
W. M. Rice University 

Chemical and Spectral Studies of the Lac Repressor Protein and its 

. Trypsin Resistant Core 

by 

Ann Smith 

A THESIS SUBMITTED 

IN PARTIAL FULFILLMENT FOR THE 

REQUIREMENTS OF THE DEGREE 

Master of Arts 

APPROVED, THESIS COMMITTEE 

Kathleen S. Matthews, Associate 
Professor of Biochemistry, Chairperson 

/ , 
t /M AKJ •  

Graham. A. Palmer, 
Professor of Biochemistry 

/^hïTsT-53!sôn^—Associate 
Professor of Biochemistry 

K .H. I(UK 
Kathleen M. Beckingham, Assistant 
Professor of Biochemistry 

HOUSTON, TEXAS 

OCTOBER, 1981 



Chemical and Spectral Studies of the Lac Repressor Protein and its 

Trypsin Resistant Core 

The core protein produced by mild proteolytic digestion of the lac 

repressor has been purified on phosphocellulose, The repressor and core 

proteins were reacted with the sulfhydryl specific reagents, 2-chloromer- 

curi-4-nitrophenol and fluorescein mercuric acetate. Modification of 

the cysteine residues did not alter the affinity of the proteins for 

inducer molecules. The operator binding activity of both proteins was 

unaffected by the reaction with 2-chloromercuri-4-nitrophenol; however, 

this binding was essentially abolished upon modification with fluorescein 

mercuric acetate. This loss of operator DNA binding activity in response 

to modification supports the thesis that determinants for specific DNA 

binding are located in the core region of the protein. 

Fluorescence spectral studies on repressor modified with 2-chloro- 

mercuri-4-nitrophenol and fluorescein mercuric acetate were performed. 

The quenching observed upon titration of repressor with either reagent 

indicates that energy transfer was occurring between the protein tryp¬ 

tophans and the cysteine-conjugated chromophores. Inclusion of dithio- 

threitol during the titration prevented the labelling of the cysteines; 

a corresponding decrease in energy transfer was seen. The addition of 

of inducer produces a blue shift in the repressor emission spectrum, but 

did not affect the quenching process. The quenching was sénsitive to 

dithiothreitol for the repressor-inducer system as it had been for the 

repressor protein alone. The spectral behavior of the core protein was 

essentially identical to that displayed by the repressor. 
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Cellular growth depends upon a flow of chemical intermediates 

through a panorama of intertwined reaction pathways. This flow main¬ 

tains a balance between input and output, between cellular building 

blocks and chemical energy. How this dynamic balance is maintained, 

controlled and adapted in the face of a constantly changing environment 

is a question which is still being studied. 

Much of the knowledge in understanding these various processes has 

come from the study of bacterial systems. The adaptability of these or¬ 

ganisms to different environments was noted early in the 1900fs. In 

1907, Massini observed that the enzymes of lactose metabolism were lost 

when the bacteria were transferred to a glucose based medium from a lac¬ 

tose based medium (Stent and Calendar, 1978). By the 1930?s, several 

enzymes involved in bacterial carbohydrate metabolism had been classi¬ 

fied as either adaptive or constitutive. Included in the adaptive class, 

the lac enzymes of E. coli were defined as those enzymes synthesized only 

in the presence of their specific substrate; these enzymes are more com¬ 

monly referred to as inducible (Lewin, 1976), 

From 1940 onward, the physiological, physical and genetic charac^. 

teristics of this system were studied, and these explorations culminated 

in the publication of the operon model by Jacob and Monod in 1961. The 

model offered the first mechanism for the regulation of enzymes at the 

genetic level. Indeed, while the workings of this system are not yet 

completely understood, the lac operon has become the classic example 

of co-ordinate enzyme control in bacteria. 
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The Lac Operon 

The process of induction is rarely limited to one enzyme, but ra¬ 

ther appears to exert its influence over a series of enzymes involved in 

a specific metabolic pathway; the lactose metabolizing system is no ex¬ 

ception. Genetic mapping has demonstrated that the structural genes for 

the lac system are linked in the z, a_ (Beckwith and Zipser, 1970). 

The jz gene codes for B-galactosidase which catalyzes the hydrolysis of 

g-galactosides such as lactose to galactose and glucose (Fig. 1). This 

tetrameric protein is composed of four identical subunits, each with a 

molecular weight of 135,000 daltons (Barkley and Bourgeois, 1976). The 

product of the £ gene is lactose permease. This membrane bound protein 

is part of the transport system responsible for the uptake of lactose by 

the cell. Beyond having the molecular weight established as 30,000 dal¬ 

tons (Barkley and Bourgeois, 1976), little is known about the biochemical 

and physical characteristics of the permease. The protein thiogalacto- 

side transacetylase, specified by the ji gene, is a dimer of molecular 

weight 64,000 daltons. The in vivo function of the protein is not clear; 

however, in vitro it serves to catalyze the transfer of an acetyl group 

to 3-thiogalactosides from acetyl CoA (Barkley and Bourgeois, 1976). 

Cells with nonfunctional 3-galactosidase (z ) or permease (y ) are pheno- 

typically lac . Eowever, the loss of the transacetylase activity does 

not appear to affect the metabolism of lactose by the bacteria (Beckwith 

and Zipser, 1970). 

The induction process is highly specific, in that these enzymes can 

only be induced by sugars with an unsubstituted galactoside residue. 

These inducers need not be metabolized by the lac enzymes as shown by 
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Figure 1. Catalytic activity of /^-galactosidase; /^-galactosidase 

(^-g’ase) catalyzes the hydrolysis of (a) lactose to (b) 

galactose and (c) glucose. The enzyme also catalyzes the 

rearrangement of lactose to (d) 1,6-allolactose, the natural 

inducer of the operon. 
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the effectiveness of &—thiogalactosides, such as isopropyl-f},D-thiogalac- 

toside (IPTG), (Monod et. al., 1952), Combining the results of induction 

and mapping studies on constitutive mutants, 0C, i~, with earlier results, 

Jacob and Monod formulated the model of negative repression as the mechan¬ 

ism of regulation for the lac operon. The essential features are still 

unchanged, although they have been elaborated as additional information 

has emerged. The current view of the operon is depicted in Fig. 2. 

The lac operon is visualized as a linear portion of DNA with these 

distinct regions: 

p - the promoter sequence containing the RNA polymerase 

and catabolite activator protein binding sites. 

0 - the operator site, approximately a 30 base-pair region 

to which the repressor binds. 

z^,_y,a^, - structural genes coding for the lac enzymes 

1 - structural gene coding for the lac repressor protein 

p^ - the promoter site for the i gene, containing a RNA 

polymerase binding site. 

Negative regulation is effected by the lac repressor protein. In the ab¬ 

sence of 3-galactosides, the repressor protein (R) binds specifically 

-13 
to the operator sequence (0) , IK^ R-0 = 10 M], preventing the trans¬ 

cription of the region of the operon coding for the lac structural genes 

(Barkley and Bourgeois, 1976), In the presence of lactose, the inducer, 

1,6-allolactose, is produced (Jobe and Bourgeois, 1972), The binding of 

inducer molecules elicits a conformational change in the repressor and 

its affinity for the operator site [K^ R-I-0 = 10 ^ M ] decreases 
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Figure 2, Schematic of the lac Operon (p,o) contains the promoter 

(p), or RNA polymerase binding and initiation site, and 

the operator (o) region. The structural genes are z_t /-gal- 

tosidase, £, l^ctQse permease, p -thiogalactoside trans¬ 

ace tylase. (i) is the structural gene for the lac repressor, 

protein and (p^) » the promoter for the lac i gene, I is an 

inducer; (.O) and (.□) symbolizes the conformational states 

of the repressor. The drawing is not to scale. 
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(Barkley and Bourgeois, 1976). The rest of the E. coll genome can now 

O 

compete effectively for the repressor complex [K^ R-I-NS = 10 M ]. 

With the dissociation of the R-0 complex, the RNA polymerase is free 

to bind at the promoter site. 

Transcription of the lac operon is, however, not solely dependent 

on the breakdown of the R-0 complex or on the binding of the polymerase 

to the promoter. In addition to these two conditions, no transcription 

will occur unless the catabolite activator protein (CAP) - cAMP complex 

is bound to the i gene proximal side of the promoter (Majors, 1972). CAP 

is an integral component of the positive repression mechanism of most 

inducible opérons for sugar catabolism in IS. coli. Catabolite repression 

insures that when the bacteria is confronted with a mixture of glucose 

and other sugars that the cell will preferentially utilize glucose as 

the carbon source, thus obviating the need for the lac enzymes. 

