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ABSTRACT 

The perturbation of fluorescence in both bovine 

and human serum albumin caused by chloride, iodide, 

acrylamide and N - bromosuccinimide was studied under 

various experimental conditions. Serum albumin 

fluorescence lifetime changes induced by pH and added 

solutes were also studied, both in acid solutions and in 

powders. In general, the two proteins behave similarly. 

During the N - F transitions, the fluorescence lifetimes 

and the fluorescence intensities decrease in the same 

'qualitative manner. Chloride binding enhances the 

fluorescence intensity, but has little or no effect on the 

fluorescence lifetimes. Chloride enhances the human serum 

albumin fluorescence intensity much more than it enhances 

that of bovine serum albumin. Iodide and acrylamide quench 

both the fluorescence intensities and lifetimes. 

Acrylamide quenching is hardly affected by pH changes, but 

is sensitive to the protein concentration. In acrylamide 

quenching, acrylamide molecules are partitioned into the 

protein matrix, causing both dynamic and static quenching. 

Iodide quenching is sensitive to pH, with a maximum 

quenching at pH 4.0. Iodide quenching decreases wi th 

increased ionic strength and with increased protein 
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concentration. The stern-Volmer plots obtained with iodide 

as the quencher are downward curving in both proteins. The 

downward curvature is a result of iodide binding, the main 

quenching mechanism. Both tryptophans in bovine serum 

albumin tryptophans and the single human serum albumin 

tryptophan are very close to the surface of the protein. 

The environments of the bovine serum albumin tryptophans 

are not very different from each other. The fluorescence 

lifetimes of serum albumin powders separated at pH 6.0 are 

very sensitive to hydration, while the lifetimes of powders 

separated at pH 2.0 are not. Acrylamide and iodide quench 

the fluorescence lifetimes of bovine serum albumin powders, 

even in the driest samples. Quenching is maximum at a 

hydration approximately equal to that required for 

monolayer coverage. 



CHAPTER ONE 

INTRODUCTION 

Serum albumin, unlike other plasma proteins, is 

multifunctional. It is the principal agent responsible for 

the osmotic pressure of the blood and for the transport of 

fatty acids. It also has a role in transporting tryptophan 

and various hormones(l). This, plus the fact that the 

protein is commercially available in a relatively high 

purity, has made serum albumin popular as a model protein 

among researchers. It has been studied extensively in an 

effort to understand the properties of albumin in 

particular or the behavior of proteins in general. 

Although bovine serum albumin and human serum 

albumin differ in some aspects, the similarities in 

structure and properties are overwhelming. Each protein 

consists of a single peptide chain of about 600 residues. 

The amino acid sequences were determined by Brown(2,3). 

The molecular weights obtained from the amino acid 

sequences are 66210 Daltons for bovine serum albumin and 

66248 Daltons for human serum albumin. However, other 

methods for determining molecular weight yielded varying 

values(4,5). Such variations were attributed to the 
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presence of some polymeric forms that accompany the 

preparation or storage of serum albumin(2). In addition, a 

number of authors have suggested the existance of two 

different classes of monomeric forms(6). 

Optical rotatory dispersion measurements revealed 

that the secondary structure of serum albumin is 

characterized by high a-helical content which amounts to 

48% in human serum albumin and 54% in bovine serum 

albumin (1). The contents of f3 -plated sheets are about 15% 

and 18% for human and bovine serum albumins, 

respectively(7). The remainder of the secondery structure 

is random coil. This secondary structure is stabilized by 

17 disulfide bonds (1). 

Serum albumin is a compact globule consisting of 

four subdomains connected by short peptide chains(8). This 

highly organized core is covered by a less organized 

coating of a polypeptide chain(9,10). Over 200 positive 

and negative charges, distributed over the molecule, are 

responsible for the protein's strong hydrophilic nature and 

high affinity for ions(11,12). Both human and bovine serum 

albumins are remarkably capable of binding a wide range of 

compounds. This is probably related to configuration 

adaptability, a process involving changes in the relative 

positions of the side chains. 

Human and bovine serum albumin are very similar in 
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their structure sensitivity and response to pH changes. 

In the acid region, the titration curves of serum 

albumins are very steep, but they flatten considerably 

above the isoionic point of 5.3(13). Below pH 5.0, the 

electrophoretic behavior of the proteins is characterized 

by complex patterns attributed to binding buffer 

anions(13). Near pH 4.0, serum albumins show 

electrophoretic heterogeneity(14). Viscosity and diffusion 

measurements indicate that as the pH is lowered below pH 

4.0, the molecule expands, becoming longer and asymmetric, 

the a-helical content decreases, and the molecule 

unfolds(15). About half of the 101 carboxylate ions that 

had not been protonated at pH 4.0 abruptly become titrable 

with a pKa of approximately 3.7(16). In addition, four 

more tyrosine residues become exposed to the 

solvent(17,18) • 

The behavior of the protein in the pH range 5.0 -

3.5 is explained by the presence of two isomeric forms of 

serum albumin: the native, N, and the fast migrating, F, 

forms(ll). The F form has a higher electrophoretic 

mobility. The two forms exist in a pH-dependent 

equilibrium, with the F form favored at lower pH levels. 

The F form has been isolated(19,20). It is distinguished 

by insolubility in concentrated salt solutions like 3.0 M 

sodium chloride(19), or by electrophoresis in gels(20). The 
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N-F transition is rapid and completely reversible (12,21). 

In the acid expansion, i.e. below pH 3.5, the subdomains 

separate while retaining their local structure, and the 

polypeptide coating on the surface of the protein 

unwinds(9,10) • 

In many cases, the structural changes in 

proteins are reflected by changes in their fluorescence 

properties. Protein fluorescence comes entirely from 

tryptophan and tyrosine residues. In proteins containing 

both types of residues, the fluorescence is mostly 

characteristic of tryptophan, and dependent on its exposure 

to the solvent and proximity to quenching groups in the 

protein such as protonated carboxylate groups (22). In 

general, when the protein is excited with 290 nm light, the 

fluorescence bands between 330 nm and 350 nm have been 

assigned mainly to tryptophan emission, and the 

contribution of tyrosine emission is minimal. However, 

recently, fluorescence from polypeptides that do not 

contain any tryptophan residues was shown to have an 

emission maximum at 345 nm when excited at 290 nm(23). 

This band was assigned to emission from tyrosinate ions. 

Serum albumins contain both tryptophan and 

tyrosine residues. Bovine serum albumin has two tryptophan 

residues, while human serum albumin has only one 

tryptophan residue(l). The number of tyrosine residues, 
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however, is approximately equal in the two proteins, with 

18 for human and 19 to 20 residues for bovine serum 

albumin(l). For the same concentration of bovine and 

human serum albumin solutions, the fluorescence intensity 

of the bovine serum albumin solution is 2.7 times higher 

than that of the human serum albumin solution(18,24). 

Since it is believed that one of tryptophans is similar to 

the human serum albumin tryptophan residue, it has been 

concluded that the extra tryptophan in bovine serum albumin 

is more fluorescent (1). 

During the N - F transition, the serum albumin 

fluorescence intensity decreases and the emission maximum 

is blue shifted. The fluorescence decrease accompanying 

the transition may be due to conformational changes in the 

tryptophan environments or to the protonation of 

carboxylate side chains in the vicinity of the 

fluorophore(22). The blue shift in the wave length of 

maximum fluorescence has been suggested as being caused by 

the involvement of newly exposed tyrosine residues(25,26), 

or by pH-induced structural changes(24). 

Simi lar spectral changes are caused by ionic 

strength increases, but the effects are, by far, smaller 

than those induced by the hydronium ion. For example, the 

hydronium ion is 12000 times more powerful than the lithium 

ion in inducing conformational changes in proteins(25,26). 
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Nonetheless, many solutes can effectively perturb the 

tryptophan fluorescence. Of these, chloride enhances serum 

albumin fluorescence while iodide quenches it(22). 

Fluorescence quenching has been extensively used to probe 

the tryptophan environments and to moniter structural 

changes in proteins. 

The kinetics of quenching reactions are discussed 

in detail in the Appendix. The well-known stern-Volmer 

equation relates FO and F, the fluorescence intensities in 

the absence and presence of a collisional quencher, (Q), 

respectively, as follows 

FO/F = 1 + Ksv.[Q] = TO/T = 1 + kq.TO.[Q] 

where T ° and T are the fluorescence lifetimes, Ksv is the 

Stern-Volmer collisional quenching constant, and kq is the 

bimolecular rate constant of the quenching process. This 

equation predicts a linear plot of FO/F vs [Q]. The Stern-

Volmer equation is often obeyed in the liquid phase when kq 

or TO is relatively large. However, if protein 

fluorescence is heterogeneous, i.e., the f 1 uorophores are 

in different environments, the quenching process is better 

described by 

= 

where f O
i is the fraction of the total fluorescence 

intensity from the ith fluorophore at [Q] = 0, and Ki is 

the quenching constant associated with that fluorophore. 
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, 
Here, it is assumed that the total fluorescence intensity 

is the sum of all the contributions from the individual 

f I uorophores, and tha t these f I uorophores behave 

independently during their interactions with the quencher 

molecules. In such cases a plot of FO /F against [0] will 

be nonlinear and extremely difficult to analyze in systems 

having more than two classes of fluorophores. However, if a 

system has only two classes of fluorophores, one of which 

is completely unexposed to the quencher while the other is 

quenchable, a modified Stern-Volmer equation, proposed by 

Lehrer (27), simplifies the analysis of the quenching data. 

