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ABSTRACT 

Cyclic AMP Receptor protein (CRP) regulates the transcription of more than 100 

genes. In the absence of cAMP, CRP is inactive. Cyclic AMP binding induces a strucfiire 

change in CRP that promotes its interaction with RNA polymerase and DNA. CRP is a 

dimer of idenfical subunits; each consisting of 209 amino acids. A CRP subunit is 

composed of two domains. The larger N-terminal domain binds the allosteric effector, 

cAMP. This domain consists of eight j8-sheets that provide a hydrophobic pocket for 

cAMP binding. One cAMP is bound to each subunit contacting amino acid residues from 

both subunits. The C-terminal domain contains a helix-tum-helix motif that binds specific 

DNA sequences. 

The structure of CRP in the absence of cAMP is unknown, therefore the details of 

the allosteric mechanism mediated by cAMP remain obscure. The allosteric 

conformational change in CRP upon binding cAMP can be understood by comparing 

CRP and the CRP-cAMP complex by similar biophysical characterization. Several 

groups have used Raman spectroscopy, and circular dichroism techniques to compare 

these two different states of CRP. These methods used high concentrations of salt to 

improve CRP solubility. Our laboratory has used Fourier Transform Infrared 

Spectroscopy (FTIR) along with STIR cards to overcome the problems of protein 

solubility and high salt concentrafion. Analysis of the Amide I region indicated a 

secondary structure distribufion of 35% a-helix, 31% jS-sheet, 21% turn, and 13% 

unordered for both states of WT and its E72D, E72Q, and R82Q mutants. This result is 

consistent with X-ray analysis of CRP-CAMP2 (37% a-helix, 36% ̂ -sheet). 

xi 



Fluorimetric binding studies showed that cAMP binding exhibits negative 

cooperativity in cAMP binding to the second subunit and amino acid substitufion at 

positions 72 and 82 reduced binding affinities for cAMP by factors of 2 to 25 fold. 

DNA binding studies indicated that the equilibrium constants of the mutant 

CRP :cAMP complexes measured for lac? were reduced compared to that of WT 

CRP:cAMP complex. In addition, the mutant complexes failed to footprint in the 

presence of RNA polymerase. 

The level of j8-galactosidase expression in the mutants varied depending on this 

negative allostery. Since, under the conditions utilizied in this study, cAMP makes no 

contact with the DNA-binding domains, it cannot induce a conformational change in 

them by direct interaction. This suggests that cAMP induces a change in the relative 

orientation of the two subunits because it binds close to the subunit interaction area. This 

change could be relayed to the DNA binding domain and could change the relative 

position and orientation of the recognition helices and the activity. 

Thus these results can explain the allosteric transition mediated by the binding of 

cyclic AMP that converts CRP from a protein having low DNA activity to one that 

exhibits high, sequence-specific, affinity for DNA. 
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CRP is named as catabolite activator protein (CAP) in the literature as well. I 

continued to use the CRP name in Dr. Harman's laboratory. CGA and CR nomenclature 

for CRP used in the literature; however, they are not currently used. 
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CHAPTER I 

INTRODUCTION 

Role of operons in bacterial physiology and the 
discovery of cAMP receptor protein 

The physiology of the bacterial cell is largely based on protein expression. A 

cell's protein composition determines its structure, enzymatic activities and its interaction 

with other cells. The adaptability of the cell depends on that proportion of the proteins 

being expressed at a given time. Since a bacterial cell lives in direct contact with its 

environment, protein expression may change drastically from one time to the other in 

response to changing environmental conditions. Depending on the growth conditions, 

bacterial cells express some proteins in relatively high amounts while keeping other 

proteins unexpressed or expressed at low levels. The cell has adopted mechanisms to 

down-regulate the expression of all enzymes encoding genes that are not needed at a 

given time and to up-regulate the expression of required enzymes needed at a given time. 

That is why the genes that encode a metabolic pathway are clustered together to form an 

operon. These help bacteria to save energy and to survive. Jacob and Monod first 

described the organization of genes into an operon in 1961. 

Typically a bacterial operon consists of structural genes that encode the enzymes 

required for a metabolic pathway, a promoter where the RNA polymerase (RNAP) binds 

to the DNA and regulatory gene sequences where a repressor and/or an activator bind. 

Transcription inifiation can be regulated by positive and negative factors. If transcription 

initiation starts with the binding of an activator protein to its specific site on DNA it is 

referred as positive regulation. If the transcription of a gene responds to a repressor 
1 



protein, this protein binds to a specific site on DNA to prevent the binding of RNA 

polymerase (RNAP) to the promoter or prevent the progress of RNAP escape from the 

promoter. This form of control is referred to negative regulation. 

Regulation of the lactose operon 

The lac operon contains three tandem structural genes. The lacZ gene encodes jS-

galactosidase the lacY gene encodes lactose permease, and the lacA gene encodes 

thiogalactoside transacetylase. All three genes are transcribed to form a polycistronic 

messenger RNA (mRNA) that originates from a single promoter, lac?. The lad gene, 

which encodes a repressor protein (LacR) is constitutively expressed from an 

independent promoter. 

In the absence of inducer, LacR binds to the lac operator region (lacO) with high 

affinity and blocks RNAP escape from lac? thereby preventing transcription of lac 

mRNA. In the presence of inducer, LacR undergoes a conformational change and loses 

affinity for its recognition sequence in lacO. Inducer removal of LacR clears the way for 

RNAP bound to lac? to transcribe the lac structural genes; it does not, however, produce 

a significant increase in lac mRNA levels in cells. High-level lac mRNA synthesis 

requires the binding of the cyclic AMP receptor protein (CRP) upstream of lac?. This 

element of the lac control system increases RNAP recognition of lac? and increases 

transcription initiation from lac?. Eliminating negative control (LacR) and stimulating 

CRP binding to DNA allows lac transcription and subsequent translation (Figure 1.1 A). 

Dual control brings several advantages to the bacterial cell in terms of conserving cellular 



CRP 

Promote Operator 

cAMP 

3' 
Repressor 
(Inactive) 

Transcription 
occurs 

'Lactose 

B 

CRP 

Prtmote 

cAMP 

Transcription blocked by 
repressor 

Promoter Operator 

Transcription inhibited by lack of 
CRP 

Lactose 

Repressor 
(Inactive) 

CRP 
(Inactive) 

Promoter 
* 

Transcription inhibited by lack of 
CRP and presence of repressor 

CRP 
(Inactive) 

Figure 1.1. Positive and negative control systems on lac operon. (A) In the absence of 
glucose, cell produce cAMP and then cAMP activates CRP to start transcription of the 
proteins involved in the lactose processing. (B) In the presence of cAMP and in the 
absence of lactose, transcription is blocked by repressor. (C) In the absence of camp, 
lactose cannot be processed to glucose, since CRP can not be activated by cAMP. (D) In 
the absence of cAMP and lactose, transcription is inhibited by lack of CRP. Figure is 
adapted from Principles of Cell and Molecular Biology, Harper Collins, NY 



energy allowing cells to adapt rapidly to changing environmental conditions. A summary 

of positive and negative control system on the lac operon is given in Figure 1.1. 

Catabolite repression of the lac operon and glucose effect 

On a molar basis, glucose breakdown supplies more energy to the cell than does 

the breakdown of lactose, arabinose or galactose. If glucose and lactose are both present 

in the growth medium E. coli cells do not express P-galactosidase until glucose has been 

exhausted. This suppression of disaccharide utilization is called catabolite repression. The 

mechanism by which glucose mediates catabolite repression is well characterized. 

Perlman and Pastan (Perlman RL 1969) presented a mechanism by which the 

expression of lac mRNA was reduced in cells grown in glucose. They proposed that these 

cells had low concentrations of cAMP. They went on to show that E. coli cells that 

containing a mutation in the gene encoding adenylate cyclase failed to grow in medium 

that contained carbon sources such as lactose, maltose, arabinose, glycerol, or mannitol 

(Perlman RL 1968; Perlman RL 1969; Perlman R 1970). This phenotype reverted to 

wild-type with the addition of exogenous cAMP to the growth medium. Pastan's group 

went on to show that cAMP affected lac mRNA levels in the cell (Varmus HE 1970; 

VarmusHE1970). 

When glucose is present in the medium, cellular cAMP levels are low. When 

glucose is exhausted from the medium, cellular cAMP levels increase. Epstein et al. 

demonstrated a direct relationship between cellular cAMP concenfration and the level of 

i8-galactosidase synthesis in cells (Epstein W. 1975). From these results, it was concluded 



that cAMP plays a significant role in catabolite-mediated regulation of CRP-dependent 

operons in E. coli. 

The role of cAMP in catabolite repression became clear with the identification of 

CRP, a second DNA-binding protein important to the expression of lac. Geofferey Zubay 

isolated CRP and showed that the protein binds both to cAMP and to DNA sequences 

located at or near catabolite-sensitive promoter regions. Mutant bacteria lacking CRP 

were unable to transcribe catabolite-sensitive genes. Cyclic AMP binds to the cAMP 

receptor protein (CRP), inducing an allostery on CRP conformation. The CRP:cAMP 

complex binds to a site upstream of lac? to stimulate RNAP binding to lac? and 

subsequent transcription of lac mRNA. 

The mechanism by which glucose and other sugars mediate control over cellular 

cAMP levels involves a regulatory scheme tightly coupled to sugar transport (Figure 1.2). 

In the transport of glucose across the cell membrane the high-energy metabolite 

phosphoenolpyruvate (PEP) transfers a phosphate group to components of the 

phosphotransferase (PTS) system and inhibit adenylate cyclase activity. When glucose 

transport ceases as a result of glucose depletion from the medium, the PTS 

phosphorylates and, as a result, activates adenylate cyclase (Saier 1989). 

CRP is a dimer protein that binds DNA through a C-proximal hehx-tum-helix 

motif CRP binding bends the DNA to give two 45°C kinks in the DNA (Figure 1.3). 

How these changes affect RNA polymerase and to stimulate transcription initiation is 

discussed later in the text. The macromolecules that form an active transcription complex 

at lac? are CRP, RNAP and DNA (Ebright 1993; Busby 1997). RNAP consists of four 
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Figure 1.2. Catabolite activation and repression in response to glucose. In the presence of 
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cAMP inhibits CRP binding on DNA. Operon can not be activated (top). In absence of 
glucose, adenylate cyclase is active and it process ATP to cAMP. Cyclic AMP complexes 
with CRP and this complex recognizes specific region on DNA. Then the complex 
activates transcription. Operon can be activated (bottom). The figure adapted from 
physiology of the bacterial cell, Sinauer, Massachusetts, 1990. 



Figure 1.3. CRP:(cAMP)2:DNA crystal strucfiire at 2.5 A, PDB accession code (1J59). 
Cyclic AMP and DNA are space-filled and presented in CPK colors. CRP dimer is 
presented in red color. This figure was generated from 1J59 coordinates using Raswin 
2.6. 



subunits, a200'a with a combined molecular weight of 450 KDa (Busby and Ebright 

1999). The a subunit probes the response of polymerase action to activators, repressors, 

elongation factors, temiination factors (Blatter, Ross et al. 1994; Busby and Ebright 

1994; Ebright and Busby 1995; Busby and Ebright 1999). This subunit consists of two 

domains, an N-terminal domain (oNTD) and a C-terminal domain (oCTD). The oNTD 

domain functions in dimerization of a subunit, and in the interaction with activators. The 

oCTD interacts with DNA, repressors, elongation factors, and termination factors. The 

linker that connects these two domains is flexible, allowing the oCTD to contact different 

parts of the DNA (Blatter, Ross et al. 1994; Busby and Ebright 1994; Ebright and Busby 

1995). The /3 and |8' subunits determine the catalytic activity of RNAP and play a role in 

activator, repressor, as well as elongation and termination factor interactions (Busby and 

Ebright 1999). The principal part of the o subunit recognizes the -35 and -10 elements of 

the promoter. 

CRP dependent promoters can be classified in three groups according to activator 

and DNA binding site organization (Figure 1.4) (Ebright 1993; Busby and Ebright 1999). 

i. Class I CRP-dependent promoters: This class requires CRP and a CRP binding 

site on DNA that is located upstream of RNAP site with both protein binding sites 

located on the same side of the DNA. 

ii. Class II CRP-dependent promoters: The only requirement is CRP for acfivation in 

this class. And CRP binding site overiaps the RNAP binding site on DNA and 

replaces the promoter -35 element, 

iii. Class III CRP-dependent promoters: This class requires, in addition to CRP, other 

proteins for transcription activation. 



Figure 1.4. Transcription activation at class I CRP dependent promoters. Double stranded 
DNA is black line, CRP dimer is red, a-CTD is blue, a-NTD is yellow, a is purple, P is 
cyan and P is green shape. Cyclic AMP binds to CRP and CRP:cAMP complex binds to 
the CRP binding site located at position -61.5 (TAATGTGAGTTAGCTCACTCA). RNA 
polymerase binds to the promoter site which includes the -35 (TTTACA) and -10 
(TATGTTGT) regions. Figure adapted from Busby et al., 1999. 



Class I CRP-dependent promoters: lac? 

Mutations in CRP C-terminal region 156-164 next to helix-tum-helix DNA 

binding motif either reduced or eliminated transcription activation but did not affect the 

DNA binding and bending properties of CRP. This essential region was named activating 

region 1 (ARl) (Figure 1.4) (Zhou, Busby et al. 1993; Zhou, Zhang et al. 1993; Zhou, 

Merkel et al. 1994; Zhou, Pendergrast et al. 1994; Busby and Ebright 1999). 

The class 1 lac? requires the oCTD component of RNAP. Deletion mutants of this 

subunit in activation experiments showed defective CRP-dependent transcription but 

deletion of one subunit from oCTD dimer did not affect the activation. Mutations on 

oCTD subunit showed that there are three critical residues. Residue 265 is involved in UP 

element-dependent and CRP-dependent transcription and oCTD-DNA interactions 

(Murakami, Fujita et al. 1996; Busby and Ebright 1999). Residue 261 plays an important 

role in UP element-dependent and CRP-dependent transcription. The last critical residue, 

residue 287, determines the cooperativity between a subunit and DNA:CRP complex. 

Busby et al., proposed a mechanism to Class I lac promoter action based on 

proteolytic and photocrosslinking experiments along with the results given above 

(Naryshkin, Revyakin et al. 2000; Naryshkin, Kim et al. 2001; Schmidt and Meares 

2002). According to the model one of the oCTD monomers mediates protein-protein 

contacts between CRP ARl and o subunit of RNA polymerase bound at -35 and -10 

element. 
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Global properties of CRP 

CRP is a dimer of identical subunits that consist of 209 amino acid residues 

(Figure 1.5) (Anderson W.B. 1971; Aiba 1982; Cossart 1982). CRP is a basic protein 

having an isoelectric point value of 9.12 (Anderson W.B. 1971). CRP has been 

crystallized in the presence of cAMP and the crystal structure has been resolved to 2.5 A 

(Weber 1987). More recently, the CRP:cAMP crystal structure has been refined to 2.1 A 

(Passner J.M. 2000). A CRP subunit is composed of two domains. The larger N-terminal 

domain includes amino acid residues 1-133. It is this domain that binds cAMP. This 

domain consists of eight stretches of /S-sheet structure that provide a hydrophobic pocket 

for cAMP binding. One molecule of cAMP is bound to each subunit and contacts amino 

acid residues from both subunits. The C-terminal domain, including residues 139-209 

contains a helix-tum-helix motif that binds specific DNA sequences. The N-terminal and 

C-terminal domains are coupled by an unstmctured peptide hinge (Weber 1987). The X-

ray crystal stmcture of CRP in the absence of cAMP has not yet been determined, but 

binding of first cAMP causes an asymmetry to develop in the CRP hinge (Kim, Adhya et 

al. 1992). 

The crystal stmcture of CRP:(cAMP)2 shows the interdomain cleft of one subunit 

is in an open conformafion, while this region of the other subunit is in a closed 

conformation. Molecular dynamic simulation on the CRP crystal stmcture predicted an 

open to closed transition in the open subunit in a non-crystalline environment (Garcia and 

Harman 1996). Won H.S. et al reported NMR stmcture of apo-CRP protein in two 

dimensions. The group could not, however, compare the apo-CRP with CRP:cAMP 
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Figure 1.5. Stmcture of CRP monomer. The a-helices are lettered and /3-sheets are 
numbered. CRP monomer stmcture is adapted from McKay et al. (1982). 
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complex due to the CRP solubility problems in the presence of cAMP (Won, Yamazaki 

et al. 2000). 

Tertiary structure of CRP and intramolecular interactions 

Domain and dimer stmcture 

CRP crystallizes as a dimer of two identical subunits. Each monomer is composed 

of two domains connected by a flexible amino acid hinge. The N-terminal domain 

extends from amino acids 1 to 129 and smaller C-domain extends from amino acids 131 

to 209. 

The N terminal domain of CRP is compose of a-helix. A, followed by eight anfi-

parallel (S-sheets, 1-8, and a-helices B and C (Clore, Gronenbom et al. 1983; Weber 

1987). The C terminal domain is composed of three o;-hehces, D, E, F. |8-sheets 9, 10, 11 

and 12. /3-sheets 9 and 10 are located between the D and E a-helices whereas jS-sheets 11 

and 12 are located after the F a-helix. 

CRP crystal stmcture shows an asymmetry when the hinge angles (between D and 

C a-helices) of each monomer are compared. Therefore in one subunit N and C terminal 

domains form a relatively open conformation whereas the other subunit exhibits closely 

packed domains to form a closed conformation. 

There are two bound cAMP molecules in the crystallographic stmcture of CRP 

dimer by Weber et al. Recent work of Passner et al and Won et al. (Passner J.M. 2000; 

Won, Lee et al. 2002) reported four bound cAMP molecules to CRP dimer. However, it 

has been established that one bound cAMP molecule to CRP dimer is functional in terms 

of specific DNA binding; addition of second cAMP to the dimer decreases the activity 
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(Gamer MM 1982; Shanblatt SH 1983; Fried MG 1984) according to Weber et al. CRP-

cAMP stoichiometry. 

Cyclic AMP binding pocket 

Cyclic AMP binding pocket is composed of 19 amino acid residues. These 

include hydrophobic residues Ile30, Val49, Leu61, Leu64, lle70, Gly71, Leu73, Ala84, 

Val86, Leul24 and hydrophilic residues Ser62, Glu72, Arg82, Ser83, Argl23, Thrl27, 

Serl28 (Harman 2001). Residues Leul24, Serl28 are contributed from the opposing 

subunit. 

The Glu72 carboxyl oxygen atom forms a hydrogen bond with the 2'-hydroxyl 

group of cAMP. The guanidinium group of Arg82 forms a salt bridge to the negatively 

charged phosphate of cAMP. Gly71 also forms a hydrogen bond to 2'-hydroxyl group. 

Argl23 forms a salt bridge with Glu72. Binding experiments with cAMP analogs 

predicted that Ser83 and Ala84 forms hydrogen bond with axial phosphate oxygen of 

cAMP (Anderson WB 1972; Jastorff B 1979; Ebright RH 1981; de Wit RJ 1982; 

Scholubbers HG 1984; Gronenbom, Sandulache et al. 1988; Moore, Kantorow et al. 

1992; Belduz, Lee et al. 1993; Moore, Gorshkova et al. 1996). The adenine base of 

cAMP binds to a hydrophobic wall formed from Val49, Leu61, Leu64, Vail26, Leu 124 

(from opposite subunit), charged Argl23 and polar Serl28 (from opposing subunit). 

Hydroxyl groups of Thrl27 and Serl28 hydrogen bond with N^-amino group of cAMP 

and adenine N7 respecfively (Harman 2001). 
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Cyclic AMP binding 

In cAMP titration experiments a biphasic binding isotherm is obtained (Heyduk 

and Lee 1989; Leu, Baker et al. 1999). For many years, CRP was thought to exist in three 

forms; apo-CRP, CRP:(cAMP)i, and CRP:(cAMP)2. Two cAMP bound form can occur at 

millimolar concentration level (Heyduk and Lee 1989; Takahashi, Blazy et al. 1989), 

considering the physiological levels of cAMP which is lower than 10 ^M (Epstein W. 

1975), we can assume apo-CRP and CRP:(cAMP)i as predominant forms in cells 

(Hudson J.M. 1990). 

More recently, CRP crystal structure analysis of Passner and Steitz suggested four 

cyclic AMP binding site to CRP (Passner J.M. 1997; Passner J.M. 2000; Won, Lee et al. 

2002). This approach predicts three forms of CRP; apo-CRP, CRP:(cAMP)2, and 

CRP:(cAMP)4. 

There is some evidence to support positive cooperativity from the results of ITC 

experiments. The results of the ITC data suggests that the overall binding is positively 

cooperated which would mean that binding of first cAMP facilitates the binding of the 

second cAMP. The transifion between apo-CRP and CRP:cAMP suggests that there is 

positive cooperativity exhibited by the N-terminal high affinity cAMP binding sites 

(Gorshkova, Moore et al. 1995; Moore, Gorshkova et al. 1996). ITC binding titration 

curves were modeled by Lin and Lee and reported as two strong and one weak cAMP 

binding sites (Lin SH 2002). This was interpreted as positive cooperativity between two 

strong cAMP binding sites and negative cooperativity on the last weak cAMP binding 

site. 
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Cyclic AMP binding determined by a variety of biochemical and biophysical 

methods including fluorescence, ultracentrifugation, nitrocellulose filter binding, 

equilibrium dialysis, and isothermal calorimetry. Except for the calorimetric method, all 

methods agreed that cAMP binding to CRP shows negative cooperativity (Takahashi, 

Blazy et al. 1980, 1989; Heyduk and Lee 1989; Leu, Baker et al. 1999). 

Takahashi et al. performed equilibrium binding experiments and reported the 

cooperativity change from negafive to posifive as the ionic strength was increased 

(Takahashi, Blazy et al. 1980). In this equilibrium experiments, association constant (K) 

values decreased and the cooperativity parameter increased as the ionic strength 

increased. It should be noted that ammonium sulfate experiments gave ten fold lower 

binding constant (Emmer M. 1970) compared to equilibrium cAMP binding experiments. 

When the ionic strengths of two experiments were compared, equilibrium binding 

experiment values were 100 times lower than that of ammonium sulfate. Physiological 

ionic strength should be considered in cAMP binding experiments to avoid false 

cooperativity. 

Allosteric change in CRP upon cAMP binding 

Upon cyclic AMP binding, CRP undergoes a conformational change. This 

concept was shown through several biochemical and biophysical methods as listed below. 

Tertiary stmctural changes still need to be elucidated. 

Apo-CRP is resistant to cleavage by the proteolytic enzymes chymotrypsin, S. 

aureus V8 protease, trypsin, and subtilisin. hi the presence of cAMP, these enzymes 

cleave CRP. As a result of this cleavage the C-terminal domain is cleaved to peptide 
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fragments and the N-temiinal domain fomis an a-core dimer that's mass is protease-

dependent. (Krakow JS 1973; Eilen 1978; Pampeno 1978; Angulo and Krakow 1985). 

The a-core mimics the WT CRP cAMP binding and dimer fomiation properties but it 

lacks cAMP dependent DNA binding properties. These results indicated that N-termmal 

domain of CRP plays a key role in dimerization and cAMP binding while C-terminal 

domain determines the DNA binding efficiency (Pampeno 1978; Aiba and Krakow 

1981). 