It has been demonstrated that glucose itself does not repress the 

expression of the operon (Pastan and Pearlman, 1968), but rather exerts 

its influence on the adenyl cyclase receptors causing a decrease in the 

3*-5’ cAMP concentration within the cell. S'-S' cAMP acts as a secon¬ 

dary messenger by activating or inactivating CAP molecules. When glu¬ 

cose levels are high, cAMP levels are low; therefore, there is no cAMP 

available for binding CAP. When the glucose levels drop, cAMP levels 

increase; cAMP combines with CAP and the resultant complex binds at 

the operator distal side of the promoter site (Majors, 1972). The 

complex is required for the RNA polymerase to initiate transcription of 

the lac enzymes mRNA (Barkley and Bourgeois, 1976), The resultant poly- 

cistronic mRNA is then processed and translated to give the lac enzymes. 
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The regulation of the lac metabolizing enzymes of _E. coll by sugar lev¬ 

els is adequately explained by the operon model. 

The Lac Repressor 

Although the protein nature of the repressor was assumed by Jacob 

and Monod in 1961, it was not until 1966 that Gilbert and MUller-Hill 

successfully isolated the repressor protein. Approximately ten copies 

of the repressor protein are present in a wild type cell, accounting for 

less than 0.1% of the soluble protein. The regulation of the synthesis 

of the repressor protein appears to be a function of the affinity of the 

KNA polymerase for its promoter p^, as mutations which cause overproduc¬ 

tion of the repressor up to 1000 fold (i^, iS<*) map in the p^ region 

(Barkley and Bourgeois, 1976). A tetrameric protein of molecular weight 

150,000 daltons, the repressor has been sequenced (Beyreuther, 1975), 

(Fig. 3). The monomeric subunits associate at random in the cell to 

form the active tetramer (Stent and Calendar, 1978). The repressor 

O O 

appears to have a plane rectangular structure (140 A by 60 A by 45 A°) 

with three 2-fold axes of symmetry (Steitz et^. al., 1974). There are 

four inducer binding sites (one/monomer), (Barkley and Bourgeois, 1976) 

and two operator DNA fragment binding sites per tetramer (O'Gorman et. 

al., 1980). 

Two distinct domains, the amino terminus and the core protein, have 

been identified and may be separated by light tryptic digestion, cleaving 

at amino acid 51 or 59. Genetic studies have been used to pinpoint the 

functions of the two domains with respect to protein-ligand interactions 

(Miller et, al., 1977) . Mapping of mutation sites has indicated that 

residues 1-60 are involved with DNA binding, residues 70-90 with confor- 
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Figure 3 Amino acid sequence of the lac repressor protein (Beyreuther 

et al., 1975). 
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national changes, residues 210-260 with sugar binding, residues 310-360 

with tetramer formation. Initial studies with mutant repressors (Pfahl, 

1972, 1976; Gilbert and Mtlller-Hill, 1970) and with the tryptic core 

appeared to support the mapping results. Mutations in the Nl^-terminus 

led to a loss of operator binding, and in some cases the the loss of non¬ 

specific binding. The trypsin resistant core protein was unable to bind 

DNA but retained full inducer activity (Barkley and Bourgeois, 1976). 

More recently, however, chemical, spectral, kinetic, and genetic data 

(Matthews, 1979; Beyreuther, 1975, Geisler and Weber, 1977) have impli¬ 

cated the core protein in operator binding. DNA binding of native and 

core repressors as well as that of hybrid tetramers has been documented 

(O'Gorman et al,, 1980; Dunaway et al., 1980). These results led to the 

proposal of a model for the interaction of the repressor protein with its 

ligands (Dunaway et al., 1981), Dunaway et al. have considered repres¬ 

sor-operator, repressor-nonspecific DNA, repressor-inducer interactions 

as well as the physical aspects in presenting a model with the following 

features (Fig. 4): 

1. The repressor protein shows a plane rectangular structure with 
three 2-fold axes of symmetry (Steitz et al., 1974) 

2. There are four identical inducer binding sites, one/monomer 
(Riggs and Bourgeois, 1968; Barkley, 1975; Friedman et al. 1977). 

3. Two potential operator DNA binding sites (O'Gorman et al., 1980) 
are oriented parallel to the long axis, 

4. Both amino terminal and core regions of the protein of each sub¬ 
unit contact the DNA (Dunaway est jîl^, 1980; Geisler and Weber, 
1977). 

5. Amino terminal regions bind symmetrically to the operator at the 
outer region primarily by ionic contacts (O'Gorman et al., 1980; 
Goedell ^t al., 1977), 
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6. Core regions bind asymmetrically to the operator in the central 
region via primarily non-ionic interactions (O’Gorman et al» » 
1980b)- 

7» Inducer binding alters the conformation decreasing the non-ionic 
core interactions while maintaining the ionic NH^-termini inter¬ 
actions CO1 Gorman et al_-, 1980b) • 

8. Nonspecific DNA binding occurs differently from specific binding 
and may occur independently at each NH^-terminus (Dunaway and 
Matthews, 1980), 

These workers present the view that the specificity and the inducer sen¬ 

sitivity of the protein are properties attributable to the core region 

rather than Nï^^termini, These observations are correlated to regions 

of the primary structure on the basis of mutant studies- 
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Figure 4. Schematic of the lac repressor protein and its interaction 

with DNA. The protein is a rectangular planar molecule 140 A° 

by 60 A° by 45 A°; three different views are shown. The 

sequence of DNA indicated is the 29 base pair operator frag¬ 

ment. $$^^^indicates the N^-terminal regions. indi¬ 

cates the areas of contact between the core and the operator 

sequence. are the inducer binding sites. Dotted lines 

indicate boundaries not in direct view. + + indicates ionic 

interactions of the Nl^^termini, while ▼ A indicates a 

non-ionic interaction of the NH^-termini, (e,g, intercalation 

by tyrosine, hydrogen bonding). The existence of these con¬ 

tacts are indicated by the literature, but the positions are 

only suggested and should not be considered definitive. 
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A: mmïê, 
GtjGTGGAATTGTGAGCGGÀTAACAATTTCAÇÀCJ. 
:ÆCACCTTAACACTçGCCTATTGTTAAAGTG^GT 

DNA 
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Fluorescent Studies 

Fluorescence spectroscopy is used to investigate macroraolecules by 

observing the various chemical and physical interactions that occur 

during the lifetime of the excited state. Rotational motion, complex 

formation, conformational changes, and transfer of the excited state 

energy to another chromophore are some of the processes which can be 

monitored. Excitation and emission spectra, quantum yields, polarization 

and lifetime measurements provide information about these processes and 

thereby about the microenvironment of the chromophore. 

The repressor protein contains several natural fluorophores in the 

tyrosine, phenylalanine and tryptophan amino acids; however, only the 

typtophan residues show significant fluorescence in proteins (Chui and 

Bersohn, 1977), There are two tryptophan residues per monomer in the 

repressor; both are found in the core region of the protein at positions 

201 and 220 in the primary sequence, 

Fluorescence studies of the repressor have determined the lifetime 

of the tryptophan residues excited state (Bandyophdyay and Wu, 1979) 

and yielded information on the conformational changes elicited by inducer 

binding (Miller, 1976). Upon inducer binding, the emission spectrum of 

the repressor undergoes a blue shift (Fig, 18); this shift indicates 

that the tryptophans are now in a more hydrophobic environment. There 

is essentially no difference in the emission spectrum of core and its 

subsequent shift upon inducer binding; thus the conformational change 

primarily involves residues located in the core region (Matthews, 1974), 

Preliminary studies into the environment of the tryptophan residues 

have shown that the fluorescence of these amino acids may be quenched by 
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certain sulfhydryl reagents. This phenomenon provided an opportunity 

to look at the cysteine residues and their environmental changes. 

The sulfhydryls of the cysteine residues have been reacted with the 

two chromophores 2-chloromercuri-4-nitrophenol (MNP) and fluorescein 

mercuric acetate (FMA) (Fig. 5). Previous chemical studies on the 

intact repressor protein have shown that these two reagents react to 

varying degrees with all three of the cysteine residues (Yang et_ al., 

1977; Burgum and Matthews, 1978), Two equivalents of MNP reacted with 

cys 268 (A,90%), cys 107 (^70%), cys 140 (^40%). The extent of 

reaction was not altered by the presence of inducer or by pH changes 

up to a pH value of 9 (Yang et al^., 1977). Since neither inducer nor 

operator binding activities were affected by the introduction of the 

probe into the protein, it may be concluded that the cysteine residues 

do not form part of either the inducer or operator binding sites (Yang 

et al., 1977). However, modification of the repressor with FMA (Bur- 

gum and Matthews, 1978) and with NBS (Manly and Matthews, 1979) resulted 

in a loss of operator binding with retention of nonspecific DNA and in¬ 

ducer binding. These results indicated that while the cysteine sulf¬ 

hydryls are not part of the active centers for ligand binding, the 

regions surrounding these residues may be required for repressor-oper¬ 

ator interaction. Since both of these chromophores are environmentally 

sensitive in the repressor protein (Yang and Matthews, 1976; Burgum and 

Matthews, 1978), exploration of these reactions with the core protein 

was undertaken. Using this approach, the environment of the cysteine 

residues of the repressor protein, the similarities and differences 
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between the repressor and core proteins, and the determination of 

the distances between the tryptophan and cysteine--.residues via energy 

transfer measurements may be probed. 