The equation is expressed as 

FO/.1F =(l/fO q ) + (l/fO q ).(l/Ksv)·(l/[O]) 

where f O
q is the relative contribution of the quenchable 

fluorophore to the total fluorescence intensity at [0] =0, 

and .1F is the difference between the fluorescence 

intensities in absence and presence of the quencher. 

An additional factor that complicates the analysis of 

fluorescence quenching is the existence of another 

quenching mechanism, whereby instantaneous deactivation of 

the excited chromophore occurs when a quencher molecule 

happens to be in the vicinity of the tryptophan during 

excitation(28,29). This mechanism is referred to as static 

quenching in order to distiguish it from collisional 

quenching discussed earlier. While dynamic quenching 
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resul ts in a decreased fluorescence I ifetime, static 

quenching is not revealed in lifetime measurements. In 

steady state fluorescence, however, static quenching 

results in an upward curvature in the Stern-Volmer plots. 

To account for static quenching, an exponential factor, 

exp(V.[Q]), is introduced into the Stern-Volmer equation so 

that 

FO/F = ( 1 + Ksv.[Q] ).exp(V.[Q]) 

Here, instantaneous deactivation is proposed to occur when 

a quencher molecule is within a volume element, V, 

surrounding the fluorophore at the time of photon 

absorption(28) • 

In another treatment, a multiplication factor, 

(l+V.[Q]), has been used instead of the exponential 

factor(30). In this case, static quenching is regarded as 

the resul t of quencher molecules binding to groups in the 

neighborhood of the tryptophan; therefore, the quenching 

constant is considered as an association constant. It is 

worth mentioning here that in the limits of small V.[Q], 

the exponential factor, exp(V.[Q]), reduces to (l+V.[Q]). 

It is also noteworthy that binding of quencher molecules in 

the vicinity of the tryptophan does not neccessarily 

completely eliminate the fluorophore contribution. Thus, it 

is possible that binding affects the fluorescence lifetime 

as well as the emission intensity. 
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Serum albumin fluorescence quenching illustrates 

most of the difficulties encountered in the interpretation 

of protein fluorescence quenching patterns. 

Iodide quenching of serum albumin fluorescence is 

not purely dynamic. Serum albumin iodide binding is well

documented(24,31,32). However, the extent to which such 

binding influences the quenching process is not clearly 

established. In addition, the Stern-Volmer plots obtained 

with iodide as quencher of serum albumins fluorescence are 

downward curving. 

Stern-Volmer plots obtained with acrylamide as the 

quencher of serum albumin fluorescence, on the other hand, 

have been reported to be linear (33) or upward 

curving(33,34). In the case of human serum albumin, the 

quenching process has been said to be limited by the 

quencher's diffusion through the protein matrix, causing 

both dynamic and static quenching(35). 

In addition to iodide and acrylamide, a variety of 

compounds quench serum albumin fluorescence via a 

collisional mechanism or upon binding to the protein. 

While many molecules bound to proteins quench the 

fluorescence by inducing conformational changes, N

bromosuccinimide (NBS) reacts destructively with 

tryptophans, forming a nonfluorescent oxidized product(36). 

Another way to study some properties of proteins 

9 



is through lifetime measurements. 

10 

Tryptophan fluorescence 

lifetime in proteins, in general, is in the nanosecond time 

range, and determinations of these lifetimes under 

different conditions provide valuable information about the 

protein dynamics in the nanosecond domain. In addition to 

revealing changes in the tryptophan environments, lifetime 

measurements can be used to study the purely dynamic 

quenching of protein fluorescence. 

Serum albumin fluorescence decay, like that of 

most proteins, is nonexponential(37). At least two 

lifetime components have been reported, and, although 

averaging methods differ, it has been generally accepted 

that the average lifetime of the fluorescence of a pure 

serum albumin solution at the isoionic point is around 6.0 

ns(35,37,38). A decrease in the pH of the solution results 

in a decrease in the lifetime, reaching a value of about 

3.0 ns at pH 2.0 (35). Such a drop in the lifetime has also 

been reported when the protein is dried(38), as well as 

when it is denatured(39). 

Despite the usefulness of the information provided 

by lifetime quenching measurements, only a few such studies 

have been reported. This may be due, in part, to the 

inherent difficulty in performing such measurements. 

Information about protein dynamics can also be 

obtained by studying water sorption by protein powders, and 
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monitoring changes in both the physical and enzyme 

properties of the protein(40). Numerous studies of this 

kind have been published, including monitoring lifetime 

changes induced by hydration(38). It is generally believed 

that at low water-vapor pressure, sorbed water molecules 

bind to specific binding sites in the protein(41). At high 

water-vapor pressure, however, the binding sites are not 

very specific. While there are indications that the amount 

of water sorbed at high water-vapor pressure depends on the 

number of hydrophilic groups in the protein(42), other 

studies suggest the peptide bonds as possible binding 

sites(43). Such possibilities have been demonstrated by a 

study on water sorption by pH-modified bovine serum albumin 

powders(43). The dependence of water sorption on pH has 

been reported as more pronounced at low water vapor 

pressure, suggesting, among other possibilities, the 

involvement of the protein's secondary structure in water 

sorbtion at high water-vapor presure. 

At any rate, sorption of water has been reported 

to induce significant changes in the fluorescence 

properties of bovine serum albumin powders (38). The 

fluorescence spectrum becomes broader, the maximum red

shifted, and the lifetime increases with increased 

hydration. At low and high hydration levels, the lifetime 

increases sharply with increased hydration, but at moderate 
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hydration levels, the lifetime increase is not as marked. 

The sharp lifetime increase at low hydration levels has 

been suggested to be due to the formation of an exciplex 

around the tryptophan by appropriately oriented water 

molecules. Internal motion involving the protein backbone 

has been assumed to cause the sharp lifetime increase at 

high hydration levels. 

Despite the vast number of studies on serum 

albumin, some important physical and chemical properties of 

the protein are not well understood. For example, the 

relative positions of the tryptophan residues are not 

clearly established. It has been suggested by Burstein, et 

al (44), that both tryptophan residues in bovine serum 

albumin are on the surface of the protein. Eftink and 

Ghiron (35) used acrylamide to probe the micro-environment 

of the tryptophan residues in many proteins. They found 

that among the multi-tryptophan proteins studied, bovine 

serum albumin was the only protein whose fluorescence 

quenching resulted in upward-curving stern-Volmer plots. 

Hence, they concluded that either both tryptophan residues 

are equally exposed to acrylamide or one of them is not 

fluorescent. 

On the other hand, the work of Luk(45) suggests 

that both tryptophan residues in bovine serum albumin are 

beneath the surface of the protein. This has been supported 
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by the findings of Feldman, et al(39), who suggest that one 

of the tryptophan residues is buried c loser to the center 

of the protein than the other. 

Many other studies, however, have indicated that 

only one tryptophan residue in bovine serum albumin is on 

the surface of the protein. Among these studies are those 

of Noel and Hunter (24), Holmes and Robins (46), and that of 

Peterman and Laidler(36). Despite the agreement on the 

general conclusion, these studies differ in some important 

aspects. While Noel and Hunter maintained that, under 

normal pH conditions, one of the tryptophan residues is 

completely unavailable for quenching by iodide, Peterman 

and Laidler found that, although the reaction rates are 

different, both tryptophan residues are oxidized by N-

bromosuccinimide. Another important disagreement is 

whether the single tryptophan residue in human serum 

albumin is similar to the exposed or the buried residue in 

bovine serum albumin. Noel and Hunter found that human 

serum albumin fluorescence is quenched by iodide in a 

manner similar to that of bovine serum albumin. They 

concluded that the human serum albumin tryptophan is on the 

surface of the protein. To the contrary, Peterman and 

Laidler found that N-bromosuccinimide oxidizes the human 

serum albumin tryptophan residue at a rate similar to that 

for the buried bovine serum albumin tryptophan residue. 
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As a result of this uncertainty in the relative positions 

of the tryptophan residues in serum albumin, interpretation 

of some of the protein's fluorescence properties are 

diverse and sometimes contradictory, as illustrated by the 

explanations given for the blue shift that parallels the N

F transition. While some studies have attributed the blue 

shift to the involvement of newly exposed tyrosines(26), 

Noel and Hunter(24) suggested that the buried tryptophan in 

bovine serum albumin becomes more exposed, which would 

normally lead to a red shift, thus they concluded that the 

blue shift must be the result of a structural change. 