In an extension of the protease assay, Heyduk^s group mapped CRP stmctural 

changes that resulted from cAMP binding to CRP using a protocol that relied on hydroxyl 

radical cleavage of the CRP peptide backbone. Stmctural changes in both the cAMP 

binding domain and the DNA binding domain upon cAMP binding were observed 

(Heyduk and Heyduk 1994; Baichoo and Heyduk 1997, 1999; Heyduk, Baichoo et al. 

2001). 

Fluorescence spectroscopy is a very sensitive technique for determination of 

protein properties, protein-protein interactions, protein-ligand interactions, protein 

stability, kinetics and hydrodynamics. Most proteins contain natural fluorophores; 

tryptophan, tyrosine, phenylalanine, cysteine, prosthetic groups and disulfide bonds. Most 

fluorescence contributions come from trytophan residues and tyrosine. External dyes can 

be used as fluorophores to probe behavior of protein as well. There are limitations for 

macromolecular dynamics modeling using X-ray diffracfion, and NMR. Some of these 

limitations are overcome using fluorescence spectroscopy techniques by virtue of their 

greater sensitivity at lower macromolecule concentrations. 
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Fluorescence emission spectroscopy studies of the CRP:cAMP complex are 

limited. Intrinsic fluorescence experiments in cAMP binding to CRP do not provide an 

estimate of the first binding constant (Heyduk and Lee 1989). Fluorescence quenching by 

acrylamide and iodide has been performed to explore cAMP induced conformational 

changes of CRP (Wasylewski, Malecki et al. 1995; Malecki and Wasylewski 1998). 

Cyclic AMP binding causes solvent exposure of Trp-85 that was previously buried in the 

protein core. This exposure is related to hinge reorientafion of the protein domains 

(Figure 1.6). This reorientation is thought to bring the helix-tum-helix motif to a position 

for specific DNA binding site recognition. 

Several research groups have used external probes such as N-(acetylaminoethyl)-

1-napthylamino sulfonate (AENS) and/or N-acetylaminoethyl-l-naphthylamine-5-

sulfonate (ANS) to monitor cAMP binding to both the CRP and the CRP a-core. 

(Takahashi, Blazy et al. 1980; Heyduk and Lee 1989; Cheng, Gonzalez et al. 1993; 

Cheng, Kovac et al. 1995; Malecki and Wasylewski 1998; Leu, Baker et al. 1999; 

Malecki, Polit et al. 2000; Baker, Tomlinson et al. 2001; Blaszczyk, Polit et al. 2001). 

AENS and ANS have an emission maximum around 480 nm. Upon cAMP binding, this 

maximum blue shifts to around 470 nm. This is explained as a change in the environment 

of the reporter molecules and has been used to determine cAMP binding parameters. 

Fluorescence anisotropy has also used to measure cAMP binding to CRP. The 

hydrodynamic volume differences between cAMP and CRP yields different rotational 

correlation times and these two molecules have different fluorescence lifetimes. Since 

resolution is dependent upon the magnitude of this difference, CRP was often labeled. 

Wu et al. covalently labeled CRP by 5-(dimethyl)-l-napthylenesulfonyl (Wu FY 1974). 
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Figure 1.6. Position of tryptophan residues on CRP dimer and cAMP ligand in one 
monomer. 



Anisotropy measurements have also been employed in studies of CRP binding to 

DNA. DNA was labeled specifically at the 5' end with fluorescent probe for anisotropy. 

The effect of cAMP ligand was determined in ligand and/or protein titration studies 

(Heyduk and Lee 1990; Cheng and Lee 1994, 1998, 1998; Cheng, Kovac et al. 1995; 

Pyles and Lee 1996; Lin, Kovac et al. 2002; Lin SH 2002). This also allowed energy 

transfer measurements between label and tryptophan residues (Heyduk and Lee 1990). 

Resonance energy transfer experiments were also utilized to study cAMP-CRP induced 

DNA bending (Pyles and Lee 1996, 1998; Pyles, Chin et al. 1998). The distribution of 

DNA binding species has also been determined by anisotropy experiments. In the 

presence of cAMP, the ratio of CRP binding to DNA was determined as 1:1 (Heyduk and 

Lee 1990). 

Circular dichroism (CD) is frequently used to determine protein secondary 

stmcture and used to assess stmctural changes in macromolecules. Far ultraviolet (180-

250 nm) (far-UV) CD spectra are sensitive to protein secondary stmcture whereas near-

UV spectra (250-300 nm) reflect the absorption of amino acid side chains, disulfide 

bonds, and prosthetic groups. Thus, local and overall stmctures of protein are monitored 

by circular dichroism. 

Several research groups including our laboratory have applied far-UV CD to 

compare mutant CRP and WT CRP secondary stmctures. All far-UV scans showed a 

typical spectmm (Cheng, Kovac et al. 1995; Cheng and Lee 1998; Shi, Wang et al. 2000; 

Lin, Kovac et al. 2002) indicafing idenfical or nearly identical secondary stmcture 

features of CRP with mutants in the absence of cAMP ligand. Addifion of cAMP 

destabilizes CRP, resulfing in the formation of a precipitate. Thus, the CD spectmm of 
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CRP in the presence of cAMP gives distorted signals and is of no use in determining the 

secondary structure features of the CRP:cAMP complex. 

Near-UV CD experiments have been mn on CRP and a-core in the presence and 

absence of cAMP (Blazy, Baudras et al. 1992). Experiments were mn in Hepes buffer, 

0.37 M NaCl (pH: 7.4) at 37°C by using 250 îM protein. 

CRP has 2 tryptophan, 6 tyrosine and 5 phenylalanine residues (Tsugita A. 1982). 

With the exception of phenylalanine 136 and tyrosine 206, all fluorophores are located in 

the a-core. Differences were observed between CRP and a-core far-UV spectra. This 

difference may originate from a tertiary stmcture change. Therefore the authors 

calculated the theoretical CRP and a-core difference spectmm. It was concluded that the 

difference originate from a change in environments of these residues. By using X-ray 

stmcture, the authors concluded that upon cAMP binding, a conformational 

reorganization of CRP occurs in the a-core (Blazy, Baudras et al. 1992). 

Ivanov V.I. et al. used far-UV CD to determine if CRP binding to an 

oligonuceotide having an 8 base pair spacer undergoes a measurable change compared to 

CRP binding to an oligonucleotide having a 6 base pair spacer. CRP-cAMP binding to 

the oligonucleotide having an 8 base pair spacer caused a change in DNA from B-type to 

A-type (Ivanov, Minchenkova et al. 1995). Specific and unspecific DNA binding also 

determined in the presence and absence of cAMP by using far-UV CD spectroscopy. 

Change in both cases is different in each case which emphasizes variability of DNA 

stmcture due to cAMP effects (Blazy, Culard et al. 1987). 

The first NMR experiments conducted on CRP were mn to determine the 

conformation of the cAMP in the binding pocket (Gronenbom 1981). A set of 'H NMR 
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experiments were run in the absence and presence of cAMP and it was shown that cAMP 

binds in syn confomiation as opposed to the anti conformation observed in the X-ray 

stmcture (Gronenbom 1981). This conflict may be explained in the four cAMP binding 

model (Passner J.M. 1997). This model predicts two molecules of cAMP bound at low-

affinity binding sites in syti while another two molecules are bound at high-affinity sites 

in the anti conformation. 

Lee B.J. et al. used NH protons of histidine and tryptophan residues. The signals 

were identified by different NMR techniques but four signals received special attenfion; 

histidine residue at position 159, the arginine residue at position 82, and the tryptophan 

residues at positions 13 and 85. Addition of cAMP resulted in an up-field shift of the 

signal that originated from Arg82 and Trp85. Control experiments that utilized cGMP, an 

ineffective cAMP analog had the opposite effect on the signal originating from these two 

residues producing a down-field signal shift. The interpretation of these data was that the 

first cAMP binding event caused a substantial conformational change in CRP which was 

completed with the binding of the second molecule of cAMP (Lee, Lee et al. 1990). 

The '^F-n.m.r. studies with modified tyrosine residues of CRP in the presence and 

absence of cAMP showed shifts in the spectmm which is taken as evidence for cAMP-

mediated CRP conformafional changes (Sixl, King et al. 1990; Hinds, King et al. 1991; 

Hinds, King et al. 1992). Two-dimensional heteronuclear single quantum coherence 

NMR (HSQC) study showed the conformational change around tryptophan 85 and 

histidine 159 upon addition of cAMP (Park, Lee et al. 1996). 

Lee B.J. et al. Attempted to compare apo-CRP and CRP:cAMP stmctures using 

NMR techniques alone. The group first obtained apo-CRP backbone NMR data in 
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sufficient resolution to make secondary structure assignments (Won, Yamazaki et al. 

2000; Won, Yamazaki et al. 2000). The failed, however, to determine CRP:cAMP 

secondary structure by multidimensional NMR because the addition of cAMP resulted in 

CRP precipitation from solution. By lowering the cAMP concentration this group was 

able to use two dimensional NMR to monitor side-chain differences between the apo- and 

CRP:cAMP complex forms of CRP. Their results led them to conclude that four 

molecules of cAMP bind per CRP dimer with most of the observed conformational 

changes occurring upon binding of the first cAMP molecule (Won, Lee et al. 2002). 

Small angle neutron scattering (SANS) experiments showed an open to closed 

transition of CRP subunit domains upon ligation with cAMP (Kmeger, Gorshkova et al. 

1998). The same effect was observed in terms of CRP radius of gyration in the presence 

of cAMP in X-ray scattering experiments (Kumar SA 1980). Dynamic light scattering 

experiments showed that a low concentration of cAMP decreased apo-CRP stokes radius 

from 2.8 nm to 2.7 nm. Increasing the concentration of cAMP further decreased the 

radius but to a very small extent (Blaszczyk, Polit et al. 2001). 

Thermodynamic results of cAMP binding experiments by ITC were interpreted to 

show positive cooperativity in cAMP binding which means binding of first cAMP 

facilitates the binding of second cAMP to CRP (Gorshkova, Moore et al. 1995). 

However, a similar study conducted Lin S.H. and Lee suggested the presence of a third 

binding site for cAMP. The group reported positive cooperativity between the first two 

cAMP binding sites and negafive cooperativity in the weak third site (Lin SH 2002) 

CRP has four cysteine residues, two of which are buried in the protein matrix. 

Treatment of the two available cysteine with 5-5'-dithiobis (2-nitrobenzoic acid) (DNTB) 
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crosslinks CRP and prevents cAMP-dependent DNA binding; reducing the crosslink with 

/3-mercaptoethanol restores DNA activity (Eilen E. 1977). This is interpreted as cAMP-

dependent reorientation of CRP subunits. 

Intersubunit crosslink with N, N'-(l,2-phenylene) bismalemide formed a different 

crosslink in apo-CRP compared to the CRP:cAMP complex. This provides additional 

evidence of cAMP dependent reorganization of CRP stmcture (Pampeno and Krakow 

1979). 

Secondary stmcture distributions of apo-CRP and the CRP:cAMP complex were 

determined by Raman spectroscopy at amide 1 and amide III regions (1630-1700 cm"'). 

The analysis indicated a seven percent decrease in a-helix content and a five percent 

increase in |3-strand content upon CRP binding to cAMP (DeGrazia, Harman et al. 1990). 

The Raman results indicated that if a change in secondary stmcture occurred, it was not 

large. Similarly, FTIR spectroscopy experiments indicated that the CRP secondary 

stmcture content remains essentially in the presence or absence of cAMP. Cyclic AMP 

binding makes the DNA binding domain more dynamic and cAMP binding domain less 

dynamic (Dong, Malecki et al. 2002). 

DNA binding 

CRP binds nonspecifically to DNA in the absence of cAMP and binds to DNA 

both specifically and nonspecifically in the presence of cAMP (Riggs AD 1971; Nissley 

P 1972; Majors 1975). The funcfional importance of nonspecific binding of CRP to DNA 

with or without cAMP is not clear, however, nonspecific DNA binding may play a role in 

a kinetic mechanism of the activation (Fried MG 1984). 
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The binding properties of CRP to calf thymus, pBR322, poly [dA, dT], and poly 

[dl, dC] DNA was investigated using nitrocellulose filter binding, circular dichroism, and 

fluorescence techniques (Saxe and Revzin 1979; Takahashi, Blazy et al. 1979; Clore, 

Gronenbom et al. 1983; Takahashi, Blazy et al. 1983). Nonspecific binding exhibited 

positive cooperativity with a binding constant of 1.2x10^ M"' at 20''C and pH 8.0. 

Photo-crosslinking of 5-bromouracil-containing DNA and apo-CRP identified 

two regions of apo-CRP that contact DNA; the C-terminal residues 189-201 and N-

terminal residues 1-14 of the same subunit (Katouzian-Safadi, Blazy et al. 1991; 

Katouzian-Safadi, Blazy et al. 1993). To determine the extent of DNA bound in a 

nonspecific CRP:DNA complex, authors considered X-ray stmcture (McKay and Steitz 

1981), circular dichroism and, electron microscopy (Saxe and Revzin 1979; Takahashi, 

Blazy et al. 1979; Chang, Dubochet et al. 1981). Authors proposed two possible 

interaction models. First, unbent DNA interacts with both domains of one CRP subunit, 

and second, bent DNA interacts with both domains of CRP dimer. 

In the presence of cAMP, CRP binds to nonspecific DNA sites with a binding 

constant of 1.8x10" M'' (Takahashi, Blazy et al. 1979). CRP:cAMP binding cooperativity 

in binding nonspecific DNA was reported as positive by Takahashi et al. and 

noncooperative by Saxe and Revzin (Saxe and Revzin 1979; Takahashi, Blazy et al. 

1989). The binding isotherm of the second cAMP displays similar binding curve, which 

imphes both CRP(cAMP)i and CRP(cAMP)2 bind equally well to nonspecific DNA 

sites. 

Majors showed that CRP specifically binds to a 200 base-pair DNA that contains 

the lac promoter (Majors 1975). Fluorescence experiments showed that in the presence of 
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cAMP, site-specific DNA binding occurs with an association constant of 5.6x10^ M"' 

whereas, under identical conditions, nonspecific DNA binding occurs with an association 

constant of l.OxlO" M"' (Takahashi, Blazy et al. 1983). Fried and Crothers reported a 

2.4x10 fold preference for binding to specific DNA site using gel electrophoresis (Fried 

MG 1984). The difference could be related to cAMP concentration difference (200 and 

100 mM respectively) but experiments in our laboratories showed similar binding 

constants for both cAMP concentrations (see Chapter V). 

Filter binding assays by Ebright et al. performed using an oligonucleofide that 

contained the consensus DNA site for CRP and compared those results with results from 

experiments that ufilized an oligonucleotide that contains lac promoter DNA site for 

CRP. The group determined that there was a 450-fold greater affinity of CRP for the CRP 

consensus sequence. CRP forms eight and six ion pairs with the oligonucleotides 

respecfively (Ebright, Ebright et al. 1989). The formation of CRP(cAMP)2 resuhs in a 

decrease in the association to lac DNA as monitored by nitrocellulose filter binding, 

fluorescence, and gel retardation assay (Takahashi, Blazy et al. 1983; Heyduk and Lee 

1989, 1990). 

Circular dichroism experiments showed a conformational change in DNA upon 

nonspecific CRP binding in the absence of cAMP. The number of ion pairs for several 

DNA fragments were found to be six to seven. The presence of cAMP caused very little 

change on DNA. The specific binding is different than nonspecific binding. The results 

shows the variability of the DNA stmcture depending on the cAMP ligand (Blazy, Culard 

etal. 1987). 

26 



Sfimulation of transcription 

By using lac DNA, RNA polymerase, nucleotide triphosphates and buffer, lac 

promoter system has been reconstituted. CRP-cAMP stimulates lac transcription in this 

system (Eron L 1971). 

Transcription initiafion investigated by abortive inifiation technique (McClure 

WR 1978; McClure 1980; WR. 1980; Malan, Kolb et al. 1984). Kinetic analysis by 

abortive initiation technique gave a reaction mechanism below: 

R + P < ^^ > RPc — ^ RPo Equation 1.1 

Where, R is RNAP, P is the promoter DNA, RPc is the inactive closed RNAP:DNA 

complex, RPo is the active open RNAP:DNA complex. The first step forms inacfive 

RNAP:DNA complex with KB binding constant, whereas in the second step the inactive 

complex isomerizes to an active complex with isomerization rate constant k2 (Malan, 

Kolb et al. 1984; Harman 2001). 

Current models of cAMP binding to CRP 

Different models proposed by several groups about cAMP binding. These models 

categorized under negative and mixed cooperativity. 

Negative cooperativity 

Cyclic AMP binding has been determined by a variety of techniques. Depending 

on the conditions (protein, probe, ionic concentration and even the technique used), two 

different types of allostery reported by different research groups. Except for the NMR 

and calorimetric results most of these methods agree on negative allostery in cAMP 
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binding to CRP (Takahashi, Blazy et al. 1980; Heyduk and Lee 1989; Takahashi, Blazy 

et al. 1989; Leu, Baker et al. 1999). 

Takahashi et al. equilibrium binding experiments showed that the cooperativity in 

cAMP binding is changed from negative to positive as the ionic strength of the CRP 

solution is increased (Takahashi, Blazy et al. 1980). This experiment shows the 

importance of the conditions to determine binding constants and cooperativity 

parameters. Since the purpose of the binding experiment is to mimic in vivo environment, 

the conditions should be carefully determined. For a detailed discussion see Chapter III. 

Mixed cooperativity 

Recent X-ray stmcture of CRP indicated the presence of a second cAMP binding 

site on a CRP monomer (two per dimer). Following this, ITC experiments showed that 

the overall binding was positively cooperative (Gorshkova, Moore et al. 1995; Moore, 

Gorshkova et al. 1996). Recent works from the Lee laboratory observed triphasic cAMP 

titration curve suggesting three cAMP binding sites. This was explained as positive 

cooperativity between two strong cAMP binding sites and negative cooperativity on the 

last weak cAMP binding site. For a detailed discussion see Chapter III. 

Purpose of the work 

Biochemical, biophysical and genetic data suggest that cAMP binding to CRP 

induces a conformation change and this change cause CRP to bind on DNA sequences 

located adjacent to catabolite-repressible genes. 
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Two events occur in CRP activation, a conformational change to align DNA 

binding helices and exposure of activating region of RNA polymerase (ARl). Therefore, 

the hypothesis to be tested in this project is that if the signal from cyclic nucleotide 

monophosphate, cAMP binding pocket is divergent. Part of the signal contributes to 

helix-tum-helix realignment while a distinct part of the signal contributes to exposure of 

ARl. Based on eariier work in our laboratory, the best candidates for this are Glu72 and 

Arg82. 

Further, a possible mechanism speculated by McKay et al. to explain the switch in 

the initiation of transcription and allosteric effect of cAMP in the transmission of the 

allosteric signal (McKay DB 1982). Glu72 is located between Argl23 and Arg82 in 

crystallographic stmcture of CRP:(cAMP)2, and all residues are buried in the protein core 

to neutralize the charges. Glu72 forms a salt bridge with Argl23 and Arg82 forms an 

interior pair with the phosphate oxygen of the cAMP. It was proposed that Glu72 forms a 

salt bridge with Arg82 by rotation its side chain approximately 60° in the absence of 

cAMP to neutralize the charge of Arg82. Meanwhile this process expels Argl23 side 

chain to solvent thus increasing the distance between the cAMP binding pocket and the C 

a-helix. This process indicates the key role of these two residues in activation as well. 

To test the predictions, the charge of these residues changed and in addition a 

shorter side chain of position 72 was made to test the proposed swinging arm model. The 

goal of this research is to determine cAMP mediated interaction of CRP using 

biochemical and biophysical techniques. Since Glu72 and Arg82 determine the affinity 

and may play a possible role for mediating the reorientation of RNA polymerase contact 
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sites, R82Q, E72Q and E72D mutants were chosen to monitor binding and interaction of 

CRP:cAMP complex both with DNA and with RNAP. 
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CHAPTER 11 

MATERIALS AND GENERAL METHODS 

Materials 

Bacterial strains and plasmids 

The crp gene mutated by the Kunkel method (Kunkel 1985) was the gift of Dr. 

Ali Belduz (Belduz, Lee et al. 1993). MUlcrplNde I was the vector and E. coli CJ236 

{dut, ling) was used as host strain (McClary, Witney et al. 1989). Mutants were 

generated from uracil containing single stranded phage DNA. Mutations are introduced 

by replicating these templates in vitro. Mutated DNA was then used to transform 

competent E. coli CJ236 {dut"", ung") cells and the cells were grown on LB plates 

overnight at 37°C (Ausubel 1987). Cells containing the desired mutation(s) were selected 

after sequence analysis and used as the source of crp. A Ndel /Sad fragment was 

subcloned into vector pRE2 that had been digested with Ndel I Sad. (Reddy, Peterkofsky 

et al. 1989). The ligation mixture was used to transform competent E. coli D1210HP 

cells. The cells were plated in LB agar that contained ampicillin at 30°C. A single colony 

was used to inoculate 2 ml LB that contained ampicillin 30°C. Plasmid DNA was isolated 

from these cultures using the Wizard Miniprep protocol. 

E. coli strain CA8445/pRK248 (Acya845, ^crp, tef) (Harman, McKenney et al. 

1986) was used for WT and mutant pLEX crp induction. Plasmid pRK248 {tef) which 

encodes a temperature sensitive A.cl repressor (A.cl") was used to provide control over the 

?LPL promoter of the plasmid pLEX crp {amp'). Plasmid pKL201 (Harman, McKenney et 
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al. 1986) was used as the template for in vitro transcription reactions. Vector pHW104 

(Wu HM 1984) used as a source of the 207 lac? DNA fragment. 

Enzymes and other materials 

Bio-Rex 70 resin, 10-20% precast polyacrylamide gradient gels, ammonium 

persulfate, ethidum bromide, coomassie brilliant blue, TEMED, Mutagene M13 in vitro 

mutagenesis kits, and E coli Pulser cuvettes were purchased from Bio-Rad Laboratories. 

Restriction enzymes EcoRl, Nlalll, Pfu DNA polymerase, Dpnl and bovine semm 

albumin were obtained from New England Biolabs. Electrophoresis grade acrylamide, 

RNAP (holoenzyme from E. coli), shrimp alkaline phosphatase, and EDTA were 

purchased from United States Biochemical Corporation, Inc. N, N'-bis-acrylamide, 

electrophoresis grade agarose, xylene cyanol, and bromophenol blue were obtained from 

hitemational Biotechnologies, Inc. IPTG, XMase I, Magic™ Miniprep, and Wizard"^ 

Plus Megaprep DNA purification kits were obtained from Promega Laborotories. 

StrataPrep^"^ Miniprep kits were purchased from Stragene, Micropure-ez enzyme 

removers were purchased from Amicon Bioseparations. Lysozyme (chicken egg white), 

hemoglobin (bovine), concanavalin A {Canavlia ensiformis Type IV), a-chymotrypsin 

(bovine pancreas Type I-Sc), ammonium acetate, cAMP, tRNA (Type XXI from E. coli 

strain W), 2-mercaptoethanol, ANS, ovalbumin, DTT, and Tris were obtained from 

Sigma Chemical Co. Phenol, phenol:chloroform:isoamyl alcohol (25:24:1), sodium 

acetate, scinfiverse scintillation cocktail, agarose, boric acid, cesium chloride, ampicillin, 

tetracycline, kanamycin, glass microfibre Whatman filter (GF/B, circles 25 mm), 0.2/0.45 

nm Acrodisc filters, Spectra/por dialysis tubing and trichloroacetic acid were obtained 
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from Fisher Scientific Co. Megalabel DNA labeling kit were purchased from Takara Inc. 