Figure 5. Structures of the Modifying Reagents 

(a) 2-Chloromercuri-4-nitrophenol (MNP) 

(b) Fluorescein mercuric acetate (FMA) 
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Materials and Methods 

Chemicals 

Isopropyl-g,D-thiogalactoside (IPTG) was obtained from Sigma Chemi- 

14 
cal Company. The [ C]-labelled IPTG was purchased from Research Pro¬ 

ducts International. 

2-Chloromercuri-4-nitrophenol (MNP) was purchased from Eastman 

Chemical Company, The solid was recrystallized according to the method 

described by McMurray and Trentham (1969). The reagent was dissolved to 

10 mM in 0.02 M NaOH and stored frozen. This stock was diluted to 0.5 

iriM in 0.02 M NaOH prior to use. 

Fluorescein mercuric acetate (FMA) was obtained from Sigma Chemical 

Company. Its purity was verified by thin layer chromatography on silica 

gel plates with 5:1:5 butanol:acetic acid:water as the solvent. 

Isolation of Repressor 

The repressor was purified from Escherichia coli CSH 46 [F ara 

A(lac pro)thi(xCl857St68h80dlac I,Z)J, This strain carries a prophage 

as well as the i ^ mutation in the gene promoter sequence. The method 

employed was that of Rosenberg et al, (1977), with the following modifi¬ 

cations: 0-nitrophenyl-g,D-fucoside was eliminated from the lysing buf¬ 

fer j the chromatography gradient was changed to range from 0,12 to 0.24 

M potassium phosphate; the final Sephadex column was omitted. The cells 

were grown in 100 liter batches, harvested and stored frozen prior to 

use. After cell lysis, ammonium sulfate precipitation, and elution from 

a phosphocellulose column, the repressor protein was stored frozen in 

potassium phosphate (0.17 M). Yields were routinely 1 mg repressor 
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per 1 g of cells, with protein concentrations ranging from 1,2 to 5 mg 

per ml. The purity of the protein was verified by sodium dodecyl sul¬ 

fate gel electrophoresis. The purified repressor was 30 to 90% active 

in binding to operator DNA, 

Isolation of Core 

Repressor protein (15-25 mg) , frozen after phosphocellulose chroma¬ 

tography, was thawed, and glycerol added to 20% (v/v). To this solu¬ 

tion, 0.5% trypsin (w/v, 1 mg/ml in 0.001 N HC1) was added, and the re¬ 

sultant mix incubated at room temperature for 20 minutes. The digestion 

was stopped by the addition of 2% phenÿlmethylsulfonyl fluoride (w/w, 

4 mg/ml in 100% ethanol). The protein solution was layered onto a phos¬ 

phocellulose column which had been equilibrated with 0,12 M potassium 

phosphate containing 0.3 mM dithiothreitol, pH 7,4. The core was eluted 

with the same buffer. The absorbance of the eluate was monitored at 

280 nm. Fractions exhibiting significant absorbance at 280 nm were 

pooled and, if necessary, concentrated by ultrafiltration; this solution 

was then applied to a second phosphocellulose column. Equilibration of 

the column and elution of the core were achieved with 0,048 M potassium 

phosphate, 0.3 mM dithiothreitol, pH 7.4. Absorbance at 280 nm was 

monitored as before. The peak fractions were pooled and stored frozen 

in 2 ml aliquots. The purity of the core was determined by sodium do¬ 

decyl sulfate gel electrophoresis and by polyld(A-T)] compétition for 

binding to operator containing DNA. 
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Activity Assays 

IPTG Binding Activity 

The IPTG binding activity of both core and repressor was deter-;  

mined by either the ainmonium sulfate precipitation method or by the 

Millipore filtration method as described by Bourgeois (1971). The latter 

method was employed for determining the IPTG binding activities of the 

modified proteins at 2 to 3 fold molar excesses of reagents. The core 

and repressor proteins were dialyzed into 0,2 M Tris-HCl, pH 7.4, which 

had been extensively flushed with nitrogen before use to prevent sulf- 

hydryl oxidation. 

Operator DNA Assay 

The operator DNA binding assay was performed using nitrocellu¬ 

lose filters as described by Riggs et al. (.1968), The filter buffer 

used was 0.01 M Tris-HCl, pH 7,4, containing 0.01 M potassium chloride, 

0.01 M magnesium acetate, 0.1 mM ethylenediaminetetraacetic acid, and 

3 
5% dime thy lsulf oxide. The DNA utilized was labelled with I H] thymidine 

and was isolated from a thymine requiring strain of E_, coli. which car¬ 

ries a temperature inducible lac prophage (Xplac 5, MBC 5, obtained 

from Mary Barkley, University of Kentucky), Preparation of phage and 

purification of DNA were carried out according to Wang et al, (1974). 

Nonspecific DNA Binding 

Competition of nonspecific DNA with operator DNA for binding 

to core or intact repressor proteins was evaluated. These binding assays 

utilized poly[d(A-T)] or calf thymus DNA (Sigma) at constant levels as 

the competing species. The assays were performed using nitrocellulose 

3 
filters, a constant level of I H]—thymidine labelled Xplac DNA, and 
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varying protein concentration in the same filtering buffer as for the 

operator binding assays. 

Reaction of the Proteins with 2-Chloromercuri-4—nitrophenol 

Core and repressor proteins were dialyzed into 0.2 M Tris-HCl, pH 

7.4, which had been well flushed with nitrogen, After dilution to 1.67 

jM, the proteins were titrated spectrophotometrically with microliter 

aliquots of MNP ( 0.5 mM in 0,02 M NaOH). Absorbance values at 410 nm 

were recorded. For each experiment, both a buffer sample and a protein 

sample were titrated. All spectral measurements were made on a Cary 118 

spectrophotometer in 1 cm pathlength cuvettes. 

Reaction of the Proteins with Fluorescein Mercuric Acetate 

The proteins were dialyzed into 0,2 M Tris-HCl, pH 7,4, which had 

been sparged with nitrogen. Difference spectra from 450 to 550 nm were 

recorded for repressor plus FMA versus repressor, and core protein plus 

IMA versus core protein at protein concentrations of 1,67 The FMA 

(0.5 mM ) was dissolved in spectro-grade dimethylformamide (DMF) pur¬ 

chased from Aldrich Chemical Company, Matched cuvettes of 1 cm path- 

length were utilized; the spectra were recorded on a Cary 118 spectro¬ 

photometer. 

Absorbance Spectra of Modifying Reagents 

The absorption spectra of 0.1 mM MNP solutions in potassium phos¬ 

phate were recorded at various pH values. Likewise, the spectra of 

0.1 mM FMA solutions potassium phosphate/DMF were measured. All spectra 

were recorded on a Cary 118 spectrophotometer over the wavelength range 

250 to 600 nm. 
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Fluorescence Spectral Measurements 

The fluorescence measurements were made on a SLM 400 polarization 

fluorometer. The emission spectra were measured using an excitation 

wavelength of 285 nm, and a bandpass of 4 nm. Quartz cuvettes contain¬ 

ing 1 ml of sample were used. Prior to the fluorescence measurements^ 

core and repressor proteins were dialyzed into 0.2 M Tris-HCl, pH 7,4, 

or 0.2 M Tris-HCl, 0,1 mM dithiothreitol, pH 7.4, To miminize oxidation 

of the cysteine and the tryptophan residues, all of the buffers were 

sparged with nitrogen. The emission spectra of repressor (0.167 /(M), 

both in the presence and absence of inducer, 0,1 mM IPTG, were recorded. 