Structural changes that force at least one of the bovine 

serum albumin tryptophan residues into a less polar 

environment have also been suggested as a probable cause 

for the blue shift(22). 

Since the fluorescence properties of the protein 

are increasingly being used to probe the protein structure, 

and because most of the fluorescence originates from the 

tryptophan residues, determination of the relative position 

of these residues in proteins is of central importance to 

the understanding of the protein's properties. In this 

work, some of the fluorescence properties of human and 

bovine serum albumin, in neutral and acid solutions, are 

studied under different experimental conditions by 

monitoring changes in the fluorescence characteristics of 
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the proteins. Iodide, acrylamide, and N-bromosuccinimide 

are used as quenchers to study the conformational changes 

induced by pH and electrolytes on serum albumin. In 

addition to changes in the steady state fluorescence, 

fluorescence lifetimes of serum albumins solutions and 

powders were also monitored under various experimental 

conditions. Fluorescence measurements in acid solutions 

are intended to shed more light on the nature of the 

conforma tiona 1 changes that accompany the N-F trans i tion 

and the acid expansion. In addition, probing the 

tryptophan environments with different quenchers under 

various conditions may yield valuable information about the 

na ture of protein-quencher interactions, and protein

solvent interactions. Such information will possibly lead 

to more understanding of the relative positions of the 

tryptophan residues in the protein, and may be extrapolated 

to give more insight about the serum albumin behavior under 

physiological conditions. 



CHAPTER TWO 

MATERIALS AND METHODS 

2.1 Materials 

Crystallized, lyophilized, and essentially 

globulin-free serum albumin was purchased from Sigma 

Chemical Company (Lot numbers A-8763 and A-7638 for human 

and bovine serum albumin respectively). Spectral grade 

cyclohexane was purchased from EM Science Company (Lot 

number 4250 S-8). Standard pH 4.0 and pH 7.0 buffer 

solutions were purchased from Sargent-Welch C0mpany (Lot 

number S-30141-10-A for the pH 4.0 buffer, and Lot number 

S-30141-10-B for the pH 7.0 buffer). All other chemicals 

used were reagent grade. 

Dialysis tubing was purchased from VWR Scientific 

Company. 

2.2 Preparation 

Stock serum albumin solutions were prepared by 

equilibrium dialysis. A small volume of an approximately 

10- 4M serum albumin solution was placed into a dialysis 

membrane which was then placed in a large volume of an 
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approximately S.Ox10-3 M buffer solution at the desired pHo 

Such small buffer concentration are desired so that the 

buffer does not al ter the ionic strength appreciably, and 

also to minimize possible binding of the buffer anions to 

the protein. The system was left to equilibrate at 00 - 50 

C for 24 hours. The membrane containing the protein 

solution was then removed, and the resultant serum albumin 

was allowed to reach room temperature before the pH was 

measured. Acetate buffers were used to control the pH 

between 3.0 and 6.0, and phosphate buffers were used to 

control the pH outside this range. 

5.0 ml samples of serum albumin (optical density 

0.1 at 290 n m ) were prepared by mixing deionized water 

and a 0.50 M quencher solution with 4.0 ml of the stock 

serum albumin solutions described above. The quencher 

concentration progressed from 0.00 M to 0.10 M in 0.005 M 

intervals. When iodide was used as the quencher, the ionic 

strength was maintained constant at 0.10 M by adding the 

appropriate volumes of a 0.50 M potassium chloride 

solution. 

Stock solutions, used to investigate the effect of 

serum albumin concentration on the protein fluorescence 

quenching by iodide and acrylamide, were prepared by 

diluting an approximately 1.2x10-4 M bovine serum albumin 

stock solution at pH 7.0. 5.0 ml samples used in the 
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fluorescence meaurements were prepared as indicated above. 

Samples used in studying the effect of ionic 

strength on the spectral properties of serum albumin were 

prepared by mixing potassium chloride and serum albumin 

solutions and left to equilibrate as above. 

Samples of N-bromosuccinimide-modif ied serum 

albumin solutions were prepared by titrating 5.0 ml of an 

approximately 1.OxlO- 4 M serum albumin solution at ice 

temperature with a 5.0 ml NBS solution whose concentration 

was adjusted to give the desired N-bromosuccinimide : serum 

albumin ratio. The mixture was allowed to react for two 

hours before it was dialyzed to remove the unreacted NBS. 

The dialysis was carried out at 0 0 - 50 C placing a 

membrane containing the mixture into 200.0 ml deionized 

water. The water was changed every eight hours for a total 

of four changes. The resulting protein solution was 

transferred into a 25.0 conical flask, and the dialysis 

solutions were kept for use as blanks. 

Samples for lifetime and steady state fluorescence 

measurements were prepared in the same way; however, for 

lifetime measurements, the protein concentrations were much 

higher. 

Serum albumin powders were prepared by placing a 

lyophilizer bottle containing the serum albumin solution of 

desired composi tion into a mixture of acetone and dry ice 
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until the solution was completely frozen. The resultant 

solid sample was then lyophilized at -70 0 C. Complete 

dryness was achieved by placing the lyophilized powder and 

a beaker containing phosphorus pentaoxide into a desiccator 

connected to a vacuum pump. After three days under vacuum, 

small amounts of the protein powder were packed into a 1 mm 

groove in a brass plate. Larger samples (0.1 - 0.3 g), for 

hydration measurements, were transferred into a small, 

preweighed beaker. The beaker and contents were then 

weighed and placed in a closed container together with the 

brass plate, and a quartz cuvette. The water vapor pressure 

inside the container was controlled by a solution of the 

appropriate sulfuric acid composition in a conical flask. 

After equilibrium was reached ( 72 hours), the brass plate 

was placed in the cuvette together wi th a 3 mm tube 

containing some of the sulfuric acid solution in order to 

maintain the water vapor pressure constant inside the 

cuvette. The cuvette was then sealed with a rubber cap, 

ready for lifetime measurements. 

The beaker and contents were weighed again to find 

the weight of water sorbed, then returned to the closed 

container. This process was repeated every day until no 

increase in weight was detected. The amount of water 
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sorbed at a given water vapor pressure was assumed to be 

unaffected by 10 moles of r- or acrylamide per mole of 



protein. 

The molecular weights of human and bovine serum 

albumin were taken to be 66248.0 g/mole and 66210.0 g/mole 

respectively. 

2.3 Measurements 

All weighings were made on a Mettler analytical 

balance sensitive to 5.0 x 10-5 g. 

All pH measurements were made at room temperature, 

with a Sargent-Welch (model number 6050) pH-meter. The pH

meter was calibrated against pH 7.0 and pH 4.0 standard 

buffer solutions. 

Absorption measurements were made on a Perkin

Elmer (model number 552) spectrophotometer. A slit width of 

1.0 nm was used, except for measurements made to correct 

for the inner filter effect on the fluorescence of serum 

albumin. In such measurements, the slit width used was the 

same as that used for excitation in the fluorescence 

measurements, i.e. 4.0 nm. This was important to avoid 

incorrect compensation for the effect of solute absorption. 

Two matching quartz cuvettes of 1cm path length 

were used in all the measurements. In order to avoid bubble 

formation, extreme care was taken in transferring the 

protein solution into the cuvette. 
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Steady state fluorescence measurements were made 

on a Perkin-E I mer (mode I number MPF-2A) fluorescence 

spectrophotometer. 

All quenching studies were made at the wave length 

of maximum emission, and except for a few measurements, an 

excitation wave length of 290 nm was routinely used. 

Both emission and excitation slits were maintained 

at 10 nm width, except when the protein solution contained 

a solute, such as acrylamide, that absorbs radiation at the 

same wave length used to excite the fluorophore. In these 

cases, the excitation slit width was reduced to 4 nm, the 

same slit width used in measuring the solute absorption. To 

correct for the inner fiter effect, the measured 

fluorescence intensity was multiplied by 10A/2 where A is 

the absorption of the added solute. 

A typical fluorescence experiment was carried out 

by first placing two cuvettes containing the unmodified 

protein solution in the sample compartment, and 

fluorescence from both was measured a few times to 

establish a comparison ratio. One of the cuvettes was left 

in the sample compartment during the rest of the experiment 

for use as a reference. This was necessary to avoid 

complications due to fluctuations in the light source 

during the course of the experiment. The other cuvette was 

used for the sample to be measured. 
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Fluorescence lifetime measurements were made by 

the method of time correlated monophoton counting (or 

single photon counting). A block diagram and a description 

of the instrument used are shown in Fig. (1). In the 

single photon counting method, a flash of light excites the 

fluorescent species and the emission is monitored by a 

photomultiplier. The signal from the flash lamp, referred 

to as the start signal, is monitored by the start 

photomultiplier. The output of the start photomultiplier is 

then fed to the constant-fraction discriminator which 

provides a timing pulse for each input pulse of a certain 

amplitude. All pulses with lower amplitudes are ignored. 