QIAEX II DNA desalting and concentrating kit were purchased from QIAGEN. 7-̂ ^P-

labelled ATP was purchased from Perkin Elmer Life Sciences, Inc. SDS was purchased 

from Acros Chemical Co. Bacto-agar, yeast extract, and bacto-tryptone were purchased 

from Difco Laboratories. Nitrocellulose membrane filters (0.45 ^m pore size, 25 mm 

diameter), and Ultrafree-DA DNA extraction kits were purchased from Millipore. 

Disposable ST-IR cards were purchased from Spectra-Tech. X-ray film (BMR-2), Kodak 

GBX developer and fixer were purchased from Eastman Kodak. Synthefic 

oligonucleotides were synthesized by the Texas Tech University Biotechnology Institute 

Core Facility. Common salts, all other reagents and buffers were reagent grade or better. 

Growth media 

Luria-Bertani (LB) contains 10 g Bacto-Tryptone, 5 g yeast extract, 5 g NaCl, 

adjusted to pH 7.4 with NaOH. LB agar plates were prepared using 15 g of agar per liter 

of LB medium. Tetracycline, ampicillin and glucose were added to LB agar at final 

concentration of 10 ^g/ml, 50 ^ig/ml, and 0.2 % just prior to preparation. 

Methods 

Constmction of crp mutant alleles 

Site-directed mutagenesis of crp 

The Kunkel method (Kunkel 1985) was used to introduce site-directed base 

subsfitufions in the crp gene contained in the single-stranded bacteriophage M13mpl8 

(Belduz, Lee et al. 1993). Mutagenesis of the crp contained in pLEXcrp was made by 
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using Quick change site directed mutagenesis protocol. The plasmid pLEXcrp was used 

as template in these mutagenesis reactions. The mutagenic oligonucleotide primer 

sequences used to introduce the corresponding mutations in pLEXcrp are listed in Table 

2.1. Twenty ng of template DNA, 125 ng of complementary mutagenic primers, 0.25 mM 

dNTP's and 2.5 Units of Pfu DNA polymerase were mixed in reacfion buffer (10 mM 

KCl, 10 mM (NH4)2S04, 20 mM Tris-HCl pH 6.8, 2mM MgS04, 0.1% Triton X-100 and 

0.1 mg/mL acetylated, nuclease free bovine semm albumin). PCR reactions were 

performed in a Perkin Elmer Cetus Thermal Cycler. Sixteen thermal cycles (30 sec for 

denaturing, 60 for sec annealing and 12 min for elongation) were used to amplify mutant 

DNA sequences. After PCR, the template DNA was digested with Dpnl at 37''C for two 

hours. After extraction the plasmid was transformed into E. coli strain TAP 106. The 

plasmid-containing cells were selected at 30''C on LB agar medium that contained 0.2% 

glucose, 30 \ig/mL kanamycin, and 50 ng/mL ampicillin. Antibiotic-resistant cells were 

then cultured at the same temperature in liquid LB medium that contained the same 

antibiotics. Plasmid DNA was isolated over Wizard Plus Miniprep columns and 

sequenced in an ABI Prism 310 Genefic Analyzer. Cells containing pLEX carrying either 

the wild type or mutant crp alleles were cultured on LB agar medium that contained 0.2% 

glucose, 30 ng/mL kanamycin, and 50 ^g/mL ampicillin. The plasmid DNA was isolated 

according to large scale plasmid protocol (Baumann 1995). The plasmids were purified 

over cesium chloride density gradients as a final step. 
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Subcloning the crp gene into the pLEX expression vector 

M13/crp Nde 1 DNA was used to transform E. coli strain XLl-Blue by the CaCh 

method (Ausubel 1987). A plaque was selected to infect XLl-Blue cells in LB medium 

containing 12.5 ^ig/ml tetracycline. After 5 hours growth at 37T, the double-stranded 

replicafive form of the M13/crp Nde 1 DNA was isolated using the alkaline lysis and 

cesium chloride density gradient ultracentrifugation methods (Maniatis 1982). 

A sample of double stranded MWcrp Nde I DNA was digested with Pvu l\ and 

the fragments were separated by electrophoresis on a 0.6% agarose gel. The DNA bands 

were visualized under UV light and the 1.5 Kbp Pvu II fragment was sliced from the gel 

and electroeluted to retrieve the fragment (Aiba, Fujimoto et al. 1982). Phenol extracfion 

and ethanol precipitation was used to extract the DNA fragment. The 1.5 Kbp Pvu II 

fragment was subcloned into Pvu II digested, alkaline phosphatase-treated pLEX vector 

DNA. The ligation mixture was used to transform electroporation-competent E. coli MZ-

1 cells. Then cells were plated onto LB agar containing 10 |xg/ml tetracycline, and 50 

ng/ml ampicillin and incubated at 30°C. Two ml cultures of LB medium that contained 

10 ng/ml tetracycline and 50 |ig/ml ampicillin were inoculated with antibiotic-resistant 

colonies at 30°C. Plasmid DNA was isolated from each culture using the Wizard Plus 

Miniprep plasmid isolation protocol. Plasmid DNA was digested with Nde I to confirm 

the presence of crp gene. The pLEXIcrp DNA containing the wild-type crp allele were 

used to transform E. coli CA8445/pRK248 Xcl". 
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Isolation of £. coli mutant gene 

Small-scale plasmid isolation 

As explained above, colonies were prepared. And plasmid DNA isolated from 

each culture by using Wizard Plus Miniprep columns. 

Large-scale plasmid isolation 

Cells containing the pLEXcr;, gene were used to inoculate one liter of LB 

medium and incubated at 30OC overnight. Cells were harvested by centriftigation at 5000 

rpm for 10 min at 4°C. Cell pellets were resuspended in lysis buffer (50 mM glucose, 25 

mM Tris-HCl pH 8.0, 50 mM EDTA, 5 mg/ml lysozyme) and lysed with the addition of 

20 ml freshly prepared alkaline solution (0.2 M NaOH, 1% sodium dodecyl sulfate). 

Cellular debris was precipitated by carefully adding 12.5 ml of saturated ammonium 

acetate to each sample, mixing by shaking for 30 s and placed on ice for 10 min. The 

precipitates were pelleted by centriftigation at 10,000 rpm for 10 min at 4°C. Cmde 

plasmid DNA was precipitated with the addition of 50 ml of ice-cold isopropanol. The 

precipitated DNA was pelleted by centrifuging at 10,000 rpm for 15 in at 4°C. Each 

pellet was resuspended in 1 ml of TE buffer (10 mM TRIS, pH 7.4 and 1 mM EDTA). 

Undissolved material was removed by centrifugation. The supematant fraction was 

treated for 1 h at 37°C with DNase-free RNase. Each sample was extracted with an equal 

volume of TE buffer-saturated phenol (Baumann 1995) and the DNA was concentrated 

by ethanol precipitation. Plasmid DNA was isolated over cesium chloride density 

gradients. Ethidium bromide was removed by extraction with TE saturated butanol and 

the DNA was concentrated by ethanol precipitation. The plasmid DNA was dissolved in 
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50 ^L sterile water and the DNA concentration determined spectrophotometrically 

(Maniatis 1982). 

Purification of CRP 

The wild-type and mutant crp containing pLEX plasmids were used to transform 

E. coli CA8445/pRK248 using either CaCh method or the electroporation method. 

Transformed cells were plated on LB agar containing 0.2% glucose, 10 ^g/ml 

tetracycline, 50 |ig/ml ampicillin After overnight incubafion at 30°C, a single colony was 

used to inoculate 1.5 mL of LB medium that contained both tetracyline and ampicillin. 

Ovemight cultures (ca. 30 mL) were used to inoculate 500 mL LB medium to an ODeoo = 

0.1. The cultures were grown to an ODeoo = 0.6 to 0.7. Five hundred mL of 65°C LB 

medium were added rapidly to bring the temperature to 42''C to inactivate the temperature 

sensitive Xcl'̂  repressor. The cultures were maintained at 42''C for an additional six hours 

to allow CRP expression. Cells were harvested by centrifugation in a Beckman JA-17 

rotor at 5000 RPM, 4°C for 10 minutes. The cell pellets were resuspended in 10 mL of 

ice-cold no-salt phosphate buffer (NSB; 0.05 M sodium phosphate, 0.02 M EDTA pH 

7.0, 50 ml of glycerol in one liter disfilled water) and stored at -20°C. 

Frozen cell pellets were thawed and suspended in 10 mL of ice cold NSB. Cells 

were passed twice through a French pressure cell at 500 psi. The broken-cell suspension 

was centrifuged at 12,000 RPM for 30 minutes to remove cell debris. The resulting cmde 

extracts were dialyzed in NSB at 4 T for a period of 12-15 hours. The dialyzed extracts 

were subjected to ultracentrifugation for 90 minutes at 100,000 rpm to remove the 

ribosomes. The extracts were again dialyzed against NSB and loaded onto Bio-Rad 70 

38 



ion-exchange column (13X10 cm). The column was washed with NSB and the CRP was 

eluted in a linear salt gradient prepared from NSB and NSB that contained 0.6 M NaCl. 

Absorption of eluted protein fractions was measured at 278 nm. Aliquots of fractions 

were dialyzed against NSB to remove salt. Then the samples were analyzed on a 

polyacrylamide gel to confirm the location of CRP in the salt gradient eluate. Fractions 

enriched in CRP were combined and loaded onto a second Bio-Rad 70 ion exchange 

column (14X6 cm) to concentrate the protein. Fractions were again dialysed against NSB, 

mn on a polyacrylamide gel, and the proteins were visualized by densitometry 

(Molecular Dynamics 300B Scanning Densitometer) after staining and destaining the gel. 

CRP band intensity was considered 99% homogenous after comparing with the 

background. Protein concentrations were determined at 278 nm using an extinction 

coefficient of 3.5x 10^ M"' cm"' (Heyduk and Lee 1989). 

Bio-Rex 70 resin equilibration and regeneration 

Bio-Rex 70 resin was equilibrated according to the manufacturer's protocol. Bio-

Rex 70 resin was regenerated in a flask with sequential treatment of 0.5 N NaOH, 

distilled water and 'NSLUZPOA/ Na2HP04 buffer at pH 7 until the pH became stable in the 

system. After stable pH adjustment, the resin was packed into the column and the pH of 

the effluent was measured to confirm a fully equilibrated system ready for sample 

application. 
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Polyacrylamide gel electrophoresis 

Polyacrylamide gels were cast in two parts, a 12% resolving gel and a 6% 

stacking gel. Samples were dissolved in an equal volume of 6X loading buffer (0.25% 

Bromophenol blue, 30% glycerol in H2O). 100 volts (constant voltage) was applied as 

samples ran through the stacking gel. When the samples reached the resolving gel, the 

voltage was increased to 200 volts. The gel was stained with m a solution that was 200 

mL of methanol, 50 ml of acetic acid, 250 mL of distilled water and contained 0.5 g 

Coomassie blue R-250 and destained in the same solution that lacked Coomassie blue R-

250. 

Agarose gel electrophoresis 

Seven percent agarose gels were used for crp fragment separation from plasmid 

DNA. IX TAE buffer was prepared from 50X TAE buffer (2 mM EDTA pH 8.5, 2 M 

Tris-acetate, 57.1 mL glacial acetic acid bring to IL volume by dl H2O) and mixed with 

electrophoresis grade agarose and 0.01 g ethidium bromide. The mixture was then melted 

and the gel was cast. Samples were dissolved in 6X loading buffer and mn under 70-100 

V. Bands were visualized under UV light. 

Preparation of 8-Anilo-l-naphthalenesulfonic acid (ANS) 

ANS solutions were prepared by dissolving solid ANS in water followed by 

centrifugation at 14,000 rpm to remove undissolved material. One mL of the supematant 

fraction was removed to a 1.5 mL microcentrifuge tube. The solution was again 

centrifuged for 15 minutes at 14,000 rpm and transferred into a clean microcentrifuge 
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tube. The concentration of the solution was measured by UV absorption at 351 nm using 

an absorption coefficient of 6240 M ' cm' (Heyduk and Lee 1989). ANS solutions were 

freshly prepared and kept in the dark. 

Measuring plasmid, cAMP, and protein concentration 

The concentrations of oligonucleotides were determined by UV at 260 nm and 33 

l̂ g/mL and 50 |ig/mL constants were used for single stranded oligonucleotides and 

double stranded DNA respectively. Absorption at 280 nm was also measured to monitor 

for possible protein contamination. 

Protein concentration was measured at 278 nm by absorption using an absorption 

coefficient of 20400 M"' cm"' (Heyduk and Lee 1989). The absorption coefficient for 

mutant proteins was assumed to retain the same value since none of the mutants delete an 

active chromophore. 

Cyclic AMP concentrations were determined at 259 nm using an absorption 

coefficient of 14,650 M'' cm"' (Merck Index, lO"̂  ed.). Lyophilized cAMP was dissolved 

in distilled water and the pH of the solution was adjusted to 7. 

Preparation of protein solutions for spectroscopic analysis 

All CRP and mutant samples were thawed, dialyzed against the appropriate buffer 

solutions and centrifuged at 14,000 rpm for five minutes to remove any insoluble 

material. The clarified solutions were then and fihered through 0.45 t̂m microporous 

Millipore filters before concentration determinafion. After each use, samples were kept at 

-20''C. Bovine semm albumin solutions were prepared by dissolving solid protein in 
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water and adjusting the solution pH to 7.0 (Leu, Baker et al. 1999). All solufions were 

degassed after filtration prior to mnning spectroscopic analysis. 
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CHAPTER 111 

INVESTIGATION OF GLU72 AND ARG82 CONTACTS 

WITH THE RIBOSE MOEITY OF cAMP IN THE CRP BINDE^G POCKET. 

Objectives 

Cyclic AMP results in CRP stmctural changes that lead to site-specific DNA 

binding. Cyclic AMP binding pocket contacts play a key role in this process. Five amino 

acids are thought to interact directly with cAMP (Figure 3.1). Glu-72 hydrogen-bonds 

with the 2' OH of the ribose ring of cAMP (Gronenbom, Sandulache et al. 1988; Moore, 

Kantorow et al. 1992; Belduz, Lee et al. 1993). Arg-82 and Ser-83 interact with the 

phosphate moiety, while Thr-127 and Ser-128 interact with the adenine ring (Moore, 

Kantorow et al. 1992; Belduz, Lee et al. 1993; Lee, Glasgow et al. 1994; Leu, Baker et al. 

1999). Amino acid substitutions have been made at all five positions. Cells containing the 

amino acid-substituted forms of CRP have been tested for p-galactosidase induction. The 

assay reflects CRP-mediated transcription activity and indirectly serves as a measure of 

CRP binding to cAMP, CRP:cAMP complex binding to DNA, or CRP:cAMP complex 

interacfion with RNAP at lac? (Harman et al. 1993, 1994). The results showed that in E. 

coli high level P-galactosidase synthesis depends on CRP and cAMP. The position 72 

mutants E72L and E72Q and position 82 mutants R82L, R82Q, and R82H failed to 

express P-galactosidase in the presence or absence of cAMP. The position 72 mutant, 

E72D and position 82 mutant, R82K promoted significant cAMP-dependent p-

galactosidase synthesis. Coupled cAMP binding studies showed that even conservative 
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Figure 3.1. Cyclic AMP contacts in CRP generated by Ligplot program. This software 
generates contacts between ligand and protein. Consistent with X-ray data, position 72 
and 82 side chain contact to cAMP. This two-dimensional sketch also shows the relative 
positions of the other residues to position 72 and 82 along with the conformation of the 
side chains. 
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amino acid changes at position 72 or 82 caused at least a ten-fold decreased affinity for 

cAMP, while non-conservative amino acid mutations further reduced or eliminated CRP 

affinity for cAMP. Thus, glutamate 72 and arginine 82 play a role in determining the 

affinity of CRP for cAMP. 

The allosteric activation of CRP introduces CRP site-specific DNA binding and 

exposes a surface loop containing amino acid residues 156-164 required for RNAP 

binding at class I CRP-dependent promoters. Amino acid substitution in this activating 

region (ARl) either reduces or eliminates transcription acfivation at the lac promoter 

without affecting CRP or DNA binding properties. RNAP and CRP require ARl and 

cAMP to interact in solution, therefore ARl is essential for transcription activation. 

Photocrosslinking experiments indicate that the aCTD (the a subunit C-terminal domain 

of RNAP) contacts ARl of CRP and a DNA segment downstream of the DNA site for 

CRP. These results indicate that transcription activation at the lac promoter involves both 

protein-protein and protein-DNA interactions. Mutations at position 127 gave important 

clues in allosteric activation of CRP as a transcription factor. Leu et al. showed that 

T127G, T127I, and T127S mutants of CRP have low affinity for the lac? CRP site and 

failed to footprint lac? DNA in the presence of cAMP hi contrast, WT and T127C CRP 

have high affinity for lac? CRP site and footprinted lac? DNA in the presence of cAMP 

(Leu, Baker et al. 1999). They also determined that all position 127 CRP mutants form 

CRP:cAMP:RNAP:DNA complexes at lac? Thus, T127 plays a role in the orientation of 

DNA binding helices and a minor role, if any, in the orientation of the RNA polymerase 

interaction loop. 
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A position 72 mutant has been characterized as a CRP"" mutant by Eschenlauer et 

al. E72V mutant, defective in positive control, binds to cAMP and DNA but does not 

interact with RNA polymerase. Thus they proposed that position 72 plays a role in the 

activation of transcription (Eschenlauer C. 1991). 

The NH protons of histidine and tryptophan residues signals were identified by 

different NMR techniques, four signals attracted special attenfion; histidine residue at 

posifion 159, the arginine residue at position 82, and the tryptophan residues at positions 

85 and 13. Cyclic AMP addition caused an up-field shift of position 82 and position 85 

indicating a change in the environment. However, experiments with analog cGMP caused 

an opposite effect (down-field shift) to the same two residues. Cyclic AMP binding to the 

first CRP binding-site caused a substantial conformational change however this change 

completed with second cAMP binding site saturation (Lee, Lee et al. 1990). 

NMR experiments to compare CRP stmctures in the presence and absence of 

cAMP encountered solubility and size limitation problems, hi spite of this Won et al. 

obtained low resolution CRP backbone NMR assignment (Won, Yamazaki et al. 2000). 

The group observed most of the conformational change upon first cAMP binding with a 

change in E72 and G74 resonance broadening (Won, Lee et al. 2002). These NMR 

experiments show possible role of Glu72 and Arg82 in cAMP binding. 

Homology studies also showed conserved nature of posifion 72 and 82. 

Comparison of CRP with six type I and type II of cyclic AMP dependent protein kinase 

primary sequences showed 36-41 % homology when both identical and similar amino 

acids were considered (Weber, Takio et al. 1982; Weber 1987). The comparison of amino 

acid sequences within the ligand binding pockets of these proteins showed that Gly44, 
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Gly71, Glu72, Arg82, and Ala84 are invariant residues. This resuh indicates that direct 

contacts to ribose moiety and sequence determinants for secondary stmctural formation 

are conserved to exhibit a tertiary stmcture similar to CRP cAMP binding pocket (Weber, 

Takio et al. 1982; Weber 1987). 

In addition a possible mechanism speculated about the orientation of binding 

pocket amino acid side chains by McKay et al. (McKay DB 1982). hi crystallographic 

structure of CRP:(cAMP)2, Glu72 is located between Argl23 and Arg 82 and all of them 

are buried in the protein core to neutralize the charges. Glu72 forms a salt bridge with 

Argl23 and Arg82 forms an interior pair with the phosphate oxygen of the cAMP. The 

author proposed that Glu72 forms a salt bridge with Arg82 by rotation its side chain 

approximately 60° in the absence of cAMP to neutralize the charge of Arg82. Meanwhile 

this process expels Argl23 side chain to solvent thus increase the distance between 

cAMP binding pocket and C a-helix (Figure 3.2). This prediction may explain the switch 

in the initiation of transcription and allosteric effect of cAMP in the transmission of the 

allosteric signal. 

Two events occur in CRP activation, a conformational change to align DNA 

binding helices and exposure of the ARl. Therefore, the hypothesis tested in this part of 

the project is that if the signal from cAMP binding pocket is divergent. Part of the signal 

(Position 127) contributes to helix-tum-helix realignment while a disfinct part of the 

signal contributes to exposure of ARl. Considering the above evidences the best 

candidates for this are E72 and R82. The effect of cAMP interacfion with CRP and its 

mutants further tested by /S-galactosidase, footprinting and DNA binding assays. To test 
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Figure 3.2. Proposed allosteric switch mechanism by McKay. Glu72 forms a salt bridge 
with Argl23 and Arg82 forms an interior pair with the phosphate oxygen of the cAMP. 
The authors proposed that Glu72 forms a salt bridge with Arg82 by rotation its side chain 
approximately 60° in the absence of cAMP to neutralize the charge of Arg82. Meanwhile 
this process expel Arg 123 side chain to solvent thus increase the distance between cAMP 
binding pocket and C a-helix. Figure adapted from McKay et. al 2000. 
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the predictions, R82Q, E72D, and E72Q mutants were chosen to monitor binding and 

interaction of cAMP:CRP complex. 

To conclude, Glu72 and Arg82 determine the affinity and may play a possible 

role for mediating the reorientation of RNA polymerase contact sites, therefore this 

chapter address the effect of mutations on cAMP binding. The effect on DNA binding 

and RNA interactions will be discussed in chapter V. 

Specific methods 

Extrinsic Fluorescence Binding Experiments 

Cyclic AMP binding to ANS-CRP complex was performed on a SPEX 

FluoroMax specfrofluorometer using DM3000F analysis program. Binding curves were 

obtained by sequential addition of concentrated cAMP solution into a CRP (5-10 ^M)-

ANS (15 |j,M) mixture. In all titrations, the dilution effect caused by sequenfial addition 

of cAMP and by dilution factors and blank titrations containing ANS without protein 

respectively corrected fluorescence of free ANS. 

Excitation and emission wavelengths for extrinsic fluorescence experiments were 

set at 350 and 480 nm, respectively, and data analysis performed as explained below. At 

each set of experiments, an excitation scan was followed by an emission scan to observe 

the blue shift and the absorption wavelengths of ANS to ensure the proper possible 

realignment of the fluorometer. 
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Intrinsic Fluorescence Binding Experiments 

Binding of cAMP to CRP was performed by intrinsic tryptoptan fluorescence. 

The absorption changes during titration were monitored by setting the excitation and 

emission wavelength to 300 and 343 nm. The typical excitation wavelength was shifted 

to 300 nm to prevent inner filter effects coming from cAMP and other chromophores in 

the protein. Another inner filter effect contributed by background absorption was 

corrected by fitrating cAMP in a solution of BSA. 

s-cAMP Synthesis and Purification 

One hundred gram chloroacetaldehyde dimethyacetal in 500 ml of 50% H2SO4 

was refluxed for 45 minutes. The mixture was then evaporated in a rotary evaporator. The 

pH of upper layer of the distillate was adjusted to 4.5 with 1 N NaOH. The product was 

chloroacetaldehyde. Thirty-fold less cAMP by weight was mixed with 

chloroacetaldehyde. This mix was heated at 37°C for 24 hours. To ensure complete 

reaction and the existence of s-cAMP thin layer chromatography (TLC), UV spectmm, 

and MALDI-TOF (Voyager Biospectrometry, Perspective Biosystems) methods were 

employed. The total conversion of cAMP to s-cAMP monitored by TLC and MALDI-

TOF methods. Blue fluorescent color in TLC plate (Whatman); absorps at 294 nm, 275 

nm, 265 nm, 258 nm. Equal absorption of 265 nm and 275 nm bands indicates that cAMP 

completely converted to s-cAMP. Further, appearance of 8-cAMP peak and 

disappearance of cAMP peak in MALDI-TOF spectmm supports TLC results. 

