the reverse sequencing 

primer of M13 mpl8 (5'-AACAGCTATGACCATG-3'), hybridization probe primer of 

M13 mpl8 (5'-CACAATTCCACACAAC-3') and two odier primers (98: 5'-

CACGACAGGTTTCCC-3', 99: 5'-GCTGTCCAAAGGGCT-3') which bind to the lac? 

insert DNA 40 bp-upstream of die CRP binding site. All the sequencing primers were 
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synthesized by The Midland Certified Reagent Co. Plasmid was isolated from 5 ml culture 

using the 'Qiagen column' according to die protocol provided from die manufacturer. 

Figure 2.3 shows the sequencing strategy of pJB3.5d/ac. Bodi strands of lac? region 

were sequenced and pJB3.5d/ac showed die sequence of die wild-type lactose promoter. 

Approximately 100 bp in die attB region were not determined but die lineage of die 

pJB3.5d/ac was traced (Nash, 1989; BUska and CozzareUi, 1987; Mizuuchi et al, 1980; 

Mizuuchi and Mizuuchi, 1978) and die DNA sequences were deduced from this Uneage 

(Figure 2.4). Part of die DNA sequences of recombination sites {attB and an?) were taken 

from the literature (Landy, 1989; Landy and Ross, 1977). These results show that first, 

cloning was accompUshed and second, die lac fragment sequence is identical to the 

sequence previously reported. 

2.2.2.1.3. Construction of intemal control plasmid DNA 

The strategy for generating an approximately 50 bp deletion in the lac region is shown 

in Figure 2.5. The Scal/EcoRJ fragment containing the lac region was isolated from 

pKL201. Deletions were generated on the Scal/EcoRI fragment by digesting with Bal-31 

exonuclease. The single stranded DNA ends were fiUed widi DNA polymerase (Klenow 

fragment of DNA polymerase I) in the presence of deoxynucleoside triphosphates. The 

fragments were digested widi endonuclease Ban II and separated on a 10% polyacrylamide 

gel. Fragments ranging in size from 150 bp to 160 bp were identified in ethidium bromide 

stained gels under UV light, excised and recovered. These fragments were cloned into 

pKL201 plasmid vector. The vector was prepared first by digestion of pKL201 plasmid 

vector with EcoRI, Klenow-fiUing and subsequent digestion with Banll. Vector DNA was 

mixed with a lac? fragment generated as described above and T4 DNA ligase. The ligation 

mixture was used to transform E. coll AG-1 cells, and selection was performed on 

ampicillin plates (Hanahan, 1983). 
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AmpicUlin-resistant colonies were picked, and die plasmids were purified and sized by 

agarose gel electrophoresis. These plasmids were further screened by intemal cleavages 

widi various restriction enzymes (i.e. Psd and HindlU). This procedure resulted in die 

isolation of die plasmids which contained approximately 50 bp intemal deletion. Ten 

recombinant plasmids were chosen and used as templates in cAMP-dependent in vitro 

mRNA syndiesis. All were found to support specific lac transcription. One plasmid, 

pHLOl, directed die syndiesis of a short RNA transcript was chosen and prepared in large 

scale (1 Uter) by the aUcaUne lysis mediod and subsequentiy purified in the CsCl density 

gradient centrifugation (Maniatis et al, 1982). 

2.2.2.1.4. Sequencing analysis of pHLOl 

To determine the exact number of deleted base-pairs the plasmid was sequenced as 

described previously. The sequencing strategy is schematically drawn in Figure 2.6. As 

indicated in the autoradiogram of the sequencing gel (Figure 2.7), the results show 46 

nucleotides were deleted from the lac sequence as the result of Bal 31 exonuclease treatment 

(see Figure 2.8 on the complete sequence from 1 to 588). 

2.2.2.2. Preparation of DNA topoisomers 

Topological isomers (topoisomers) of plasmid DNA, pJB3.5d/flc, were prepared by 

nicking and closing the DNA with topoisomerase I in the presence of different amounts of 

ethidium bromide (Singleton and Wells, 1982). The enzyme and die dye were removed 

through phenol extractions. As described by Depew and Wang (1975), the amount of the 

respective topoisomers followed a Gaussian distribution (Figure 2.9). 

The topoisomerase reaction conditions were similar to diose described by Browiec and 

Gralla (1985). Twenty-five jig of plasmid DNA were relaxed in reactions containing 

20 units of wheat germ topoisomerase I (Promega), 50 mM-Tris.HCl (pH 8.0), 100 mM-
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KCl, 0.5 mM-didiiodireitol, 0.1 mM-EDTA and 30 ̂ ig bovine serum albumin/ml in 125 |il 

volume for 2 h at 37'C. DNAs having different levels of superheUcity were prepared by 

addition of ethidium bromide (in the range of 2.5 to 38.0 îM) to die relaxation reactions. 

The reactions were terminated and deproteinated dirough phenol, phenol/chloroformAso-

amyl alcohol (25 : 24 : 1, by vol.), and chloroform îsoamyl alcohol (24 : 1, v/v) 

extractions, and die DNA was precipitated widi edianol. Plasmid DNA was dUuted to 

approximately 0.1 mg/ml in TE buffer, and die absorbance at 260 nm was measured to 

determine DNA concentration. 

Superhehcal densities [- a = - (a - ao)/ao] were determined through agarose gel 

electrophoresis under conditions that aUowed separation of the individual topoisomers 

(Keller, 1975), either in the absence or presence of ethidium bromide. Approximately 

0.15 |ig of a DNA sample was placed in each weU of a 1.5% agarose slab gel and 

electrophoresed at room temperature for 17.5 hr at 2.5V/cm. Gels were stained after 

electrophoresis by immersion in 0.5 |ig/ml ethidium bromide solution for 30 min. Figure 

2.10 shows the migration of the plasmid with increasing superhehcal density in the gel run 

in the absence of ethidium bromide. A second gel was run containing ethidium bromide 

(20 M-g/ml), which titrates some of die negative superhelical density contained in the 

plasmid DNA. This reduces die number of negative superhelical turns in plasmid DNA and 

allows extension of the observations to die complete range of superhelicities. (a - OQ) is 

determined through quantitation of the number of superhehcal turns in the molecule, while 

Oo is set equal to the total number of base pairs in the plasmid divided by the number of bps 

per helical turn (10.54: Horowitz and Wang, 1984). For pJB3.5d/ac, Oo was taken as 

3783/10.54 or 359, and a - OQ was m die range of 0 to 43 negative superhelical turns. 

Figure 2.9 shows a typical densitometer tracing of a photographic negative of an ethidium 

bromide stained gel. The peaks represent plasmid topoisomers diat progress dirough 

integral linking numbers. 
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2.2.2.3. In vitro transcription experim^nt̂ ^ 

An in vitro transcription system diat utUizes pure components and plasmid DNA 

template containing die lac control region has been described by Harman et al (1986). 

This system was used to access CRP function at various SHDs of CCC plasmid DNA as a 

template. The effect of DNA supercoiling on lac? activity was quantitated by measurement 

of die amount of mRNA produced in each reaction. Each reaction contained two plasmid 

species. The first (pJB3.5d/ac) has a predetermined SHD which is varied between 

reactions and as a control, the second (pHLOl) has a natural SHD diat remains the same for 

all reactions and its transcription is not dependent on SHD. 

2.2.2.3.1. In vitro transcription assay conditions 

Transcription reactions were carried out in a final volume of 10 fil. The assay 

conditions were 30 mM-Tris.HCl, 0.25 mM-ATP, 0.25 mM-MgCb, 0.1 mM-EDTA, 

0.1 mM-DTT, 500 ^g BSA/ml, 100 mM-KCl, 2.5 mM-ATP, 2.5 mM-GTP, 2.5 mM-

CTP, 0.05 mM-[a-32p] UTP (at 20 Ci per mmol), RNase inhibitor (RNasin, 0.1 Unit) and 

50 ng of each pJB3.5d/flc and pHLOl DNA substrates (2 nM each). 

Portions of a solution that contained the four nucleosides triphosphates, CRP and 

where indicated, cAMP or cGMP, were added to a tube containing each DNA and 

preincubated for 15 min at 37 °C. RNA polymerase prewarmed to 37 *C was added and 

mixed rapidly by gentle tapping with a finger and die tube was placed at 37 °C. In these 

reactions, RNA polymerase was 46 nM, DNA was 2 nM, CRP was 1 p.M, and when 

present, cAMP was 5 |iM and cGMP was 50 |iM. After 30 sec, heparin was added to 

inhibit further initiations by RNA polymerase. The elongation reaction was allowed to 

proceed for 30 min at 37 *C and was terminated with addition of an equal volume of a 

solution diat was 10 M in urea and 0.04% (w/v) in bromophenol blue. The samples were 

heated to 75 °C for 5 min and transcripts were resolved by electrophoresis in 6.0% 
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polyacrylamide (19 :1, acrylamide : mediylenebisacrylamide) gels diat were 7.0 M in urea. 

Portions (20 |il) were loaded onto pre-electrophoresed 0.05 cm x 20 cm x 40 cm gels, and 

electrophoresed at 60 Watts until die bromophenol blue had migrated 17 cm from die 

origin. The gels were removed and dried and die transcripts were visuaUzed by 

autoradiography using Kodak XAR-5 film. Autoradiograms of die gels were scanned with 

an EC densitometer. Band intensities were determined from die heights of die peaks. 

2.2.2.4. Abortive initiation reactions 

2.2.2.4.1. Reaction conditions 

Abortive initiation reactions were run according to the protocol of Meiklejohn and 

Gralla (1989). Reaction conditions were identical to die conditions described for the 

transcription assay. pJB3.5d/<3c DNA of die indicated superhelical density was mixed with 

CRP with or without cyclic nucleoside monophosphate (0.33 nM-DNA, 1 |iM-CRP, 

5 |iM-cAMP) and preincubated for 15 min at 37 *C. RNA polymerase diluted in IX 

transcription buffer that lacked KCl was added to a final concentration of 1.8 nM. After 

appropriate intervals to aUow open complex formation (between 15 sec and 60 min 

incubation at 37 "C), a solution that contained ApA (Pharmacia PL) and [a-32p] uTP (at 

100 to 300 Ci/mmol) and heparin was added to aUow initiation. Heparin was added to 

inactivate RNA polymerase not bound in the open complex. Final concentration of heparin 

was 100 |ig/ml. Final concentrations of nucleotides were 500 |iM-ApA and 10 |iM-UTP. 

The reactions were incubated at 37 'C for 30 min and quenched with die addition of an 

equal volume of a solution that was of 10 M in urea and 0.04% (w/v) in bromophenol 

blue. The abortive initiation products were separated by electrophoresis on 10% (w/v) 

polyacrylamide (including 19 acrylamide : 1 mediylenebisacrylamide) gels containing 7 M 

urea. Portions (25 |il) were loaded direcdy onto pre-electrophoresed gels (0.05 cm x 

20 cm x 40 cm) and electrophoresed at 60 Watts until the bromophenol blue dye marker 
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migrated 15 cm from die origin. Dried gels were autoradiographed using Kodak XAR-5 

film. Bands corresponding to ApApU and ApApUpU were excised from die gel and 

quantified by conventional Uquid scintiUation counting techniques. 