The output pulse from the constant-fraction discriminator 

initiates the time sweep of the time - to- amplitude 

convertor (TAC). The first photon detected by the stop 

photomultiplier provides a pulse that is fed to another 

constant-fraction discriminator. The output of this 

constant-fraciion discriminator is appropriately delayed, 

and then fed to the TAC to act as a stop signal for the TAC 

which then generates an output voltage proportional to the 

time difference bet.ween the stop and the start signals. A 

biased amplifier samples a section of the TAC range and 

expands it to cover the whole memory range of the multi

channel pulse-to-height analyser (PHA). In the multi

channel PHA, each channel is a division in the time axis, 
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and the number of counts in the memory channel is 

proportional to the fluorescent intensity at a particular 

time. 

The emission profile is a convolution of the 

excitation function E(t) and the fluorescence function 

Extraction of the individual 

parameters, ai and T i' for even a three-term decay 

function, requires high quality data. However, the quality 

of the data is often limited by pulse pile up, noise, 

fluctuations in the light source, and RF pickup. 

The light source used in this work was a 

thyratron-gated flash lamp operated at 1/2 atm N2• The 

exciting radiation was passed through a Jarrell-Ash 

monochrometer and an interference filter to produce 296 nm 

light. The fluorescent radiation was passed through a 350 

nm interference filter. Pulse pile up was avoided by 

limiting the count rate to less than 5% of the lamp 

repetition rate. Scattered light was negligible compared 

to the sample emission. Data from the reference and the 

sample was collected and displayed in separate halves of 

the multi-channel PHA memory. 

To minimize light source fluctuations during the 

time required for data collection, 30-200 minutes, the 

sample and the reference solution of p-terphenyl in 

degassed cyclohexane were alternately rotated in front of 
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the excitation beam every 15 seconds. At the end of data 

collection, the data was transferred to a computer for 

further analysis. 

The excitation function was obtained by 

determining the instrumental response function which would 

yield the correct p-terphenyl lifetime. An iterative least 

square procedure was used to fit the deconvoluted emission 

function, F(t), to a two-term decay function. 

2.4 Data Analysis 

The fluorescence quenching da ta was ana lysed 

according the following equations using linear and non-

linear least square fitting procedures. The first of these 

equations is the Stern-Volmer equation mentioned before. It 

relates the fluorescence intensities in absence and 

presence of a collisional quencher, Q, by 

•••••••••••••••.•.• {2.1) 

where FO and F are the fluorescence intensities in absence 

and presence of the quencher, respectively, and Ksv is the 

Stern-Volmer quenching constant. This linear relationship 

is possible only in a homogeneously emitting system which 

is quenched by a collisional process. If static quenching 

due to binding is involved, the equation will then become 

FOIF = ( 1 + Ksv[Q] )( 1 + V[Q]) ••.•••••••• (2.2) 

where V is the static quenching constant. If emission is 

not homogeneous due to the existence of two fluorophores, 
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the equation will be 

......••. (2.3) 

where f 0
1 and f0 2 are the relative contributions of the 

individual fluorophores to the total intensity at [Q]=O, 

i.e. f 0
1 + f 0

2 = 1. If one of the fluorophores is 

completely nonquenchable, equation (2.3) simplifies to the 

special linear relationship, known as the Lehrer plot, 

(FO I ~F) =l/fO q+ (lifO q) (l/Ksv) (11 [Q]) ...••...• (2.4) 

where f O =l-fO is the relative contribution of the q g 

quenchable fluorophore to the total fluorescence intensity 

FO and Ksv is the quenching constant. Rewri ting equation 

(2.4) in terms of FO and F will lead to 

•••••••••• (2.5) 

where ° f nq is the relative contribution of the 

nonquenchable fluorophore to the total fluorescence 

intensity. Putting fnq.K = 

FO/F = (1 + K[Q]) I 

KI = constant, one can write 

(1 + K/[Q]) •...•...••. (2.6) 

This equation will result even in homogeneously emitting 

systems when the efficiency of the quencher is less than 

unity. This situation arises when some of the collisions 

between the quencher and the fluorophore do not result in 

complete deactivation of the excited fluorophore. In such 

cases, KI no longer represents the relative contribution of 

the nonquenchable fluorophore to the total intensity, but 

rather the efficiency of the quencher. The plot of FO/F VS 



[Q] will not be linear, but downward curving since the 

efficiency of the quencher decreases with increasing 

quencher concentration. 

In addition, the data was also analysed according 

to the empirical equation 

FO/F = 1 + nKL[Q]n .••...••.••••••. (2.7) 

where KL is the equilibrium constant for the binding 

process, and n is the quenching effeciency factor. 

The number of tryptophan environments in a protein 

sample, especially a multi-tryptophan protein hydrated 

powder sample, is probably very large. Since it has been 

shown that a two-term decay function can successfully yield 

the correct average lifetime of a Guassian distribution of 

lifetimes(47), the present data fitted to a two term decay 

function. However, the analytical results are very 

sensitive to noise and lamp fluctuations, thus leading to 

variations in the individual parameters. Nevertheless, the 

average lifetimes 

•.•.•..•.. (2.8) 

and 

••••.•....•••.•.. (2.9) 

were usually very reproducible. Thus, while both were used 

in this work to monitor changes in the fluorescence decay, 
,.. 
T was preferred because of its higher reproducibility. 
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CHAPTER THREE 

FLUORESCENCE AND THE STRUCTURE 

OF SERUM ALBUMIN SOLUTIONS 

3.1 Results 

The effect of pH and solute perturbation of the 

fluorescence of both human and bovine serum albumin 

solutions are described in this section. 

3.1.1 The Effect of pH 

The emission spectra of bovine serum albumin 

solutions at various pH levels are shown in fig.(3.1), and 

those of human serum albumin solutions are shown in fig. 

(3.2). In both cases, the fluorescence intensities 

decrease, and the fluorescence maxima are blue-shifted when 

the pH is lowered below pH 5.0, consistent with reported 

results(22,24) • 

The emission spectra of bovine and human serum 

albumin solutions of equal concentrations at pH 5.0 are 

compared in fig. (3.3). The maximum fluorescence intensity 

of the human serum albumin solution is only about 40% of 

that for the bovine serum albumin solution. In addition, 

the wavelength of maximum fluorescence for the human serum 
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albumin solution is about 5 nm less than the 343 nm value 

for the bovine serum albumin solution. 

In both protein solutions, lowering the excitation 

wavelength to 270 nm or less results in decreased 

fluorescence intensities. However, the emission profile of 

bovine serum albumin is much less affected by decreasing 

the excitation wavelength when the pH is higher than 3.0. 

But in human serum albumin with pH levels less than 6.0, 

the fluorescence maximum is blue-shifted as a result of 

decreasing the excitation wavelength, indicating the 

involvement of tyrosine emission. The effect of decreasing 

the excitation wavelength on the emission of pH 4.0 

solutions of bovine and human serum albumins is shown in 

figs. (3.4) and (3.5), respectively. In the case of the 

human serum albumin solution, the wavelength of maximum 

fluorescence is blue-shifted by about 7.0 nm when 270 nm, 

instead of the 290 nm light, is used to excite the 

solution. 

Fig. (3.6) shows the fluorescence intensities 

for bovine and human serum albumin solutions as a function 

of pH. The sigmoidal part of the curve represents the N-F 

transition and the acid expansion. The emission intensity 

and lifetime are affected by pH changes in the same fashion 

as shown in fig. (3.7). Between pH 7.0 and 5.0, the 

lifetime, --
T , is essentally constant, but <T) is scattered. 
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< T> is more heavily weighed toward the longer lived 

emission. Since 1 is less reliable than T2' the scatter 

in <T> may be artifactual. The quantum yield, on the other 

hand, increases to a maximum at pH 5.5. Between pH 5.0 and 

3.0, the range of the N-F transition, both <T> and the 

quantum yield behave similarly. 