Purification made by ethanol reprecipitation and washing with ethanol several times 

(Secrist 1974). 
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Error Analysis 

Error analyses were performed using Sigma Plot software. The parameters 

representing the best fit gave a set of residual value differences between the fit predicted 

by the software algorithm and the data set. The plot of residuals gave acceptable values 

within 95% probability limit judged by the F test. 

In vitro characterization of CRP 

Equilibrium interaction of cAMP-CRP 

Binding model of cAMP to CRP and its relafionship to fluorescence can be 

expressed by considering two identical cAMP binding sites, normalized fluorescence 

change between species, inner-filter effects and cooperativity. First we need to consider 

cAMP binding sites as 'initially' idenfical and find the relafionship between binding 

constants and binding species. Since there are two ligand-binding reactions for CRP, 

binding constants Ki and K2 can be described as stepwise reactions (Wyman 1990); 

\PL\ 
P + L^PL Ki= ~—- Equation 3.1 

[P][L] 

PL + L^ PLi Ki = y Equation 3.2 
YPL\YL\ 

where P and L denote CRP and cAMP, respectively. We can also describe the binding 

process by overall reaction to the unreacted macromolecule by /3i and ^2 constants as 

follows: 
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P + L^PL A = - ^ ^ Equation 3.3 
[P][L] 

P + 2L = PL. / ? 2 = i : ^ ^ . Equation3.4 
[P][Lf 

Thus, relationship between K and /5 is Ki = /5i and K1K2 = 1S2. 

Degree of binding 

Free protein [PQ], protein concentration at a given time [P], free ligand [LQ], free 

ligand concentration at a given time [L], partition function [Q], and mole fraction [X] for 

CRP-cAMP system can be given as: 

[PJ = [P] + [PI] + [ P 4 ] ; Equation 3.5 

[P] = [Po]Xp; Equation 3.6 

[L,] = [L] + [PL] + 2[PLJ; Equation 3.7 

[L] = [L,]-mX,, -2[P,]XPL. Equation 3.8 

Q - l-"o-'. Equation 3.9 
[PV 

X = _ . Equation 3.10 
' p 

Q 

^PL -
[PL] Equation 3.11 

Q ' 

X , = ^ L ^ ^ Equation 3.12 
PL 
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It should be noted that .\V,, numerator should be factored by two since for each mole of 

PL2 there are two moles of L (conservation of mass). 

Therefore, the degree of binding can be given as, 

[Botindsite] _ [PL] + 2[PL2] 

~ [Freesite] + [Boundsite] ^ [P] + [PL] + [PL^] Equation 3.13 

This equation has many variables, and also does not reflect the statistical effect between 

macroscopic and microscopic states. However, we can express each species in terms of 

ligand concentration. Thus by successive approximation, the binding constants for cAMP 

can be determined. 

The binding partition function of CRP-cAMP system 

Contribution of apo-CRP, CRP:(cAMPi), and CRP:(cAMP2) can be described by 

binding partition or binding polynomial, Q, which describes the concentration of the 

various ligated states relative to the unligated [P] state gives for two-site reaction: 

„ [P] + [PL] + [PL,] „ . . . . 
0 = ^^-^—5^—-—-—— Equatton3.14 

[P] 

Q^\ + K,L + K,K,L' ^\ + j3,L + P^L^ Equation 3.15 

The ligand binding curve can be obtained by taking the second derivative of the function. 

Since there are other variables like temperature and pressure we can only derive the 

function by assuming that these variables remained constant. Also cooperativity of 

interacting sites should be considered. To simplify the equation we can assume both 

ligand sites are identical. With this consideration we can derive the following equations: 
e = d{^) = —^ Equation 3.16 

Inl QdL' 
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d In L Equation 3.17 

e 
j ^^a^^^Z- fO____ ln(A-,A-,// + K,L + \) 

{K,K,L- + k\L + \)\n{L) I(In(I))-

Rearranging the last equation gives 

- A',L + 2A'|AM' 
u = 

Equation 3.18 

\ + K,L + K,KX- Equation 3.19 

By the same token, we can obtain the same equation in terms of/? by using the right side 

of equation 3.15, or simply expressing K, and K2 in terms of/3, and 182 by using equation 

3.19; 

l + P.L + pX-
Equation 3.20 

The relationship between the microscopic and macroscopic 
dissociation constants 

The statistical effect of ligand binding to CRP can be presented as; 
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Scheme 3.1 shows the equilibirium between microscopic and macroscopic states. PL' and 

PL" show possible cAMP binding site in the protein. Therefore we can express 

macroscopic binding constants in terms of microscopic constants as: 

[PL] _[PL' + PL"] 

' [P][L]~ [P][L] ^"^^^ '̂̂ ^ ^-^^ 

[PL,] _ [PL,] . 

^' ^ [^Z][Z] = [PL'+PL"][L]' ^^1""^^°" ^-22 

Thus, A:, = A:, -H A:/ and K,=k,+ k" . 

The four microscopic constants are not independent; therefore, we can express the 

relationship, disk^kj =k\k2 • Equation 3.23 

Further we can derive interrelationship between microscopic and microscopic 

constants: 

k^k, = kik" = K-, and since A:, = k[, Equation 3.24 

K^ = 2A:,; and K2 = k^kj. Equation 3.25 

Inner-filter effects 

Due to nafiire of fluorescence light, absorption of the excitation light can cause 

errors in fluorescence measurements of a protein (Eftink 1997). 

The absorption correction factor/„ can be defined as: 

^ _(Po+A4) 1-10-"° Equation 3.26 

P„ S-io-"'"̂ '̂ 
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where A is the difference in absorbance per cm path length. 

Dilution effects and nonnalized variables 

Addition of titrant increases the total reaction volume and decreases the protein 

absorption intensity. To correct for dilution effects, the following correction factor used: 

V. 
fr^{F-Fg){-^), Equation 3.27 

' 0 

where F is the measured fluorescence intensity, FB is measured sample blank 

fluorescence intensity, Vj is the sample volume, and VQ is the starting volume. 

For three different fluoresecence complex (apo-CRP, CRP:(cAMPi), and 

CRP:(cAMP2), we can assign two variables (Ci, C2) to compensate the normalization 

effects of fluorescence between CRP species. For the sake of decreasing variables, we 

can assume these two normalized variable as constants. Multiplying 9 of equation 3.19 

with /a and f corrects the left side of the equation, multiplying numerator components 

K|L, and KiK2L^ with A, and Aj, respectively, corrects the right side of the equation. 

Fcor=f fc Equation 3.28 

Determination of fraction of CRP species 

Integration of 0 with respect to In L gives the area under the binding curve (A^). 

Thus Q can be related to the area asQ = e-'' . By setting up the boundaries, area under 

the curve can be related to the fraction of unligated or ligated macromolecule: 

a = — = ! = e-'" Equation 3.29 
° Q \ + K,L + K,K,L-
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"^ '" l + A-.L + Z .̂A^L- ""'' "^ '^ Equation3.30 

7 

" - ^ 7 ; ^ ~ Z ; ] ^ ^ ^ ' " ' ' ' ' ^ 2 ^ ' Equation 3.31 

A measure of cooperativity by binding curves 

Comparing slope of an experimental binding curve with the slope of predicted 

curve gives a measure of cooperativity. Comparing the binding sites with identical and 

independent sites can assess cooperativity. If the comparison gives a greater slope than 

reference curve, then it is a positive cooperativity, and if it gives less than the reference 

curve, then we have negative cooperativity (Wyman 1990). 

The reference curve with t identical and independent sites with binding constant K 

can be expressed as: 

^ = -—~ Equation 3.32 
1 + AZ 

and the slope of this can be obtained using derivative and by multiplying L: 

Lde tKL tK^L^ ^ . . . . 
—— = • r-. Equation 3.33 
dL {\ + KL) (1 + AZ)2 

The equation becomes more useful after multiplying each side by L and expressing in 

terms of ^: 

= e-^^^ = 0{l-0/t). Equation 3.34 
dlnL t 
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Results 

Mutagenesis and preparation of proteins for fluorescence analyses 

Site-directed mutagenesis was used to substitute Arg-82 with Gin and Glu-72 

with either Asp or Gin. WT plasmid pLEX crp was used as a template and the mutagenic 

primers are listed in Table 2.1. Mutations were confirmed by DNA sequence analysis on 

an ABI Prism 310 at Biotechnology Institute Core Facility at Texas Tech University. 

All proteins were dialyzed twice against NSB buffer, clarified by centrifugation at 

13,000 rpm and the CRP concentrafion was determined spectrophotometrically as 

outlined in Chapter II, section 3. 

Intrinsic Binding Experiments 

Tryptophan 13 and 85 are the major contributors to CRP intrinsic fluorescence. 

CRP solutions were excited at 295 nm to avoid absorbance of phenylalanine and tyrosine 

residues. In the presence of cAMP, the indole ring of tryptophan undergoes a blue shift in 

the emission spectmm, an indication of a change on the local environment of the 

fluorophore (Figure 1.6). 

Intrinsic fluorescence experiments did not provide a measure of first binding 

constant (Heyduk and Lee 1989). Quenching experiments by Wasylewski et al. showed 

limited exposure of tryptophan residues upon cAMP binding (Wasylewski, Malecki et al. 

1995). However, cysteine mutafions on the CRP allow determinafion of the first binding 

site for cAMP ligand (unpublished data); probably those mutations increase the quantum 

yield of the intrinsic fluorescence. 
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Donoso-pardo et al. reported a fluorescent cAMP analog that binds to CRP. 

Ethono modification of cAMP adenosine ring, e-cAMP, produces a high quantum yield 

cAMP analog suitable for CRP binding studies (Donoso-Pardo 1987). Unfortunately, this 

high quantum yield suppressed the changes in CRP fluorescence upon cAMP addition. 

Mixing e-cAMP with cAMP at different ratios to decrease the shielding effect of the 

analog did not prove the method to determine first binding constant. 

Extrinsic Binding Experiments 

ANS (8-Anilino-l-naphthalenesulfonic acid) is commonly used as an extemal 

probe in protein-ligand interactions. ANS has a low quantum yield in water ($=0,003) 

and the quantum yield of ANS increases dramatically and its absorption maximum blue-

shifts when bound to protein. ANS is known to bind nucleotide-binding sites, apolar 

pockets, and to protein surfaces (Eftink 1997). 

Heyduk et al. showed that ANS binding to CRP did not affect the cAMP binding 

constants by comparing equilibrium constants to fluorescence results (Heyduk and Lee 

1989). Also in our laboratory, a comparison of intrinsic cysteine mutation experiments 

gave the same binding constants as that of ANS experiments. Second macroscopic 

constants determined by intrinsic and extrinsic fluorescence experiments gave the similar 

binding constants, 1.48x10"̂  and 1.91x10^. The cAMP binding constants of CRP and its 

mutants were determined by extrinsic fluorescence. The results are given in Table 3.1. 
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Fractions of CRP population 

The curves of cAMP binding to CRP as determined by fluorescence spectroscopy 

are shown in Figure 3.3. Least squares-fit analyses of semi-log plots of the data are 

shown in Table 3.1. Examining the microscopic binding constants for each form of CRP 

shows a lower numerical value for second binding site. This suggests that negative 

cooperativity exists between the two binding sites. 

The binding curves predicted for each form of CRP are illustrated by Figure 3.4, 

Table 3.2. The molar fracfions of cAMP species (apo-CRP, CRP:(cAMP),, and 

CRP:(cAMP)2), is plotted as a funcfion of the total concentrafion of cAMP. The figure 

shows CRP:(cAMP)i as the dominant type among all The theoretical distribution of each 

CRP species is shown in Figures 3.5, 3.6, 3.7, and 3.8. Figure 3.5 shows apo forms of 

CRP proteins. All mutant CRP proteins maintain considerable fraction of apo form even 

at high cAMP concentrations. Mutations also shift first cAMP saturation point to higher 

cAMP concentrations (Figure 3.6). However, mutations do not affect second cAMP 

binding and all of them exhibit similar fracfion of CRP:(cAMP)2 content. As a result 

mutant CRP proteins requires higher concentration of cAMP to mimic the WT (Figure 

3.8). 

Investigafion of the allostery 

The source of negafive cooperafivity in cAMP binding to CRP is not understood 

in atomic detail. The ratio of the first cAMP binding constant to second cAMP binding 

constant can be used as a measure of allostery in cAMP binding to CRP. In addition, 

comparing the microscopic cAMP binding constants provides a measure of the allosteric 
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Figure 3.3. Cyclic AMP binding titrations of WT CRP, and the R82Q E72D, and E72Q 
CRP Mutants. ANS probe was used to monitor fluorescence si^al changes on the CRP 
protein. A background spectrtim was subtracted from the binding curve. The resultant 
curve then fitted to equation 3.28 to detennine binding constants. 
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Table 3.2. Comparison of CRP population at micromolar and millimolar cAMP 
concentration. 

WT 
0 
lOO îM 
200 ^M 
ImM 

Apo 
100 
3 
2 
0 

-protein CRP 
,0 
95 
95 
84 

:(cAMP)i CRP 
0 
2 
4 
16 

:(cAMP)2 Total Bound 'j 
0 
97 1 
98 ' 
100 

2mM 0 72 28 100 

R82Q 
0 
lOO^M 
200 ^M 
ImM 
2mM 

Apo-protein 
100 
7 
3 
1 
0 

CRP 
0 
91 
93 
82 
70 

:(cAMP)i CRP 
0 
2 
4 
17 
29 

:(cAMP)2 Total Bound 
0 
93 
97 
99 
100 

E72Q 
0 
lOOuM 
200 ^M 
ImM 
2mM 

Apo-protein 
100 
43 
27 
6 
3 

CRP:(cAMP)i 
0 
56 
70 
78 
70 

CRP:(cAMP)2 
0 
1 
3 
16 
28 

Total Bound 
0 
57 
73 
94 
97 w 

E72D 
0 
lOOuM 
200 ^M 
ImM 

Apo-protein 
100 
21 

11 
2 

CRP:(cAMP)i 
0 
78 

.85 
82 

CRP:(cAMP)2 
0 
2 
3 
16 

Total Bound î 
0 
79 

O
N

 
00 

00 
O

N
 

2mM 71 28 99 
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nature of CRP. Accordingly, the binding of first cAMP reduces the binding affinity of the 

second cAMP (Table 3.1) meanwhile the position 72 and 82 substituted forms of CRP 

show increases in the second cAMP binding constant indicating a decrease in negative 

cooperativity. 

Comparison to other models and accuracy of the model 

Fluorescence binding experiments yields a two biphasic binding isotherm which 

is consistent with the interpretation that binding sites exist in CRP. Fluorescence data 

support the establishment of negafive cooperativity in cAMP binding in which cAMP 

binding to the first site drastically decreases the affinity of the second site for cAMP. The 

negative cooperativity is consistent with equilibrium dialyses, proteolysis, Cys-reactivity 

and direct binding experiments (Heyduk and Lee 1989; Fujimoto, Toyama et al. 2002) 

(Table 3.3). 

A striking difference is reported by crystal structure of CRP:(cAMP)4 (Passner 

J.M. 1997). Also ITC binding experiments interpreted as the overall binding was 

positively cooperated (Gorshkova, Moore et al. 1995; Moore, Gorshkova et al. 1996). A 

recent paper in Lee C. laboratory reported triphasic binding curve indicating negative 

cooperativity between two strong cAMP binding sites and positive cooperativity on the 

last weak cAMP binding site. 

Two-dimensional heteronuclear single quantum coherence NMR (HSQC) 

experiments proposed two cAMP binding per CRP monomer (Won, Lee et al. 2002). 
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Discussion 

Fluorescence spectroscopy is a sensitive and convenient method to characterize 

ligand binding to proteins. High concentration of CRP requires salt and high 

concentration of buffer solutions. This increases ionic strength and may lead to errors in 

binding experiments. It should be noted that physiological concentration of CRP protein 

is lower than the concentration used in binding experiments. To mimic binding one needs 

to use concentrations closer to that of in in vivo. Nevertheless, none of the present day 

techniques satisfy this criterion. 

One of the biggest problems in binding experiments is that, at high 

concentrations, CRP solubility decreases in the presence of cAMP. Therefore, to prevent 

CRP aggregation and mimic in vivo CRP concentrations, fluorescence spectroscopy was 

chosen, since fluorescence allows relatively lower protein concentrations. 

First, the use of intrinsic fluorescence changes of CRP solution upon ligand 

binding was considered. Steady state fluorescence intensity of CRP was measured as a 

flinction of the total cAMP concentration. The observed intensity was monitored. 

Addition of ligand increased the fluorescence intensity of CRP. However, this increase 

can only be detected in the millimolar range. At micromolar cAMP concentrations, 

fluorescence intensity changes are minimal and do not allow determination of the first 

binding site accurately. This is evident and supported by quenching experiments. 

Quenching experiments showed limited exposure of Trp85 which is buried within the 

protein core and Trpl3 which is moderately exposed to the surface of the protein upon 

cAMP binding (Wasylewski, Malecki et al. 1995). These authors interpreted the results 

as a hinge reorientation that leads to opening of the channel between domains for 

71 



penetration of the quencher. Thus, the allostery change reorients the two DNA binding 

domains for specific binding to DNA without introducing substantial changes in CRP 

secondary structure. As a consequence, the first cAMP binding event allows 

chromophores limited solvent exposure and first cAMP binding constant can not be 

determined precisely. 

In an effort to increase the fluorescence intensity, a cAMP analog, e-cAMP, 

which has high quantum yield (Donoso-Pardo 1987) used in binding experiments. The 

outcome of high quantum-yield suppressed the changes in CRP fluorescence during 

cAMP addition. Different proportion e-cAMP with cAMP did not provide enough data to 

determine first binding constant. 

Cyclic AMP binding results in the displacement of the ANS probe bound to the 

CRP hydrophobic regions and, as a result, decreases the quantum yield of ANS (Heyduk 

and Lee 1989). The biphasic behavior reflects two cAMP binding events. 

The first phase of cAMP binding to WT occurs at 3.2 |iM cAMP, whereas the 

second cAMP binding occurs at 5.2 mM It should be noted that this millimolar 

concentration is not present in physiological range of cAMP concentrafion. The 

microscopic cAMP binding constants of CRP suggest that CRP exhibits negative 

cooperativity. The first cAMP binds 1630 times tighter than the second cAMP. Biphasic 

isotherms were generated by cAMP titration of the R82Q CRP, the R72Q CRP, and the 

E72D CRP (Figure 3.3). The second binding isotherm was the same for the WT CRP and 

all these mutant forms of CRP; however, the first binding isotherm was shifted to higher 

concentrafions of cAMP: 7.3, 26, and 77 î M, respecfively (Figure 3.6), indicafing that 

the binding is weaker in the mutants. Microscopic constant ratio can be used as a measure 
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of cooperativity and the results show that the cooperativity between the two cAMP-

binding sites was disrupted and decreased when compared to WT by 2.5-, 8.6- and 

25-fold for R82Q, E72D, and E72Q, respectively. 

The substitution of position 82 by Gin was designed to eliminate the salt bridge 

between the arginine side chain and phosphate oxygen of cAMP. The aspartic acid 

substitution of Glu72 residue shortens the side chain and Glutamine substitution of the 

same residue replaces the charged oxygen with an NH2 group. The effects of mutations 

are consistent with the results of the study employing cAMP analogs; alterations in the 

3',5'-cyclic phosphate moiety of cAMP significantly affect binding to CRP (Ebright and 

Wong 1981; Ebright, Le Grice et al. 1985). 

One cooperativity model predicts one cAMP binding per CRP monomer. The 

study employing cAMP analogs showed three different class of cAMP. The first class 

binds CRP, induces structural changes in CRP and activates transcription. The second 

class binds CRP, induces structural changes in CRP but does not activate transcription. 

The last class does not induce structural changes and activates transcription. These results 

lead Heyduk (Heyduk and Lee 1989) to characterize the binding of cAMP in detail. They 

combined direct ligand binding experiments to these information and established three 

conformafional states for CRP; Apo-CRP, CRP:(cAMP)i, and CRP:(cAMP)2. The 

authors did not present structural models for the three conformational states of CRP. 

Binding and linkage of CRP to cAMP can be correlated to its fimction. DNA 

binding experiments reported in here showed that millimolar concentrations of cAMP 

decrease the binding of CRP to specific DNA site (see Chapter V). This observation is 
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supported by results of the study illustrating the inhibition of transcription of cAMP 

regulated operons at millimolar cAMP concentrations (Emmer M. 1970; Lis JT 1973). 

Same authors have proposed physiological significance for each of the CRP-

cAMP complexes. Since CRP regulates its own gene expression, they proposed a 

regulation mechanism. At higher concentrations of cAMP, CRP forms complex with two 

cAMP and dissociate the CRP-cAMP from the crp promoter region to increase the 

cellular concentration of CRP (Aiba 1983; Okamoto and Freundlich 1986; Okamoto, 

Hara et al. 1988; Heyduk and Lee 1989). On the other hand, the hypothesis explained 

CRP:(cAMP)2 formation in physiological concentration by thermodynamic linkage 

experiments of Takahashi (Takahashi, Blazy et al. 1980). In this experiment, Takahashi 

used nonspecific DNA and showed that negative cooperativity turns to positive 

cooperativity. 

Fried and Crothers reported asymmetric nature of DNA sequences that bind to 

CRP specifically (Fried MG 1984) and also reported release of one cAMP molecule 

when CRP transferred fi-om specific binding site on DNA to nonspecific binding site. A 

single cAMP binding cause an asymmetric CRP structure; however, crystal structure of 

CRP:(cAMP)2 is also asymmetric. Simulafion experiments by Garcia and Harman 

showed that the asymmetric nature of the crystal decreases in solution and the asymmetry 

comes from latfice stabilization energy (Garcia and Harman 1996). The degree of 

asymmetry may determine specific binding and dissociation. Nitrocellulose filter binding 

experiments supports this idea (see Chapter V). All these results suggested CRP is active 

in binding to DNA in the presence of one bound cAMP molecule. 
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Figure 3.9 Negative cooperativity as measwed by cAMP binding curve. The slope of 
cAMP binding curve compared with the slope of a theoretical curve (reference) that has 
two equivalent and independent sites. The comparison leads to a slope less than the 
reference curve indicating negative cooperativity. Due to limitation of the technique, 
experiment was performed in 0.25 ^M-22 mM cAMP concentration range. 
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Cyclic AMP binding conformation to CRP caused a dilemma (Figure 3.9). Crystal 

structure of CRP:(cAMP)2 shows an anti conformation for cAMP (Weber 1987). NMR 

experiments showed a syn conformation for cAMP. This contrast explained by protein 

footprinting experiments. Binding of DNA to CRP alters the conformation of protein 

which may lead to syn cAMP binding (Baichoo and Heyduk 1999). 