2.3. Results 

2.3.1. In Vitro Transcription Assay 

To assess the effects of plasmid DNA superhehcal density on CRP activity as a 

transcription control element, we have studied the properties of the wild type and two 

mutant proteins in promoting lac RNA synthesis using template DNA having different 

superhehcal density. The template for transcription reactions was a plasmid containing the 

lac control region constructed as described under "Materials and Methods". pJB3.5d/ac 

directs the synthesis of a 106/107 nucleotide RNA {rep RNA) diat originates at rep?, a 

136/137 nucleotide RNA {lac\36 RNA) that originates at lac? as weU as several large RNA 

species. As an intemal control for RNA recovery, another plasmid having a fixed SHD 

(a = - 0.053) was added to the reactions. The construction of the control plasmid was 

described under "Materials and Methods". pHLOl, a control plasmid serves as a template 

for the synthesis of both the 106/107 base rep RNA and a truncated 90 base lac RNA. 

Figure 2.11 shows representative autoradiograms of typical transcription reactions. In 

panel A, reactions contained each topoisomer of pJB3.5d/<3C, in panel B reactions contained 

both pJB3.5d/ac and pHLOl. 

Figure 2.12 shows the changes of efficiency of activation of rep transcription (from die 

reactions that contained pJB3.5d/ac DNA only) as a function of negative superhelical 

density of pJB3.5d/ac. One can observe clearly a strong progressive activation of 

transcription in supercoiled DNA, relative to die relaxed form, widi increase of negative 

superhelical density, in agreement with previous observations (Brahms et al, 1985). A 

maximum of activation is observed at a negative SHD of about 0.06 and Figure 2.12 
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shows diat a further increase of negative SHD greater dian 0.07 leads to a decrease of 

activation efficiency. Quantitation of die rep RNA originated from die two different 

plasmids, pJB3.5d/ac and pHLOl, was found to be relatively unaffected by die activity of 

lac? and showed htde variation among reactions containing different SHD DNAs. This 

observation is the result of combining die two rep transcripts, one comes from a template 

having a fixed SHD, die other comes from each topoisomer (Figure 2.13). As a result, the 

amount of rep RNA was constant at SHD ranging from 0.00 to - 0.04 and showed a little 

increase in higher SHD (from - 0.06 to - 0.098). It also should be noted that the synthesis 

of lac90 is affected by the activity of lac? and lac9Q is originated from the template that has 

a fixed SHD. Accordingly, lacl36/rep ratios from different reaction conditions were 

calculated to determine the effect of template superhehcal density on the activation of lac? 

by die wild-type CRP:cAMP complex, die 91 CRP, die 222 CRP and their respective 

cAMP and cGMP complexes. 

The data Ulustrated in Figures 2.14 display the result of analysis on the lac? activity 

expressed as lacl36/rep ratio which was plotted as a function of die negative superhelical 

density. The supercoiling stimulation of lac? in the absence of cAMP and in die presence 

of cGMP was observed only at higher SHD and showed as a shght increase in the basal 

level of lac? expression, aldiough, lac? activity is low and remains low diroughout the 

range of template SHDs' examined The addition of cGMP had ahnost no effect on lac? 

activity. The addition of cAMP to reaction mixmres diat contained WT CRP increased lac? 

activity at all SHDs widi higher magnitude of increase at SHD between -0.015 and -0.042. 

A maximum of activation (80-fold increase of lac expression) is observed at a SHD of 

about - 0.042 , and a further increase of SHD up to - 0.098 leads to a similar degree of 

activation efficiency as that at - 0.042. 

Reaction mixuires containing the mutant forms of CRP syndiesized lac RNA in the 

absence of cAMP and showed increased lac? activity compared to mixtures diat contained 
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WT CRP alone, a result consistent widi previous experiments performed using DNA at a 

fixed SHD (Harman et al, 1986). The CRP-dependent lac? activity increased with 

increasing template SHD in reaction mixmres diat contained eidier of die two mutant forms 

of CRP at least up to - a = 0.061 (Figure 2.14). Aldiough each mutant had a unique 

characteristic in the range of SHD providing maximal lac? stimulation: die 222 CRP 

reached a maximal lac? activity at - a = 0.061 whUe die lac? activity in reactions diat 

contained die 91 CRP showed a peak lac? activity at - a = 0.088. The addition of cAMP 

or cGMP to reaction mixtures containing the 91 or 222 CRP increased lac? activity with 

different magnitude for die two mutants. Bodi cAMP and cGMP were found to stimulate 

lac? activity dramaticaUy at aU SHDs in the reaction mixtures diat contained the 91 CRP, in 

addition the presence of cAMP or cGMP shifted the range of SHD having a maximum of 

activation to - o = 0.05 from - a = 0.088. In contrast to this, the reactions that contained 

the 222 CRP were affected only slightly by addition of cyclic nucleotides (cAMP or 

cGMP). 

The analysis based on the Iacl36/lac90 ratio allowed us to measure the lac? activity of 

each topoisomer with respect to a given SHD DNA due to the fact that lac90 is originated 

from the template that has a fixed SHD. The amount of a Iacl36/lac90 ratio was measured 

on different reaction mixtures that contained various superhehcal intermediates 

(pJB3.5d/ac) and the control plasmid, and is plotted as a function of negative superhelical 

density in Figure 2.15. In die presence of WT CRP:cAMP complex, lac? activity is 

elevated at all SHDs and it increased widi increasing template SHD. Under reaction 

conditions that contain either of two mutant forms of CRP the maximum activity was 

observed at - a = 0.078 and 0.061 for 91 CRP and 222 CRP, respectively. The lac? 

activity in reaction mixture diat contained 222 CRP increased widi increasing SHD until it 

reached a maximum at a = - 0.061, and as die level of SHD increased beyond - 0.061, the 

activity drops. It should be noted that due to die fact that die synthesis of lac90 RNA is 
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affected by die activity of lac?, die comparison based on die Iacl36/lac90 ratio dierefore 

can address on die lac? activity of each topoisomer with respect to a given SHD and should 

be restricted within one set of reactions. 

2.3.2. Abortive Initiation Assay 

The use of this abortive initiation assay was first presented by Borowiec and Gralla 

(1985). The assay provided a system diat allows one to measure CRP-dependent rates of 

open complexes formation in lac promoter. In this assay system, samples of RNA 

polymerase are mixed with a Umiting amount of DNA for short times to aUow the formation 

of open complexes. Open complex formation is quenched and simultaneously nucleotides 

are added to allow the abortive initiation reaction, which proceeds for a set of period. The 

exclusion of the appropriate nucleoside triphosphates from the open complex prevents 

elongation of the transcript, aUowing the repeated production of short RNAs 

complementary to the promoter initiation sequence. As the incubation time for RNA 

polymerase and DNA increases, more of the avaUable lac template wiU be bound in the 

open complex, and wiU therefore lead to production of a larger number of these abortive 

initiation products. Thus under these conditions, the rate of open complex formation can 

be measured by following the increased production of short RNAs (Borowiec and Gralla, 

1985). 

2.3.2.1. Abortive initiation products 

The abortive initiation reaction catalyzed by die RNA polymerase-DNA open complexes 

in the presence of ApA and UTP produces ApApU and ApApUpU as shown in 

Figure 2.16. The smaller of the two species, ApApU, runs slower that the larger 

ApApUpU (lane 1). The faster-migrating ApApUpU (band 2) is cleaved by pyrimidine-

specific RNase A giving ApApUp with 3'-phosphate attached (lane 2). The incubation of 
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diis product widi phosphatase removes diis 3'-phosphate and converts it to die slower, 

smaller product ApApU (lane 3), consistent widi die previous report (Borowiec and GraUa, 

1985). 

The background signal from die parent vector pJB3.5d was compared with signal from 

abortive initiation template (pJB3.5d/ac) in Figure 2.17. Comparison of abortive initiation 

reactions widi pJB3.5d/ac to die parental plasmid, pJB3.5d, revealed that, in the presence 

of cAMP, the background ApApUpU from pJB3.5d is less than 2% of ApApUpU 

expression from die abortive initiation template (pJB3.5d/ac) in aU reaction conditions. In 

the absence of cAMP (i.e., CRP alone), ApApUpU synthesis from pJB3.5d was 1.4% 

(222 CRP), 9% (91 CRP) and 13% (WT CRP). For the expression of ApApU, this 

background ranged from 8 to 25% of the signal depending on the reaction conditions. 

Both in the presence and absence of cAMP, ApApUpU is more specific for die lac 

promoter than is ApApU. This is consistent with previously reported data on pS promoter 

(Meiklejohn and Gralla, 1989). Accordingly, die signal from ApApUpU was used as a 

measurement of the extent of open complex formation. 

2.3.2.2. CRP-dependent rates of open complex formation 

RNA polymerase and pJB3.5d/ac DNA were allowed to form complexes in the 

presence of eidier WT CRP, 91 CRP, or 222 CRP widi addition of cAMP/cGMP in some 

reactions as described previously. Figure 2.18 shows an example of the time-course of 

abortive initiation product synthesis in reactions that contained WT CRP in the presence 

and absence of cAMP at three different template SHDs. Parallel experiments were mn for 

reaction mixtures containing either the 91 CRP or the 222 CRP (not shown). 

The data were converted to picomoles product formed. The data presented in 

Figure 2.19 were generated by subtracting the background value (values from reactions 

that contained WT alone) in pmol from each value from different reactions. CRP 
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dependence of functional lac promoter complex formation in reactions diat contained WT or 

mutant CRP in die presence and absence of cAMP was compared at each time point on 

diree template superhehcal densities. The quantitative analysis demonstrates diat die 

amount of product formed increases as time of binding increases except in one case. In 

reaction diat contained 222 CRP die product formed decreased at 12 min time-point and it 

further decreased at 60 min (Figure 2.19, Panel d). The basis of this observation is 

uncertain. 

Initial rates of open complex formation can be extracted from the data presented in 

Figure 2.19. For this analysis the data coUected from the early time points were expressed 

as a fraction of the equihbrium value for each data set The rate of open complex formation 

was determined by constmcting a plot of the logarithm of (1 - fraction of the maximal 

signal) versus time allowed for open complex formation. The maximal signal was 

determined in a parallel experiment where 60 min was aUowed for polymerase binding. 