Tables (1) and (2) list the average lifetimes, 

and <T>, of bovine serum albumin fluorescence together with 

the individual parameters obtained by fitting the data to a 

double exponential decay function. The results shown are 

averages of three measurements. The individual parameters 

are not as reproducible as the average lifetimes. The data 

were forced to fit a two-term decay function, and the 

separation into two components is arbitrary. Nonetheless 

changes in T2 do represent a physically meaningful change 

in the lifetime of the slower decay component. The results 

listed in table (1) were obtained using 0.10 M NaCl as the 

solvent. In the entire pH range of 7.0 - 2.0, the shorter 

lifetime is not affected by pH changes and remains constant 

at approximately 1.1 ns. At pH levels higher than 4.0, the 

longer lifetime is also constant, and has a value of 6.0 

ns, but it decreases with decreased pH, reaching a value of 

4.6 ns at pH 2.0. In addition, the weight of the longer

lived component, a2' decreases with decreased pH, while 

that of component (1) increases. The same trends can be 
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Table ( 1 ) 

Lifetime Parameters of Bovine Serum Albumin 

in 0.10 M Sodium Chloride Solution 

-----------------------------------------------------
pH a1 T1 a2 <';) .-';2 T 
-----------------------------------------------------

7.0 .28 1.0 .72 6.0 4.6 5.7 
I 

6.5 .30 0.8 .70 6.0 4.4 5.7 

6.0 .37 0.9 .63 6.1 4.2 5.7 

5.5 .26 1.0 .74 6.0 4.7 5.7 

5.0 .27 1.1 .73 6.0 4.7 5.7 

4.5 .31 1.2 .69 6.0 4.5 5.6 

4.0 .33 1.2 .67 5.6 4.2 5.2 

3.5 .48 1.5 .52 5.3 3.5 4.5 

3.0 .47 1.2 .53 4.7 3.1 4.3 

2.5 .48 1.1 .52 4.8 3.0 4.1 

2.0 .49 1.0 .51 4.6 2.9 4.0 
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Table ( 2 ) 

Lifetime Parameters of Bovine Serum Albumin 

in 0.10 M Sodium Iodide Solution 

-------------------------------------------------------pH a1 T1 a2 r2 <r> T 
----------------~-----------------------~-------------

7.0 0.35 1.6 0.65 4.8 3.7 4.3 

6.5 0.33 0.9 0.67 4.5 3.3 4.2 

6.0 0.35 1.3 0.65 4.8 3.6 4.3 

2.5 0.36 1.4 0.64 4.8 3.6 4.4 

5.0 0.37 1.8 0.63 4.6 3.6 4.1 

4.5 0.44 1.2 0.56 3.9 2.7 3.4 

4.0 0.56 1.1 0.44 3.6 2.2 2.9 

3.5 0.65 1.1 0.35 4.1 2.2 3.1 

3.0 0.67 1.4 0.33 4.2 2.3 3.1 

2.5 0.64 1.1 0.36 3.7 2.0 2.9 

2.0 0.62 1.2 0.38 3.7 2.2 2.8 



seen in table (2), the parameters of which were obtained 

using 0.10 M NaI as the solvent. Despite the fact that the 

results are better fitted to a double exponential decay 

function, rather than a single exponential decay function, 

throughout the pH range 2.0 - 7.0, the average lifetimes 

are dominated by a single lifetime component, T 2' whose 

contribution to the quantum yield exceeds 90%. Hence, the 

average lifetime changes with pH in the same way as the 

longer-lived component. Such a result was also noticed by 

Chen(37) • 

3.1.2 The Effect of Chloride on 
Serum Albumin Fluorescence 

Figs. (3.8) and (3.9) show the effect of Cl-

on the bovine and human serum albumins fluorescence 

intensities, respectively, at pH 7.0. In both proteins, 

the fluorescence intensities increase very sharply when the 

(Cl-] is increased from 0.0 M to approximately 0.08 M. At 

higher chloride concentrations, the fluorescence 

intensities do not increase as sharply, and they reach a 

plateau at approximately 0.15 M Cl-. The human serum 

albumin fluorescence intensity is much more sensitive to 

Cl-, it almost doubles at 0.15 M Cl-, while the bovine 

serum albumin fluorescence intensity increases by only 10% 

at the same chloride concentration. 
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Fig.(3.8) Chloride Enhancement of Bovine Serum Albumin 
Fluorescence. [BSA] = 2.4 x 10- 5 M. pH 7.0 
Phospha te Buffer. 
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Fig.(3.9) Chloride Enhancement of Human Serum Albumin 

Fluorescence. [HSA] = 2.0 x 10- 5 M. pH 7.0 
Phospha te Buffer. 



3.1.3 Iodide Quenching of Serum 
Albumin Fluorescence 

Except when the effect of ionic strength was 

investigated, the ionic strength was limited to 0.10 M, to 

minimize chloride interference with the quenching process. 

No shift in the fluorescence maxi mum as a resu 1 t of 

quenching was detected in either bovine or the human serum 

albumin, as shown in fig. (3.10) for bovine serum albumin. 

Iodide quenching of serum albumin fluorescence is 

sensitive to many factors. Such factors include pH, ionic 

strength, and protein concentration. 

a) The Effect of pH: The degree of quenching, 

measured as the ratio of the fluorescence intensities in 

absence and presence of iodide, FO/F, is plotted as a 

function of pH in fig. (3.11) for bovine and human serum 

albumins. In both cases, when the pH is lowered below 5.5, 

quenching increases to a maximum at pH 4.0, and then 

decreases as the pH is lowered further. Below pH 3.0, 

however, quenching of human albumin increases sharply, 

while the quenching of bovine serum albumin decreases. 

These results are in good qualitative agreement with those 

of Halfman and Nashida(22); however, Halfman and Nashida 

found the quenching maximum at pH 4&5 rather than pH 4.0. 

The difference s between their results and the present 

results are probably due to the fact that the present 
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results were obtained using 0.10 M ionic strength, rather 

than the ionic strength of 0.15 M used by Halfman and 

Nashida. In the same study, Halfman and Nashida reported 

that the titration curves were shifted towards a higher pH 

by more than one pH unit as a result of increasing the 

ionic strength from 0.00 M to 0.15 M. 

In fig. (3.12), bovine serum albumin fluorescence 

lifetimes are plotted as a function of pH. The curves (a) 

and (c) were obtained using 0.10 M chloride as the solvent, 

while curves (b) and (d) were obtained using 0.10 M iodide 

as the solvent. The curves exhibit the same pattern, 

showing the N-F transition. However, the lifetime in 

presence of iodide sharply decreases at pH 4.0. This might 

explain the quenching maxima at that pH. 

In the case of bovine serum albumin, as shown in 

fig. (3.13), < TO>/<T > and TO/ T < FO/F, throughout the 

entire pH range 2.0 - 7.0. Conventionally, this would be 

ascribed to both static and dynamic quenching 

contributions. This suggests that I- binding is involved. 

I- quenching of serum albumin fluorescence results 

in downward-curving Stern-Volmer plots throughout the 

neutral and acidic pH ranges, as shown in figs. (3.14) and 

(3.15) for bovine and and human serum albumins, 

respectively. The curvature, however, is less pronounced 

below pH 4.0. At all pH levels, the curvature almost 

46 



en 
(]) 

E 
....., 
CD 
~ 

--1 

6~ ________________________________________ ~ 

5.5 

s~ 

I 
I 

4.5~ 

1.1 
I 
I 

3.51 

3-1 
I 

I 
2.51 

2l I 

1 

.-.lr-----A, _.--.. .A .. / \ 
ft" ". .I". ---

" \ U 
.,/ fr-1.--8-"'-8 

tf./ /' .,/ \·i::<-fr--'-··· 

/ jJ 
/ / 
I I 

I / 
/ I ----{}-

Jj / ,11 . ---fl.". 
,/ E1 ,/ ' ....... Jil.-.. ' 

./ I l iiJ 

/ / / 
.b-::d----i1--- /./ 

o'.~ .. ' •••••••• '\,,\ / t 

E}:::~" '-'fr./ 
d 

I 
,<' 
/ 

n_tl-.---ll f 
_~ t!l""-., " rr/ --IT 

, 
2 'I 

pH 

,. 
i 

5 ... 
I 

47 

Fig. (3.12) The Effect of pH, Chloride, and Iodide on 
Bovine Serum Albumin Fluorescence Lifetimes. [r-] 
= [Cl- = 0.10 M. pH Conditions are the Same as in 
Fig. (3.6). 
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disappears at iodide concentrations greater than 0.05 M. 

b) The Effect of Ionic Strength: Iodide quenching of 

serum albumin fluorescence has been reported as being 

sensitive to changes in the ionic strength. To test the 

effect of ionic strength on quenching, two experiments were 

carried out. In the first of these experiments, only 1- was 

used to change the ionic strength of a pH 7. ° bovine serum 

albumin solution, and the fluorescence intensity was 

measured as a function of various iodide concentrations. 

The results are summarized in figs. (3.16) - (3.17). The 

effects of 1- and Cl- on bovine serum albumin fluorescence 

are compared in fig. (3.16), which is a plot of the ratio 

of the intensity in presence and absence of added 

electrolyte, Fx and FO, respectively, vs. the electrolyte 

concentration. The chloride results are the same as those 

plotted in fig. (3.8). Fig. (3.17) shows the Stern-Volmer 

plots, FO/FI and FCl/FI vs [1-]. Unlike the results in 

fig. (3.14), here the ionic strength was allowed to 

increase with the concentration of added electrolyte. As 

expected, FCl/FI is higher than FO/F I , because FCl is 

higher than FO. 