Passner and Steitz solved the crystal structure of CRP:(cAMP)4, where two cAMP 

molecules, in syn conformation, bound to the region between hinge and C-terminal 

domain of the protein and the other two bound to cAMP pocket in anti conformation 

(Passner J.M. 1997). This new model accepted by several research groups 

(Mukhopadhyay J 1999; Malecki, Polit et al. 2000; Won, Lee et al. 2002). However, this 

new model could not explain active form of CRP with one equivalent of cAMP (Gamer 

MM 1982; Shanblatt SH 1983; Fried MG 1984; Fried MG 2001; Harman 2001), plus 

solution stmcture and crystal stmcture may vary. 

Gorshkova and Moore performed cAMP binding experiments by ITC technique. 

The experiments showed that binding of first cAMP to CRP is exothermic and the overall 

binding is endothermic and positively cooperated which meant that binding of first cAMP 

facilitates the second cAMP binding (Gorshkova, Moore et al. 1995; Moore, Gorshkova 

et al. 1996). Recent experiments in Lee C. laboratory observed triphasic titrafion curve 

meaning three cAMP binding sites indicating negative cooperativity between two strong 

cAMP binding sites and positive cooperativity on the last weak cAMP binding site. 

There are great many problems in these experiments which disagree with our 

laboratory cAMP binding results as reasoned below: 
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1. Protein concentrations in these cAMP binding experiments were 6.4 and 42.4 

times higher than that of our experiments respectively which may promote CRP 

aggregation since these experiments were performed at room temperature for 

several hours. 

2. The curve fit of Schwarz F. P. et al. ignores the transition points when the ratio of 

cAMP to CRP is around two. The third binding site shown on ITC chromatograph 

of Lee C. groups could be an artifact. The heat difference on the third cAMP 

binding site could be ignored when compared to two high affinity cAMP binding 

sites. This could be better observed in an enthalpy versus molar ratio graph but 

this was not provided by author. 

3. The buffer composition in both of these studies was 10 times that used in our 

study. Increased ionic strength has been shown to change the cooperativity 

parameters of cAMP binding to CRP (Takahashi, Blazy et al. 1980). 

4. Lee C. groups cAMP binding titration experiments in this last paper performed in 

47.7 |iM ANS concentration as opposed to the previous experiments, 10-20 ^M 

(Heyduk and Lee 1989). Our lab used 15 |xM ANS. Excess ANS distorts 

fluorescence signal and change ionic strength and as a result leads error in 

fluorescence signal. 

J. The error range in two and three binding site cAMP binding fit comparison 

graphs in Lee C. groups resulted in the same error interval, ± 002. Although 

errors may seem random in both cases, careful examinafion of fits show a 

systematic error in 0.001-0.1 M cAMP concentrafion range which may originate 

from excess ANS concentration. ANS competes with cyclic AMP for binding 
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sites. Cylic AMP control experiment in the presence of ANS gave a similar 

binding curve (indication of competitive binding) compared to cyclic AMP CRP 

binding experiment in the presence of ANS except 0.001-0.1 M range. This 

random error distribution may originate from this difference. Since the author did 

not provide the binding curves for two and three site fitfing, it is difficult to 

interpret the origin of the error. If the quality of the fit compared by comparing 

the error distribution, it can be mathematically concluded that both fit are same. 

Park and Lee ran two-dimensional NMR (HSQC) experiments in the presence of 

cAMP with 50 )iM CRP at 313 K. Precipitation of the protein with cAMP and spectral 

overlapping caused problems. However, authors proposed two cAMP binding per CRP 

monomer. Despite four cAMP binding sites, the group observed most of the 

conformational change upon first cAMP binding (Won, Lee et al. 2002). CRP HSQC 

resonance perturbation by cAMP monitored and molar equivalents determined upon 

spectral change completion. The significance of completion remains unresolved besides 

ANS binding experiments exhibits two binding sites on CRP contradicts with the NMR 

result (Heyduk and Heyduk 1993). 

The second derivative is commonly used to determine the change, and sometimes 

if necessary the fourth derivative can also be used. Therefore, cAMP binding curves of 

CRP were numerically differentiated to second and fourth order. The only change is 

observed in the region of one and two equivalent cAMP sites. A comparison of literature 

values with that of our results is given in Table 3.3. 

hi conclusion, CRP allostery can be best characterized by two equivalent cAMP 

binding as opposed to the other models however, thermodynamic linkage experiments 
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may explain the importance of four cAMP equivalents. Current paradigm can be resolved 

after detemiination of binding and linkage relation between cAMP and CRP. 
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CHAPTER IV 

COMPARISON OF APO AND HOLO CRP SECONDARY STRUCTURE 

BY CIRCULAR DICHROISM AND FOURIER TRANSFORM 

INFRARED SPECTROSCOPY 

Objectives 

To determine the correlation between CRP stmcture and CRP function, both the 

functional and non-functional states of the protein should be compared by the same 

physical method. Unfortunately, only CRP:(cAMP)2 stmcture is available in atomic 

detail; apo-CRP and CRP:(cAMP)i stmctures have yet to be determined. 

The ideal technique to determine the stmcture of macromolecules to atomic 

resolution would provide this information dynamically. Unfortunately, no technique can 

satisfy this condition at the same time. The three-dimensional stmcture of 

macromolecules can be best described by X-ray crystallography but this technique gives 

only time averaged static stmctures that are not easily extrapolated to dynamic stmctures. 

On the other hand, NMR techniques offer dynamic stmctures of macromolecules. Yet 

this technique is of limited use in studying the stmcture of large macromolecules due to 

their size and solubility. Spectroscopic methods such as Circular Dichroism and FTIR 

can compliment or substitute for the techniques for determination of the secondary 

stmcture of proteins. 

In this research, we wanted to test whether the conformational changes are due to 

secondary stmctural conversions or due to spatial rearrangement of CRP secondary 

stmcture to affect CRP tertiary stmcture. Also, secondary stmcture content determination 
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of each mutant highlights the importance of the substituted position for the stmcture. 

Since CRP solubility and size cause problems with NMR and X-ray, the conformational 

change was tested by the compliment techniques. 

CD and Fourier Transform Infrared Spectroscopy as complementary techniques 

have some advantages and disadvantages. Absorbance of a-helices show a strong and 

characteristic CD signal and the fraction of proteins that adopt a-helical stmcture can be 

detemiined very well. In contrast, the molecular vibrations of a-helices show relatively 

weak absorption in FTIR, whereas |8-strand and |8-tum stmctures show increased 

vibration and therefore show a stronger FTIR signal. 

Both techniques suffer the same disadvantage in that regions of the absorption 

bands overlap. These sub-bands cannot be resolved by spectroscopic techniques, since 

the widths are greater than the resolution. 

FTIR spectra can be manipulated by mathematical operations like calculation of 

second derivatives, fourier self-deconvolution and curve fitting. The secondary derivative 

of the Amide I band is preferred for reasons explained below. 

Estimation of the secondary stmcture from CD spectmm remains a sophisticated 

task compared to FTIR analysis. Despite many proposed methods of analysis, variable 

selection and neural network methods remain the preferred methods used to analyze far-

UV spectmm of proteins to determine secondary stmcture content. 

Despite lacking stmctural information in atomic detail for the non-functional 

forms of CRP, these techniques provide enough evidence to compare secondary stmcture 

contents. 



Specific methods 

Determination of CRP secondary stmcture by 
Fourier transfomied infrared spectroscopy 

Protein solution preparation, infrared measurement 
and data manipulation 

CRP was dialyzed against 30 mM sodium phosphate buffer, pH 7.4. 

Commercially available Spectra-Tech Disposable IR cards (STIR) were used for sample 

support during transmission analysis. ST-IR cards are easily fit into the slide mount of a 

Thermo Nicolet FT-IR Magna IR 550 spectrometer sample chamber and can be used in 

the mid-infi-ared region (4000-400 cm"'). Type I PE Polyethylene and type II PTFE 

Polytetrafluoroethylene cards were used in protein secondary stmcture analysis, since 

neither polymer interferes with the signal at the amide 1 region (1700-1600 cm" ). 

Baselines were corrected using Omnic 6A software when the type II ST-IR cards was 

used. 

Samples were smeared onto the card surface and incubated in 37"C to evaporate 

water. Since extended incubation times cause protein stmctural changes due to a 

decreased amount of water residues surrounding protein samples, purged samples 

collected at different incubation times were compared. It was observed that at longer 

incubation times (more than two hours) the CRP signal shifted to ^-sheet stmctures so all 

the scans were mn on samples that were incubated for ca.30 minutes. 

For each sample, a 1000-scan interferogram was collected at a 2 cm"' resolution 

and 1 cm"' interval from 4000 to 400 cm"' in single beam, auto gain mode. Water vapor 

subtraction was made according to Figure 4.1. Each sample and the background were 

purged to decrease the water vapor interference with the spectmm. The background and 
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reference spectra were mn under the same conditions for each protein; concanavalin A, 

lysozyme, hemoglobin, a-chymotrypsin. The subtraction of water vapor and the 

background spectmm is outlined below. The resulting difference spectra were smoothed 

using a nine-point Savitsky-Golay function (Savitsky-Golay). Second-derivative spectra 

were obtained using a five-point Savitsky-Golay function as explained below. Spectra 

were normalized to unity to allow direct comparison of the CRP spectra. After assigning 

secondary stmctures to deconvoluted amide I bands by second derivation, the relative 

amounts of secondary stmcture, and the area under the peak was calculated. 

Deconvolution 

The same procedure was used for fourier self deconvolution and 16 cm"' half-

bandwidth and 2.3 K resolution enhancement value were used for the analysis. Fourier 

transformation of spectmm is outlined below. 

Second derivative spectra and determination of quality of the spectmm 

The second derivative of an interferogram can be calculated by the analytical 

method of Susi (Susi 1986), since FTIR spectra are digitally encoded with n data points 

per AW frequency units the following relationship holds: 

AW = Akl{2"'), Equation 4.1 

where Ak is the wavelength resolution and m is the number of times the interferogram 

was zero-filled prior to Fourier transformation. The second derivative in absorbance units 

per wavenumber square is then expressed as: 
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"'" ~ 7 r T ^ ^ ^ " + ̂  ~ ^ ' ' " ^ ' ' " - l ^ Equation 4.2 
{Ml ) -

where A„ is the absorbance at data point n. Prior to plotting the curve, a seven-point 

Savitsky-Golay smoothing function was conducted (Savitsky 1964). Thus, deconvolution 

of the absorption between 1700 and 1600 cm"' by second derivative treatment can lead to 

the resolution of individual absorption bands. 

For an isolated molecule, the shape of the absorption band can be expressed by a 

Lorentzian or Gaussian band. Approximation by Lorentzian band for maximum 

absorption is: 

^ ~ 7 -y r̂— Equation 4.3 
;r(cr^+A:^) cr;r(l + M ^ ) 

And the same maximum absorption for the second derivative is; 

„ _ - 2 ^ ( l - 3 M ' ^ ) 

cT;r(l + M " ) ' 
'^"~ ,̂ „, 2x3 ' Equation 4.4 

where a is the half width at half-height (HWHH) of the band, B=a'^, and k is the 

frequency. Thus we can relate peak intensity and peak height by comparing A and A , 

where the ratio between peak heights is proportional and is the ratio between half widths 

inversely proportional. This could be used in determination of water vapor peaks since 

the second derivative will give weak but sharp lines for noise (water vapor). Normally, a 

real spectral band deviates from either Lorentzian and/or Gaussian peaks. However, when 

we combine the criterion discussed previously, a smooth horizontal baseline should be 

obtained fi-om 2000 to 1750 cm"'. The process provides a good approximation for 

secondary stmcture prediction (Byler 1986; Susi 1988). 
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Fourier self-deconvolution 

Fourier transformation of a Lorentzian band yields an interferogram. Since the 

exponent of the interferogram is proportional to a (Equation 4), the reverse Fourier 

transform narrows the original Lorentzian band according to a given resolution 

enhancement factor, K, and a given band width, HWHH (Susi 1988; Rahmelow 1996). 

Criteria for subtraction of the water spectmm 

Using a short path length for measurements of a protein spectmm in water limits 

the intensity of water absorption and decreases the signal to noise ratio (Dong, Huang et 

al. 1990). Bands originating fi-om water vapor that distort the signal cannot be removed 

by regular subtraction procedures. Decreasing the path length in aqueous solution 

enhances secondary stmcture measurements. Extra band positions appear in a protein 

spectmm due to poor compensation of water spectmm and these bands cause problems in 

secondary stmcture assignment. Two criteria were used for water vapor subtraction 

(Dong, Huang et al. 1990). First, regardless of the baseline, absorption of water vapor 

bands originating from liquid water and vaporized water should be subtracted fi-om the 

protein spectmm between 1800 and the 1500 cm"' wavenumber. Second, a smooth 

baseline should be obtained from 2000 to 1750 cm"'. The water vapor subtraction 

procedure is outlined in Figure 4.1. 

Assignments for deconvoluted amide I bands 
and secondary stmcture assignment 

Enhancement and second derivative methods were used to deconvolute the amide 

I bands for each protein (Susi H 1983, 1986, 1988; Susi, Byler et al. 1985; Byler 1986; 
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Byler and Susi 1986; Susi and Byler 1987; Surewicz 1988; Dong, Huang et al. 1990; 

Bandekar 1992; Surewicz WK 1993). Values of bandwith and enhancement factor, K, 

were found to vary from sample to sample, thus this enhancement method did not provide 

reliable data. More consistent information was obtained from the second-derivative 

analysis, thus all band assignments were based on this method. 

Secondary stmcture assignments of the reference proteins were obtained from the 

protein data bank. Hemoglobin is composed of 76% a-helix, 13% (S-sheet, 11% random 

and no |8-tum stmcture. Conconavalin A is composed of 3% a-helix, 44% /3-sheets, 25% 

/3-tum, and 28% random. Lysozyme and a-chymotrypsin have mixed a-helix and jS-sheet 

sfincture containing; 36-11%) a-helix, 10-35% |8-sheet, 36-25%) /S-tum, and 19-30% 

random stmctures, respectively. Table 4.1 gives the assigned secondary stmctures for the 

reference proteins in solution and on ST-IR cards. All secondary stmcture assignments 

are in good agreement with literature values. 

Determination of CRP secondary stmcture by far 
UV-Circular dichroism (CD) spectroscopy 

Protein solution preparation, CD measurement 
and data analysis 

Before mnning samples in the CD, protein concentrations were measured to bring 

activity to unity. Protein concentrations were determined by UV absorbance at 278 nm. 

The far UV CD spectra for proteins was measured in the presence and absence of cAMP 

ligand at room temperature with an OLIS spectrometer in the wavelength range of 180-

260 nm using a 0.1 mm path length quarts cell. Spectra were corrected by subtracting 
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Table 4.1. Amide 1 frequency assignments of FTIR reference 
bands for CRP and mutant proteins. 

Mean fi-equency, cm'' 

1620 

1631 

1640 

1648 

1656 

1665 

1670 

1680 

1689 

Assignment 

P-sheet 

P-sheet 

P-sheet 

Unordered 

Helix 

Tum 

Turn 

Tum 

Tum 



background and converted to mean residue ellipticity (deg cm^/dmol) using a mean 

amino acid residue weight of 113 g/mol. 

Secondary structure estimation using circular dichroism 

Estimation of protein secondary structure from CD spectmm deconvolution is a 

sophisticated task. The subject has been reviewed by many authors (Adler, Greenfield et 

al. 1973; Johnson 1985, 1988, 1990; Woody 1985; Yang 1986; Manning 1989; Woody 

1992). There are several different approaches to deconvolute the spectmm and some 

assumptions must be made to analyze protein spectra. These include the assumption that 

solution and x-ray crystallography stmctures are essentially identical, the individual 

contributions of secondary stmctural elements are additive, and the effect of tertiary 

stmcture along with nonpeptide chromophore effect can be neglected (Woody 1985; 

Manning 1989). 

Determination of basis spectra of secondary stmctures 

Provencher and Glockner (1981) fit the CD spectmm of an unknown protein by 

using a set of proteins with known secondary stmctures. Since the fitting process involves 

many parameters and constants, they found that ridge regression improved curve fitting 

(Provencher 1981). Ridge regression is decided by the following relafionship: 

S{A)^ hiRiW, Equation 4.5 
/ = 1 
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where n is the number of CD spectra, 5(A) is the CD spectrum of unknown protein, 

/?,(A)is the CD spectra of reference proteins, and y, is a coefficient obtained from the 

fraction of residues of reference protein. 

Other approaches to fitting CD spectra include representing the spectral data as 

vectors to produce a matrix to which a singular value decomposition method would be 

applied (Hennessey and Johnson 1981). 

In addition, volume minimization procedure known as convex constraint analysis 

(CCA) was introduced by Perczel who developed as a method for calculating the basis 

spectra (Perczel 1991). 

A new method based on neural network was introduced by Bohm et al to 

determine protein secondary stmcture (Bohm 1992). In this work two algorithm were 

used; K2D and Varselec. 

K2D CD deconvolufion program 

The K2D algorithm is based on neural network theory. The program uses as a 

data set 41 CD values expressed in deg cm^ dmol"' between 200 nm and 241 nm. This 

program, mn under DOS, produces an output file that gives the predicted secondary 

stmctures and the distance between the real and the neuron spectra obtained in the same 

system as a measure of accuracy (Andrade M.A. 1993; Merelo 1994). 
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VARSELEC CD deconvolution program: variable selection 
to analyze a CD spectrum 

The program uses as a data set CD values that range between 260 nm and 178 nm 

for a total of 81 data points. The algorithm is based on singular value decomposition as 

explained above. Some reference proteins were removed from the basis set to improve 

CRP fit. The program was compiled in DOS and CD data were entered in delta epsilon 

units to an input file, B.data, starting from the shortest wavelength. Then the N.Data was 

edited to the B.data form and the program executed (Compton 1986; Manavalan 1987). 

Protein secondary stmcture prediction 

PSIPRED secondary stmcture prediction 

This algorithm generates a filtered secondary stmcture profile fi-om an amino acid 

sequence. This program uses PSI-BLAST intermediates for sequence profiles and inputs 

the results to a secondary stmcture prediction. To increase the performance of PSI-

BLAST, the program uses a custom sequence data bank. Inputs to the neutral network are 

obtained after three iterations of position-specific scoring matrix. Then, successive 

outputs fi-om the main network are filtered (Jones 1999). 

GenTHREADER protein fold recognition 

This algorithm uses threading techniques to evaluate sequence alignment and a 

final prediction is produced by a neural network. The alignments are performed by 

sequence profile methods using the protein data bank (Taylor 1988). A global-local 

dynamic programming alignment algorithm aligns the sequences. The program uses a set 
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of pair-wise mean force and solvation potentials to evaluate the alignment along with 

reference against an implied model (Hendiich 1990; Jones 1992; Jones 1999) 

Procheck software 

To determine the sterochemically allowed secondary-stmcture assignments in 

regions of the protein, Ramachadran plots were generated using Procheck software 

(Morris A L 1992; Laskowski R A 1993) 

Ligplot software 

Specific contact region diagram of CRP and cAMP was generated by this software to 

determine the key residues (Wallace A C 1995). 

Results 

Mutagenesis and preparation of proteins for CD 
and FTIR analyses 

Site-directed mutagenesis was used to substitute Gin for Arg82, and either Asp or 

Gin for Glu72. WT plasmid pLEXcrp was used as a template for the mutagenesis 

reactions. The mutagenic primers are listed in Table 2.1. Mutations were confirmed by 

DNA sequence analysis on an ABI Prism 310. 

All proteins were dialyzed twice against TRIS buffer (30 mM TRIS, 0.1 M KCl, 

ImM EDTA pH 7.8) and clarified by centriftigafion at 13,000 rpm at 4''C. Protein 

concentration was determined on the clarified supematant fractions as outlined in Chapter 

II. 
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The same procedure was followed in preparing proteins for FTIR experiments 

with the exception that 20 mM phosphate buffer was used to eliminate C - 0 vibrations. 

Circular dichroism experiments 

Because of the higher absorbance of protein in this region, a short path-length cell 

was used in the CD experiments to prevent noise. To further decrease buffer absorption 

both TRIS and salt concentrations were decreased to 30 mM and 0 mM respectively. All 

buffer solutions were filtered and degassed prior to use. The CD spectrometer was 

allowed to warm up for thirty minutes and the sample chamber was purged with nitrogen 

gas. Settings were stated in Materials and Methods. The Spectra of the both WT CRP and 

the mutant forms of CRP are shown in Figure 4.1. 

Cyclic AMP addition to CRP solution resulted in CRP aggregation and distorted 

the CD signal. Several attempts were made to acquire a reasonable spectmm after 

diluting the sample, none were successfiil. Ultimately, CRP spectra in the presence of 

cAMP were not obtained due to CRP solubility problems. 

Deconvolution of CD spectra and calculation of secondary 
stmcture content of the proteins. 

Two programs that utilize different approaches to spectra deconvolution were 

used to interpret far-UV CD spectra. The first, K2D, was mn under DOS and the output 

file gives the predicted secondary stmctures (Table 4.1) (Andrade M.A. 1993; Merelo 

1994). The second, VARSELEC was mn and results of these deconvolution procedures 

are given in Table 4.2 (Compton 1986; Manavalan 1987). The results showed that 

mutations on position 72 and 82 exhibited essentially the same secondary structure 
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content as WT CRP. The a-helix content values detemiined by CD were close to those of 

X-ray; however, ^-sheet content was relatively low due to the nature of CD technique. 

FTIR spectroscopy experiments 

Secondary structure analysis was performed using the amide I region (1700-1600 

cm"') of the FTIR spectmm. The instrument software, Omnic 6A, was used for 

mathematical manipulations. 

Apo-protein absorbs at the amide 1 region (Figure 4.3). Fortunately, cAMP 

absorbs outside of the amide I region (Figure 4.4). This makes deconvolution easier since 

the presence of cAMP does not interfere with protein secondary stmcture absorption 

regions (Figures 4.3 and 4.4). After assignment of secondary stmcture bands, estimation 

of the amount of each secondary stmcture component was done by calculating the areas 

under the peaks of second derivative curves (Figure 4.5 and 4.6). 

Reference proteins mn on FTIR and the secondary stmcture assignments of four 

globular proteins is given in Table 4.1. The results are consistent with literature values 

with a small shift in fi-equency (2-4) (Table 4.3). Bands are assigned by first determining 

the second derivative of the FTIR spectra (Table 4.1). 

CRP spectra were analyzed in two ways: second derivative deconvolution and 

Fourier self-deconvolution. The deconvolution method required two input constants: the 

estimated half-width at half-height of the unresolved bands, a, and the resolution factor, 

K, which reflects the narrowing of the bands. When determining these two parameters for 

CRP, we did not obtain constant values for a and K. More information was obtained from 

spectral analysis using the second-derivative approach. All band assignments were based 
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Figure 4.3. FTIR Spectrum of CRP in the absence of cAMP. 
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Figure 4.4. FTIR Spectmm of CRP in the presence of cAMP. 
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î  V 

i j i 4 ; t ' 

P-tum. 

w'v \/ 
v' 

Mf:- 167:' 

a-helix 

', 1 
\' 

l'->: 
n-v r. 

Random 

1 1 ' \ 
; 1 
1 ! 1 

1 1 '•' 
1 1 
! 1 

1̂ 

t.'?^ 
•.utivr-t'.TL- > 

P-sheets 1 
1 

;• ••••, / ' i' 

V \ 1 \l \ 1 ••,.' 

V 

« : K.'-; i^'i 

t 

-.f.i'-. 

_--

! ! 

! j 
i 1 

i 1 
' ' 

—' i 

1 

Figure 4 6 Calculating secondary stmcture content of WT CRP protein using double-
baseline method Dong (1990). ST-IR cards used to overcome CRP solubility problems. 
Individual bands assigned using reference protein spectra. 
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Table 4.3. Comparison of amide I band assignments with 19 globular proteins. 