The average time required for open complex formation, x (the reciprocal of rate constant), 

was derived from the slope of diis line (Stefano and Gralla, 1980). From die data 

presented in Figure 2.20, the half-time of RNA polymerase:/flcP open complex formation 

in reactions that contained WT or mutant CRP in the presence or absence of cAMP at 

different template SHDs was determined. Each of the reaction time courses is linear, which 

is consistent with the expected first order loss of available promoter sites due to open 

complex formation widi an exception of one case (91 CRP alone) which may lie within an 

experimental ertor. The reaction half-time for each reaction condition, WT CRP with 

cAMP, 91 CRP alone, 91 CRP with cAMP, 222 CRP alone, and 222 CRP with cAMP, 

were, for a = - 0.028, 175, 47, 182, 58, 158 sec, for a = - 0.042, 78, 105, 101, 36, 

110 sec, and for a = - 0.053, 70, 229, 153, 39, 55 sec, respectively. The open complex 

formation half-times in reactions that contained WT CRP:cAMP complex decreased widi 
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increasing SHD and are in good agreement widi diose values pubUshed previously 

(Meiklejohn and Gralla, 1989). 

The plot of rate constant versus negative superhelical density shows diat die effect of 

the introduction of superheUcity on the average rate of open complex formation 

(Figure 2,21) in all five different reaction conditions. In reactions diat contained WT 

CRP:cAMP complexes, die rate increased with increasing SHD and are in good agreement 

with diose values published by Meiklejohn and GraUa (1989). This general trend holds for 

diose reactions diat contained the 222 CRP:cAMP complex forms of die protein. The 

reactions diat contained 91 CRP exhibited decreased rate of open complex formation with 

increasing template SHD in contrast to die results obtained widi the WT CRP:cAMP 

complex. CycUc AMP reversed this trend. 

To further explore die basis of the 91 CRP characteristics on the rate of open complex 

formation, equihbrium values for ApApUpU synthesis were determined in three 

independent sets of experiments. The equUibrium values were obtained by extended 

binding for 60 min with RNA polymerase. For each equUibrium value the small 

background from WT CRP alone was subtracted from the ApApUpU expression at 

60 min. The pmol of ApApUpU expression at the equUibrium on three different SHD 

DNA in aU reaction conditions was plotted against die negative superhelical density 

(Figure 2.22). In all reaction conditions the equihbrium values were shown to increase 

with increasing template SHD. The rate of ApApUpU increase as weU as die final 

equilibrium ApApUpU value were simUar for the WT CRP:cAMP complex, 222 CRP, 222 

CRP:cAMP complex and 91 CRP:cAMP complex-mediated reactions. The equUibrium 

values and the rate of ApApUpU increase was considerably lower for die uncomplexed 

91 form of the protein. 

The cortected equUibrium values were also used to determine die ratio between each 

SHD DNA and DNA with the lowest SHD (a = - 0.028). The slope was measured by 
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constmcting a plot of die ratio versus die negative superheUcal density. Figure 2.23 shows 

die result of the analysis. The data give linear plots, widi die equUibrium ratio increasing 

widi die negative superhelical density. Comparing die slope of each graph, 91 alone has a 

htde more dian twice die slope of WT widi cAMP which means die overall stimulation of 

91 CRP by die amount of supercoiUng is more dian 2-fold relative to die WT CRP. 

2.4. Discus.sion 

The effects of SHD on CRP-mediated lac transcription and CRP-lac? DNA interaction 

in vitro were studied by using a transcription assay and an abortive initiation assay. To 

determine how negative superhelicity affects transcription, we have examined the effects of 

negative DNA superheUcal density on bodi die production of fuU lengdi transcripts and on 

die rate of the open complex formation between RNA polymerase and the lac promoter. 

Previously, mutant forms of the protein (CRP*) that function independentiy of cAMP 

have been purified (Harman et al, 1986). In the cmrent work, we examined the effect of 

varying template superhelical density (SHD) on CRP and CRP*- mediated lac? activity in 

vitro in a purified transcription system. Harman et al (1986) described an in vitro 

transcription system that utiUzed a covalendy closed supercoiled plasmid, pKL201, 

containing lac?, a portion of die Z gene and the X phage to termination sequence. Among 

die transcripts that are produced from diis DNA template are a 136 base mRNA diat 

originates at lac? and terminates at to as well as a 104 base mRNA diat originates from rep? 

and terminates at trep. Synthesis of die lac transcript is dependent upon the addition of 

wild-type CRP and cAMP or mutant CRP* in die presence or absence of cAMP while 

synthesis of die rep transcript occurs independentiy of CRP and cAMP and serves as a 

control for individual transcription reactions diat utiUze a single topoisomer ("natural" 

superhelical density) of covalendy closed circular DNA as template. 
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Since die current study involves a famUy of topoisomers, we anticipated diat rep? could 

not serve as a control promoter for transcription assays diat are designed to monitor the 

effect of plasmid SHD on CRP-mediated lac? activation. Brahms et al (1985) have 

presented evidence diat rep? activity varies widi die SHD of die DNA template in vitro. 

Figure 2.12. in fact confirms die observation showing die changes of efficiency of 

activation of rep transcription as a function of negative superhelical density of pJB3.5d/flc. 

To provide an altemative control RNA species, pHLOl, a derivative of pKL201, that has a 

46 base-deletion in the lac transcription region has been constructed. Our findings on the 

rep synthesis is diat die rep RNA originating fTX)m the two different plasmids, pJB3.5d/ac 

and pHLOl showed litde variation among the reactions that contained different topoisomers 

(Figure 2.13). Accordingly, the rep RNA produced from the two plasmids served a 

control between die reactions diat contained different SHD DNA. 

In transcription assays on different SHD DNA widi WT CRP alone, we have observed 

a slight increase in the basal level of lac? expression at higher DNA SHD, although, its 

stimulation by supercoUing remains low throughout the range of template SHDs' 

examined. Moreover, transcription assays with WT CRP found that cAMP at 5 )iM 

concentration promotes CRP-mediated lac? activation on template DNA having a SHD 

between the range of- 0.015 to - 0.098. The largest stimulatory effect was observed 

between the range of - 0.012 to - 0.042. These results are consistent with the findings of 

MeUdejohn and Gralla (1989). Abortive initiation assay was used to measure the half-time 

of RNA polymerase:/flcP open complex formation in various reactions at diree different 

template SHDs. We have demonstrated diat die half-times in reactions diat contained WT 

CRP:cAMP complex decrease widi increasing SHD and are in good agreement with those 

values published previously (MeUdejohn and Gralla, 1989). Similar differential 

supercoiling response on the rate of open complex formation have been described for lac 

promoter variants (Borowiec and Gralla, 1987). 
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Our results on die mutant fonns of CRP indicated diat, eidier of die two mutant fonns 

of CRP showed increased lac? activity in the absence of cycUc nucleotide widi different 

magnitude of activation: at die 1 nM concentration 91 CRP mediates lac? activity at a 

moderate way diroughout the template SHDs examined, while die cAMP-independent 

activation of 222 CRP showed die profile of transcription activation very simUar to diat of 

WT CRP:cAMP complex. A unique characteristic of die 91 CRP diat was reported in this 

study is diat it stimulated lac mRNA syndiesis over a nartower range of plasmid SHD dian 

does the WT CRP:cAMP complex. In addition, reactions diat contained die 91 form of 

CRP in absence of c AMP exhibited decreased rate constants of open complex formation 

widi increasmg template SHD in contrast to die results obtained with the WT CRP:cAMP 

complex and 222 complex forms. The odier CRP* protein examined in the study, 222 

form, was purified from a phenotypic revertant of cya mutant strain like NCR91 strain, but 

does not exhibit cataboUte repression as in 91 CRP. The data on the 222 form of CRP 

indeed showed that 222 CRP-mediated lac? activity was not as sensitive to changes in 

template SHD as the 91 CRP suggesting a structural change in template can affect promoter 

recognition for the two CRP*s to various degrees. 

To determine the factor that limits cAMP-independent activation of 91 CRP-mediated 

lac? activity, the equUibrium values for the synthesis of abortive initiation product were 

determined in three independent sets of experiments. In all reaction conditions the 

equilibrium values were shown to increase with increasing template SHD. The final 

equilibrium value for the product was similar for the WT CRP:cAMP complex, 222 CRP, 

222 CRP:cAMP complex and 91 CRP:cAMP complex-mediated reactions. The 

equilibrium values were considerably lower for die uncomplexed 91 form of the protein 

than for die other reaction conditions. Reaction equUibria, under these reaction times, 

reflect the number of active templates in a given population of template DNA, independent 

of the rates at which the open complexes are formed. The data suggest that there is little 
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difference in die number of active open complexes for any of die CRP-mediated reactions 

with the exception of diose diat contained 91 CRP. In die reactions diat contained die 91 

CRP, diere are approximately one nindi, at die maximum difference, as many active 

complexes compared to any odier CRP-containing condition. The observation described 

above suggests diat CRP is required for die recognition of DNA by RNA polymerase and 

91 CRP has a different effect on template utiUzation by RNA polymerase. It furdier 

indicates that one of the limiting factors that restricts cAMP-independent activation of 91 

CRP-mediated lac? activity is the lower number of templates utiUzed by RNA polymerase 

in the reaction. The mechanism that controls template utiUzation by RNA polymerase is not 

known. 

In the abortive initiation experiments, one other characteristic of 91 CRP that was found 

by looking at the equihbrium values at four different plasmid SHD is that increasing SHD 

had a 2-fold greater effect on those reactions that contained the 91 CRP dian in reactions 

that contained any other form of CRP. These data, coupled widi die transcription data 

show that the cAMP-independent activity of the 91 form of CRP is more sensitive to 

changes in template structure than either the WT or 222 forms of the protein. 

Catabolite repression in wild-type E. coli is diought to result from carbohydrate-

mediated inhibition of adenylate cyclase activity which leads to a rapid lowering of ceUular 

cAMP levels and makes a lower equUibrium concentration of CRP:cAMP complex. One 

unusual regulatory property of NCR91 strain, cya~ crp2S, is that, in diis cya suppressor 

strain, CRP-dependent operon expression is repressed by glucose. The model describing 

the mechanism of catabohte repression in wUd-type E. coli faUs to account for the 

repression observed in strains diat lack cAMP and suggests diat a regulatory factor other 

than cAMP is involved in mediating catabohte repression in the cya suppressor strain {cya~ 

crp2S). Mutant forms of CRP that act independent of cAMP have a conformation that 

resembles the active, cAMP-bound form of wUd-type CRP. A potential candidate for the 
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regulatory factor diat controls die cataboUte repression m cya' crp2S strain may be die 

structure of DNA, as being die target site for die CRP binding. 

Recendy, BaUce and Gralla (1987) have found diat die level of supercoiUng in vivo 

does change widi growdi conditions, raising die distinct possibUity diat die potential for 

differential control of transcription by changes in DNA SHD. They have observed diat 

differences in DNA SHD (relaxation followed by resupercoUing) of plasmid isolated from 

cells during a shift from acetate to glucose. There are two independent reports diat suggest 

a relationship between die mutant form of CRP activity in vivo and DNA SHD. The first 

Ulustrated diat plasmid DNA SHD is increased during growth in anaerobic conditions 

relative to diat observed during growdi in aerated cultures (Dorman et al, 1988; Yamamoto 

and Droffner, 1985). The second demonstrated relief of glucose-mediated catabolite 

repression of a cya~ crp* strain of E. coli in response to a shift from aerobic growth to 

anaerobic growth (Lee and Dobrogosz, 1983). This evidence indicates that DNA SHD 

varies in response to repression of CRP*-mediated promoter activity. 