In another attempt to understand the role of ionic 

strength in the quenching process, FO/F at 0.10 M iodide 

and at pH 7.0 was evaluated at various chloride 
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concentrations. The results from bovine and human serum 

albumin are compared in fig. (3.18). The effect of ionic 

strength on quenching is similar in the two proteins. As 

can be seen, quenching decreases very sharply as the ionic 

strength is increased from 0.10 M to 0.50 M. At ionic 

concentrations> 0.50 M, the decrease in quenching is not 

as marked. 

c) Effect of Protein Concentration: In addition to 

pH and ionic strength, iodide quenching of bovine serum 

albumin fluorescence at pH 7.0 is affected by changes in 

the protein concentration, as shown in fig. (3.19). 

Higher [I-] are required to produce the same value 

of FOIF at higher protein concentrations. [I-]t at equal 

quenching efficiencies varies linearly with the protein 

concentration, as shown in fig. (3.20). (cf Sec. 3.2.5) 

d) The Effect of Denaturation: pH has very little 

effect on I- quenching of bovine serum albumin fluorescence 

when the protein is denatured by guanadinum hydrochloride. 

The Stern-Volmer plots are linear, as can be seen in fig. 

(3.21), where the resu 1 ts are compared to those of the 

native protein at pH 4.0 and 3.0. The degree of quenching 

at pH 4.0 is much higher in the native protein, but at pH 

3.0, the quenching efficiencies are almost equal. 
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3.1.4. Acrylamide Quenching of 
Serum Albumin Fluorescence 

In all but one experiment, the acrylamide 

concentration was limited to 0.10 M to avoid excessive 

attentuation of the excitation light by acrylamide 

absorption. In these experiments, the acrylamide optical 

density at 290 nm did not exceed 0.06. Corrections for 

such small values of optical density can be made by 

multiplying the measured fluorescence intensity by a factor 

This factor was reported to adequately 

compensate for the inner filter effect even when A values 

are much higher than encountered in this study(48,49). 

As in the case of iodide, acrylamide quenching did 

not result in any appreciable wavelength shift of the 

fluorescence maximum fig.(3.22). Also, similarly to iodide 

quenching, acrylamide quenching of serum albumin 

fluorescence is sensitive to various factors. 

a) Effect of pH: The Stern-Volmer plots at various 

pH levels are shown in figs. (3.23) and (3.24), for bovine 

and human serum albumins, respectively. All the plots are 

linear when the acrylamide concentration is less than 0.10 

M. At higher acrylamide concentrations, the Stern-Volmer 

plots for bovine serum albumin at the isoionic point were 

found to be upward-curving, as shown in fig. (3.25). 
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Fig. (3.25) is a plot of <TO)kT~ and FO/F vs 

[acrylamide] for bovine serum albumin at pH 5.0. It can be 

seen tha t <,TO>fT;- < F ° / Fat all quencher concen tra tions, 

indicating marked sta'tic quenching. The quenching constant 

calculated from <.,TO,\!-,T" VS [Q] plots is 1.8, compared to the 

value of 5.0 calculated from FO /F vs [Q]. Also, 

(FO/F) / (r.TO,/r,v) varies linearly with [acrylamide], as shown 

in fig. (3.25). Fig. (3.26) compares the acrylamide and 

iodide efficiencies of quenching bovine serum albumin, 

measured as FO/F at [Q]=0.10 M. Iodide quenching is more 

efficient than acrylamide quenching throughout the pH range 

3.0 - 6.0. While pH has little or no effect on acrylamide 

quenching, iodide quenching changes with pH and is maximum 

at pH 4.0. Fig (3.27) is a similar plot for human serum 

albumin. For pH's 7.0, 6.5 and 6.0, acrylamide quenching 

is more efficient than iodide quenching, but in the pH 

range of the N-F transition and the acid expansion, iodide 

is more efficient by far. Below pH 6.0, acrylamide 

quenching continues to decrease, reaching a minimum at pH 

4.0, then it increases as the pH is lowered. On the 

contrary, iodide quenching increases from a local minimum 

at pH 6.0 to a maximum at pH 4.0, then it sharply falls to 

a minimum at pH 3.0. Any further decrease in pH results in 

another sharp increase in iodide quenching. 

The sensitivity of acrylamide quenching of serum 
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albumin fluorescence to pH is illustrated by fig. (3.28). 

In the pH range 6.0 - 3.0, FOIF for bovine serum albumin is 

virtually constant within experimental errors. On the 

other hand, FOIF for human serum albumin is greatly 

affected by pH changes. As the pH is lowered below pH 7.0, 

FOIF decreases rather sharply to a minimum at pH 4.0. 

Further decrease in pH results in increased quenching. At 

0.10 M acrylamide, FO IF at pH's 2.0 - 4.0 is much less than 

the value at pH 7.0. 

b) Effect of Protein Concentration: The 

dependence of acrylamide quenching of bovine serum albumin 

fluorescence upon protein concentration is illustrated by 

fig. (3.29). The Stern-Volmer plots are linear regardless 

of the protein concentration. Plots of the total quencher 

concentration, [Q]t' at equal quenching efficiencies vs the 

protein concentration are linear, as shown in fig. (3.30). 

3.1.5 The Reaction of Serum Albumins 
wi th N-Bromosuccinimide 

The kinetics of serum albumin tryptophan reaction 

with N-bromosuccinimide were studied by Peterman and 

Laidler(36). Like human serum albumin tryptophan, both 

tryptophan residues in bovine serum albumin react with N-

bromosuccinimide, but the reaction rates are different. 
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In the present study, the effect of NBS on the 

fluorescence of bovine serum albumin was evaluated at 

various [NBS] I [protein]. The results are plotted in figs. 

(3.31) and (3.32). Fig. (3.31) is a plot of the relative 

fluorescence intensities, FIFO, for bovine and human serum 

albumins, as well as T ITO, for bovine serum albumin, as 

functions of the [NBS]/[protein]. As in the cases of iodide 

and acrylamide, the lifetime is much less affected by NBS 

than the corresponding quantum yield. Since NBS oxidizes 

tryptophan to non-fluorescent oxindole, the small decrease 

in ~ indicates some conformational change as well as 

reaction wi th tryptophan. Also, as can be seen, NBS 

affects bovine serum albumin much than it does human serum 

albumin, especially at high [NBS] I [protein]. 

In addition to decreasing the fluorescence 

intensity and lifetime, NB~ reaction with serum albumin 

induces a blue shift in the wavelength of maximum 

fluorescence, fig. (3.32), consistant with the decrease in 

T • 

The plots in fig. (3.31) are smooth, and no sharp 

breaks as a result of increased N-bromosuccinimide 

concentration could be detected. The no evidence for 

differential accessibilties of the bovine serum albumin 

tryptophans to N-Bromosuccinimide. 
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3.2 Discussion 

The quenching mechanism depends on the quencher, 

the solvent, and the environment of the tryptophan in the 

protein. Most mechanis ms suggested for quenching of 

protein fluorescence fall under one of two classes: dynamic 

or static(28). Dynamic quenching is a collisional process 

that results in a decrease in both the quantum yield and 

the lifetime. This process mayor may not be limited by 

diffusion through the solvent. On the other hand, the 

static mechanism involves the formation of a dark complex 

between the quencher and the fluorophore. Thus, the static 

quenching is not limited by diffusion, and does not lead to 

lifetime changes. In cases where both processes occur, the 

ratio of fluorescence intensities in absence and presence 

of the quencher, i.e. FO/F, will be higher than the ratio 

of the corresponding 1 ifeti mes, T ° IT • However, this 

situation will also arise if the radiative rate is 

decreased during the quenching process. 

3.2.1 Iodide Quenching of Serum 
Albumins Fluorescence: 

Iodide quenching of serum albumin fluorescence has 

many interesting features. In addition to pH and ionic 
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strength, the quenching process is very sensitive to the 

protein concentration. Another significant feature is that 

FO/F > TOIT at each quencher concentration. Also, the 

Stern-Volmer plots are downward curving throughout the pH 

range 2.0 - 7.0. In the case of bovine serum albumin, the 

downward curvature has been used as proof of different 

environments for each of the tryptophans. However, the 

single tryptophan in human serum albumin exhibits similar 

behavior, indicating that the downward curvature is not 

necessarily a sign of more than one fluorophore in 

significantly different environments. 