Similar spectra were recorded for the core protein. These spectra were 

then corrected, normalized, smoothed, and plotted on a Hewlett-Packard 

9825 Desktop Calculator and Printer-Plotter. 

Fluorescence Titrations 

Prior to the titration of the repressor protein with either MNP or 

FMA, the repressor was diluted to 0,025 mg/ml with 0.2 M Tris-HCl, pH 

7.4, and the emission spectrum recorded. The wavelength was scanned 

from 300 to 425 nm for repressor to be titrated with MNP and 300 to 600 

nm for the sample to be titrated with FMA, The sample was then titrated 

with either 2 yul aliquots of MNP (0,05 mM in 0.02 M NaOH) or 2 /A ali¬ 

quots of FMA (0,05 mM in DMF), and the spectrum recorded after each 

addition. Aliquots were added until there was relatively little or no 

change in the observed fluorescence emission intensity. The titration 

was repeated in the same fashion using repressor which had been dialyzed 

into 0.2 M Tris-HCl, 0.1 mM dithiothreitol, pH 7.4, to a final volume of 

reagent equivalent to that for the titration in the absence of dithio- 
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threitol. A second sample of repressor in the Tris buffer without di- 

thiothreitol was then prepared, and the emission spectrum recorded. To 

this sample, 0.1 M IPTG was added to give a final IPTG concentration of 

0.1 mM, and the emission spectrum of repressor in the presence of in¬ 

ducer recorded. The titration was performed as described previously. 

A final repressor sample in the Tris buffer with dithiothreitol was pre¬ 

pared, the emission measured, the inducer added, and the emission spec¬ 

trum recorded. This sample was titrated according to the standard pro¬ 

tocol outlined. 

The core protein samples (0,02 mg/ml) were treated identically to 

the repressor samples^ and the four corresponding series of spectra were 

collected: 

1. Core in 0,2 M Tris-HCl, pH 7,4, plus reagent; 

2, Core in 0.2 M Tris-HCl, 0,1 mM dithiothreitol, plus reagent; 

3, Core in 0.2 M Tris-HCl, with 0.1 mM IPTG, plus reagent; 

4. Core in 0,2 M Tris-HCl, 0.1 mM dithiothreitol, with 0.1 mM :f.. 

IPTG, plus reagent. 

Once recorded, the spectra were plotted using a Hewlett-Packard 9825 

Desktop Calculator and Printer-Plotter, and the relative fluorescence 

was determined at 345 nm for each of the repressor and core spectra. 
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Fluorescence Polarization Measurements 

A SLM 400 Series polarization fluorometer was used to take the 

measurements. The fluorophore was excited with vertically polarized 

light and the fluorescence intensity measured as a function of the 

polarization angle. The polarization, p, is given by the equation 

(Pesce et al., 1976) 

I + I 

where I is the intensity of fluorescence emitted polarized parallel to 

the exciting light and I is the fluorescence emitted polarized perpen¬ 

dicular to the exciting light. The instrumentation is such that two 

emission readings are obrained: I /I = R and I /I = R , where I is 
x x c x 

the intensity of the exciting light. R/Rc can be obtained; the value of 

which is the degree of polarization of the emission, I /I , p may be 

calculated from the equation: 

R/R - 1 
c 

P =   
R/R + 1 

c 

Polarization of the Tryptophan Emission 

A solution of repressor protein 0,05 mg/ml in 0,2 M Tris-HCl, pH 

7.4, was excited at 285 nm using Corning filter 7-54 in the exciting 

beam. The R value (I /I ) was then recorded with X emission at 345 nm x 

for channel A and X emission 345 nm plus Corning filter 7—51 in channel 

B; the polarization value was then recorded as the mean of ten measure- 
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ments on a given sample. Three or more of these readings were averaged 

to give R. The R value was then recorded in the same fashion, and p 
c 

was calculated. 

To the repressor sample an aliquot of either MNP or FMA was added; 

the final concentration of chromophore was equivalent to that of the 

respective titration endpoint* Using the same instrumentation, the R 

and R values were obtained and p determined* Dithiothreitol was 
c r 

then added to the modified repressor sample; R and R^ were measured, 

and p calculated. This procedure was then repreated for a sample of 

the core (0.04 mg/ml) in the same buffer* 

Polarization Spectral Measurements 

The excitation polarization spectra of repressor (0,05 mg/ml), re- 

pressor(0.05 mg/ml) plus FMA, and 1.6 x 10 ^ M FMA, all in 0.2 M Tris- 

v 

HCl, pH 7.4 were recorded using the previously described ratiometric 

procedure. The R spectra data from 280 nm to 380 nm and 380 nm to 480 

nm were collected for each sample at 5 nm intervals, with the emission 

monitored at 520 nm for channel A and with Corning filter 3-69 present 

in channel B. The R£ spectra were subsequently recorded and the calcu¬ 

lation of p for each spectral point was performed by a Hewlett-Packard 

Model 9825 Desktop Calculator according to equation 2, and plotted on 

the accompanying printer-plotter. Due to the nature of these results 

comparison of polarization resulting from tryptophan-FMA energy trans¬ 

fer and direct absorption by FMA was deemed not feasible. 
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Results 

Isolation and Characterization of the Repressor and Core Proteins 

The repressor protein as Isolated was approximately 95% pure (Fig. 6). 

The protein was 30 to 90% active in binding to ^plac operator DNA. The 

core protein was isolated from the purified repressor. In order to en¬ 

sure that the core was not contaminated with any native repressor, the 

core solution was passed through two phosphocellulose columns, equili¬ 

brated with 0.12 M and 0.048 M potassium phosphate, respectively. The 

ionic strength of these buffers is sufficiently low to promote repressor 

binding to the ion exchanger, while allowing the core protein to pass 

through (Matthews, 1979). Electrophoresis of the isolated core protein 

on sodium dodecyl sulfate gels yielded a single band; no contaminating 

repressor monomer was evident (Fig. 6). However, a contamination of 

_8 
the core with 2 x 10 M repressor would produce the observed operator 

DNA saturation curve (Fig, 7) and would be undetectable by analytical 

techniques. To eliminate this possibility, the operator DNA was titrated 

with core and repressor protein in the presence of nonspecific DNA, 

(8.3 x 10 5 M base pairs of poly[d(A-T)]). The affinity of the core 

protein for nonspecific DNA may be estimated from the 50% saturation 

point on the operator DNA curve for core in the presence of IPTG (Fig. 7). 

This value is greater than 5 x 10 ^ M; therefore, at the concentration 

of polyld(A-T)] used, core binding to operator DNA should remain essen¬ 

tially unaffected. Conversely, the Kj for repressor-nonspecific DNA 

_8 
under these conditions is 8 x 10 M base pairs (Lin and Riggs, 1972). 

In Figure 7, the saturation curves for the two proteins are presented. 
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Figure 6. Electrophoretic Pattern of Repressor and Core Proteins, 

Repressor protein (10 pg) was applied to well A of a 7%% 

polyacrylamide slab gel containing 0,1% sodiumdodecyl sul¬ 

fate, Core protein CIO pg) was applied in well B, The 

proteins were electrophoresed for 4 hrs. at 60 mAj after 

fixing, staining, and destaining the gel was photographed, 

R indicates the position of free repressor and C denotes 

the core protein. The upper band apparent in well A is 

the repressor dimer. 
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Figure 7. Saturation curves for repressor and core proteins binding to 

operator DNA in the presence and absence of nonspecific DNA. 

3 
The indicated amounts of protein were mixed with [ H]-label- 

led Xplac DNA (2.1 x 10 ^ M) and the solutions filtered 

through nitrocellulose filters. The radioactivity retained 

was determined by liquid scintillation counting, • re¬ 

pressor, • , repressor + nonspecific DNA, re¬ 

pressor with IPTG, A——A jCore, o Q y core + nonspecific 

DNA, A A, core with. IPTG, 
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Minimal effects are observed on the binding of the core protein to oper¬ 

ator DNA in the ./presence of nonspecific DNA, In contrast, the effect of 

nonspecific DNA on the repressor-operator interaction is marked. 

Reaction of the Repressor and Core Proteins with MNP 

The lactose repressor protein was reacted with MNP; the equivalence 

point of titration at pH 7,4 corresponded to 1,4 moles of MNP per mole 

of repressor monomer (Fig. 8). The consistency of this value with that 

of Yang and Matthews (1976) indicates that two of the three cysteine res¬ 

idues are reacting. The core protein was also reacted with MNP; the equi¬ 

valence point of the titration corresponded to 1,5 moles MNP per mole 

of core monomer, a result which implies that the environment of the cys¬ 

teine residues and hence their exposure to solvent is unaffected by the 

removal of the amino termini. 

Reaction of the Repressor and Core Proteins with FMA 

The repressor protein was reacted with FMA as described in Materials 

and Methods. The wavelength of maximum absorption of the fluorescein 

moiety was shifted from 498 nm to 520 nm upon binding to the protein. 

After the equivalence point of 1.2 moles of FMA per mole of repressor 

monomer was reached, further additions of reagent resulted in an increase 

in absorbance only at the wavelength maximum for free FMA, 498 nm (Fig. 