Mean fi-equency, cm"' in 
this laboratory 

1620±4 
1631±2 
1640±3 
1648±4 
1656±3 
1665±3 
1670±3 
1680±4 
1689±3 

Assignment 

P-sheet 
p-sheet 
P-sheet 

Unordered 
Helix 
Tum 
Tum 
Tum 
Tum 

Mean frequency, cm"' for 19 
globular proteins 

1624±4 
1631±3 
1637±3 
1645±4 i 
1653±4 
1663±4 
1671±3 i 
1683±2 
1689±2 J 

101 



on this method (Susi H 1983, 1986, 1988; Susi, Byler et al. 1985; Byler 1986; Byler and 

Susi 1986; Susi and Byler 1987; Surewicz 1988; Dong, Huang et al. 1990; Bandekar 

1992; Surewicz WK 1993; Rahmelow 1996; Dong, Malecki et al. 2002). 

Table 4.1 gives the assigned secondary structures for the reference proteins in 

solution and on ST-IR cards. As shown in the table, both techniques yield the same 

values, thus indicating the use of ST-IR cards for this study. 

Simulation of WT and mutant folding and comparison 
of secondary stmctures 

To compare the WT and mutant forms of CRP a secondary stmcture prediction 

program PSIPRED was mn. Also, protein folding patterns were determined using the 

GenTHREADER program. The results showed that WT and mutant forms of CRP were 

predicted to retain the same secondary stmcture content (Figure 4.7) and folding pattern. 

Comparison of CD and FTIR results with other techniques 

Table 4.4 shows the comparison of different techniques along with CD and FTIR 

results. The results presents here are in close agreement with values reported in the 

literature. The differences are due to the nature and limitation of technique as explained 

in the discussion section. 

Discussion 

Interaction between a ligand and a protein can affect the stmctural properties of 

the protein and intramolecular arrangements between amino acid residues within the 

protein. Transcription regulation by CRP is controlled by cAMP. ft has been suggested 
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CPFl6ELGl.FEEGQE6sAW\'RAKTACEVAE15^XKFPgLIvVNFDILMP L 5 AQMAP P LQW 

^ ^ 85 $5 96 *5 \36 [3s Tfo Tî  r?o" 
i W _ _ , , , ... .-, H5 

TTT 

TSEKVONLAFLt'VTGRIAQTH.NLAKQPDAMTHPDqMI^IKnRQEIGQIVQCSRETVOBI 
'^^ ils i3o 145 i^o lE [So i S i?o Hi Tio i i T 

LKMLEOQNUSAHGKTI W v i 

R««id»e*>Wlactic>iiB:- • wHhUffui6 

Key for PSIPRED PREDICTION 
Conf: Confidence (O=low, 9=high) 
Pred: Predicted secondary structure (H=helix, E=strand, C=coil) 
AA: Target sequence 

WT CRP 
Conf 
Pred 
AA 

99883388 622135 6624 8 997 408 999934 54 9998 6588 99999962 98 999999 999 
EEEEECCCCCCCHHHHHCCCCCCEEEEEEECCEEEEEECHHHHHHHHHHCHHHHHHHHHH 
ILSYLNQGDFIGELGLFEEGQERSAWVRAKTACEVAEISYKKFRQLIQVNPDILMRLSAQ 

72 82 

R82Q CRP 
Conf: 8 9883488521035662489863289998355599985588 9999996286999999998 
Pred: EEEEECCCCCCCHHHHHCCCCCCEEEEEEECCEEEEEECHHHHHHHHHHCHHHHHHHHHH 
AA: ILSYLNQGDFIGELGLFEEGQEQSAWVRAKTACEVAEISYKKFRQLIQVNPDILMRLSAQ 

72 82 

E72Q CRP 
Conf: 888734 8851103555158 997318 99995436999855889999996298999999999 
Pred: EEEEECCCCCCCHHHHHCCCCCCEEEEEEECCEEEEEECHHHHHHHHHHCHHHHHHHHHH 
AA: ILSYLNQGDFIGQLGLFEEGQERSAWVRAKTACEVAEISYKKFRQLIQVNPDILMRLSAQ 

72 82 

E72D CRP 
Conf: 88873488421124 54 0588874189998233699973588 9999997288999999999 
Pred: EEEEECCCCCCCHHHHHCCCCCCEEEEEEECCEEEEEECHHHHHHHHHHCHHHHHHHHHH 
AA: ILSYLNQGDFIGDLGLFEEGQERSAWVRAKTACEVAEISYKKFRQLIQVNPDILMRLSAQ 

72 82 

Figure 4.7. Secondary stmcture of CRP (top) and prediction of secondary stmcture 
content by PSIPRED program (bottom). 
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• ê  t 
o o 
^ -5 
IH C 

In
 th

is
 la

bo
 

In
 th

is
 la

bo
: 

fN en 

r-- (N 
^ (N 

ON 00 
r-H , - H 

00 f n 
C<̂  CNl 

IH 

fe -^ 
fl U 

n 
T

ri
s 

b 
ho

sp
ha

t 
C

D
,i

 
D

, 
in

 p
 

u 

^ b ° 
O ON 

^ ^ 

In
 th

is
 la

bo
] 

W
ar

te
ll 

et
 a

l 

o o 

m 00 
CN rt 

ON 00 
<N (N 

NO •<* 
• * • * 

- f 

tio
n 

o 

pr
ed

i(
 

im
an

 
P

si
pr

ed
 

R
a 

o 
ON (N ON O 
^ o 

. (N 

rsi (N 
o o o o 
fN <N 

1 
00 
ON 
T-H 

W
ar

te
ll 

et
 a

l 
D

on
g 

et
 a

l. 
D

on
g 

et
 a

l. 
D

on
g 

et
 a

l. 
St

ei
tz

 e
t a

l. 

ri 1̂  

r-- o 
rt fS| 

en NO 
en en 

o r>-
en en 

+ 

im
an

 
cu

rv
e 

Pi d 

FT
i; 

NO r^ 
»-H , - H 

r~~ 0 0 
1-H , - H 

'^ r-
Tf • ' i -

en 00 
fN ^ 

-1-

u o 
> > 

• ^ " ^ 

.> .> 
'C "C 

n
d

d
e 

n
d

d
e 

o o 
o o 

IR
, s

e 
IR

,s
e 

H H 
b b 

</-) 
m 

ô 
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that cAMP alters CRP stmcture such that it adopts a specific subunit orientation that 

makes the protein active (De Crombmgghe B 1971. 1984; Aiba, Fujimoto et al. 1982; 

McKay DB 1982; Garges and Adhya 1985; Botsford and Harman 1992; Kolb, Busby et 

al. 1993). Heyduk and Lee (1989) reported three conformational states of the protein and 

several investigations indicate that CRP:(cAMP), forms a high affinity complex with 

CRP-dependent promoter sites (Gamer MM 1982; Fried \IG 1984; Heyduk and Lee 

1989). 

The purpose of this part of the project was to investigate if amino acid substitution 

at positions 72 and 82 affected changes in CRP stmcture and to evaluate the differences 

these amino acid substitutions show in responding to the stmctural transition upon cAMP 

binding. The transformation may originate from secondar>' stmcture chzmge or three 

dimensional arrangements of domains. FTIR and CD can highUght the first assumption 

and give indirect information for the latter part. 

CD is a useful technique to examine site-directed mutants for stmcture-ftinction 

studies. The far-UV spectrum can provide information concerning the extent of 

conformation effects on CRP brought about by the amino acid substitution. The near-UV 

spectrum can give similar information about tertiary stmcture. Attempts have been made 

to derive secondary sti^cture content firom far-UV CD and those experiments showed that 

apo-CRP and mutant forms have similar secondary stmcture content. However, we were 

unable to analyze the proteins in the presence of cAMP using this method, hi the 

presence of cAMP. we encountered hght intensit> problems at short \va\ elengths and 

distortion of the overall shape of the spectrum. Different concentt^tions of the protein and 

salt were used to attempt to o%ercome these problems but CRP aggregation and 
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precipitation did not allow us to generate reliable spectra. The shape of the apo-CRP CD 

spectrum between 240 and 200 nm indicated that CRP a-helix content was approximately 

30% helix. This result contrasts with the results of analysis of the mean residue ellipticity 

of CRP-cAMP CD at 222 nm (typical a-helix absorption wavelength) which suggested 

CRP stmcture was mainly random coil. This discrepancy originates from the 

overestimation of CRP concentration, or more precisely, CRP loss of solubility. As 

stated earlier, these solubility problems did not allow us to perform near-UV experiments. 

Another disadvantage of CD is that the contributions of aromatic side chains and 

disulfide bonds can not be computed since they depend on the microenvironment of the 

choromophore. Nonetheless, CD experiments provided a comparison of WT and mutant 

forms of CRP. It is obvious that the stmcture was independent of the mutant position and, 

for all four proteins, remained essentially the same. 

A comparison between the ligated and unligated state of CRP was accomplished 

using FTIR spectroscopy. As the data listed in Table 4.4 shows the results of FTIR 

experiments were in agreement with those obtained by X-ray crystallography. This 

compares solution and solid state of protein. Although secondary stmcture content 

determination for X-ray stmcture depends on accurate bond lengths and angles, the 

secondary stmcture content is subjective. The uncertainty arises from the choice of the 

point where an ideal secondary stmcture has been defined. The difference between 

techniques causes slight alterations and this explains the small differences between the 

results. The FTIR results indicate that secondary stmcture content of apo-CRP and the 

CRPxAMP complex remains essentially same. 
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FTIR results are consistent with results reported by Dong and Lee. Although the 

experiment reported by them was performed in deutorated water, their results show 

similar secondary structure content with our experiments (Table 4.4). The deconvolution 

of FTIR spectra showed more bands than that of Dong and Lee. This increased number of 

bands provided increased accuracy of the secondary stmcture estimation. 

Protein secondary stmcture estimation by PSIPRED gave useful results. This 

program predicted that the amino acid substitutions at position 72 and 82 would have no 

effect on protein secondary structure. In terms of thermodynamic data, amino acid 

substitution at position 72 increased the i8-sheet stability whereas the position 82 

substitutions had little effect on |3-sheet stability (Table 4.5). This result makes sense 

because the folding patterns determined using the GenTHREADER program predicted 

the same protein pattern. However, the change in cAMP binding constants (Chapter III) 

reflects the importance of hydrophobic interactions between side chains (Fersht 1999). 

The results showed that the WT and mutant forms of CRP retained the same 

secondary stmcture content (Figure 4.4). Therefore CRP forms a class II type interaction 

with cAMP as described by (Uversky 1998) in which apo-form and holoprotein show 

similar secondary stmctures but differ in the spatial arrangements of the stmcture. These 

differences in tertiary stmcture determine CRP activation. 
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CHAPTER V 

EFFECT OF POSITION 72 AND 82 AMINO ACID 

SUBSTITUTIONS ON CRP INTERACTION WITH DNA AND RNAP. 

Objectives 

The Esherichia coli CRP is a cAMP-dependent, sequence-specific DNA-binding 

protein (de Crombmgghe B 1984). In the presence of cAMP, CRP binds to specific 

promoter regions and either stimulates or represses transcription from those promoters 

(Aiba, Fujimoto et al. 1982; Taniguchi and de Crombmgghe 1983; Malan, Kolb et al. 

1984; Malan and McClure 1984; Spassky, Busby et al. 1984; Meiklejohn AL 1989; 

Sfraney DC 1989). The crystal stmcture of CRP shows a helix tum hehx motif which is 

one landmark of a DNA binding domain. Site-directed mutagenesis experiments showed 

that this motif is the major contact region between CRP and specific DNA sequence 

(Ebright, Cossart et al. 1984). Nuclease protection and interference experiments 

identified specific contacts between this motif and DNA (Ebright, Cossart et al. 1984; 

Gent, Gartner et al. 1987; Gent ME 1987; Berg and von Hippel 1988; Zhang and Ebright 

1990). 

The consensus CRP binding site shows a two-fold symmetry around a dyad axis. 

Experiments show that each subunit of CRP interacts with these symmetric sites. Several 

models concerning cAMP-CRP-/ac site complex have been proposed. Many of models 

considered DNA bending as one important element in the production of an active 

transcription initiation complex (Ebright, Cossart et al. 1984; Wu HM 1984; Dnpps D 

1987; Ebright, Ebnght et al. 1989; Giraud-Panis MJ 1992). Another important element, 
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perhaps initiated through a mechanism that involves DNA bending, is protein:protein 

contact where CRP and RNA polymerase (RNAP) form specific interactions essential for 

RNAP activity of certain promoters. 

This part of the project investigated the effect of CRP mutations on DNA binding. 

FTIR experiments showed that CRP secondary stmcture remains essentially unchanged 

upon binding of cAMP. This suggests that upon binding cAMP the CRP DNA binding 

domain was brought to a correct conformation to interact with DNA. Therefore, the effect 

of mutations at positions 72 and 82 on this stmctural arrangement was investigated. 

To determine DNA binding, two types of experiments were conducted; cAMP 

and, protein titrations. Cyclic AMP titration should give a Gaussian-type curve if the 

second cAMP binding decreases DNA affinity whereas protein titration should enable us 

to asses the strength of the CRP:DNA interaction. Gartenberg and Crothers showed that 

CRP interaction with lac? requires a consensus core sequence and some additional 

flanking base pairs. For DNA binding experiments a short DNA fragment was chosen to 

avoid nonspecific interactions. 

Transcription initiation in the operon is multi-step procedure. The operon is 

subject to regulation by both a repressor (Lad) and an activator (CRP). These two 

proteins interact with RNAP at lac? to regulate transcription. The second purpose of the 

chapter is to determine the effect of mutations on RNAP interaction. 

Measurements of /3-galactosidase activity have been used to determine the 

activity of lac?. CRP mutations can affect lac? at several levels. 

i. CRP does not bind cAMP; in this event lac? would not be active, 

ii. CRP:cAMP complex does not bind DNA; in this event lac? would not be active. 
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in. CRP:cAMP:DNA complex does not establish the correct architecture for the promoter 

or fails to establish the correct contacts with RNAP; in this event lac? would be less 

active or, perhaps, inactive. 

Synthesis of the enzyme |8-galactosidase occurs in E. coli strains in response to 

the presence of an inducer. Therefore, several criteria must be considered while 

performing these experiments. Endogenous CRP and cAMP expression may be 

eliminated by chromosomal deletion of crp and cya. Expression vector pRE2crp and host 

strain E. coli CA8445/pRK248 was chosen for this purpose. The vector pKE2crp has the 

crp gene located downstream from the promoter, XPL, and expression of promoter is 

regulated by a temperature sensitive repressor Xcl synthesized from plasmid pRK248. At 

30°C active Xcl binds to XPL, and prevents transcription. At 42°C repressor dissociates 

from XPL DNA and cells express the crp gene. The design of the experiment gives insight 

about the functional properties of mutant proteins compared to that of WT. 

Specific methods 

In vitro characterization of DNA binding 

DNA binding assay 

The nitrocellulose filter binding technique used to determine CRP binding to 

LCAP oligonucleotide which contains the lac? binding site for CRP. This method 

consists of mixing protein with labeled DNA in the presence or absence of cAMP and 

filtering the mixture through a nitrocellulose membrane. Duplex DNA was equilibrated in 

binding buffer (30 mM Tris-HCl, pH 8.0, 2.5 mM MgClz, 0.1 mM EDTA, 0.1 mM DTT, 

100 mM KCl, 50 ^g/ml BSA) and 25-mm Millipore mtrocellulose filters (HAWP 01300, 
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pore size 45 îm) were treated with wash buffer (binding buffer without the semm 

albumin and dithiothreitol) at 4 T at least 4 hours. The filters were then brought to room 

temperature before use. CRP at the indicated concentration was complexed with DNA 

(27 pM) in the absence and presence of 200 ^M cAMP. Also at constant cAMP and DNA 

concentration a series of titrations were performed at different protein concentrations, hi 

this protocol, 500 \iL reaction mixtures were incubated one hour at room temperature. 

Then the samples were passed through filters. The filters were suctioned with a moderate 

vacuum. Filters were then air dried. The extend of DNA binding was determined in a 

Beckman LS 5000 TD scintillation counter by standard liquid scintillation techniques. 

The amount of DNA retained in filter in the absence of cAMP and protein served as 

background and all data was corrected for background. The radioactivity retained on the 

nitrocellulose filters was plotted against protein or cAMP concentration. The data from 

separate experiments were expressed as a percent of the total DNA bound were averaged. 

Synthesis of LCAP 

Two 41-residue oligodeoxyribonucleotides corresponding to the top and bottom 

strands of LCAP containing the primary lac? CRP binding site were synthesized using 

solid phase chemistry on an automated Beckman Oligo lOOOM synthesizer. Synthesized 

oligodeoxyribonucleotides were cleaved and deprotected using Beckman Fast Pak 

reagents and lyophilized at Texas Tech University Biotechnology Institute Core Facility. 

The sequence of LCAP is shown below: 

112 



oligo 1 5 - G C A A C G C A A T T A A T G T G A G T T A G C T C A C T C A T T A C T G C A C C C - 3 ' 

oligo2 5' G T T G C G T T A A T T A C A C T C A A T C G A G T G A G T A A T C C G T G G G - 3 ' 

Polyacrylamide gel purification 
of oligodeoxyribonucleotides 

The oligonucleotides were purified from 19% acrylamide/urea gels. Equal volume 

of sample and formamide mixed and heated to 65°C for 10 minutes. Xylene 

cyanol/bromophenol blue mix used as marker and pre-mn gel loaded with samples and 

bands were visualized with ultraviolet shadowing on a silica plate at 254 nm with a 

handheld UV illuminator. A strong dark band correspond to the full-length 

oligodeoxyribonucleotides was observed. By a razor blade the band cut out and 

acrylamide separated by 0.3M sodium acetate elution at 37°C ovemight. The supematant 

fraction was extracted with PCI, ethanol precipitated at -20''C, washed with 90% ethanol, 

dried, and resuspended with TE buffer. 

End labeling of LCAP 

The top-strand oligodeoxyribonucleotide was 5 -end labeled with [y-^^?]-AT? (10 

mCi/mL; specific activity: 3000 Ci/mmole) using polynucleotide kinase at 37°C for one 

hour. Polynucleotide kinase was heat-inactivated at 70''C for 10 minutes. A QIAquick 

column was used to purify 5 -end labeled top-strand oligodeoxyribonucleotide from 

unincorporated [7-^^P]-ATP. The top-strand oligodeoxyribonucleotide (72 pmol) and 

bottom-strand oligodeoxyribonucleotide (75 pmol) were annealed to yield double 

stranded LCAP in transcnption buffer (30 mM Tris, 2.5mM MgCL, 0.1 mM EDTA, 

O.lmM DTT, 100 mM KCl, pH 8). Annealing was initiated at 90°C in 100 ^L total 
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reaction volume and the temperature was gradually decreased to room temperature (22^0) 

over a period of 36 hours. 

To evaluate the labelling and annealing efficiency 3 ^L LCAP double strand 

mixed with 297 î L TE buffer and were divided to three parts. 100 îl was added to 

scintillation cocktail. A second aliquot of 100 \x\ was fihered through a Whatman glass 

microfibre filter and subsequently added to scintillation cocktail. The third aliquot of 100 

1x1 was treated with 2 mL of ice-cold 10% trichloroaceticacid, vortexed and incubated on 

ice for five minutes. The sample was then filtered using a Whatman glass microfibre 

filter pre-soaked in trichloroaceticacid and washed with 2 mL of ice-cold 10% TCA. The 

filter was then washed with 2 mL 95% ethanol twice. Finally, the filter was added to 

scintillation cocktail. When second and third part scintillation values were close to each 

other, no further treatment made. Specific activities of LCAP ranged from 25 to 32 

Bq/finol. 

DNase I footprinting assay 

DNase I footprinting reactions were carried out as described by Tagami and Aiba 

with some modification (Tagami and Aiba 1995). Two control experiments were mn to 

determine the conditions of footprinting reactions, DNase I and RNA polymerase 

titration. All footprinting reactions were mn in a 100 nL total volume. A master mix was 

prepared that contained labeled DNA and lOX buffer (50 mM CaCh, 50% glycerol, 200 

mM Tris-HCl pH 7.9, IM NaCl, 30 mM MgClz, ImM EDTA, and ImM DTT) to 

decrease the pipetting errors. 5' end labeled double-stranded lac DNA at 2.5 nM mixed 

with 100 nM cAMP at 37°C for 5 minutes. CRP and its variants added to initiate the 
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binding reaction. Then 100 nM RNAP was added to the mixture and incubated for 15 

minutes. After equilibrating LCAP with protein, freshly diluted DNase 1 (diluted in assay 

buffer without BSA, 2/5) was added to the solution. After one minute reactions were 

terminated with the addition of 25 |xL stop solution (1.5 M sodium acetate, 20 mM 

EDTA, and 100 ^g/ml tRNA). Samples were heated at 95 degrees for 10 minutes to 

denature the protein. A QIAEX II DNA desalting and concentrating kit was used to 

extract LCAP in a volume of 100 îL TE buffer. The DNA was precipitated with ethanol 

and 10%) sodium acetate. The mixture was centrifuged and the DNA precipitate was 

washed with 70% ethanol. The samples were vacuum dried. Samples were dissolved in 6-

8 (xL loading buffer (7 M urea, 0.025% bromophenol blue, 0.025% xylene cyanol). The 

samples were heated at 95°C for two minutes and loaded onto pre-cast, pre-mn 8-10% 

acrylamide gels that contained 7M. Electrophoresis was conducted at 1800 watts for a 

period of approximately 2 hours. Dried gels were exposed to BMR-2 X-ray films for 2.5-

6.5 hours with intensifying screen at -70°C. The films were brought to room temperature 

in 90 minutes before development. Each gel was autoradiographed twice at different 

exposure levels to ensure a correct exposure. Commercially available molecular 

dynamics computing densitometer was used to scan the films. 

Isolation of the lac fragment for DNase I footprinting 

The 203 bp lac? fragments were isolated from pHW104 vector (Gang and 

Harman 1997). Plasmid pHW104 has ^coRI restriction enzyme sites flanking the lac 

control region. The plasmid was isolated from E. coli following the procedure stated in 

Chapter II. After EcoRl digestion the lac? fragment was separated from vector sequences 
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on a one-percent agarose gel mn in TBE buffer. Ethidium bromide complexed DNA 

bands were visualized under UV light and the lac fragments were cut from the gel and 

extracted from the gel slice using Millipore ultrafree DA kit protocol. Ethidium bromide 

was removed from the solution by extraction with TE saturated butanol and the DNA was 

precipitated from the aqueous phase with ethanol and 10% sodium acetate. After 

centrifugation, the DNA was resuspended with TE buffer. The lac? DNA was 

dephosphorylated using shrimp alkaline phosphotase. The alkaline phosphotase was heat 

inactivated at 65°C for 15 minutes and QIAEX II kit used to clean up the DNA from 

enzyme. The DNA subsequently end-labeled using T4 polynucleotide kinase (10 ^L of 

10 units/|iL) and [7-^^P]-ATP 6000 Ci/mmol) for 2.5 hours at 37°C. The solution was 

heated to 70°C for 15 minutes and unincorporated label was removed from the sample 

using QIAEX II kit. To improve 5' end label, the lac? DNA was digested with NlalR. 