The data of I- qu.enching of serum albumin 

fluorescence was analysed according to the models discussed 

below: 

Models Al ano. A2 In these two models the 

fluorescence is assumed to be heterogeneous, originating 

from two fluorophores, or two slowly interconverting 

conformations, having distinctly different exposures to 

the quencher. The quenching is assumed to occur via a 

diffusion controlled dynamic process. Thus, quenching 

could increase with decreased pH due to increased positive 

charges in the vicinity of tryptophan, and should not be 

significantly affected by changes in the protein 

concentration since it does not appreciably change the 

viscosity of the solution. Although the decrease in 
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quenching below pH 4.0, and the change with protein 

concentration are inconsistant with those expectations, the 

data were analyzed according to models Ai and A2 to explore 

the limitations of these models, and to compare them to 

other models that can explain the downward curvature in the 

stern-Volmer plots. 

Model Ai: It is assumed that fluorescence from 

both fluorophores or conformations is quenchable, and that 

the quenching constants are significantly different. In 

such a case, the Stern-Volmer plots are represented by 

equation (3.1) (see appendix), which relates the 

fluorescence intensities, FO and F in absence and presence 

of a dynamic quencher, Q, by 

F/FO = f0 1 /(1+K 1 [Q]) + f0 2 /(1+K 2 [Q]) ••••••• (3.1) 

where fO i = FOi/FO is the relative contribution of 

conformation (i) to the total fluorescence intensity in 

absence of the quencher. 

The results obtained when the data were fitted to 

equation (3.1) are summarized in figs. (3.33) and (3.34), 

and table (3). In the case of bovine serum albumin, as a 

general trend, both quenching constants decrease with 

decreasing pH, contrary to what is expected. Below pH 4.5, 

all the carboxylic groups are protonated, and the protein 

has a net positive charge which should enhance iodide 
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pH 

7.0 

6.5 

6.0 

5.5 

5.0 

4.5 

4.0 

3.5 

3.0 

2.5 

2.0 

7.0 

4.0 

3.0 

Table (3) 

Parameters of r- Quenching of Serum 

Albumins Fluorescenece According to Equation (3.1) 

RMS
3 x10-

4 

6 

5 

5 

3 

5 

6 

5 

7 

6 

4 

4 

7 

7 

74 

75 

62 

35 

53 

78 

22 

16 

28 

6 

12 

72 

26 

72 

Bovine Serum Albumin 

13 

15 

18 

16 

8 

18 

14 

13 

19 

6 

27 

2.5 

2.0 

2.9 

1.2 

2.7 

4.2 

0.0 

-1.1 

0.7 

-7.0 

0.6 

10 

18 

13 

45 

11 

10 

* 
* 
* 
35 

* 
Human Serum Albumin 

16 4 9 

13 -0.4 * 
17 2.0 23 

.27 

.31 

.27 

.39 

.37 

.25 

.73 

.72 

.50 

.99 

.62 

.23 

.66 

.32 

7 

9 

13 

13 

6 

12 

13 

12 

17 

2 

4 

11 

11 

10 

AK% is the average deviation of all the parameters. 

10 

14 

15 

25 

8 

18 

14* 

12 

16 

* AK 2 % is extremely large; thus, it is excluded from the 
calculation of AK% 
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quenching of the protein fluorescence. At any rate, one of 

the quenching constants is much smaller than the other, and 

at all pH's it did not exceed 5% of the larger quenching 

constant. Below pH 4.5, the smaller quenching constant and 

fractional quantum yield associated with it become 

exceptionally small. The overall quenching decreases below 

pH 4.0, cannot be explained within this model unless the 

tryptophan becomes less accessible during the N-F 

transition. 

Model A2 : When part of the fluorescence is not 

quenchable while the rest of the fluorescence is completely 

quenchable, equation (3.1) simplifies to the special case 

referred to here as model A2 • If le 1 is zero, K2 = Kq , and 

f 0
1 and f0 2 are equal to f O

nq and f O
q , respectively, then 

equation (3.1) will be given by 

FIFO = f O
nq + fO q /(l + Kq[Q]) ....•......... (3.2) 

Thus, 

FOIF = (1 + K [Q])/(l + KI [Q]) •.•••.••••• (3.3) 

In this case, K is the quenching constant and KI = 1< f nq 

In other words, KIIK = f is the fraction of fluorescence nq 

from the nonquenchable conformation. The results are 

summarized in fig. (3.35) and table (4). As the pH is 

decreased from 7.0, the nonquenchable fraction of 

fluorescence and the quenching constant decrease. The 

decrease in the quenching below pH 4.0 cannot be explained 
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pH 

7.0 

6.5 

6.0 

5.5 

5.0 

4.5 

4.0 

3.5 

3.0 

2.5 

2.0 

7.0 

4.0 

3.0 

Table (4) 

Parameters of r- Quenching of Serum 

Albumin Fluorescence According to Equation (3.4) 

RMSx10- 3 

9 

9 

9 

6 

7 

10 

6 

5 

7 

7 

4 

10 

7 

9 

16.8 

21.4 

12.4 

13.3 

13.1 

10.8 

65.9 

7.0 

10.6 

1.5 

3.4 

10.9 

10.0 

22.2 

K AK% 

Bovine Serum Albumin 

10 

8 

9 

6 

6 

9 

8 

7 

7 

31 

9 

32.6 

40.6 

26.3 

26.5 

30.8 

26.7 

22.1 

19.1 

24.4 

7.8 

10.8 

6 

6 

6 

5 

4 

4 

3 

4 

5 

8 

4 

Human Serum Albumin 

10 24.4 7 

7 27.2 4 

11 41.2 4 

.50 

.53 

.47 

.50 

.43 

.40 

.27 

.37 

.43 

.19 

.31 

.45 

.37 

.54 

5.7 

7.1 

4.6 

4.7 

5.4 

4.8 

4.2 

4.2 

5.7 

1.9 

2.7 

* 
* 

* 

* TO is unknown. 

9 

7 

8 

5 

5 

7 

6 

6 

6 

20 

6 

8. 

5 

8 
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if bovine serum albumin has a buried tryptophan that 

becomes more exposed as a result of the N-F transition. 

Equation (3.3) can be rewritten as 

FOI AF = (l/fO q ) + ( 1 I f ° q) (1 I Kq) (1 I [Q] ) •..••.• (3.4) 

where, AF = FO - F. This equation is known as the Lehrer 

equa tiona A plot of F ° I AF vs 1 I [Q] should be linear with 

an intercept equal to the reciprocal of the fraction due to 

the quenchable fluorescence, and the ratio of the intercept 

to the slope is the stern-Volmer quenching constant. It 

has been noticed by Eftink and Ghiron(28) and by Lehrer and 

Leavis(50) that these plots are generally non-linear. 

Deviations from linearity occur at high iodide-low chloride 

concentrations. The Lehrer plots, at various pH's are 

shown in figs. (3.36) and (3.37) for bovine and human serum 

albumins, respectively. Eftink and Ghiron(28) attribute 

these deviations to the fact that the ideal behavior 

assumed in deriving the equation is rarely met by proteins. 

Another view comes from Noel and Hunter(24). They suggest 

that the deviations in the Lehrer plots are due to static 

quenching. They also contend that one of the tryptopan 

residues is buried in a crevice inaccessible to iodide at 

pH levels higher than 5.5, and that this crevice opens up 

during the N-F transition. However, the similarity of the 

HSA and BSA Lehrer plots negates this conclusion. 
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It has been indicated by Noel 

and Hunter(24) that human serum albumin fluorescence is 

quenched in the same manner as that of bovine serum 

albumin. However, no explanation was given for the 

downward curvature in the case of human serum albumin. In 

this section, the downward curvature is explained without 

assuming different fluorophore exposures. The same form of 

equation (3.3) can be reached through totally different 

assumptions. In each of the models discussed in this 

section, the fluorophores are assumed to be equally 

affected by the quencher, and quenching is assumed to 

become less efficient with increased quencher 

concentration. The decrease in the efficiency of the 

quencher can result when not all the collisions lead to 

complete deactivation of the excited state, and when the 

quencher binds to the fluorophore in the ground state. 

In this model, it is assumed that some 

quencher-fluorophore encounters do not completely 

deactivate the excited fluorophore. To simplify this case, 

quenching is assumed to occur via the formation of a weak 

excited encounter complex that dissociate to the ground 

state fluorophore and the quencher by radiative and non

radiative processes. Thus, the Stern-Volmer plot is 

determined by the fate of this complex. In this model, FQ/F 

and [Q] will be related through the following equation 



(see appendix) 

FO/F = (1 + k qTO[Q))/(l + (k/r/kr)kq/[Q) ..•.• (3.5) 

where kq is rate constant for the formation of the complex, 

kr and k/r are the radiative rates of the fluorophore and 

the complex, respectively, and TO / and T' are the 

corresponding lifetimes. If T I is comparable to ° T , the 

Stern-Volmer plot will be downward curving, but if T 1« rO, 

equation (3.5) will reduce to the Stern-Volmer equation, 

equation (1.1). Comparing this equation to equation (3.3), 

............ (3.5a) 

and 

.•..•.....• (3.Sb) 

i.e., another interpretation of equation (3.3). 