9). The equivalence point value is slightly less than that reported by 

Burgum and Matthews (1978). Reaction of the core protein with FMA pro¬ 

duced spectra similar to those for the repressor protein (Fig. 10). The 

equivalence point of 1.2 moles of FMA per mole of core monomer is iden¬ 

tical to that of the repressor protein. 
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Figure 8, Titration of Repressor and Core Proteins with MNP, 

Repressor and core were titrated with 2 portions of 0,5 

mM MNP in NaOH, Absorbance was measured after addition 

of each increment, 0,2 M Tris-HCl, pH 7,4, buffer was 

titrated in the same manner to give the blank curve, 

»—■ - 0,2 M Tris~HCl, pH 7.4; •—• - repressor 0.25 

mg/ml in 0,2 M Tris buffer; A—A — core 0,2 mg/ml in 0.2 M 

Tris buffer. The size of the symbols • exceeds the error limits 

for these titrations. 
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Figure 9, Titration of the Repressor Protein with FMA. 

Repressor protein, 0,25 mg/ml, in 0,2 M Tris-HCl, pH 7.4, 
(* 

was titrated with 2 pi aliquots of 0,5 jW FMA in DMF. Absorp¬ 

tion difference spectra of the repressor-FMA versus repressor 

were recorded after each addition 
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A ABSORBANCE 



Figure 10, Titration of the Core Protein with FMA, 

Core protein, 0,20 mg/ml, in 0,2 M Tris-HCl, pH 7,4, was 

titrated with 2 pi aliquots of 0,5 jiM FMA in DMF. Absorp 

tion difference spectra, of the core-FMA versus core were 

recorded after each addition. 
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Effects of Modification on the Binding Activities of Core and Repressor 

To determine the effects of reaction of the core and repressor 

protein with the modifying reagents, ligand binding activities were mea¬ 

sured using the assays described in Materials and Methods. 

2-Chloromercuri-4-nitrophenol. Modification of the lac repressor 

with a three fold molar excess of MNP did not alter its affinity for 

the inducer, IPTG (Fig. 11, Table I), when measured by Millipore filter 

technique. Although a slight increase in activity ('v 8%) is seen for 

MNP modified repressor, the difference is not statistically significant. 

Likewise, the ability of the repressor to bind operator DNA was not sig¬ 

nificantly affected by the reaction with a three fold molar excess of 

MNP. The binding activity remained at 95% of that of the unmodified 

repressor (Fig. 13, Table I). Thus, binding of the nitrophenol chromo- 

phore to the protein does not affect either inducer or operator binding 

activity; this result implies that either the cysteine residues are not 

participants in ligand binding or that modification of these residues 

does not interfere with binding. These results are consistênt;with 

those found in the literature (Yang and Matthews, 1976), 

Reaction of the core protein with the same molar excess of MNP as 

used for the repressor resulted in a slight loss (^ 9%) in inducer 

binding activity (Fig. 12, Table I). A similar decrease (y 13%) was 

also seen for the core-operator interaction at the three fold molar 

excess of MNP (Fig. 14, Table I), While these decreases are statisti¬ 

cally significant at the 95% confidence level, in terms of protein 

ligand interactions they are minimal, and can be partially accounted for 

by error inherent in the technique. Binding of the nitrophenol chromo- 
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phore produces essentially the same effect on the core protein as on the 

repressor proteint 
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Table I 

Summary of Protein Binding Activities 

Protein 
samples 

%inducer3 

activity 
%operator^ 
activity 

Repressor 100 100 

Repressor + MNPC 108 + 7 95 +5 

Repressor + FMA.^ 108 +9 <10 

core 100 100 

core + MNPC 91 +3 87 +2,1 

core + FMA** 99 ±7 <10 

a p moles of bound 1PTG per y moles of modified repressor 

was divided by p moles of bound IPTG per ymoles of un¬ 

modified repressor to obtain %activity. 

b The concentration of the unmodified protein at half sat¬ 

uration was divided by the corresponding concentration 

for the modified ‘protein. 

c The proteins were modified with a 3 fold molar excess . 

of MNP. 

d The proteins were modified with a 3 fold molar excess 

of FMA. 
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Figure 11, Inducer-Binding Plots for Modified and Unmodified Repressor 

Protein, Aliquots of repressor, MNP-modified repressor and 

FMA-modifled repressor were mixed with IMS buffer and 0.2 ml 

of 1.0 x 10 M radioactively labelled IPTG. The radio¬ 

activity retained on the filters was counted using a liquid 

scintillation system, Q—Q, repressor, 0,25 mg/ml : , 

MNP-modified repressor, 0,25 mg/ml: ©—-0 FMA-modif led 

repressor, 0,25 mg/ml. 
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Figure 12, Inducer Binding Plots for Modified and Unmodified Cote 

Protein, Aliquots of core, MNP-modified core, and FMA-mod- 

ified core, were mixed with TMS buffer and 0.2 ml of 1.0 x 

10 ^ M radioactively labelled IPTG, The radioactivity re¬ 

tained on the filters was counted using a liquid scintilla¬ 

tion system, Q—Q , core, 0,20 mg/ml: A-A , MNP-modified 
core, 0.2 mg/mlî O—O FMA-modified co£çf, 0,2 mg/ml. 
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Figure 13, Saturation curve for the repressor protein binding operator 

DNA in the presence and absence of modifying reagents. The 

indicated amounts of repressor, MNP-modified repressor, and 

3 
FMA-modified repressor were mixed with [ H]-labelled Aplac 

DNA (3.8 x 10 ^ M) « 0,5 ml aliquots were filtered through 

nitrocellulose filters. The radioactivity retained was 

determined by liquid scintillation counting.O O » repres¬ 

sor : ^r^A./MNP-modif ied repressor:Q D f FMA-modif ied 

repressor. The equivalent open symbols refer to the same 

binding in the presence of IPTG. 
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Figure 14, Saturation curves for the core protein binding operator DNA 

in the presence and absence of modifying reagents. The in¬ 

dicated amounts of core, MNP-modified core, and FMA-modified 

core were mixed with I^H]-labelled Xplac DNA (3.8 x 10 ^ M) . 

0.5 ml aliquots were filtered through nitrocellulose filters. 

The radioactivity retained was determined by liquid scintil¬ 

lation counting,O—Ô , core; Â MNP-modified core; 

Q—*-Q , FMA-modified core. The equivalent open symbols 

refer to the same binding in the presence of IPTG. 
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Fluorescein Mercuric Acetate. Reaction of the lac repressor protein 

with FMA at a three fold molar excess produced no significant change 

in the repressor inducer interaction as determined by the Millipore fi¬ 

ltration method (108±8% activity for repressor-FMA versus 100% activity 

for repressor) (Fig. 11, Table I). The ability of the protein to bind 

to operator DNA was almost completely lost after reaction with a .two 

fold molar excess of FMA. The operator binding capability of the mod¬ 

ified repressor was less 10% of that of the native repressor. These 

findings are similar to those of Burgum and Matthews (1978). 

Modification of the core protein tôith 2 to 3 fold molar excesses 

of FMA has the same effect on binding activities as reaction of the 

reagent with the repressor protein. The inducer binding activity is 

not changed (99 ± 6% core-FMA. versus 100% activity for core), while the 

interaction of core protein with operator DNA is reduced to less than 

10% after reaction with FMA. 

Quenching of Core and Repressor Protein Fluorescence 

Excitation of either the repressor or core protein at 280 nm re¬ 

sulted in an emission spectrum with maximum at 345 nm. The shape of 

the emission spectra are, for the most part, identical over the wave¬ 

lengths scanned (300 to 600 nm) and are attributable to tryptophans 

201 and 220 (Bandyopadhyay and Wu, 1979). 

2-Chloromercuri-4-nltrophenol. Titration of the repressor protein 

with MNP resulted in a decrease in the intensity of fluorescence emis¬ 

sion (F), after each addition (Fig. 15a), until endpoint was reached. 

The endpoint was taken as the point at which further addition of reagent 

produced little or no change in the emission intensity. This point 
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corresponded to 1,4 moles MNP per mole of repressor monomer; this value 

is identical to the endpoint obtained from the visible absorption spec¬ 

troscopic titration, A plot of the incremental fluorescence intensity 

change at 345 nm with MNP addition is presented in Figure 17. The addi¬ 

tion of dithiothreitol to the MNP—titrated repressor sample produced an 

increase in the fluorescence intensity. The recovery of fluorescence was 

not complete (Fig. 16), However, performing a comparable titration in 

the presence of dithiothreitol reduced the extent of quenching produced 

by MNP to only 10 to 20% of that observed in the absence of dithiothrei¬ 

tol (Pig. 15b) . This partial reversal of the MNP quenching by dithio¬ 

threitol implies that the chromophore is attached to the protein and the 

decrease in fluorescence is due not only to the absorption of light 

emitted by the tryptophans but also arises as a consequence of energy 

transfer from the tryptophans to the nitrophenol moieties. 