The digestion was carried out at 37°C for two hours in the presence of BSA. Again, the 

mix was cleaned from Nlalll using QUIAEX II and the extent of labeling was determined 

using standard liquid scintillation counting techniques. 

Equilibrium interaction of cAMP-CRP-LCAP 

CRP binding to DNA with and without cAMP were analyzed according to 

modified protocol of Takashi et al. (Takahashi, Blazy et al. 1989; Wyman 1990). 

D+Po DP, and Equation 5.1 

A = ^0 
[^^[P^ Equation 5.2 
[DP] ' 
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Where, D is the concentration of free DNA, P is the free protein concentration and DP is 

the concentration of the protein-DNA complex. According to mass-action law, the 

equilibrium dissociation constant (AQ). Thus, the equilibrium association constant of the 

reaction is the reverse, 1/Ao, of the dissociation constant. 

Experimentally the fractional degree of cAMP saturation can be determined as 

follows, 

,, bound T- *• CI 

v = —— , Equation 5.3 

tot 

where Pbound is the concentration of bound protein ligand and Dtotai is the total 

concentration of DNA molecules. We can express the equation for a protein containing 

one binding site as: 

v = . Equation 5.4 
[Dfr,,] + [DP] 

The nitrocellulose filter binding technique was used to determine the amount of protein-

DNA complex different concentrations of cAMP ligand. The concentration of free 

protein carmot be measured directly in the filter binding assay. However, we can express 

free protein concentration in terms of Ptot, and Dtot-

P^ =P -vD,„,, Equation 5.5 
free tot '°'' 

The equation becomes quadratic. This equation can be justified by the following values 

ofPfree: 

p = -B±ylB^-4AC Eq^.ti^^ 5 6 
free 2A 

where A=Dtot, B=Dtot+Ptot+Kd,s, C=Ptot-
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To find the root of the quadratic equation from the given data namely coefficients A, B, 

and C the term B ' - 4 A C in real number system should make sense. When the radical is 

negative the quadratic equation has no solutions in the real number system. Thus we 

obtain v as. 

DfOt + Ptot + f^dlS - ^ O t + Ptot + ^dis ) ^ - ^I^tOtPjOt P ,- . 7 
y = — . Equation 5.7 

in 

^^tot 

Fitting experimental data to v provides a dissociation constant without considering 

number of ligands bound to the protein (Rippe 1997). To find the individual binding 

constants of CRP:DNA complex for one and or two cAMP, K3, and K4 respectively, we 

need to apply partition function to the system (Wyman 1990). 

The binding partition function of DNA-CRP-cAMP system 

Contribution of each species relative to unligated form can be given as, 

0 - [P^^iPL^-iPL2\^iP^L]^[PDh^-[PD^ Equation 5.8 
^ [P] 

To decrease the nonspecific binding, high salt concentration (100 mM NaCl) was used in 

this experiment. Thus, the concentration of [PD] can be assumed zero. Taking the 

derivative of the equation with six variables gives us a complicated equation. Since 

cAMP affect examined each species can be written in terms of cAMP ligand (Takahashi, 

Blazy etal. 1989). 

[PL] = Kx[P][L] Equation 5.9 

[PL2]- K2[PL][L] = KxK2[P][L]^ Equation 5.10 
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[DP] = K(,[P][D] = K'j[L][DPL] 

[DPL] = K2>[PL][D] = K2>K^[P][L][D] 

[DPL2] = K4[PL2][D] = K4KiK2[P][L]-[D] 

Equation 5.11 

Equation 5.12 

Equation 5.13 

Also, K, = ^^^ and K,=^^. 

Again assuming constant temperature and pressure and taking the second derivative ofQ, 

Q = 

Q = 

d\nP _L dQ 

XnL ~ Q dL 

K,K,[L] + K,K,K,[Lf 

Equation 5.14 

Equation 5.15 
\ + K,[L] + K,K,[Lf 

We can also relate protein-DNA complex concentration to total DNA concentration by 

using mass conservation law and assuming the binding in the presence of ligand as shown 

below, 

[CRP-DNA] [PLD]HPL,D] Equation 5.16 

[DNA] [D] + [PLD] + [PL,D] 

where, D,^, = [D] + [PLD] + [PLD, ] 

and P,„, = [P] + [PL] + [PL, ] + [PLD] + [PL,D]. 

Equation 5.17 

Equation 5.18 

From mass conservation law, 

L,,,=[L] + [PL] + [DPL] + 2{[PL,] + [DPL,]) Equation 5.19 

A . =[l + {K,[P]K,K,[P][L] + K,K,K,[P][L']){2n-\)][D] Equation 5.20 

P,,,=[\ + K,+[L] + K,K,[L'] + {K, + K,UL] + K,K,K,[L'])[D][P] Equation 5.21 

or alternatively substituting [D] into P.ot and solving for the free protein concentration. 
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^ ' 2/1 Equation 5.22 

where, 

A = {K,K,[L] + K,K,K,[L']){l + K,[L] + K,K,[L'] Equation 5.23 

B = l + K,[L]{\ + K,[L]) + {K,+K,K,[L]){D,^,-P,J Equation 5.24 

C = —P 
101' Equation 5.25 

All approximations in terms of ligand concentration give the same expression as shown 

above. 

Resuhs 

Mutagenesis and preparation of proteins 

QuickChange Site-Directed Mutagenesis Kit was used to mutate the crp gene. 

The plasmid pLEXcrp was used as a template and the primers used in the mutagenesis 

reactions are listed in Table 2.1. Proteins were dialyzed against transcription buffer. 

The CRP gene mutated by the Kunkel method was the gift of Dr. Ali Belduz 

(Kunkel 1985). Ml3/crp/Ndel vector and E. coli CJ236 {duf, ung') was used as host 

strain (McClary, Witney et al. 1989). Mutants were generated from uracil containing 

single stranded phage DNA. Mutations are introduced by replicating these templates in 

vitro. Mutated DNA was used to transform competent E. coli CJ236 {dut^, ung*) cells 

and the cells were grown on LB plates ovemight at 37''C (Ausubel 1987). Cells 

containing the desired mutation(s) were selected after sequence analysis and used as the 

source of crp. A Ndel /Sad fragment of the replicative form of the mutant phage was 

subcloned into vector pRE2 that had been digested with Ndel /Sad. (Reddy, Peterkofsky 
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et al. 1989). The ligation mixture was used to transform competent E. coli D1210HP cells 

and the cells were plated in LB agar that contained ampicillin at 30''C. A single colony 

was used to inoculate 2 ml LB that contained ampicillin 30"C. Plasmid DNA was isolated 

from these cultures by Wizard Miniprep kit. 

Preparation of labeled DNA fragment 

To follow the labelling and annealing efficiency control experiments performed. 

Thus to detect any incomplete oligonucleotide, 19% acrylamide/urea gel were mn and 

bands were visualized with ultraviolet shadowing on a silica plate. A strong dark band 

correspond to the full-length oligodeoxyribonucleotides was observed. The band was cut 

out, extracted with and the DNA concentration was determined. For mutant proteins we 

deleted the UV shadowing purification step of the protocol since bulk of the 

oligodeoxyribonucleotides was located as a single thick band. 

Complementary 41-residue ohgodeoxyribonucleotides containing the primary 

binding site for CRP (LCAP) were synthesized using solid phase chemistry on an 

automated Beckman Oligo lOOOM synthesizer. To obtain end labeled LCAP, the top 

strand was labeled using standard techniques. ^^P-labelled top-strand 

oligodeoxyribonucleotide (72 pmol) and bottom-strand oligodeoxyribonucleotide (75 

pmol) were annealed in transcription buffer (30 mM Tris, 2.5mM MgCb, 0.1 mM EDTA, 

O.lmM DTT, 100 mM KCl, pH 8.00) to yield double stranded LCAP. The specific 

activity of duplex LCAP was determined to be in the range of 25 to 32 Bq/finol. 
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Cyclic AMP and protein titrations 

The results of the protein nitrocellulose filter binding assay show that in the 

absence of cAMP the WT and mutant fomis of CRP bound duplex LCAP DNA with 

similar affinities that ranged from 2.04x10^ M ' for R82Q to 8.40x10' M"' for the E72Q 

CRP (Figure 5.1, Table 5.1). These binding experiments showed that the WT CRP:cAMP 

complex binds to LCAP fragments with high affinity (2.92x10^ M ' ) . hi contrast, the 

E72D CRP:cAMP complex showed decreased binding affinity (3.16 xlO^ M'') whereas 

the other CRP:cAMP complex showed basal activity (10^ M"'). 

Protein binding experiments showed that 200 ^M cAMP brings 1 p.M CRP to 

almost complete saturation (Figure 5.1). Another set of titration experiments was mn at a 

fixed CRP concentration and varying the amounts of cAMP. Cyclic AMP titration results 

showed that for WT CRP:cAMP complex the binding of a second cAMP molecule 

decreases CRP DNA binding affinity (Figure 5.2 and Table 5.1). 

Theoretical calculations were done to determine the CRP:DNA species and 

linkage of this complex to cAMP. The results indicated that CRP:(cAMP|):DNA as 

active complex in transcription initiation (Figure 5.3, Figure 5.4, and Table 5.2). 

Table 5.3 compares CRP DNA binding data with literature values and our results 

are consistent with these values. 

Preparation of transcription complex 

D^ase I footprinting reactions were carried out in a 100 \i\ volume. Labeled lac 

DNA at 2.5 nM and cAMP at the indicated concentration were mixed. CRP at 100 nM 

was added and the mixture was incubated for 5 minutes at 37 °C. RNAP was then added 
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to the mixture and incubation continued for an additional 15 minutes. After equilibration, 

the DNA was treated with DNase I for one minute at 37 T and reactions were terminated 

by the addition of stop solution. Extracted DNA was dissolved in loading solution and 

loaded onto 8% polyacrylamide gel. The DNA samples exhibited fumieling or lane 

narrowing type behavior, particulariy those samples that contained the R82Q CRP. R82Q 

protein solubility is extremely low compared to WT and possibly less stable as well. Heat 

in the gel matrix may reach up to 5 5 ^ and migration of the protein could be as long as 

90 minutes. This condition can denature and even cause aggregation of R82Q. Visual 

inspection of polyacrylamide gel showed no DNA fragment at the bottom of gel. This 

observation supports aggregation behavior of R82Q protein. To prevent aggregation of 

protein and extracting DNA fragment out from the solution, transcription complex was 

heated to denature protein. Smearing caused problems as well. QIAEX II DNA desalting 

and concentrating kit from QL\GEN was used to prevent the effect of excess salt and 

nucleotides. 

Visualization of footprinting assays 

After Electrophorosis, gels were dried and, exposed to BMR-2 X-ray films with 

intensifying screen at -70''C. Prior to development the film was brought to room 

temperature and the developed gel autoradiographed. 

Figure 5.5 shows the result of DNase I footprinting reactions. First two lanes 

show control experiments to show that the enzyme is working; lane 1 is no DNA and lane 

2 is DNA and DNase I. Control experiments showed that DNase I digests DNA. WT, 

E72Q, E72D, and R82Q CRP were mn without cAMP (lanes 3, 6, 9, 12), with cAMP 

(lanes 4, 7, 10, 11) and with cAMP and RNAP (lanes 12, 13, 14), respectively. WT CRP 
123 



100 

20 

80 -

^ 6 0 -
o 
_) 
c 

1 4 0 -

• 
• 
A 

V 

WT CRP -t-cAMP 
R82Q-^cAMP 
E72Q-fcAMP 
E72D-KCAMP 

• 

B M ^ ^ 

-7 

V V 

A A A ^ 

100 

80 

60 

40 

20 

-

'L 

• 
• 
A 

V 

WT 
R82Q 
E72Q 
E72D 

A 

0 B 
i 

A 

B m 
n 
• 

B 

A 
V 

1 

-9 
[CRP, M] 

-8 -7 

[CRP, M] 

-6 

0. 

< 

o 
CD 

Figure 5.1. Nitrocellulose filter bindmg assay: tifration over a narrow range of CRP 
concentration with (A) and without (B) cAMP. 
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Figure 5.2 Nitrocellulose filter binding results; cAMP titration. Binding of second cAMP 
decreases the affinity of CRP for DNA. CRP concentration was determined using CRP 
titration (Figwe 5.1). One micromolar CRP along with 200 ^M cAMP fully binds to 
DNA, therefore cAMP tifration was performed in this concentration. 
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DNA binding data. PDL complex is the active form and prefers to form from PD rather 
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showed no footprinting m the absence of cAMP (lane 3), however WT CRP footprinted 

in the presence of cAMP (lane 4). Further, addition of RNAP caused additional 

footprinting indicating the interaction between RNAP and DNA (lane 5). 

E72Q and R82Q mutants showed no footprinting even in the presence of RNAP 

and/or cAMP (lanes 7, 8, 13, 14). Although E72D mutant showed faint footprinting in the 

CRP region, RNAP did not bind the mutant (lanes 10, 11). These results explain partial 

|8-galactosidase activity of E72D mutant and basal activity of E72Q and R82Q (Belduz, 

Lee etal. 1993). 

Discussion 

CRP functions in the presence of cAMP by binding to specific sites located in the 

control region of various (CRP-dependent) promoters (de Crombrugghe B 1984). A 

consensus DNA site for CRP has been determined (Berg and von Hippel 1988; Gaston, 

Chan et al. 1988; Morita, Shigesada et al. 1988; Stormo GD 1989). The general binding 

properties of CRP to DNA in solution have been reported by several research groups 

(Riggs AD 1971; Blazy, Takahashi et al. 1979; Saxe and Revzin 1979; Takahashi, Blazy 

et al. 1979, 1983; Gamer MM 1981; Baichoo and Heyduk 1999). The binding constants 

are summarized in Table 5.1. 

DNA binding properties of CRP have been examined by CD, protein footprinting, 

fluorescence, gel shift assays and nitrocellulose fiher binding techniques. These reports 

showed the important contacts on DNA and CRP for specific binding, cooperativity, 

strength of DNA binding to CRP, and possible conformational change on CRP upon 
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Figure 5.5 Footprinting experiment result. Control lanes are DNA in the absence and 
presence of DNase I. Each protein runs alone in the first lane, with cAMP in the second 
lane, and with cAMP and RNAP in the last lane. Top box shows CRP:cAMP binding site 
and the bottom one shows RNAP footprint. 
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DNA binding in the presence of cAMP (Blazy, Takahashi et al. 1979; Takahashi, Blazy 

et al. 1979, 1983, 1989; Chang, Dubochet et al. 1981; Blazy, Culard et al. 1987; Ebright, 

Ebright et al. 1989; Hudson J.M. 1990; Ivanov, Minchenkova et al. 1995; Vossen KM 

1996; Baichoo and Heyduk 1999; Naryshkin, Revyakin et al. 2000; Chen, Gunasekera et 

al. 2001). 

In our laboratory, the nitrocellulose filter binding technique was used to determine 

specific binding constant between DNA and CRP. This assay is a rapid and reproducible 

technique to extract DNA binding constants (Clore, Gronenbom et al. 1982). However, 

unspecific DNA binding can complicate a determination of specific DNA binding 

constants (Giraud-Panis, Toulme et al. 1992, 1994; Katouzian-Safadi, Blazy et al. 1993). 

For this study, a 41-base pair DNA fragment was used to determine DNA binding 

constant to minimize unspecific DNA binding (see Table 5.3). Salt dependence 

experiments with a 46-base pair DNA fragment showed that unspecific DNA binding 

makes identical number of ion pairs (Giraud-Panis, Toulme et al. 1994). To have fiill 

interaction between CRP and the lac site, consensus sequence and some flanking base 

pairs are required (Gartenberg and Crothers 1988; Pyles and Lee 1996, 1998; Pyles, Chin 

et al. 1998). Thus, we avoid using longer DNA fragments. This helps decreasing total 

number of sites for nonspecific DNA binding and eliminates nonspecific cooperative 

binding as well. Also high concentration of salt (100 mM KCl and 30 mM TRIS) makes 

the 40 base pair DNA fragment poor ligand for nonspecific binding (Ebright, Ebright et 

al. 1989; Schultz SC 1990; Parkinson, Wilson et al. 1996). 

133 



A DNA binding experiment conducted in reaction that contained WT CRP 

exhibited a typical saturation curve in the presence of constant cAMP concentration. 

Addition of cAMP increases CRP affinity for DNA. With the exception of the E72D 

CRP, the addition of cAMP to reaction that contained in mutant forms of CRP had no 

affect on protein affinity for DNA at all. The E72D CRP:cAMP complex binds to DNA 

with 10-fold lower affinity than WT CRP:cAMP complex. 

These results are consistent with the previous experiments and proposed ideas. 

Changing the charge of position 72 and 82 caused a drastic decrease in DNA binding 

affinity. Decreasing side chain length does the same effect however, van der waals forces 

make the protein partially interact and E72D shows partial binding and activity. 

DNA binding experiments also showed the functional importance of 

CRP:(cAMP)i complex. Cyclic AMP titrations in DNA binding experiments showed a 

decrease affinity upon addition of second cAMP (Figure 5.2). This is consistent with 

previous experiments (Heyduk and Lee 1990; Cheng and Lee 1994; Heyduk, Ma et al. 

1996). Figure 5.2 shows percent LCAP binding and this clearly defines the importance of 

active complex, CRP:(cAMP)i. As described in Materials and Methods, the fraction of 

CRP population was calculated at various concentrations of cAMP. The results of these 

calculations are shown in Table 5.2, Figure 5.3 and Figure 5.4. The first and second 

cAMP binding constants, Ki and K2, were determined by fluorescence titration (Chapter 

III). The results confirm decreased DNA binding affinity at cAMP concentrations 

sufficientiy high to promote the formation of the CRP:cAMP2 complex. Binding and 

linkage of CRP macromolecule was calculated by combining cAMP and DNA binding 

data (Figure 5.4). Results showed that CRP:DNA:cAMP complex tends to form from 

134 



CRP:DNA rather than CRP:cAMP with 4.62x10^ M ' and 2.92x10^ M ' association 

constants, respectively (Figure 5.3 and Figure 5.4). Also, Second cAMP binding to 

CRP:cAMP and CRP:DNA:cAMP complex show a lower affinity with decreased 

association constants, 1.94x10^ M"' and 1.0x10^ M"', which supports the cAMP titrations 

(Figures 5.1 and 5.2). DNA binding drastically changes, ca. lO' and 10̂  fold, in the 

presence of second cAMP and in the absence of cAMP as comparing K4, and Kawith K3. 

These results correlate with micromolar concentration of cAMP in vivo and literature 

values. 

The mechanism by which CRP-cAMP in complex with DNA activates 

franscription is not yet completely understood. Fortunately, the best characterized RNAP 

is from E. coli. A recent low resolution crystal structure of RNAP coupled with 

functional stiadies revealed important information about individual RNAP components, 

and their roles in transcription initiation (Darst, Polyakov et al. 1998; Zhang, Campbell et 

al. 1999; Darst 2001; Campbell, Muzzin et al. 2002; Darst, Opalka et al. 2002; 

Murakami, Masuda et al. 2002; Murakami, Masuda et al. 2002). CRP-cAMP binds to a 

position centered at (-61.5) at lac? and stimulates transcription either by affecting RNAP 

binding to the promoter or by affecting its isomerization state from a closed to an open 

complex with DNA (Fried and Crothers 1983; Ren, Garges et al. 1988; Crothers 1992). 

The steps that lead to transcription initiation start with sigma factor, a, binding to core 

enzyme, aj^^'bi. Sigma factor and core enzyme form the holoenzyme that recognizes 

promoter sites on DNA. During binding, holoenzyme recognizes two hexamers in the 

promoter at positions -35 and -10 and forms a closed complex. The DNA unwinds to the 

open complex followed by the initiation of transcription. Many details of this process are 
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still obscure; promoter recognition by the holoenzyme, formation of closed complex, its 

isomerization to open complex, and dissociation of RNAP (Vassylyev, Sekine et al. 

2002). CRP interacts with RNAP in the absence of promoter DNA (Heyduk and Heyduk 

1993; Heyduk, Lee et al. 1993). CRP also induces a bend in the lac? DNA. (Wu HM 

1984; Zinkel and Crothers 1987; Zinkel and Crothers 1990; Schultz SC 1991; Zinkel and 

Crothers 1991; Brieriey and Hoggett 1992; Pyles, Chin et al. 1998; Pyles and Lee 1998). 

Binding of RNAP to lac? helps stabilization of the complex as well (Ren, Garges et al. 

1988; Straney DC 1989; Tagami and Aiba 1995; Noel RJ Jr 1998; Busby and Ebright 

1999). Proposed mechanism of CRP and RNAP interaction on lac operon by Ebright is 

given in Figure 1.4. 

DNase I footprinting experiments were used to monitor the formation of protein-

DNA complexes. The regions of the DNA molecule in close contact with bound CRP 

and/or RNAP are protected from DNase I attack of phosphodiester bonds. The technique 

gave important results about the transcription initiation complex. But first examine the 

proposed mechanism for CRP-RNAP interaction. 

Class I lac promoters requires oCTD component of RNAP and a critical region on 

the DNA determined by DNase I footprinting experiments positions -50 to -41 for 

transcription activation (Kolb, Igarashi et al. 1993). Busby et al. proposed a mechanism 

to Class I lac promoter action based on proteolytic and photocroslinking experiments 

(Naryshkin, Revyakin et al. 2000; Naryshkin, Kim et al. 2001; Schmidt and Meares 

2002). According to the model one of the oCTD monomer swings and mediates protein-

protein contacts between CRP, ARl and a subunit of RNA polymerase that is located at 

35 and -10 element by proposed residues 287, 265 and possibly 261. DNa.se 1 
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footprinting experiments showed that this mechanisms for E72Q and R82Q mutant forms 

are not working like WT. Indicating that the proposed activation region (ARl) have not 

been exposed or orient itself for proper interaction with RNAP (Gunasekera, Ebright et 

al. 1992; Niu, Zhou et al. 1994; Busby and Ebright 1999). However, E72D footprints the 

CRP region but fails to protect RNAP region. This position partially binds to cAMP 

ligand and DNA fragment and exhibits partial /S-galactosidase activity. In conclusion, 

stmcture of CRP correlates with its function. Cyclic AMP binding plays a key role to 

bring the macromolecule in an arrangement so that it specifically contacts with RNAP 

and DNA for transcription initiation. 

Glu-72 hydrogen bonding with the 2' OH of the ribose ring of cAMP, Arg-82 

interaction with the phosphate moiety appears to be important determinant of CRP 

affinity for cAMP. 

/3-galactosidase synthesis in cells that contained either E72Q and R82Q forms of 

CRP was found to decrease in the presence of cAMP (Figure 5.6). Non-conservative 

mutations to these positions produced a poor activator for lac promoter. 

Conservative mutation at position 72 exhibited significantly improved /S-

galactosidase activity, however to relatively lower values compared to that of WT. This is 

related to the length of side chain. Decrease in the side chain caused a decrease in 

interaction; therefore conformational change was not completed or was not in the right 

orientation. 

In conclusion, the designated experiments explain stmcture function relation of 

CRP protein, however atomic details of interaction mechanism remains elusive. 