The data from both transcription and abortive initiation assays showed that the cAMP-

independent activity of the 91 form of CRP is more sensitive to changes in template 

structure dian either the WT or 222 form of the protein and addition of c AMP eUminated the 

observed sensitivity. The findings of this report suggest template SHD is a cAMP-

independent mechanism of cataboUte repression. We also suspect that this sensitivity of 91 

CRP to die structure of die CRP binding site is a result of a limitation of the number of 

active open complexes. 
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Figure 2.1. Cloning strategy for constructing pJB3.5d/ac plasmid. A Hindlll 
fragment containing lac? derived from pKL2()l was inserted into the BamHI site 
in the vector, pJB3.5d. The structure of pJB3.5d is shown on the upper left side 
with directly repeated att sites depicted as artows. The position of the origin of 
DNA replication {ori) and some of the uniquely represented restriction sites are 
indicated. Numbers on die inside of the circles denote distances in base pairs from 
the unique EcoRI site present in the vector sequences. 
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Figure 2.2. Genealogy of plasmid pJB3.5d/ac. Schematic representation 
of construction of pJB3.5d/ac carrying attachment {att) sites. Fragments 
carrying attB and att? (about 160 bp and 500 bp, respectively) were 
purified from Hhal restriction digest of an EcoRI restriction fragment 
containing att? and attB originating from X attB-att? (Bliska and 
Cozzarelli, 1987; Mizuuchi etal, 1980; Mizuuchi and Mizuuchi, 1978; 
Nash, 1989). 
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Figure 2.3. Sequencing strategy of pJB3.5d/flc. ArtOws indicate the approximate 
position of 18-mer oligonucleotide primers used in die DNA sequencing. The box 
represents those sequences contained on the /ac-containing Hind EI fragment derived 
frompKL201. 
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attB' 

m<^<4^i^^^^ 

\p^Xi2:)<^y)W<>^4^P^X^^^ 

CAACCCAGTCAGCTCCTTCCGGTGGGCGCGGGGCATGACTATCGTCGCCG 

CACTTATGACTGTCTTCTTTATCATGCAACTCGTAGGACAGGTGCCGGCA 

GCGCTCTGGGTCATTTTCGGCGAGGACCGCTTTCGCTGGAGCGCGACGAT 

GATCGGCCTGTCGCTTGCGGTATTCGGAATCTTGCACGCCCTCGCTCAAG 

CCTTCGTCACTGGTCCCGCCACCAAACGTTTCGGCGAGAAGCAGGCCATT 

ATCGCCGGCATGGCGGCCGACGCGCTGGGCTACGTCTTGCTGGTTCGCAG 

ATCTGGCTTACTCCCCATCCCCCTGGCACGACAGGTTTCCCGACTGGAAA 

CRP binding site 
nrnr.r.r.Ar.Tr.AGr.GCAACGCAATTAA'llGTGAGTTAGCTCACTpATTAGGC 

-35 -10 
ACCCCAGGCJTTACACTtTTATGCTTCCGGCTCG'llATGTTG'llGTGGAATTG 

TGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGATTACGAA 

TTCCCTCCAGTAATGACCTCAGAACTCCATCTGGATTTGTTCAGAACGCT 

CGGTTGCCGCCGGGCGTTTTTTATTGGTGAGAATGGGGATCCGTCGACCT 
\att 

GCAGCCAAGCCTCGGGCATAAGTCGGACACCATGGCATCACAGTATCGTG 

ATGACAGAGGCAGGGAGTGGGACAAAATTGAAATCAAATAATGATTTTAT 

TTTGACTGATAGTGACCTGTTCGTTGCAACAAATTGATAAGCAATGCTTT 

Core 
TTTATAATGCCAACffFAGTATAAAAAAGC 

Fisure 2 4 Sequence infonnation on pJB3.5d/flc. The positions of 
attB' att? the lac CRP binding site, -35 and -10 region of lac? are 
highlighted. The hatched region is DNA sequence that was not 
detennined in diis study, but was deduced from the literature. The 
mRNA start site is noted as +1. 
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Figure 2.5. Strategy for making deletions on lac? region with Bal31 exonuclease. 
Ligation of the vector and the exonuclease-deleted fragment generates pHLOl plasmid. 
Plasmid DNA was isolated from a number of colonies and screened by restriction 
digestion and several recombinant strains were tested further for specificity and efficiency 
of transcription in vitro. The promoter supports specific and efficient lac transcription 
shortened by 46 bp from its parent plasmid, pKL201. 
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Figure 2.6. Sequencing strategy of the control plasmid (pHLOl). Artows indicate 
the approximate position of 18-mer oligonucleotide primer used in the DNA 
sequencing. The box indicates the approximate position of the promoter region. 
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Figure 2.7. Nucleotide sequence of pHLOl. Purified (CsCl 
density centrifugation) plasmid was sequenced using double-
stranded plasmid sequencing method. The artow indicates the 
two nucleotides ligated together as the result of deletion and 
ligation reactions. The extended sequence on the left shows the 
sequence present in pKL201 and absent in pHLOl. 
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GGTCGACCAATTCTGGCGAATCCTCTGACCAGCCAGAAAACGACCTTTCT 

GTGGTGAAACCGGATGCTGCAATTCAGAGCGCCAGCAAGTGGGGGACAGC 

AGAAGACCTGACCGCCGCAGAGTGGATGTTTGACATGGTGAAGACTATCG 

CACCATCAGCCAGAAAACCGAATTTTGCTGGGTGGGCTAACGATATCCGC 

CTGATGCGTGAACGTGACGGACGTAACCACCGCGACATGTGTGTGCTGTT 

CCGCTGGGCATGCCAGGACAACTTCTGGTCCGGTAACGTGCCGGCCAAGC 

TTACTCCCCATCCCCCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCA 
CRP binding site 

GTGAGCGCAACGCAATTAAT GTGAGTTAGCTCACT CATTAGGCACCCCAG 
-35 -10 y 

GC'JTTACAC^TTATGCTTCCGGCTCG'llATGTTG'llGTGGAATTGTGAGCGC 

CCCTCCAGTAATGACCTCAGAACTCCATCTGGATTTGTTCAGAACGCTCG 

GTTGCCGCCGGGCGTTTTTTATTGGTGAGAATGGGGATCCGTCGACCTGC 

AGCCAAGCTTGGCACTGGCCGTCGTTTTACAACGTCGTG 

Figure 2.8. Sequence of the lac control region of pHLOl. The position 
of promoter, -35 and -10 sequences as well as the CRP binding site for 
the lac operon are indicated. The mRNA start site is noted as +1. 
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Figure 2.9. A densitometer tracing of a 
photographic negative of topoisomers. This shows 
the relative intensities of the bands are enveloped by 
a Gaussian curve. The center of the Gaussian 
represents a hypothetical topoisomer with a linking 
number cortesponding to that of the DNA in its 
most stable configuration. This is a representative 
gel scan from the gel of topoisomers. 
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Figure 2.10. Migration of pJB3.5d/flc plasmids with increasing superhelical density. 
Plasmids were subjected to electrophoresis on agarose gels containing (A) 0.00 or 
(B) 20 îg ethidium bromide/ml. The direction of migration is from top to bottom. The 
uppermost band in each lane represents relaxed (or nicked) monomer plasmids. 
Superhelical densities (s) are as follows: lane 1, 0.000; lane 2, - 0.003; lane 3, - 0.015; 
lane 4, - 0.022; lane 5, - 0.028: lane 6, - 0.042; lane 7, - 0.053; lane 8, - 0.061; lane 9, 
- 0.075; lane 10, - 0.088; lane 11, - 0.098; lane 12, - 0.120. The gel run in the absence of 
ethidium bromide (A) shows that the plasmids with SHDs greater than = - 0.053 have 
identical migrations. A second gel (B) was run containing ethidium bromide (20 |ig/ml), 
which titrates some of the negative superhelical turns contained in the plasmid. This 
induces plasmids to become more positively supercoiled, thus allowing extension of the 
observations to the complete range of superhelicities. 
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Figure 2.11. Representative autoradiograms of n-anscription reaction. Transcription 
reaction products include several RNA species that migrate near the top of the gel. The 
/«cl36, rep and lac90 transcripts were sized on 6% DNA sequencing gels (0.05 cm x 
20 cm X 40 cm) that resolved three species of each RNA. Transcription reactions were 
run as described under "Materials and Methods" and contained RNA polymerase at 
46 nM, 91 CRP at 1 |iM, cGMP at 50 ^M, and template DNA, pJB3.5d/ac (panel A), 
both pJB3.5d/flc and pHLOl (panel B). The superhelical densities of template DNAs are 
0.000, lane 1; - 0.003, lane 2; - 0.015, lane 3; - 0.028, lane 4; - 0.042, lane 5; - 0.053, 
lane 6; - 0.061, lane 7; - 0.075, lane 8; - 0.088, lane 9; - 0.098, lane 10. 
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Figure 2.12. Plot of the average rep transcript in six 
different reactions. The reaction types included are 
WT alone, WT with cAMP, WT with cGMP, 91 CRP 
alone, 91 CRP with cAMP, and 91 CRP with cGMP, 
that contained topoisomers of pJB3.5d/ac as a 
function of superhelical density. Bars indicate the 
standard deviations in each point. Each point is an 
average of the six experiments. 



48 

200 

^ 150 -

OX) 

'S 

WT + cAMP 

50 

0 H 1 1 1 1 1 \ 1 h 

O—<) 

0 

150 . 