The blue shift in fluorescence emission maximum of tryptophan resi¬ 

dues from 345 nm to 336 nm in response to repressor binding of inducer 

(Fig. 18) is unchanged by titration of the repressor-inducer complex 

with MNP. The shape of the spectrum, the endpoint of the titration, 

and the extent of MNP quenching are not affected by the presence of 

inducer, except for the expected shift in the maximum (Fig. 18, Fig. 

17b). The shift in emission maximum on binding to inducer indicates 

that tryptophan residues are exposed to a different environment, and 

this environment is not further modified by reaction with MNP; thus, the 

conformational change elicited by the binding of inducer to the protein 

is not affected by reaction with MNP, 
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Figure 15. Fluorescence Titration of the Repressor Protein with MNP. 

The repressor protein, 0.025 mg/ml, was titrated with 2 pi 

aliquots of MNP, 0,05 mM in 0.02 M NaOH, in the absence and 

presence of dithiothreitol. Tryptophan fluorescence emis¬ 

sion intensity was measured after the addition of each in¬ 

crement, The spectra shown in 'a* were collected in the 

absence of dithiothreitol, while those in Tb’ were accu¬ 

mulated in the presence of 0.1 mM dithiothreitol. 
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Figure 16, Fluorescence Recovery Spectrum of the Repressor Protein 

after MNP Titration, Repressor, Q.025 mg/ml, was titrated 

with MNP as described in Fig. 15a. Dithiothreitol was 

added to the repressor-MNP sample at a concentration of 0.1 

mM; this addition produced an increase in tryptophan fluo¬ 

rescence emission intensity (middle line). Spectra of the 

unreacted repressor, 0,025 mg/ml, ( upper line) and of the 

completely reacted repressor, 0,025 mg/ml with 1 pM MNP, 

(lower line) are shown, for comparison. 
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Figure 17. Incremental Changes in the Fluorescence Intensity of the 

Repressor Tryptophan Residues upon MNP Addition. A plot 

of the incremental change in the fluorescence intensity 

(F), versus the volume of 0.05 mM MNP added is presented 

in ’a', for the repressor samples Ç0.167 uM) titrated 

in the* • , presence and in the 0^—g , absence of 

0.1 mM dithiothreitol. Comparable plots for repressor 

with 0,1 mM inducer (IPTG) are presented on the right 

in ’b\ 
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Figure 18. Fluorescence Titration of the Repressor-Inducer Complex 

with MNP. IPTG (0,1 mM) was added to a sample of 

repressor, 0.167 pM, to produce the repressor-inducer 

complex as reflected in the blue shift of the spectra. 

This sample was titrated with 2 pi aliquots of 0.05 mM 

MNP in the absence 'a’ and presence ’‘b’ of 0.1 mM 

dithiothreitol. The tryptophan fluorescence emission 

spectrum was recorded after addition of each aliquot. 



400 



62 

The core protein samples vere treated identically to the repressor 

samples. The results from all corresponding experiments were similar. 

The addition of MNP to 1.5 moles of MNP per mole of core monomer 

resulted in quenching of the tryptophan fluorescence emission (Fig. 19, 

Fig. 21): this quenching was dithiothreitol sensitive (Fig. 19b, Fig. 

20). The inducer elicited conformational change was unaffected by the 

presence of MNP as seen by the blue shift in emission intensity (Fig. 

22) . These observations suggest that the removal of the NI^-terminal 

domain does not alter the environment of tryptophan or cysteine resi¬ 

dues of the protein. 
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Figure 19. Fluorescence Titration of the Core Protein with MNP, 

The core protein, 0,02 mg/ml, was titrated with 2 pi 

aliquots of MNP, 0,05 mM in 0.02 M NaOH, in the absence and 

presence of dithiothreitol. Tryptophan fluorescence emission 

intensity was measured after the addition of each increment. 

The spectra shown in’a’ were accumulated in the absence of 

dithiothreitol, while those in ’b’ were collected with 0.1 

mM dithiothreitol in the sample. 
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Figure 20. Fluorescence Recovery Spectrum of the Core Protein after 

Titration with MNP, Core, 0,02 mg/ml, was titrated with 

MNP as described in Fig, 19a. Dithiothreitol was added 

to the core-MNP sample at a concentration of 0,1 mM; this 

addition produced an increase in the tryptophan fluorescence 

emission intensity (middle line). Spectra of the unreacted 

core, 0,02 mg/ml, Cupper line) and of the completely modi¬ 

fied core, 0,167 pM with 1 yM MNP, (lower line) are shown 

for comparison. 
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Figure 21, Incremental Changes in the Fluorescence Intensity of the 

Core Tryptophan Residues upon MNP Addition. A plot of 

the incremental change in the fluorescence intensity (F), 

versus the volume of 0,05 mM MNP added is presented in 

’a*, for the core samples (0.167 pH) titrated in the 

IK— «, absence and in the • —• , presence of 0.1 mM 

dithiothreitol. Comparable plots for core with. 0.1 mM 

IPTG are presented on the right in ’b', 



o
f 

M
N

P
 

68 

t> 

's. 

ro -t* o> œ 



69 

Figure 22, Fluorescence Titration of the Core-Inducer Complex with MNP. 

IPTG (.0,1 mM ) was added to a sample of core, 0.167 yM, 

to produce the core-inducer complex as reflected in 

the blue shift of the spectra, This sample was titrated 

with. 2 yl aliquots of 0.05 mM MNP in the absence *a' 

and in the presence ’bT of 0,1 mM dithiothreitol. The 

tryptophan fluorescence emission spectrum was recorded 

after each, addition. 
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Fluorescein Mercuric Acetate, Titration of the repressor protein 

with fluorescein mercuric acetate did not alter the shape or the posi¬ 

tion of the emission spectrum, hut rather resulted in quenching of the 

tryptophan emission similar to that observed upon reaction with MNP 

(Fig. 23a), The fluorescence intensity was reduced with FMA addition 

until an endpoint corresponding to 1,2 moles of FMA per mole of repres¬ 

sor monomer was reached. Beyond this point, further addition of FMA 

resulted in an increase in the fluorescence intensity (Fig. 25a). The 

addition of dithiothreitol partially reversed the extent of quenching 

of the FMA—titrated repressor (Fig, 24) , Inclusion of dithiothreitol 

in the sample buffer decreased the extent to which quenching occurred 

during the titration (Fig. 23b). 

The presence of inducer did not enchance or diminish the effect of 

FMA on tryptophan fluorescence. The shape of the spectrum, the tit- 

ration equivalence point, and the dithiothreitol effects were unchanged 

(Fig. 25, Fig. 26b); the position of the emission maximum which had 

shifted from 345 nm to 337 nm in response to inducer binding, remained 

unaffected. As with the nitrophenol reagent, the FMA results indicate 

that the chromophore is attached to the protéin, and the loss of fluo¬ 

rescence is attributable both to the reabsorption of light emitted and 

to energy transfer. 

Upon titration of the core protein with FMA, in the absence and 

presence of dithiothreitol, and in the absence and presence of IPTG, 

the core protein behaved in a manner similar to that observed for 

the repressor protein (Fig. 27, Fig, 28, Fig 29, Fig. 30), The only 
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apparent difference was that the amount of light scattering at wave- >>. 

lengths greater than 530 nm was decreased in the core protein spectra, 

when compared with that of the intact repressor. This may be due to 

loss of the mobile hinge region which connects the Nl^-terminus to the 

core domain. 
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Figure 23. Fluorescence Titration of the Repressor Protein with FMA. 

The repressor protein, 0,025 mg/ml, was titrated with 2 pL 

aliquots of FMA, 0,05 mM in DMF, in the absence and the 

presence of dithiothreitol. Tryptophan fluorescence 

emission intensity was measured after the addition of each 

increment. The spectra shown *a' were collected in the ab¬ 

sence of dithiothreitol, while those in 'b* were accumulated 

in the presence of 0,1 mM dithiothreitol. 
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Figure 24. Fluorescence Recovery Spectrum of Repressor after FMA 

Titration. Repressor, 0.167 yM, was titrated with FMA 

as described for Fig, 23a, Dithiothreitol was added to 

the repressor-FMA sample to a concentration of 0.1 mM; 

this addition produced an increase in the tryptophan 

fluorescence emission intensity (middle line). Spectra 

of the unreacted repressor, 0.167 yM, Cupper line) and 

of the completely modified repressor, 0,167 yM with 0,7 

yM IMA, (lower line) are shown for comparison. 
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Figure 25, Incremental Changea in the Fluorescence Intensity of the 

Repressor Tryptophan Residues upon FMA Titration, A 

plot of the incremental change in the fluorescence inten¬ 

sity, (F) t versus the volume of 0,05 mM FMA added is 

presented in ’a', for the repressor samples CO.167 yM) 

titrated in the m—-• , absence and in the • •, pre¬ 

sence of 0.1 mM dithiothreitol. Comparable plots for 

repressor with 0.1 mM IPTG are shown on the right in ’b’. 
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Figure 26. Fluorescence Titration of the Repressor-Inducer Complex 
:r 

with FMA. IPTG (0.1 mM) was added to a sample of 

repressor, 0.167 pM, to produce the repressor-inducer 

complex as reflected in the blue shift of the spectra. 