Mechanism can be extracted in detail by combining the crystal stmcture of 
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Figure 5.6 jS-Galactosidase assay in cells that contained either WT CRP or the R82Q, 
E72D, or E72Q CRPs. 
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CRP:(cAMP)i, biochemical and genetic studies. Determined steps in CRP allostery 

protein so far are given in Figure 5.7. 
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Figure 5.7. CRP protein allostery. Binding of first cAMP, in the micromolar range, 
activates CRP to bind to specific sequences on DNA and this initiates transcription of the 
operon proteins. Binding of second cAMP, in millimolar range, happens in vitro and yet 
the significance of this remains elusive. 
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CHAPTER VI 

CONCLUSIONS 

The biological activity of proteins depends on their three-dimensional stmcture 

and conformation. These mainly originate from intramolecular noncovalent interactions 

arising among fiinctional groups and interactions of the solvent, solutes, ligands, and 

other macromolecules with protein. Conformational changes can change the geometry, 

size and activity of specific sites on a protein and thus alter the interactions of the protein 

with other molecules. Intermolecular interactions can affect a proteins' conformation and 

these interactions may in tum change interactions elsewhere on the protein, a 

phenomenon know as allostery. 

Ligand induced protein conformational changes were first introduced by Monod 

and Jacob (Monod 1963). An ideal system for the study of allostery is cAMP and its 

receptor protein, CRP. In cells, the level of cAMP can produce dramatic changes in the 

response to energy sources on which cells grow (Adhya 1995). This work addresses the 

question of how CRP activates gene expression in E. coli. For this purpose, recent 

studies on lac operon system were reviewed and by considering crystallographic data a 

set of experiments was designed to explain transcription activation. First, cAMP binding 

to CRP was determined by fluorescence spectroscopy using ANS probe. When ANS 

binds to CRP it increases ANS fluorescence intensity. The binding of cAMP to 

CRP:ANS complexes quenches ANS fluorescence. Cyclic AMP binding studies showed 

that cAMP binds to CRP mutants with reduced affinity. This decreased affinity could 

result from a conformational change in the cAMP binding pocket due to amino acid 
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substitutions. Alternatively, this decreased affinity may reflect the importance of the 

positions 72 and 82 amino acid residues on CRP cAMP binding energy. Lack of 

CRP:(cAMP)i and apo-CRP crystal stmctures prevent us comparing stmctures to WT 

CRP. hi the literature secondary stmcture of apo and holo-CRP compared by Raman and 

FTIR spectroscopy. DeGrazia and Wartell estimated a net, albeit small a-helix to jS-sheet 

stmcture transition during cAMP binding (DeGrazia, Harman et al. 1990; Tan, Kelly et 

al. 1991). Fujimoto and Takeuchi extracted these same stmctural properties for 

CRP:(cAMP), and CRP:(cAMP)2 (Fujimoto, Toyama et al. 2002). FTIR comparison of 

apo and holo CRP by Dong and Lee estimated small changes in CRP secondary stmcture 

content for either state. Our FTIR result supports the secondary stmctural integrity in the 

presence and absence of cAMP. Secondary stmcture estimates by FTIR in our laboratory 

is very similar to that obtained from X-ray technique. Thus, the affect of the amino acid 

residues at positions 72 and 82 to CRP secondary stmcture content has little or no affect. 

This suggests that in the presence of cAMP, CRP conformational changes originate from 

tertiary stmcture realignments. 

Cyclic AMP titrations in the presence of ANS showed a biphasic binding curve. 

Heyduk and Lee reported two ANS binding site on CRP (Heyduk and Lee 1989). A 

competition between ANS and cAMP and the nature of binding curves suggest two 

cAMP binding sites on CRP. However recent crystal stmcture of CRP (Passner J.M. 

1997, 2000) modeled by Passner and Steitz proposed four cAMP binding sites. The 

proposed stmcture of CRP also explained the cAMP anti, syn conformation questions 

raised in eariy NMR studies. Functional form of CRP is its CRP:(cAMP), form as 

determined by DNA binding experiments in this work and reported in the literature 
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(Heyduk and Lee 1990). The physiological importance of four cAMP binding is not 

clear. However, Heyduk and Lee proposed a thermodynamic link for CRP and cAMP 

species to explain the possible role of equilibrium between CRP:(cAMP), and 

CRP:(cAMP)2 (Heyduk and Lee 1989). Also, Takahashi showed that in the presence of 

DNA, cooperativity in cAMP binding changes to positive state (Takahashi, Blazy et al. 

1980). All thermodynamic linkages to explain the details of mechanism remain to be 

solved. 

It should be noted that the physiological concentration of cAMP is in the 

micromolar range (Malan, Kolb et al. 1984; Malan and McClure 1984; Harman, 

McKenney et al. 1986) and as reported by Fried and Crothers, CRP-DNA complex 

formation requires asymmetry. For this reason, it is convincing that asymmetric CRP 

shiictiire plays a physiological role. A single cAMP binding offers this asymmetry to 

CRP stiiicture. In the lights of these data, single ligated asymmetric CRP seems a 

reasonable form for transcription activation. 

The DNase I footprint results provide insight into the results of earlier (8-

galactosidase assays (Figures 5.4 and 5.6). In these experiments E72Q and R82Q showed 

no protection region for CRP and RNAP. However E72D exhibited partial protection for 

CRP but not for RNAP. This raises some important questions. How is the interaction 

between CRP and RNAP affecting the transcription? What are the roles of position 72 

and 82 in transcription complex formation? 

These results show the importance of position 72 and 82 for transcription 

efficiency and supports possible mechanism speculated on by McKay et al. (McKay DB 

1982). In crystallographic stmcture of CRP:(cAMP)2, Glu72 is located between Argl23 
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and Arg82 and all of three residues are buried into the protein core to neutralize the 

charges. Glu72 forms a salt bridge with Arg 123 while Arg82 forms an interior ion pair 

with the phosphate oxygen of the cAMP. These authors hypothesized that in the absence 

of cAMP Glu72 side chain rotates ca. eO^C, compared to crystal stmcture, and forms an 

interior ion pair with Arg82. This interaction is thermodynamically favored because the 

charge of Arg82 would otherwise be buried into protein core. The Arg 123 side chain is 

concomitantly expelled into the solvent and this expulsion of side chain is predicted to 

cause a separation between cAMP binding pocket and C- a-helix. 

The results can highlight the cAMP binding experiments along with the McKay 

hypothesis. Non-conservative mutation in position 82 eliminates the effect of charge and 

cAMP binding gradually decreases but non-conservative amino acid substitutions at 

position 72 drastically decreases the binding due to the urmeutralized charge on position 

82. However, conservative mutation at position 72 relatively increases cAMP binding 

compared to that of non-conservative binding. This make sense because aspartic acid 

substitution still form a salt bridge with Arg82 but due to the shorter length of the side 

chain cAMP binding efficiency decreases compared to WT. 

i8-galactosidase experiments showed 100-fold decreased affinity for all mutants 

with the exception of E72D CRP. This mutant showed 10-fold higher affinity compared 

to other mutants. This result is consistent with McKey hypothesis. 

i8-galactosidase assays and DNase I footprint experiments also reveal the 

importance of CRP:RNAP interactions. These two macromolecules possibly interact by 

AR I of CRP and the oCTD component of RNAP. Cyclic AMP binding to CRP exposes 
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the activating region and depending to degree of this exposure RNAP interaction 

determines the degree of transcription efficiency (Busby and Ebright 1999). 

Exposure of AR I on CRP, interaction with RNAP and jS-galactosidase synthesis 

explain the stmctural studies in this work. Since secondary stmcture content of CRP 

remains same, stmctural change should be in three dimensional arrangement of the 

protein complex. 

In summary, cAMP binding causes a stmctural arrangement in CRP and these 

arrangements orients CRP to bind to the specific sites on DNA to start transcription 

initiation. 
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APPENDIX A 

RAMACHADRAN PLOT OF CRP PROTEIN. 
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Figure A.I. Ramachadran plot of CRP protein. Accession code is 1G6N 
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APPENDIX B 

PSIPRED PREDICTION RESULTS FOR WT CRP. 
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Key 

Conf 
Pred 

AA 

Conf 
Preci 

AA 

Conf 
Pred 

AA 

Conf 
Pred 

AA 

Conf 
Pred 

AA 

Conf 
Pred 

AA 

Conf 
Pred 

AA 

Conf 
Pred 

AA 

Confidence (O=low, 9=high) 

Predicted secondary structure {H=helix, E=strand, C=coil) 
Target sequence 

9567 8 98 8 8 9999999862 02 5218898 8 974 7 9867 64 8 9995144 9999977 9985 8 9 
CCCCCCCCHHHHHHHHHHHCEEECCCCCEEECCCCCCCEEEEEEECEEEEEEECCCCCEE 
MVLGKPQTDPTLEWFLSHCHIHKYPSKSTLIHQGEKAETLYYIVKGSVAVLIKDEEGKEM 

10 20 30 40 50 60 

9988338862213566248997408999934 54 999865889999996298999999999 
EEEEECCCCCCCHHHHHCCCCCCEEEEEEECCEEEEEECHHHHHHHHHHCHHHHHHHHHH 
ILSYLNQGDFIGELGLFEEGQERSAWVRAKTACEVAEISYKKFRQLIQVNPDILMRLSAQ 

70 80 90 100 110 120 

999999999999985269988999999999997 52 77777762 799713666667 62 586 
HHHHHHHHHHHHHHHHCCCHHHHHHHHHHHHHHHCCCCCCCCEEEEEECHHHHHHHHCCC 
MARRLQVTSEKVGNLAFLDVTGRIAQTLLNLAKQPDAMTHPDGMQIKITRQEIGQIVGCS 

130 140 150 160 170 180 

468888864465645787642233210123200110015889999985121041889889 
HHHHHHHHHHHHHHHHHHHHHHHHHHCCCCCCHHHHHHHHHHHHHHHHCCCEECCCCCEE 
RETVGRILKMLEDQNLISAHGKTIWYGTRMVLGKPQTDPTLEWFLSHCHIHKYPSKSTL 

190 200 210 220 230 240 

82 6985665 8 9994033 9999977 998578 9987359841103 56624 898751799993 
ECCCCCCCEEEEEEECEEEEEEECCCCCEEEEEEECCCCCCCHHHHHCCCCCCCEEEEEE 
IHQGEKAETLYYIVKGSVAVLIKDEEGKEMILSYLNQGDFIGELGLFEEGQERSAWVRAK 

250 260 270 280 290 300 

454 9998 65 88 9999996198 99999999999999999999998526 998 8999999999 

CCEEEEEECHHHHHHHHHHCHHHHHHHHHHHHHHHHHHHHHHHHHHCCCHHHHHHHHHHH 

TACEVAEIS YKKFRQLIQVNPDILMRLS AQMARRLQVTSEKVGNLAFLDVTGRIAQTLLN 

310 320 330 340 350 360 

99852787567658975079888987588878999999999863 9578569889981589 
HHHHCCCCCCCCEEEEECCHHHHHHHHCCCHHHHHHHHHHHHHCCCEEECCCEEEECCCC 
LAKQPDAMTHPDGMQIKITRQEIGQIVGCSRETVGRILKMLEDQNLISAHGKTIWYGTR 

370 380 390 400 410 420 

Figure B.l. Psipred prediction results for WT CRP. 
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APPENDIX C 

PSIPRED PREDICTION RESULTS FOR E72D CRP. 
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Key 

Conf 
Pred 

AA 

Conf 
Pred 

AA 

Conf 
Pred 

AA 

Conf 
Pred 

AA 

Conf 
Pred 

AA 

Conf 
Pred 

AA 

Conf 
Pred 

AA 

Conf 
Pred 

AA 

Confidence (0=low, 9=high) 

Predicted secondary structure (H=helix, E=strand, C=coil) 
Target sequence 

956799889999999986202530889889737986764899951349999977998578 
CCCCCCCCHHHHHHHHHHHCEEECCCCCEEECCCCCCCEEEEEEECEEEEEEECCCCCEE 
MVLGKPQTDPTLEWFLSHCHIHKYPSKSTLIHQGEKAETLYYIVKGSVAVLIKDEEGKEM 

10 20 30 40 50 60 

888734884211245405888741899982336999735889999997288999999999 
EEEEECCCCCCCHHHHHCCCCCCEEEEEEECCEEEEEECHHHHHHHHHHCHHHHHHHHHH 
ILSYLNQGDFIGDLGLFEEGQERSAWVRAKTACEVAEISYKKFRQLIQVNPDILMRLSAQ 

70 80 90 100 110 120 

9999999999999862 6 997 8 99999999999851777677 63 77 0551677877625 86 
HHHHHHHHHHHHHHHHCCCHHHHHHHHHHHHHHHCCCCCCCCEEEECCCHHHHHHHHCCC 
MARRLQVTSEKVGNLAFLDVTGRIAQTLLNLAKQPDAMTHPDGMQIKITRQEIGQIVGCS 

130 140 150 160 170 180 

14 6666653 3434 565553112221011001322 013 0689999997322355078988 9 
HHHHHHHHHHHHHHHHHHHHHHHHHHCCHHHHHHHCCCHHHHHHHHHHCCEEEECCCCEE 
RETVGRILKMLEDQNLISAHGKTIWYGTRMVLGKPQTDPTLEWFLSHCHIHKYPSKSTL 

190 200 210 220 230 240 

816985766 8 9994 043 9999977 9984 7888872 5 8851112 35514 899851799980 
ECCCCCCCEEEEEEECEEEEEEECCCCCEEEEEEECCCCCCCHHHHHCCCCCCCEEEEEE 
IHQGEKAETLYYIVKGSVAVLIKDEEGKEMILSYLNQGDFIGDLGLFEEGQERSAWVRAK 

250 260 270 280 290 300 

44 699984 598 9999996198 99999999999999999999998626 998 8 999999999 
CCEEEEEECHHHHHHHHHHCHHHHHHHHHHHHHHHHHHHHHHHHHHCCCHHHHHHHHHHH 
TACEVAEISYKKFRQLIQVNPDILMRLSAQMARRLQVTSEKVGNLAFLDVTGRIAQTLLN 

310 320 330 340 350 360 

998607775676588743798999875888789999999998649578669889981589 
HHHHHCCCCCCCEEEEECCHHHHHHHHCCCHHHHHHHHHHHHHCCCEEECCCEEEECCCC 
LAKQPDAMTHPDGMQIKITRQEIGQIVGCSRETVGRILKMLEDQNLISAHGKTIWYGTR 

370 380 390 400 410 420 

Figure C.l. Psipred program results for E72D CRP 
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APPENDIX D 

PSIPRED PREDICTION RESULTS FOR E72Q CRP. 

175 



Key 

Conf 

Pred 
AA 

Conf 
Pred 

AA 

Conf 
Pred 

AA 

Conf 
Pred 

AA 

Conf 
Pred 

AA 

Conf 
Pred 

AA 

Conf 
Pred 

AA 

Confidence (O=low, 9=high) 

Predicted secondary structure {H=helix, E=strand, C=coil) 
Target sequence 

95679988 899999998620254088988974 7987764 899951349999977998578 
CCCCCCCCHHHHHHHHHHHCEEECCCCCEEECCCCCCCEEEEEEECEEEEEEECCCCCEE 
MVLGKPQTDPTLEWFLSHCHIHKYPSKSTLIHQGEKAETLYYIVKGSVAVLIKDEEGKEM 

10 20 30 40 50 60 

8 88734 8 851103 55515 8 997318 999954 3 6 999855 8 8 99999962 98 999999999 
EEEEECCCCCCCHHHHHCCCCCCEEEEEEECCEEEEEECHHHHHHHHHHCHHHHHHHHHH 
ILSYLNQGDFIGQLGLFEEGQERSAWVRAKTACEVAEISYKKFRQLIQVNPDILMRLSAQ 

70 80 90 100 110 120 

Conf: 999999999999986169988999999999998507776765179873245677752686 
Pred: HHHHHHHHHHHHHHHHCCCHHHHHHHHHHHHHHHCCCCCCCCEEEEEECHHHHHHHHCCC 

AA: MARRLQVTSEKVGNLAFLDVTGRIAQTLLNLAKQPDAMTHPDGMQIKITRQEIGQIVGCS 
130 140 150 160 170 180 

03 6776642 3 5554565542212321003 345553 06668 99999986000232 88 988 9 
HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHCCCHHHHHHHHHHCCCEECCCCCEE 
RETVGRILKMLEDQNLISAHGKTIWYGTRMVLGKPQTDPTLEWFLSHCHIHKYPSKSTL 

190 200 210 220 230 240 

80698576589994 04399999779984 687876259851102 35514 799741799996 
EECCCCCCEEEEEEECEEEEEEECCCCCEEEEEEECCCCCCCHHHHHCCCCCCCEEEEEE 
IHQGEKAETLYYIVKGS VAVLIKDEEGKEMI LS YLNQGDFIGQLGLFEEGQERS AWVRAK 

250 260 270 280 290 300 

32 6999855 9899999961989999999999999999999999863 69988 999999999 
CCEEEEEECHHHHHHHHHHCHHHHHHHHHHHHHHHHHHHHHHHHHHCCCHHHHHHHHHHH 
TACEVAE IS YKKFRQL I QVNPD I LMRLS AQMARRLQVTS EKVGNLAFLDVTGRI AQTLLN 

310 320 330 340 350 360 

99850776467658864 379889987589878999999999864 9578569889981589 
HHHHCCCCCCCCEEEEECCHHHHHHHHCCCHHHHHHHHHHHHHCCCEEECCCEEEECCCC 
LAKQPDAMTHPDGMQIKITRQEIGQIVGCSRETVGRILKMLEDQNLISAHGKTIWYGTR 

370 380 390 400 410 420 

Figure D.l. Psipred program results for E72Q CRP. 
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APPENDIX E 

PSIPRED PREDICTION RESULTS FOR R82Q CRP. 
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Key 

Conf 
Pred 

AA 

Conf 
Pred 

AA 

Conf 
Pred 

AA 

Conf 
Pred 

AA 

Conf 
Pred 

AA 

Conf 
Pred 

AA 

Conf 
Pred 

AA 

Conf 
Pred 

AA 

Confidence (O=low, 9=high) 

Predicted secondary structure (H=helix, E=strand, C=coil) 
Target sequence 

93 568988 9999999986103 64 07898 8 974 7 986763 89995 055 9999987998579 
CCCCCCCCHHHHHHHHHHHCEEEECCCCEEECCCCCCCEEEEEEECEEEEEEECCCCCEE 
MVLGKPQTDPTLEWFLSHCHIHKYPSKSTLIHQGEKAETLYYIVKGSVAVLIKDEEGKEM 

10 20 30 40 50 60 

8 98 8 34 8 852103 56624 8 98632 8 99983 5559998558899999962 86999999998 
EEEEECCCCCCCHHHHHCCCCCCEEEEEEECCEEEEEECHHHHHHHHHHCHHHHHHHHHH 
ILSYLNQGDFIGELGLFEEGQEQSAWVRAKTACEVAEISYKKFRQLIQVNPDILMRLSAQ 

70 80 90 100 110 120 

899999999999986159941578999999998516777677378540688887764787 
HHHHHHHHHHHHHHHHCCCCCHHHHHHHHHHHHHCCCCCCCCEEEEEECHHHHHHHHCCC 
MARRLQVTSEKVGNLAFLDVTGRIAQTLLNLAKQPDAMTHPDGMQIKITRQEIGQIVGCS 

130 140 150 160 170 180 

025677766665556654100111111100110135776899999986100222889889 
CHHHHHHHHHHHHHHHHHHCCHHHHHHHHHHHHCCCCCHHHHHHHHHHHHHEECCCCCEE 
RETVGRILKMLEDQNLISAHGKTIWYGTRMVLGKPQTDPTLEWFLSHCHIHKYPSKSTL 

190 200 210 220 230 240 

82 6 985764 89994 04 3 9999977998578 888725 985111246734 89974 0799994 
ECCCCCCCEEEEEEECEEEEEEECCCCCEEEEEEECCCCCCCHHHHHCCCCCCEEEEEEE 
IHQGEKAETLYYIVKGSVAVLIKDEEGKEMILSYLNQGDFIGELGLFEEGQEQSAWVRAK 

250 260 270 280 290 300 

44 5 999855 989999996198 999999999999999999999986269988999999999 
CCEEEEEECHHHHHHHHHHCHHHHHHHHHHHHHHHHHHHHHHHHHHCCCHHHHHHHHHHH 
TACEVAEISYKKFRQLIQVNPDILMRLSAQMARRLQVTSEKVGNLAFLDVTGRIAQTLLN 

310 320 330 340 350 360 

99852 7 87678 6478742 79888 98757 9878 999999999864 96786698 8 9981589 
HHHHCCCCCCCCEEEEECCHHHHHHHHCCCHHHHHHHHHHHHHCCCEEECCCEEEECCCC 
LAKQPDAMTHPDGMQIKITRQEIGQIVGCSRETVGRILKMLEDQNLISAHGKTIWYGTR 

370 380 390 400 410 420 

Figure E.l. Psipred program results for R82Q CRP. 
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APPENDIX F 

207 BASE ?AIR LACP FRAGMENT 
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AATTCCGATT CATTAATGCA GCTGGCACGA CAGGTTTCCC GACTGGAAAG 
CGGGCAGTGA GCGCAACGCA ATTAATGTGA GTTAGCTCAC TCATTAGGCA 
CCCCAGGCTT TACACTTTAT GCTTCCGGCT CGTATGTTGT GTGGAATTGT 
GAGCGGATAA CAATTTCACA CAGGAAACAG CTATGACCAT GATTACGGAT 
TCACTGG 

Figure F. 1. Four of these 207 base pair fragments cloned into the EcoRI site of pHW104. 

180 



APPENDIX G 

ALTERNATIVE METHOD TO CALCULATE CRP BINDING AND LINKAGE MAP 

TAK/JIASHI ALGORITM WAS RE-WRITTEN IN C++ LANGUAGE. 
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#include <stdio.h> 
#include <math.h> 

const double KI = 3e5, K2 = 1.94e2, K6 = 3.93e5, K3 = 2.92e7, K4 = 4.90e3; 

int main() 
{ 

double ST= 54e-12, PT= le-2, LT= le-2, Lmin, 
Lmax, Pmin, Pmax, P, L, PL, PL2, S, SP, SPL, SPL2, 
Pinstant, Linstant; 

Lmin = 0; 
Lmax = LT; 

while(l){/*whileA*/ 

/* This is labeled as B in the algorithm*/ 
L = (Lmin + Lmax) / 2; 

Pmin = 0; 
Pmax = PT; 

/* This is labeled as A in the algorithm*/ 
while(l){/* while B*/ 

P = (Pmin + Pmax) / 2; 

PL = K1 *P*L; 
PL2 = K2 * PL * L; 
S = ST / (1 + K6 * P + K3* PL + K4 * PL2); 
SP = S * K6 * P; 
SPL = S * K3 * PL; 
SPL2 = S * K4 * PL2; 

Figure G.l. C++ program to determine the concentrations of species involved in DNA 

binding. 
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PJnstant = P + PL + PL2 + SP + SPL + SPL2; 
if ((abs(P_instant - PT) / PT) < 0.0000001) 

break; /* breaks out of while B*/ 
else if( PJnstant < PT) 

Pmin = P; 
else 

Pmax = P; 

] /* end of while B*/ 

LJnstant = L + PL + SPL + 2 * (PL2 + SPL2); 

if( (abs(L_instant LT) / LT) < 0.0000001) 
break; /* breaks out of while A */ 

else if( Linstant < LT) 
Lmin = L; 

else 
Lmax = L; 

} /* end of while A*/ 

printfC'L is %An",L); 
printfC'PL is %An",PL); 
printf("PL2 is %An",PL2); 
printfC'SP is %An",SP); 
printfC'SPL is %An",SPL); 
printf("SPL2 is %fm",SPL2); 
return 0; 

} /* end of main fimction */ 

Figure G.l. continued 
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