100 -

50 -

• • 

H 1 i \ 1 1 1 1 H 

222 alone 

0 

0 
f 

0 4 6 
- a x 100 

8 10 

Figure 2.13. Peak heights ver̂ w^ DNA SHD. This 
is a plot of the peak heights (mm) from 
densitometry tracings as a function of superhelical 
density in three different reaction conditions that 
contained both pJB3.5d/flc and pHLOl (WT with 
cAMP, 91 and 222 CRP). Open circles (O) present 
the amount of the rep transcript formed in each 
reaction. Closed circles (•) represent the amount of 
/ac90 transcript formed in each reaction. 
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Figure 2.14. Plot of the specific CRP activity in the 
presence and absence of cAMP/cGMP as a function 
of superhelical density. The ordinate represents the 
activity of CRP, which is the ratio of lac\36 and rep 
transcripts. The reactions were run at 2.3 nM-DNA, 
and 46 nM-RNA polymerase. O: CRP alone, •: with 
cAMP, • : with cGMP. 
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Figure 2.15. Comparison of the Iacl36/lac90 ratios in three 
different reactions. WT with cAMP(o), 91 without cAMP 01), and 
222 without cAMP (A). The specific CRP activities in different 
reaction conditions were plotted as a function of superhelical 
density. The ordinate represents the activity of CRP, which is the 
ratio of lacl36 and lac90 transcripts.The reactions were run at 
2.3 nM-DNA, and 46 nM-RNA polymerase. 
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Figure 2.16. Identification of abortive 
initiation products. Abortive RNAs were 
produced by incubation of lac? open 
complexes with ApA and [a-^^P] UTP. 
Portions were subjected to various 
enzymatic treatments, electrophoresed, and 
autoradiographed as described in 
"Materials and Methods." Lane 1, no 
addition; lane 2, ffeatment with RNase A; 
lane 3, treatment with RNase A and 
alkaline phosphatase; lane 4, treatment 
with alkaline phosphatase. 
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Figure 2.17. Comparison of abortive initiation products from pJB3.5d and 
pJB3.5d/flC plasmids. Background signal (both AAUU and AAU) from pJB3.5d 
plasmid was measured at 60 min in all reaction conditions (WT alone/with cAMP, 
91 CRP alone/with cAMP and 222 CRP alone/widi cAMP) and compared with 
the signal from pJB3.5d/ac plasmid. (aln = alone, cA = with cAMP). 
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Figure 2.18. Autoradiogram of gels from rate assays on three different 
template superhelical densities. WT CRP was added to the reaction 
mixtures in the absence (lanes 1 to 6) or in the presence (lanes 7 to 12) of 
cAMP. Panel A, a = - 0.028; panel B, a = - 0.042; panel C, a = -0.053. 
The times allowed for open complex formation were: 15 s, 30 s, 45 s, 60 s, 
90 s, and 45 min (panels A and B) or 60 min (panel C). 
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Figure 2.19. Time-course of product 
formation (ApApUpU) in pmol at three 
different template SHDs. •: - a = 0.028, •: 
- a = 0.042, A: - a = 0.053. The products 
formed were determined by excising and 
counting abortive initiation products from 
gels similar to those shown in Figure 2.18. 
Note the difference in the ordinate scale 
among the graphs, (a) wild-type CRP and 
cAMP. (b) 91 CRP alone, (c) 91 CRP and 
cAMP. 
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Figure 2.19. Continued, (d) 222 CRP alone, 
(e) 222 CRP and cAMP. 
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Figure 2.20. Kinetic analysis of open complex 
formation. The ordinate which represents the 
logarithm of (1 - fraction of the maximal signal) 
was plotted against time allowed for open complex 
fomiation. WT CRP with cAMP (O); 91 CRP 
alone (•); 91 CRP with cAMP (D); 222 CRP alone 
(A); 222 CRP widi cAMP (A). 
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Figure 2.21. Plot of the average rates of open complex formation at lac 
with and without cAMP as a function of the negative superhehcal density. 
The rates of open complex formation with WT CRP in the presence of 
cAMP (open circles), 91 CRP and 222 CRP in the presence and in the 
absence of cAMP were determined at 1.8 nM-RNA polymerase and are 
plotted as a function of the negative superhehcal density. These were 
compared to previous data on WT CRP with cAMP (marked as X) 
(Meiklejohn and Gralla, 1989). 
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Figure 2.22. Plot of AAUU expression (in pmol) at 60 min as a 
function of the superhelical density. The data from five different reaction 
conditions are plotted in one scale. Each point is the average of three 
experimental determinations. 
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Figure 2.23. Ratio (equilibrium at each SHD/equilibrium at 
a = - 0.028) as a function of the superhelical density. The pmol of 
AAUU at equihbrium (60 min) from four different topoisomers 
was divided by pmol of AAUU from the lowest SHD DNA (a = 
- 0.028). Each point is the average of three experimental 
determinations except a = - 0.061. The bars indicate the standard 
deviations. 



CHAPTER m 

GENERATION AND CHARACTERIZATION OF A 

SMALL COVALENTLY CLOSED CIRCULAR DNA 

CONTAINING lac? 

3.1. Introduction 

In Chapter n, we have examined a cAMP receptor protein (CRP)-mediated lac? activity 

at a variety of plasmid superhelical densities (SHD) and determined diose ranges of SHD 

which limit CRP-mediated lac? activity from the transcription experiments. There are three 

possible mechanisms for the SHD-mediated hmitation of lac? activity observed in the 

transcription assay: a) CRP binding to DNA is limiting at those SHDs where lac? activity is 

hmited, b) CRP binding occurs but RNA polymerase recognition of die CRP:/<2cP complex 

is limiting at those SHDs where lac? activity is limited, or c) neither CRP binding nor RNA 

polymerase recognition of the CRP:/acP DNA complex is limiting but rather die formation 

of a transcriptionally active complex involving all three components is limited by the 

template SHD. To address die role of each of tiiese possible mechanisms, a range of 

topoisomers of small covalendy closed circular (CCC) DNA was generated and utilized in 

the gel mobihty shift assay. 

It has been known for some years diat tighdy bound protein-nucleic acid complexes are 

stable during electrophoresis under non-denaturing conditions, as found, for example, in 

RNA polymerase-DNA complexes (Chelm and Geidushek, 1979). Intensive application of 

non-denaturing gel electrophoresis to regulatory protein-DNA complexes began with 

experiments by Gamer and Revzin (1981) on Escherichia coli CRP protein and by Fried 

and Crothers (1981) on lac repressor, which demonstrated diat die DNA complexes could 

be detected and characterized quantitatively by die gel method. 

60 
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In this study, a system was developed widi die goal of detennining the effect of DNA 

supercoiling on CRP:RNA polymerase:/acP DNA interactions by a gel mobihty shift assay. 

This technique is based on die observation diat die mobility of DNA molecule dirough a 

nondenaturing polyacrylamide or agarose gel is affected when a protein molecule is bound 

to it. Following electrophoresis of a DNA-protein solution one finds bands corresponding 

to protein:DNA complexes, as well as free DNA. Gel mobihty shift assays have been used 

for DNA-protein interaction studies where native hnear (relaxed) DNA fragments are 

involved (Fried and Crodiers, 1981; Gamer and Revzin, 1981). The assay system 

developed in this section of the study is unique in diat supercoiled DNA was used as a 

template. 

3.2. Materials and Mediods 

3.2.1. Materials 

3.2.1.1. Bacteria and plasmids 

E. coli strains used are D1210 [F", hsdS20 (rB;niB), supE44, aral4, galK2, lacYl, 

proA2, rpsL20, xyl-5, md-1, recA13, mcrA"*", mcrB"], D1210HP [V, hsdS20 (rB;mB), 

supE44, aral4, galK2, lacYl, proA2, rpsL20, xyl-5, md-1, recA13, mcrA+, mcrB", X 

lysogen el's, xis", kil", int+] and AGl [F^, recAl, endAl, gyrA96, dii, hsdR17 (rk", 

mk+), supE44, relAl, X~]. Plasmid DNA, pJB3.5d/ac (Chapter II, Materials and 

Mediods) was used to generate pJB3.5d/ac-exo. pHW104, die gift of Dr. D. Crothers, 

Yale University (Wu and Crodiers, 1984), was used as a source of the lac control region. 

3.2.1.2. Enzvmes and other materials 

CRP and RNA polymerase were provided by Dr. James G. Harman. CRP was 

purified according to Harman et al, 1986. RNA polymerase was prepared by the method 

of Burgess and Jendrisac (1975) as modified by Lowe et al. (1979) and contains a full 
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compliment of subunits (a2pP'a) as detennined by sodium dodecyl sulfate/ polyacryl

amide gel electrophoresis. Restriction enzymes, T4 DNA Ugase, and die Klenow fi^gment 

of DNA polymerase I were obtained from New England Biolabs. y-35S-labeled ATP was 

purchased from Du Pont - New England Nuclear. BamHI linker and nylon transfer 

membrane were supplied by Stratagene. DNA labeling and detection kit was purchased 

from Boeringer Mannheim Biochemicals. These materials were used according to die 

protocols supplied by die manufacturers. Poly (dA-dT), wheat germ topoisomerase and 

calf intestine alkaline phosphatase were purchased from Promega. 

3.2.2. Methods 

3.2.2.1. Constructing smaller CCC DNA species 

3.2.2.1.1. Deletion strategy of pJB3.5d/flc 

The strategy for constructing pJB3.5d/ac-exo is illustrated in Figure 3.1. pJB3.5d/ac 

was digested with BamHI restriction endonuclease and Bal-31 exonuclease to 

progressively shorten the BamHI restriction fragment simultaneously from both ends. The 

reaction mixtures were heated at 75 *C for 10 min, ethanol precipitated and washed, die 

DNA peUet was redissolved in TE buffer (Maniatis et al, 1982). The deleted ends were 

made blunt ended by digestion with mung bean nuclease. A BamHI linker was attached by 

incubation of blunt-ended DNA and BamHI hnker (Stratagene) m die presence of T4 DNA 

ligase at 4 'C overnight. Subsequent EcoRI digested fragments were resolved in an agarose 

gel. Fragments about the size of 600-300 bp were cut from the gel and electroeluted, the 

eluate was extracted with phenol to remove ediidium bromide and agarose pieces and die 

solution was finaUy dissolved in TE. 

The heterogeneous population of deleted lac DNA generated as described above was 

ligated to EcoRVBamHI digested pJB3.5d/flc. Vector for the ligation reaction was prepared 

by double digestion of EcoRI and BamHI foUowed by calf intestine alkahne phosphatase 
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treatment to remove die 5' phosphate groups. Ligation was done at 4 'C overnight The 

following morning, the hgation mixtures were used to transform competent E. co/z D1210. 

Transformed cells were plated on LB agar medium containing 50 îg/ml ampicilhn and 

incubated at 37 °C overnight. Twenty colonies were picked and grown in hquid medium, 

plasmid DNA was isolated, purified and analyzed by electrophoresis on agarose gels 

(Maniatis et al, 1982). Four plasmids, pJB3.5d-exo A, B, C and D, were chosen from 

the electrophoretic analysis. 

These plasmid DNA constmcts were used to generate four separate plasmids containing 

lac control region. The insert DNA fragment 203 bp long (-140 to +63, relative to die 

mRNA start site designated +1, plus EcoRI Unkers) containing die wild type lac promoter 

was the gift of Jong Back Gang and purified from pHW104 plasmid by using low-

percentage agarose exclusion chromatography (Hansen and Rickett, 1989). The four 

plasmids pJB3.5d-exo A, B, C and D were digested with BamHI and served as vectors. 

The insert as well as the vectors were treated with DNA polymerase (Klenow fragment of 

DNA polymerase I) in the presence of deoxynucleoside triphosphates to produce 

compatible ends. Vector and insert were incubated with T4 DNA ligase. The ligation 

reaction and transformation into E. coli AG-1 cells were carried out as described in Chapter 

n. Colonies grown from each vector were picked, grown in liquid culture and plasmids 

were purified by the alkaline lysis method and subsequentiy purified in the CsCl density 

gradient centrifugation (Maniatis et al, 1982). Four plasmids, pJB3.5d/ac-exo A, B, C 

and D, were chosen dirough a restriction mapping analysis. A test of the recombination 

efficiency of die four plasmids was conducted in D1210HP and one showing an efficient 

recombination as well as the largest deletion was chosen (pJB3.5d/ac-exo). 
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3.2.2.2, Induction of m Vtv^ rprnmhinarion and isnlatinn r^f 
451 bp DNA containing InrP 

A 451 bp covalendy closed circular (CCC) DNA has been purified from in vivo 

recombination products of the plasmid (pJB3.5d/ac-exo) constmcted as described above. 