This sample was titrated with 2 pi aliquots of 0.05 mM 

FMA in the absence 'a' and in the presence 'b* of 0.1 mM 

dithiothreitol. The tryptophan fluorescence emission 

spectrum was recorded after each addition. 
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Figure 27. Fluorescence Titration of the Core Protein with FMA. 

The core protein, 0.02 mg/ml., was titrated with 2 pi ali¬ 

quots of FMA, 0.05 mM in DMF, in the absence and in'.the 

presence of dithiothreitol. Tryptophan fluorescence emis¬ 

sion intensity was measured after the addition of each 

increment. The spectra shown in ’a’ were accumulated 

without dithiothreitol in the sample, while those in fb' 

were collected with 0.1 ^ dithiothreitol in the sample. 
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Figure 28. Fluorescence Recovery Spectrum of Core Protein after FMA 

Titration. Core protein was titrated as described for 

Fig 27a. Dithiothreitol was added to the core-FMA sample 

to a concentration of 0.1 mM; this addition produced an 

increase in the tryptophan fluorescence emission intensity 

(middle line). Spectra of the unreacted core, 0.167 pM, 

(upper line) and of the completely reacted core, 0.167 

with 0.7 pM -FMA, (lower line) are shown for comparison. 
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Figure 29 * Incremental Changes in the Fluorescence Intensity of the 

Core Tryptophan Residues upon FMA Addition. A plot of 

the incremental change in the fluorescence intensity (F), 

versus the volume of 0,05 mM FMA added is presented in 

’a', for the core samples CO.167 pH) titrated in the 

•—M , absence and in the* • » presence of 0.1 mM 

dithiothreitol. Comparable plots for core with. 0.1 mM 

IPTG are shown on the right, in *b ’, 
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Figure 3Q, Fluorescence Titration of the Core-Inducer Complex with 

FMA., IPTG (0.1 mM) was added to a sample of core, 0,167 

pM, to produce the core-inducer complex as reflected in 

the blue shift of the spectra, This sample was titrated 

with 2 pi aliquots of 0,05 mM FMA in the absence ’a’ 

and in. the presence ’b* of 0,1 mM dithiothreitol. The 

tryptophan fluorescence emission spectrum was recorded 

after each addition 
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Polarization of the Tryptophan Fluorescence 

The polarization of the tryptophan fluorescence of both core and 

repressor proteins in the presence and absence of either MNP or FMA 

was determined. The process of energy transfer decreases the lifetime 

(TQ) of the excited state of the tryptophan donor; TQ is inversely 

related to the polarization value, Thus, if energy transfer is occur¬ 

ring, the polarization of the tryptophan fluorescence in the modified 

proteins should be greater than that of the unmodified proteins. As 

expected, an increase in polarization is seen for repressor upon the 

addition of either modifying reagent. MNP modification of repressor 

results in an increase of p from p = 0,095 to p = 0,16; FMA treatment 

of repressor yields an increase in p from p =0,088 to p = 0,13 (Table 

III). The effect of these compounds on the polarization is reversible 

by the addition of dithiothreitol (Table III); this result implies that 

the increase in polarization is due to the presence of the sulfhydryl 

reagents on the protein, and the increases ^observed cannot be ascribed 

to collisional quenching of the chromophores with the tryptophans. 

Similar results were obtained for the core protein (Table III); there¬ 

fore, the tryptophan and cysteine residues of the core behave similarly 

to those in the native protein. The increase in polarization is addi¬ 

tional evidence for the occurrence of energy transfer between trypto¬ 

phans and cysteine-conjugated chromophores. 
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Table III 

Fluorescence Polarization Measurements 

Protein Sample R R 
c P 

Repressor 1.09 0.90 0,095 

Repressor-MNP 0,86 0.62 0,16 

Repressor-MNP + DTT 1,12 0.93 0.091 

Repressor 1.11 0,93 0,0881 

Repressor-FMA 1,09 0.84 0.13 

Repressor-FMA + DTT 1,12 0.93 0,093 

Core 1,02 0,83 0.103 

Core-MNP 0,91 0,68 0.14 

Core-MNP + DTT 1.03 0.84 0.102 

Core 1,06 0,87 0.098 

Core-FMA 1,05 0.81 0,13 

Core-FMA + DTT 1.00 0.81 0,105 
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Energy Transfer Measurements 

Non-radiative energy transfer may be used to estimate distances 

between pairs of fluorophores in a molecule. A unique, so-called cri¬ 

tical distance, Rq, for each donor-acceptor pair has been defined as 

the distance at which there exists equal probabilities for transfer 

and intramolecular deactivation <5£ the donor excited state by radia¬ 

tive or non-radiative processes. We have evaluated RQ from the 

equation: 

, 9000(In 10)K2J .... 
R
6 = v (1) 
o . 

128 ir5 n N 

where N is Avagadro's number, n is the index of refraction of the med¬ 

ium, K2 is the orientation factor for the dipole-dipole transfer, and 

is the spectral overlap integral (Brown, 1980). 

Tryptophan residues acted as the donor species, with either MNP 

or FMA modified cysteines serving as the acceptor, in the following 

protein systems: repressor, repressor with bound IPTG, core protein, 

and core protein with bound IPTG. 

The corrected fluorescence emission spectra (not shown) of repres¬ 

sor, repressor plus IPTG, core, and core plus IPTG were used for the 

determination of J^. The absorption spectra of the chromophores were 

recorded on a Cary 118 and then used in the calculation of Jy. 

K
2, the orientation factor, depends on the angle between the two 

oscillators. Since this value cannot be determined directly, a statis¬ 

tical average K2 = 2/3 is routinely used (Pesce et al., 1971). 
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J^, the overlap integral is given by 

J 
v 

(2) 

(Obed et ail., 1980), where F(X) is the fluorescence intensity of the 

donor at wavelength X^, E(X) is the molar extinction coefficient of 

the acceptor at this wavelength, and X^ is expressed in cm. The val¬ 

ues of and of RQ are presented in Table II. 

The distance between a single donor and single acceptor may be 

calculated using the RQ values and the following series of equations 

where R is the distance between the donor and the acceptor molecules, 

RQ is the distance at half maximal energy transfer, and £ is the effi¬ 

ciency of energy transfer, £ may be measured by the quenching effect 

on the donor fluorescence given byî 

(Freifelder, 1976): 

(3) 
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DA 
where ^ is the fluorescence intensity observed at A2 when excited 

at X^ when both the donor and acceptor are present, ^ is the fluo¬ 

rescence intensity at X2 when excited at X^ with only the donor in the 

system. X^ was chosen so that absorption is efficient by the donor but 

inefficient by the acceptor; X2 was set such that it falls in the emi¬ 

ssion spectrum of the donor but not that of the acceptor, X^ equals 

280 nm; X2 equals 345 nm. 

Equation 4 was used to evaluate £ for MNP quenched protein or FMA 

quenched protein. The f? „ values were obtained from the spectra of 

the chromophore titrated protein in the presence of dithiothreitol; the 

DA 
f, _ values were measured as the fluorescence intensity at the endpoint 
1, Z : . . : u : ' • 

of the titration. The values determined for £ are presented in Table 

II.' FMA values were verified by a second evaluation of £ which utilizes 

the sensitized fluorescence of the fluorescein moiety. In this case the 

efficiency is evaluated from equation 5 (Freifelder, 1967); 

l 
e*CA f 

DA 
1,3 

f 
A 
1,3 

- 1 C5) 

in which e^, and are molar extinction coefficients of acceptor and 

donor at X^; and are the concentrations of acceptor and donor 

respectively; and f^ _ and f?\ are the fluorescence intensities at '.X 
X * J x , J 3 

when excited by X^ for either the acceptor or the acceptor-donor pair. 

X^ was chosen as defined previously; X^, set at 520 nm was selected •: 

such that only acceptor emission occurred. The second calculation of 
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Ç yielded values of 45% and 47% for the repressor and 46% and 43% for 

the core protein, which corresponded fairly well to those values derived 

from equation 4. 