D1210 HP, a X lysogen ofE. coli, containing a diermolabile repressor (cl 857) diat 

controls die expression of int was transformed widi pJB3.5d/ac-exo and maintained at 

30 °C. Upon shift-up to 42 "C die cl repressor was inactivated and integrase synthesis 

induced. The plasmid, pJB3.5d/ac-exo, contains recombination sites att? of X phage and 

attB of die host chromosome. In die presence of integrase and integration host factor 

(IHF), recombination between att? and attB occurs to generate a 451 bp CCC species 

containing the lac? region (Figure 3.2). 

D1210HP containing the plasmid pJB3.5d/ac-exo, were grown at 30 "C in 1 ml of LB 

medium supplemented widi 50 [ig of ampicilhn/ml. At a density of 0.5 - 0.6 at A590, the 

cells were incubated with shaking at 42 'C for 30 min to inactivate cl repressor and induce 

int expression, dien transferted to 30 'C widi shaking for 1 hr. The temperature-shifts 

were essential for recombination and no recombination products were produced in cells 

maintained at 30 °C throughout the experiment (Figure 3.5, compare lanes 2 and 3). 

Extrachromosomal DNA was isolated by the alkaline lysis method (Maniatis et al, 1982) 

and banded through CsCl (Ausubel et al, 1988). To isolate the recombination product, the 

plasmid species purified from the culture were separated by gel electrophoresis. The 451 bp 

CCC DNA which contains die lac? region was electroeluted from a 1% agarose gel, 

extracted with phenol and precipitated and washed widi edianol (Maniatis et al, 1982). 

3.2.2.3. SeQiiencing of the template DNA 

DNA sequence analysis of pJB3.5d/flC-exo was accomplished using the 

dideoxynucleoside triphosphate sequencing procedure on double-strand DNA templates 

(Chen and Seeburg, 1985) using die reagents and protocol provided in a kit purchased 
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from United States Biochemical Cooperation. Primers used for the sequencing reactions 

were die reverse sequencing primer of M13 mpl8 (5'-AACAGCTATGACCATG-3'), 

hybridization probe primer of M13 mpl8 (5'-CACAATTCCACACAAC-3') and one odier 

primer (98: 5'-CACGACAGGTTTCCC-3') which binds to die lac? insert DNA 40 bp-

upstream of die CRP binding site. All die sequencmg primers were syndiesized by The 

Midland Certified Reagent Co. Double-strand pJB3.5d/ac-exo was isolated from 5 ml 

culture over Qiagen column according to die protocol provided from die manufacturer. 

3.2.2.4. Generating topoisomers of 451 bp CCC DNA 

Topoisomers of the small circular DNA were generated by incubatmg the DNA widi 

topoisomerase I (Promega) in the presence of different amounts of ethidium bromide (from 

0 to 10.4 jiM). Topological isomers were separated in 3.5% agarose gel electrophoresis 

containing various amount of ethidium bromide (0 to 20 nM in the gel matrix as well as in 

buffer) and the average superhelical density of each sample was determined by 

electrophoretic band counting (Keller, 1975). The specific hnking difference (a) between 

topoisomer pools was calculated as the linking number deficit divided by helical twist, 

taken as die number of base-pairs divided by 10.54. 

3.2.2.5. Gel mobilitv shift assav 

Locahzation of DNA:CRP complex was accomphshed by the transfer technique 

described by Southern (1975). Both DNA and DNA:CRP complex separated by 

electrophoresis through an agarose gel were denatured, transferted to a nylon filter, and 

immobilized. The relative positions of the DNA and die complex in die gel are preserved 

during dieir transfer to the fdter. A nonradioactively labeled DNA probe was used to locate 

the position of DNA bands. 
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3.2.2.5.1. Formation and electrophoresis of protein-DNA 
complexes 

Protein:DNA complexes were formed in transcription buffer (30 mM-Tris HCl, 

0.25 mM-ATP, 0.25 mM-MgCl2, 0.1 mM EDTA, 0.1 mM-DTT, 500 îg BSA/ml, 

100 mM-KCl). CRP at 2.4 x 10"^ M and a 451 bp covalendy closed circular (CCC) DNA 

containing the lac promoter at 2.4 x 10-9 M were mixed widi cAMP at 12.5 ̂ iM or cGMP 

at 125 }iM. In reaction mixtures diat contained RNA polymerase holoenzyme die 

concentration was 7.4 x 10-8 M. The reaction volume was typically 10 }J.l. The reactions 

containing CRP and DNA were incubated at 37 'C for 10 min, prior to the addition of RNA 

polymerase and 30 min with RNA polymerase to allow formation of protein :DNA 

complexes. Poly (dA-dT) (63 p,g/ml, 8.2 x 10-15 M), a competitor DNA, was added to 

eliminate non-specific protein:DNA complexes prior to gel electrophoresis. Gel 

electrophoresis was run at 37 'C with buffer recircidation to maintain a constant 

temperature set at 37 'C, on 1% (w/v) agarose gels (15 cm x 10 cm x 0.3 cm). Gels were 

made in 1 x TBE buffer (89 mM Tris-borate, 89 mM boric acid, 2 mM EDTA) and 

contained cAMP at 12.5 |iM. The gels were run at 5V/cm until the bromophenol blue dye 

had migrated 10 cm. 

3.2.2.5.2. Visualization of DNA-protein complexes by 
southern blotting 

After electrophoresis, die gel was soaked in a solution diat was 0.25 N in HCl for 

30 min, washed widi distilled water and soaked in a solution diat was 1.5 M in NaCl and 

0.5 M in NaOH for 30 min, washed and soaked in a solution diat was 1 M in Tris-HCl (pH 

8.0) and 1.5 M in NaCl at room temperature widi constant shaking. DNA contained within 

the gel was transferted to a nylon membrane (Duralon-UV"^ membrane) by Vacublot^^ 

(American Bionetics) for 30 min at 25 inches of Hg widi 10 x SSC buffer (1.5 M NaCl, 

0.15 M Na-citrate, pH 7.0 at 20 ' C). After transfer, the membrane was air dried and die 



67 

DNA was uradiated for 30 sec using a StrataUnker model 1800 (Stratagene) to fix die 

nucleic acids onto die membrane. Hybridization of die soudiem blots was performed 

according to the protocol suppUed by Boeringer Mannheim Biochemicals, Genius™ 

nonradioactive DNA labehng and detection kit in a heat-sealed plastic bag (Sear's), 

normally with 2 h prehybridization and overnight hybridization to a prc>be from a 203 bp 

DNA containing lac?. After 12 h color development, die filter was washed, dried and 

photographed on Polaroid type 55 fihn. 

3.2.2.6. Abortive initiation reactions on 451 CCC DNA 

Assays for formation of open complexes between die 451 bp covalendy closed circle 

and RNA polymerase were performed at DNA and RNA polymerase concentrations of 

0.3 nM and 0.45 nM, respectively in transcription buffer. RNA polymerase and promoter 

DNA were allowed to form complexes in the presence of CRP for the indicated times 

followed by simultaneous addition of heparin and nucleoside triphosphates as described in 

Chapter n. Reaction mixtures were incubated an additional 30 min to allow transcript 

formation from functional complexes. The reaction products were separated on urea-

polyacrylamide denaturing gels and autoradiographed as described previously. 

3.3. Results 

3.3.1. Sequencing Results of the Template DNA 
(pJB3.5d/ac-exo) 

To accomphsh the goal of this section of die research a vector has been constructed that 

will generate a small covalently closed DNA species containing the lac control region. 

Vector construction is detailed in "Materials and Methods". To determine die precise 

structure of the vector and to infer the structure of die 451 bp circle it generates in vivo 

DNA sequence analysis was performed. Figure 3.3 shows die sequencing strategy of 

pJB3.5d/flC-exo. Bodi strands of the lac? region were sequenced to confirm die presence 
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of a wdd-type lactose promoter. Figure 3.4 shows die sequence of 451 bp covalendy 

closed circular (CCC) DNA deduced from die sequencing analysis of pJB3.5d/ac-exo as 

well as relative positions of control region and attachment sites. 

3.3.2. In Vivo Recombination Product 

Extrachromosomal DNA was separated on a 1% agarose gel and visuaHzed widi 

ethidium bromide (0.5 |ig/ml) (Figure 3.5, panel A). DNA isolated from induced cultures 

(lane 3) showed several recombination products which were clearly different from DNA 

isolated from uninduced culture (lane 2). PstI digestion of uninduced plasmid DNA 

produced two fragments (lane 4). Psd digest of the recombination products showed little 

amount of unrecombined form and demonstrating instead the expected products of 

intramolecular recombination. The gel shown in panel A was blotted onto a nylon 

membrane and probed with a 203 bp DNA containing lac? (panel B). The 451 bp DNA 

which did not show up in the ethidium bromide gel is clearly illustrated in lanes 3, 5, and 6 

of panel B. Multimer recombination products are also visuahzed by the southern blotting 

(lane 3). The supercoiled 451 bp DNA which is the fastest moving DNA species was 

electroeluted from the gel. The yield was normally about 2 |ig from 1 liter culture. 

Purified 451 CCC DNA was loaded on lane 6 which also visualized only after southern 

blotting (panel B). 

3.3.3. Topoisomers of 451 CCC DNA 

Superhehcal densities [-a = -(a - ao)/cXo] of die smaU covalendy closed circular 

(CCC) DNA were determined through agarose gel electrophoresis under conditions diat 

allowed separation of the individual topoisomers (Keller, 1975), eidier in the absence or 

presence of ethidium bromide. Approximately 7 ng of a DNA sample was placed in each 

well of a 3% agarose slab gel and electrophoresed at room temperature for 17.5 hr at 
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2.5V/cm. Gels were blotted onto die nylon membrane and hybridized widi a lac probe. 

Figure 3.6 shows die migration of die DNA widi increasing superhehcal density in die gel 

run in die absence of ethidium bromide. A second gel was run containing ediidium 

bromide (7 ng/ml), which titrates some of die negative superhelical density contained in die 

plasmid DNA. This reduces die number of negative superhelical turns in plasmid DNA and 

allows extension of the observations to die complete range of superhehcities. (a - OQ) is 

determined dirough quantitation of die number of superhehcal turns in die molecule, while 

Oo is set equal to die total number of base pairs in die CCC DNA divided by die number of 

bps (10.54) per helical turn (Horowitz and Wang, 1984). For die small circle, Oo was 

taken as 451/10.54 or 43, and a - OQ was in die range of 0 to 6 negative superhehcal turns. 

3.3.4. Gel Mobihty Shift Assay 

In an attempt to explore possible mechanisms for SHD-mediated limitation of lac? 

activity observed in the transcription experiments, we have developed an assay system that 

utihzed a small CCC DNA containing lac? in a gel mobility shift assay. The initial gel 

mobdity shift assay widi 451 CCC DNA having natural SHD showed that die DNA:CRP 

complex had a different migration rate in a 1% agarose gel matrix compared to the 

uncomplexed free DNA, while there were more than one higher molecular weight 

DNA:RNA polymerase complexes which were separated in die gel matrix (Figure 3.7). 

Different gel matrices have been tested for dieu* usefulness m die gel shift assay employing 

the small circular DNA. A 1% agarose gel provides die best separation between die free 

and protein complexed form of the 451 bp DNA. At its best, diere is only a small 

difference between die migration rate of free DNA and DNA:CRP complexes. We have 

repeatedly observed a small shift in mobdity m reactions containing WT CRP and cAMP 

(Figure 3.7 compare lanes 1, 2, and 3). The assay can provide a qualitative evaluation of 

the interaction between CRP and DNA, it does not, however, provide a system diat wiU 
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allow measurement of die binding constants. On aU topoisomers examined, incubation of 

DNA widi CRP (WT, 91, and 222 CRP) in die presence of cAMP resulted in a shift in 

migration rate (slower migrating complex) compared to die ft^e uncomplexed DNA, while 

incubation of CRPs in die absence of any cycUc nucleoside monophosphate showed no 

difference in migration distance compared to die free DNA. For die mutant 222 CRP, 

incubation of cGMP resulted in a complex diat is retarded in a mobihty in die gel matrix 

which was not seen in eidier WT or 91 CRP (data not shown). 

We next wanted to explore the namre of die complexes found between DNA, CRP and 

RNA polymerase. The differences in gel mobihty on different SHD DNA in the presence 

of RNA polymerase were observed. Increasing the number of RNA polymerase molecules 

bound yields bands of regularly decreasing mobihty in DNA of higher SHD compared to 

the relaxed one. Figure 3.8 shows the results of a gel mobility shift assay run using 

topoisomers of 451 CCC DNA containing lac promoter region and the complexes formed 

between RNA polymerase and DNA in the presence and in the absence of WT CRP and 

cAMP. Clearly, poly (dA-dT)-resistant complexes are formed between RNA polymerase 

and 451 bp circle in all SHD examined. These complexes arc separated from the free DNA 

in the agarose gel, yet the formation of none of these complexes was found to be cAMP-

dependent. 

3.3.5. Abortive Initiation Assay on 451 bp DNA 

To explore the basis of die apparent lack of cAMP-dependency of die smaU cu-cle in die 

gel shift assay, the 451 bp DNA was used as a template m the abortive initiation assay. 

Measurement of the reaction products at die equihbrium point showed diat reactions that 

lacked cAMP produced about half die amount of ApApUpU, die product of lac?, as did 

those reactions that contained cAMP. This was also shown in the reaction time (x) in 

Figure 3.9. This result contrasts with that obtained when using pJB3.5d/ac as a template. 
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Here, reactions diat contain CRP alone syndiesize on die order of 5% die amount of 

ApApUpU compared to reactions diat contained CRP:cAMP complex. Comparing die 

reaction times of die two templates, die reaction time (x) of die small 451 bp circle m die 

presence of cAMP was 175 seconds which is approxunately 2.5 time longer dian diat of 

pJB3.5d/flc (70 sec). The rate of syndiesis of ApApUpU diat originates from lac? 

contained on the 451 bp circle does not show die same degree of cAMP dependency as lac? 

contained on a larger covalendy closed circle. In addition, the open complex formation 

reaction time for the small drcle is about 2.5 times longer dian that for the plasmid. The 

reason for the observed differences between these two templates is not clear. Smce the 

DNA sequence of lac? contained on the 451 bp circle is known (Figure 3.4), the observed 

differences can only be explained by assuming diat a structural constraint on the small 

circle, originated from the 451 bp DNA circle. 

3.4. Discussion 

In Chapter II, die ranges of superhehcal density (SHD) which hmit CRP-mediated lac? 

activity were determined in an in vivo transcription assay. In an attempt to explore the 

mechanism for SHD-mediated Imiitation of lac? activity a gel mobihty shift assay was 

developed. One of the in vivo recombination products of pJB3.5d/ac-exo, a small 

covalendy closed circular (CCC) 451 bp DNA species was tested as a substrate in gel 

mobihty shift assay which was designed to detect die difference between die DNA:CRP 

complex and the uncomplexed form of free DNA. Among die unique characteristics of the 

451 bp CCC DNA are, first, its smaller size (about 1/10 of a normal plasmid DNA), 

second, die fact that it contained a single promoter lac? (i.e., a single CRP binding site), 

and diird, unhke a linear DNA fragment diat has been used conventionally in a gel mobility 

shift assay, one can generate topoisomers of die small circle havmg different SHD. 
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In order to determine die effect of supercoiUng on die CRP binding properties, we 

examined the characteristics of migration rate m die presence and absence of cAMP on 

templates of various superhelicities. For all DNA topoisomers examined (-a = 0.00 to 

0.098), bodi WT and die two mutant CRPs in die presence of cAMP cause a retardation m 

migration rate, while in die absence of any cychc nucleoside monophosphate no difference 

in migration was observed. Aldiough die complexes show different migration rates, the 

structural basis for die slower mobihty of die complexes is not clear. In a gel shift assay 

employing hnear DNA fragments, it is concluded diat die variation of mobihty with 

DNA:CRP complexes is due to DNA bending by die protein (Wu and Crodiers, 1984). 

Since there is no precedent for protein effects on the topology of circular DNA, it is not 

easy to interpret the structural basis of gel mobilities of CCC DNA:CRP complexes. 

We next examined the characteristics of RNA polymerase binding to die 451 CCC 

DNA. When RNA polymerase is added to topoisomers of increasing SHD, a series of 

DNA bands of regularly decreasing mobility is observed. These bands are expected to 

contain increased numbers of bound RNA polymerase molecules. Despite the fact that 

these complexes are resistant to poly (dA-dT) (at 8.2 x lO'̂ ^ M, a competitor DNA which 

eliminates non-specific protein:DNA complexes) we were not able to identify CRP:cAMP 

specific complexes. An attempt was made to detect CRP in the complexes observed in die 

gel mobdity shift assay. A gel shift assay was run on a 1% agarose gel, blotted onto a 

nitroceUulose membrane and die protein was probed with an anti-CRP antibody though 

Western blotting. The results were inconclusive. 

To determine die basis for die lack of cAMP-dependence of die small CCC DNA in 

producing unique DNA bands in die gel shift assay, abortive initiation assays were 

performed on 451 bp DNA. The results indicate diat lac? activity on the 451 bp circle 

DNA containing lac? does not show the same degree of cAMP dependence as lac? 

contained on a larger CCC DNA. One possibihty is diat the altered DNA sequence in the 
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lac? region causes die lower degree of cAMP dependence in die 451 CCC DNA. Since die 

lac? region contained on die small circle is wild-type, die explanation is not diat lac? is 

inherendy cAMP independent There is a possible altemative explanation to diis. Hoess et 

al (1985) reported diat two small CCC DNAs (152 bp and 142 bp) exhibited a distortion 

diat renders them sensitive to Bal 31 cleavage. Bal 31 nuclease recognized and cleaved 

single-stranded regions m the distorted structure. The distortion was assumed to be 

derived from a fractional twist diat was introduced to join die ends of die DNA hehx 

containing non-integral multiples of the hehcal repeats together. These results give us one 

possible explanation for the lower degree of cAMP dependence of lac? contained on the 

451 bp DNA which has the helical repeats value of 42.8. If such a distortion exists m the 

451 bp circle described here it might give rise to a single-stranded region at lac?. The 

transcriptionally active open complex which was formed between RNA polymerase and 

DNA has a topologically unwound region (about 15 bp). RNA polymerase can form an 

open complex even in the absence of CRP at the single stranded lac?. So the presence of 

single-stranded region at the lac? in the 451 CCC DNA could promote cAMP-

independence of lac? activity by facilitating die binding of RNA polymerase to the 

template. 

The sensitivity of gel retardation assays using linear DNA ftagments allowed detection 

of rather subde changes in DNA conformation (i.e., degrees of DNA bending) (Wu and 

Crothers, 1984), however, the structural changes (if any) in die 451 CCC DNA induced by 

CRP binding could not easily be assessed by different migration rates. Overall we have 

shown that fu-st, differential DNA bands detected by soudiem blotting, second, a decrease 

in migration rate widi increased DNA:RNA polymerase complex formation and diu-d, lack 

of cAMP-dependence, a radier unusual property of lac? activity in die 451 CCC DNA. 
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BamHI 
Exonuclease Bal 31 
Mung Bean Nuclease 

attB 

EcoRI 
DNA hgase 

BamHI 

400bp 

BamHI 

attP 

EcoRI 
BamHI 
Alkaline Phosphatase 

EcoRI 

BamHI 

lac promoter region DNA ligase 
EcoRI fragment of pHW104 insert into BamHI 
Klenow-filled(203bp) site of vector 

BamHI 
Klenow fragment 

Psd 

Figure 3.1. Construction of pJB3.5d/ac-exo. Digest with EcoRI/BamHI on the 
plasmid after the deletion reaction generates a population of molecules with 
variable lengths in the hatched region. These molecules are re-cloned into a 
vector having deletion between EcoRI-BamHI sites. Bal 31 digest thus leads to 
molecules which are only shortened on the right-hand side (i.e. region between the 
two attachment sites). Insertion of lac control region into the reconstructed 
BamHI site generates a plasmid having 451 bp between the core sites of attB and 
att? while the original plasmid (pJB3.5d/flc) has 877 bp between the attachment 
sites. 
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Trasform lysogen with 
pJB3.5d/ac-exo 

E. coli cell harboring the 
prophage genes 

At 30 °C, a lysogen produces a 
thermolabde repressor (cl^) 

Heat shock (42°C) blocks cl'* repressor activity, 
transcription of integrase is on and Int-mediated 
recombination produces catenated and free circles. 

Isolate plasmid, run a gel and electroelute the 
451 bp CCC DNA containing lac? region. 