The R distances were then calculated from equation 3 and are pre¬ 

sented in Table II,. While these R values may be determined, one of the„i 

assumptions on which the distance calculations are based is a single 

donor-acceptor pair. This criterion is not met in this system, and thus 

the distances are not accurate. It may be noted, however, that the dis¬ 

tances calculated for the repressor and core proteins are similar regard¬ 

less of which chromophore is used as the acceptor. Further, addition 

of inducer appears to slightly increase the R distances calculated, but 

are well within the experimental error for these measurements. 
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Table II 

 Energy Transfer Parameters for Repressor and Core Proteins 

Protein Acceptor RQ Ç R 

(moles ̂ cm6) A° % A° 

Repressor MNP 

X
 

o
 • 

C
M
 io-12 86 56 83 

Repressor-IPTG MNP 2,08 x io~12 83 42 88 

Repressor IMA 2.11 x io~12 83 50;45b SÎ 86 

Repressor-IPTG IMA 2,16 x 10~12 83 42, 47 88, 85 

Core MNP 2.66 x 10-12 86 64 78 

Core-IPTG MNP 2,48 x 10-12 85 59 80 

Core IMA 2.13 x 10-12 83 51, 47b 82, 85 

Core-IPTG IMA 2.05 x 10-12 83 47, 43 84, 87 

a. The donor molecules in all cases are the tryptophan residues at 

positions 201 and 220, 

b. These values were those obtained from equation 5, 
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Discussions and Conclusions 

2-Chloromercuri-4-nitrophenol and fluorescein mercuric acetate re¬ 

act selectively with the cysteine residues of the lac repressor pro¬ 

tein and its trypsin resistant core (Yang and Matthews, 1976; Burgum 

and Matthews, 1978). Reaction with either chromophore with the proteins 

produces the same degree of modification of the core protein as of the 

intact repressor, Hence, the removal of the N^-terminal domain does 

not result in an increased exposure of the core residues to the solvent. 

The implication of these results is that the basic three dimensional 

structure of the repressor core region is independent of the presence of 

the amino terminus. 

The introduction of either chromophore into the repressor structure 

has no effect on inducer binding activity,-nor is there any apparent 

impairment of the associated conformational change. Not surprisingly, 

considering the location of the cysteine residues, this finding is •> 

paralleled in the core protein. Thus, the introduction of bulky groups 

at the cysteine residues does not interfere with inducer-protein inter¬ 

actions. This result implies that thè Isulfhydryl side chains of the 

cysteines do not play an active role in sugar binding, nor does the 

specificity or the -strength of inducer binding rely on residues in the 

immediately adjacent "bicinity. These findings agree with those pre-> 

sented in the literature by various workers (Manly and Matthews^ 1979 i 

Yang et al., 1977; Burgum and Matthews, 1978) who have suggested that 

the inducer binding activity remains essentially unaffected by changes 

in the microenvironment of the cysteines. 



97 

In contrast, perturbation of the cysteine and its surrounding re¬ 

gion has varying effects on the specific DNA binding activity of the 

repressor. Manly and Matthews (1979) showed that oxidation of the 

cysteine residues of the repressor results in a loss of operator acti¬ 

vity. Further modification studies produced two results: the protein 

operator interaction was unaffected by the introduction of a probe 

()fang et al., 1977), or the operator DNA binding was essentially lost 

upon modification (Burgum and Matthews, 1978). 

Reaction of the repressor and core proteins with the nitrophenol 

reagent does not produce any marked effect on the operator DNA binding 

activity. However, the FMA-modified repressor and core proteins showed 

a;.90% loss of operator binding. Previous studies (Burgum and Matthews, 

1978) have shown that the nonspecific DNA interaction of the repressor 

is unaffected by this modification. Thus, the repressor has not lost 

the ability to bind DNA but rather the ability to recognize a specific 

base sequence. The specificity of this binding appears to be endowed 

by core contacts, as modification of the trypsin-resistant core with 

FMA resulted in a loss of operator activity. The contacts between 

the operator sequence and the protéin must to some degree involve the 

residues in the region surrounding the cysteines, although not the 

sulfhydryl groups directly, since the reaction with MNP does not af¬ 

fect the binding activity. 

Ultraviolet difference spectroscopy and fluorescence studies have 

shown that the repressor undergoes a structural change in response to 

inducer binding (Burgum and Matthews, 1978; Barkley and Bourgeois, 

1977). The core protein shows the same spectral behavior (Matthews, 
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1974) as the intact repressor. Hence, the same structural changes are 

occurring in the core. It has been demonstrated that the spectral pro¬ 

perties of the tryptophans are altered by inducer binding (Matthews et 

al., 1973), as is the exposure of these residues to solvent. These 

amino acids provide an intrinsic spectral marker for the protein. 

Since, their environmental changes have been somewhat chatacterized 

(Sams et al., 1977; O'Gorman and Matthews, 1977), the interaction of 

the tryptophans with chromophorically labelled residues has been moni¬ 

tored by observing changes in their spectral character. 

Titration of the repressor protein with éither chromophore resul¬ 

ted in quenching of the tryptophan fluorescence. Apart from the 

decrease in emission intensity, there were no other obvious changes in 

the spectra. No spectral shifts were observed, nor was the shape of 

the spectra altered by the presence of modifying reagents. That the 

quenching observed was dithiothreitol sensitive implies that the eff¬ 

ects noted were a result of energy transfer between the protein bound 

labels and the tryptophan residues. These effects are '.not ascribable 

to collisional quenching nor to free reagent in the sample. The - 

binding of inducer prior to titration produced the typical blue shift 

of the emission spectra; however, it did not alter the energy transfer 

observed. The results of the polarization measurements provide addi¬ 

tional evidence for the energy transfer process. From the Perrin 

equation the relationship between the lifetime and polarization of 

emitted light is one of inverse proportion. Thus, as the lifetime of 

the species under observation decreases, the polarization observed 

should increase, This situation is indeed the case; both the MNP and 
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the FMA labelled repressor exhibited increased polarization of tryp¬ 

tophan fluorescence emission. This increase in polarization of tryp¬ 

tophan is also seen for the labelled core proteins. Thus, the trypto¬ 

phan and cysteine residues of the core and repressor are to be found 

in essentially the same environment with the same spatial orientation 

in regards to one another. 

Energy transfer measurements form the basis of the R value calcu¬ 

lation. Based on the efficiency of the transfer procesd, the distances 

between the tryptophan and modified cysteine residues were calculated. 

Due to simplifying assumptions used, these distances give relative ra¬ 

ther than absolute values. Comparison of the distances calculated for 

core and repressor proteins show little or no difference either in the 

absence or presence of inducer molecules. This result gives further 

evidence that the core and repressor proteins are very similar in their 

physical structure. The values determined for R are, however, large 

given the known dimensions of the protein. Steitz et al. (1974) have 

o o o 

determined the size of the protein to be 140 A by 60 A by 45 A . 

The distance along the long axis is then equal to two monomer i subunits, 

Thus, the maximum length, of the individual monomers is approximately 

O O 

70 A . This parameter disallows R values greater than 80 A as calcu¬ 

lated. The discrepancy between the allowed and calculated R values is 

attributable to the constraints placed upon a given system for accurate 

energy transfer measurements. In particular, all derivations of equa- 

' tions have been made with the assumption that the system contains a 

single donor-acceptor pair, not several interacting pairs of oscilla- . 

tors as is the case with the modified repressor and core proteins. 
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The and K2 values are averages rather than individual represen¬ 

tations; in particular the approximation of K2 introduces a significant 

error into the distance calculation. 

Multiple absorption oscillators in FMA presented a problem in 

comparing the polarization of the sensitized fluorescence of the FMA- 

labelled protein to polarization by direct excitation. These measure¬ 

ments would potentially have allowed the differentiation of the energy 

transfer from tryptophan to FMA. from the direct FMA absorption; however, 

as the polarization spectrum of. FMA did not arise from a single absorp¬ 

tion process, but rather exhibits multiple bands with a notable cross¬ 

over at 345 nm (the of tryptophan emission), no information could 

be gleaned from these measurements. 

From this study, it appears that modification of the core and 

repressor proteins with sulfhydryl reagents results in very similar 

effects. The maintenance of the free sulfhydryl on the cysteine res¬ 

idues does not appear to be essential for ligand binding activities 

as reflected in the complete retention of the inducer binding with 

both labels and of operator binding in the MNP—labelled protein. The 

vicinity surrounding the cysteine residues must, however, possess 

certain determinants necessary for operator binding as evidenced by 

the loss of specific DNA activity upon FMA modification of both the 

core and repressor proteins, As all of the cysteine residues are lo¬ 

cated within the core, this result indicates that the major contact 

required for specific DNA-protein interactions lie within the core 

region as proposed by Dunaway et al, (1981). The relative distance 

between the cysteine and tryptophan residues in the repressor seems 
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unchanged by the removal of the amino termini as is evidenced by the 

similarity of the repressor and core data. Similarly, structural 

perturbations of the protein upon inducer binding or modification 

with reporter groups are essentially identical, lending further sup¬ 

port to the independence of the two domains of the repressor protein. 
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