/acP,,^-^ 

451 bp circle, the substrate for gel mobility shift assay 

Figure 3.2. Isolation of the 451 bp DNA containing the lac promoter. 
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attB 
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? 1 P' 1 
att? 
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Reverse primer 

Hybridization primer 

Figure 3.3. Sequencing strategy of pJB3.5d/ac-exo. AJTOWS indicate the 
approximate position of 18-mer oligonucleotide primers used in the DNA 
sequence analysis. The box indicates the approximate position of the 
promoter region. 
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I lac?^ 

CGGATCAATTCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACT 

CRP binding site 

GGAAAGCGGGCAGTGAGCGCAACGCAATTAAT]GTGAGTTAGCTCACTt:AT 

- 35 .10 +^ 
TAGGCACCCCAGGCITTACAC rTTATGCTTCCGGCTCG TATGTTG TGTGG 

AATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGATT 

^ lac?\ I Parm 

ACGGATTCACTGGAATTGATCCGTCGACCTGCAGCCAAGCCTCGGGCATA 

AGTCGGACACCATGGCATCACAGTATCGTGATGACAGAGGCAGGGAGTGG 

G AC AAAAT T G AAAT C AAAT AAT GAT T T TAT T T T GAC T GAT AG T GAG C T G T 

TCCTGTTCGTTGCAACAAATTGATAAGCAATGCTTTTTTATAATGCCAAC 

core 

TTAGTATAAAAAAGCA.GGCTTCAACGGATTCATTTTTCTATTTCATAGCC 

B'arm 

cl 

Figure 3.4. Nucleotide sequence of 451 circle. This is a product of in vivo 
recombination. The sequence shows die position of promoter for the lac operon, 
with the -10 and -35 control regions as well as the attachment sites (P arm, core 
and B' arm). In die figure, + 1 refers to the mRNA start site. 
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B 
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• • ; - - 4 

Figure 3.5. Temperature induction of the 451 bp CCC through //zr-mediated 
recombination in vivo. D1210 HP strain transformed with pJB3.5d/ac-exo was 
grown in liquid culture at 30 'C to 0.5 - 0.6 at A590 and induced by temperature-
shift, after which plasmid DNA was purified and displayed (lane 3) side by side 
with the plasmid isolated from uninduced culture (lane 2). The purified DNA was 
electrophoresed in a 1% agarose gel was first stained with ethidium bromide (EB) 
to estimate the amount of DNA loaded (panel A) and then transferted to a nylon 
membrane and probed for the presence of lac sequence (panel B). Lane 1, BstElI 
digested X DNA as a molecular weight standard; lane 2, pJB3.5d/ac-exo plasmid 
isolated from uninduced culture; lane 3, recombination products isolated from 
induced culture; lane 4, PstI digestion of pJB3.5d/flc-exo; lane 5, PstI digestion of 
recombination products; lane 6, purified 451 bp CCC DNA, not visible in the first 
gel but is clearly illustrated in lane 6 of panel B. The artow indicates the position 
of 451 CCCDNA. 
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B 

Figure 3.6. Migration of small CCC DNA with increasing 
superhelical density. DNA was subjected to electrophoresis on 
agarose gels containing (A) 0.00 or (B) 7 ng ethidium bromide/ml. 
The direction of migration is from top to bottom. The uppermost 
band in each lane represents relaxed (or nicked) circle. 
Superhelical densities (a) are as follows: lane 1, -0.02; lane 2, 
-0.05; lane 3, -0.07; lane 4, -0.09: lane 5, -0.12; lane 6, -0.14. A 
second gel was run containing ethidium bromide (7 ng/ml), which 
titrates some of the negative superhelical turns contained in the 
circle. This induces plasmid DNA to become more positively 
supercoiled thus allowing extension of the observations to the 
complete range of superhelicities. 
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Figure 3.7. Mobility shift assays on natural SHD 451 CCC DNA 
in the presence of CRP. The southern blot was used in 
hybridizations with lac DNA probe which was nonradioactively 
labeled. DNA (2.5 nM) was incubated with CRP (either WT or 91 
at 25 nM) in the presence and in the absence of cAMP in lO-jil 
reactions and incubated for 30 min at 37 'C. RNA polymerase 
(74 nM) was added to the indicated lanes and further incubated for 
30 min and poly(dA-dT) was added prior to loading. Samples 
were loaded on a prerun 1% (w/v) agarose gels. The reaction 
conditions of each lane are as follows: lane 1, free DNA; lane 2, 
DNA and WT CRP; lane 3, DNA, WT CRP and cAMP; lane 4, 
DNA and RNA polymerase; lane 5, DNA, RNA polymerase and 
WT CRP; lane 6, DNA, RNA polymerase, WT CRP and cAMP; 
lane 7, DNA and 91 CRP; lane 8, DNA, 91 CRP and cAMP; 
lane 9, DNA 91 CRP and RNA polymerase; lane 10, DNA, 91 
CRP, cAMP and RNA polymerase. 
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Figure 3.8. Mobihty shift assays on five topoisomers of 451 CCC 
DNA in the presence of RNA polymerase. The southern blot was 
used in hybridizations with lac DNA probe which was 
nonradioactively labeled. Markers F, 1, 2, 3,4, and 5 identify free 
DNA, DNA:CRP complex and complexes containing one or more 
bound RNA polymerases per DNA molecule, respectively. DNA 
was incubated with CRP in the presence of cAMP in 10-)il 
reactions (30 mM tris, 2.5 mM MgCl2, 0.1 mM EDTA, 100 mM 
KCl, 0.1 mM DTT, and 0.5 mg/ml BSA) and incubated for 30 min 
at 37 °C. RNA polymerase was added to the indicated lanes and 
further incubated for 30 min and poly(dA-dT) was added prior to 
loading. Samples were loaded on a running 1% (w/v) agarose gel 
and separated by electrophoresis for 100 min in 89 mM tris-borate, 
89 mM boric acid, 2 mM EDTA pH 8.0 at 6 V/cm with 
recirculating buffer adjusted at 37 °C. Lane 1 contained DNA 
only; in addition to DNA and RNA polymerase, lanes 2, 4, 6, 8, 
and 10, contained WT CRP; lane 3, 5, 7, 9, and 11 contained WT 
CRP and cAMP. Superhehcal densities (a) are as follows: lanes 2 
and 3, -0.02; lanes 1, 4, and 5, -0.05; lanes 6 and 7, -0.07; lanes 8 
and 9, -0.09: lanes 10 and 11, -0.12. 
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Figure 3.9. Kinetic analysis of open complex formation on 451 bp 
CCC DNA. Data from binding experiments on "natural" superhelical 
density DNA are plotted against time. The ordinate which represents 
the logarithm of (1 - fraction of the maximal signal) versus time 
allowed for open complex formation. The fraction of the maximal 
signal was calculated by comparing the level of transcription directed 
from complexes formed during the varied period of binding to the 
maximal level obtained by extended binding at 60 min with same 
polymerase concentration. The DNA was at 0.3 nM concentration. 
RNA polymerase concentration was 0.45 nM. The reaction times, T 
(reciprocal of the rate constant), were calculated from the slopes of the 
plots. The equihbrium values (in pmol) for WT alone and WT in the 
presence of cAMP were 0.43 and 0.85, respectively. 



CHAPTER IV 

SUMMARY 

The mutant forms of cyclic AMP (cAMP) receptor protein (91 CRP and 222 CRP) 

examined m die study were purified from a phenotypic revertant of cya mutant strain. The 

91 CRP and die 222 CRP are sinular in diat bodi activate die lactose operon promoter 

{lac?) independentiy of cAMP in vivo. However, cells containing eidier die 91 CRP or 

222 CRP differ in dieu- response to glucose in vivo. P-Galactosidase synthesis in strain 

NCR91 is repressed by glucose whereas diat in cultures of strain 222 is not Moreover, 

die two mutant forms of CRP mediate differential activity of lac? in response to spermidine 

(Harman et al, 1986). Spermidine is known to affect die stmcttire of DNA. These 

observations leads us to a hypothesis diat glucose repression of cAMP receptor protein 

(CRP)-dependent operon expression in vivo may resuh from structural changes in CRP 

binding sites that affect promoter recognition for die mutant forms of CRP. To test the 

hypothesis we have examined the effects of DNA negative superhehcal density (SHD) on 

CRP-mediated lac? activity. Three separate experiments were performed. The effects of 

SHD on CRP-mediated lac transcription and CRP-/flcP DNA interaction in vitro were 

studied by usmg transcription assay and abortive initiation assay. In addition gel mobdity 

shift assay was developed to explore the basis for die limitation of lac? activity observed in 

transcription assay. 

The results of both full length transcription and abortive initiation assays showed diat 

CRP-mediated lac? activity was low at low template SHD and increased with increased 

template SHD under all conditions tested. Each mutant form of the protein was, however, 

unique in die range of DNA SHD providing maxhnal lac? stimulation. In addition, two 

mutant forms of CRP promoted RNA polymerase:/flcP open complex formation in die 

absence of cAMP at half-times comparable to the CRP:cAMP complex. The open complex 
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fortnation half-times in reactions diat contained wild-type (WT) CRP:cAMP complex 

decreased widi increasing SHD and are in good agreement widi die pubhshed data. The 

data also showed that die cAMP-independent activity of die 91 fortn of CRP is more 

sensitive to changes in template stmcture dian eidier die WT or 222 form of die protein and 

addition of cAMP ehminated die observed increase in sensitivity. The data on die 222 form 

of CRP showed diat 222 CRP-mediated lac? activity was not as sensitive to changes in 

template SHD as die 91 CRP. The findings of diis report suggest template SHD may play 

a role in a cAMP-independent mechanism of catabohte repression. We also suspect diat 

this sensitivity of 91 CRP on stmcttire of CRP binding site is a result of a limitation of die 

number of active open complexes. 

To explore the basis for die hmitation of lac? activity observed in die transcription 

assay, we have developed an assay system employing a small 451 base pau" (bp) covalently 

closed circular (CCC) DNA. DNA:CRP bmding properties of topoisomers were 

determined in experiments that utihze a product of in vivo recombination product, a small 

CCC DNA containing lac? region. The gel mobdity shift assay on DNA:CRP:cAMP 

complex showed that in all DNA SHD examined, both wild-type and the mutant forms of 

CRP cause a retardation in migration rate, while in the absence of cAMP no difference in 

migration was observed. From the abortive initiation assay on 451 bp DNA, it was found 

diat lac? contained on die 451 bp circle does not show the same degree of cAMP 

dependence as lac? contained on a larger covalendy closed circular DNA. One possible 

explanation for this was suggested based on the observation diat some smah CCC DNA 

can have a single-stranded region which serves as a better substrate for the RNA 

polymerase binding. 
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APPENDDC 

REAGENTS: 

lOX TBE (per hter): Tris 108 g. Boric acids 55 g, 40 ml of 0.5 M EDTA (pH 8.0). 
89 niM-Tris-borate (pH 8.0), 89 mM-boric acid, 2 mM EDTA (pH 8.0) 

LB medium (per Uter): 10 g Bacto-Tryptone, 5 g Yeast Extt-act,5 g NaCl, pH 7.4 with 
10 N NaOH 

Ampcillin solution : 25 mg/ml in water adjust pH 8 widi 10 N NaOH. Used die final 
concenttation.50 |ig/ml. 

Chloramphenicol solution : 34 mg/ml in 100% ethanol 

LB Agar plates : 12 g agar / 1 1 LB. 

RNA polymerase storage buffer : O.OIM Tris-HCl (pH 7.9), 50% glycerol (v/v), 0.1 mM 
EDTA, O.lmM DTT, O.lmM NaCl. 

lOX ttacking dye for agarose gel: 50% glycerol, lOOmM EDTA, 1% SDS, 0.25% 
bromophenol blue indicator. 

TE buffer: 10 mM Tris-Cl, 1 mM EDTA pH 8.0 
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