As in the previous models, quenching here is 

diffusion controlled. Thus, the present results cannot be 

explained by this model. However, the model provides an 

alternative explanation for the downward curvating Stern-

Volmer plots in general. Also, being based on the 

assumption that not all fluorophore-quencher encounters 

result in complete deactivation, the model gives a clue to 

the nature of iodide quenching of serum albumin 

fluorescence. 

Model B2 : Here, quenching is assumed to be due to 

binding that takes place in the ground state. In such a 
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binding that takes place in the ground state. In such a 

case, the solution will contain two forms of the 

fluorophore: bound and unbound. Again, the shape of the 

Stern-Volmer plot is determined by whether the bound 

species fluoresces or not. If the bound species 

fluoresces, the plots will be downward-curving, if it does 

not, the plots will be either linear or upward-curving, 

depending on the value of the constants and the 

concentration of the quencher. These cases are discussed 

in detail in the appendix. The equation governing this 

model is 

1 
F/FO= (----------- + 

(1 + kq ° [Q] ) 

(k/r/kr ) (k/ex/kex) Keq[Q] 1 ------------------------) (-----------) 
(TOI TO/)+k/qTO[Q]) (l+Keq[Q]) 

••••••••.•... (3.6) 

When the lifetime of the excited bound species is 

comparable to that of the unbound fluorophore, the Stern-

Volmer plot will be downward curving. On the other hand, 

if T I « a the shape of the Stern-Volmer plot will T , 

depend on the magnitudes of kq and I k q' and the 

concentration of the quencher. If lei 
q « kq, the plot will 

be upward curving, and if both constants approach zero, the 

plot will be linear. 

At very low quencher concentrations, the terms in 

[Q]2 and [Q]3 can be ignored, thus equation (3.6) will 

reduce to 
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= ____ 1 __ + __ (~~~~~~~e_q_[.?2_ 
1 + (kq TO + Keq) [Q] 

.•...•••.••...•. (3.7) 

which has the same form as equation (3.3), but in this 

case, 

K = .......•.... (3.7a) 

and 

.•............ (3.7b) 

Here, decreased quenching below pH 4.0 can be 

explained by decreased binding due to the structural 

changes that accompany the N-F transition. Since r- and 

Cl- bind to the same sites in serum alb~min, decreased 

iodide quenching with increased ionic strength is probably 

due to Cl- replacing bound r-. Bound Cl- 'I..,ill reduce the 

positive charges, or'increase the negative charges in the 

vicinity of the tryptophan, and will, thus, decrease any 

possible difussional quenching. The protein concentration 

also plays a role in iodide binding. When both binding and 

partitioning of r- occur, iodide binding largely depends 

on the protein concentration, as will be discussed shortly. 

TBe Empirical Equation 
F /F=l+KL [Q]n: 

The data were also analyzed by an equation obtained 

empirically. This equation relates the intensities in the 

absence and presence of Q by 

= 1 + nKL[Q]n ..•...••.•.. (3.8) 



which can be rewritten as 

log ( ~F / F) = log (n K L ) + n log [Q] ..••.••.•.. (3.9) 

where KL is the limiting slope of the stern-Volmer plot, 

and n is the efficiency factor. 

The plots of FO/F vs [Q]n are linear, as shown in 

figs. (3.38) and (3.39) 

albumins, respectively. 

for bovine and human serum 

Analysis of the data according to equation (3.8) 

yields the resul ts summarized in table (5) and fig. (3.40). 

At pH > 4.5, n is practically independent of pH. However, 

at the pH range of the N-F transition, n increases with 

lowered pH. As has been suggested by Halfman and 

Nashida (22), the decrease in quenching during the N-F 

transition is probably due to the the loss of an iodide 

binding site in the vicinity of the tryptophan as a result 

of the subdomain separation which accompanies the N-F 

transition. Further decrease in the efficiency factor with 

decreased pH could be a result of either the creation of 

more favorable binding sites away from the the tryptophan, 

or the decreased quencher concentration in the protein 

phase caused by the expansion of the protein known to take 

place at this pH range(15). 

Values of the constant, KL , are more scattered 

than n, but, as a general trend, they increase to a maximum 

at pH 4.0, then decrease at lower pH levels. Again, the 
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Table ( 5 ) 

Parametes of r- Quenching of Serum 

Albumin Fluorescnce According to Equation (3.8) 

--------------------------------------------------------
PH RMSx10- 3 

KL AKL% n An% AK% 
--------------------------------------------------------

Bovine Serum Albumin 

7.0 6.8 4.3 4.0 .60 1.7 2.9 

6.5 7.0 4.0 3.9 .55 1.8 2.9 

6.0 5.8 4.4 3.3 .66 1.5 2.4 

5.5 9.0 3.8 5.6 .65 3.1 4.4 

5.0 6.6 5.7 3.5 .66 1.5 2.5 

4.5 4.6 5.7 2.6 .68 1.5 2.1 

4.0 9.5 6.4 5.1 .81 2.5 3.8 

3.5 9.4 5.5 5.9 .77 2.6 4.3 

3.0 11.5 5.0 6.8 .70 2.9 4.9 

2.5 7.9 5.1 6.5 .95 2.1 4.3 

2.0 5.0 4.7 3.9 .86 1.2 2.6 

Human Serum albumin 

7.0 5.2 4.8 3.2 .70 1.5 2.4 

4.0 11.7 6.6 6.3 .76 2.8 4.6 

3.0 7.6 4.1 3.5 .56 1.8 2.7 
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increase in KL parallels the increase in posi tive charges 

that accompanies the decrease in pH. At pH 4.0, the 

concentration of positive charges is maximum. As a result 

of repulsion between these charges, the protein expands, 

and some hydrophobic regions of the protein become exposed 

to the solvent(17,18). This is possibly responsible for the 

decrease in KL below pH 4.0. 

The plots of FO/F vs [Q]n for bovine and human 

serum albumins are virtually linear as expected from 

equation (3.8). However, in the case of bovine serum 

albumin, as can be seen in fig. (39), small deviations 

occur at [1-] < 0.015 M. At such low quencher 

concentrations, FO/F is lower than predicted by equation 

(3.8). This suggests the presence of a limited number of 

specific iodide binding sites away from the vicinity of the 

tryptophan, and that these sites are preferred by iodide 

over other binding sites. 

Although equation (3.3) fits the data reasonably 

we 11, and the deviations in the parameters, K and K/, are 

very low, the equation's interpretation of the downward 

curvature is ambiguous. In addition to models Al and B1 

the equation represents some limits of model B2• Thus, 

interpretation of the parameters differ according to each 

of the models represented by the equation. For example, in 

model A2 , K/ /K is the fraction of the fluorescence from the 
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nonquenchable conformation, in model B1 it is the ratio of 

the quantum yields of the encounter complex and the excited 

fluorophore, and in model B2 , K//K is approximately the 

ratio of the quantum yields of the bound and unbound 

species. Since all three models can be represented by the 

same equation, conclusions about the tryptophan exposure 

shouldnot be based soley on the shape of the Stern-Volmer 

plot. 

The present results indicate that models A1 , A2 , 

and B1 are invalid because none of them can fully explain 

the iodide quenching behavior, particularly the effects of 

ionic strength and protein concentration, and the decreased 

quenching below pH 4.0. Thus, only model B2 , and equations 

(3.8) and (3.9) are considered in the following discussion 

of iodide quenching. 

3.2.2 Effect of Ionic Strength: 

Analysis of the quenching data at ionic strength 

0.1 M and 0.5 M according to equations (3.8) and (3.9) 

results in equal KL values, but different values of n. The 

results are shown in fig. (3.41). Using the values 2.5 and 

3.4 for nK L in bovine and human serum albumins, 

respectively, n values for the various ionic strength 

levels were calculated and plotted in fig. (3.42). As can 

be seen in the plot, n increases wi th ionic strength, 

indicating decreased quenching enhancement with increased 
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ionic strength. This is expected since chloride and iodide 

have been reported to bind to the same sites. Below 0~70 M 

ionic strength, n increases linearly with ionic strength. 

n for human serum albumin increases more sharply than that 

for bovine serum albumin, but above 0.70 M ionic strength, 

the increase is not as sharp as in the lower ionic strength 

values. Plots of FO/F vs [O.l]n are linear in the case of 

both bovine and human serum albumins, as shown in fig. 

(3.43) • 

Analysis of the data at ionic strengths 0.10 M and 

0.50 M according to equation (3.3) results in different K 

values, but K//K does not change. This is can be seen in 

the reciprocal plot, i.e., FO/ F vs 1/ [Q], in fig. (3.44). 

The intercept, K/(K - K/) is the same, thus, K/K/ is the 

same. However, the slopes, l/(K - K/) are different. Thus, 

K = K/ + l/slope varies with ionic strength. Using K//K 

values of O.SO and 0.45 for bovine and human serum 

albumins, respectively, K values were calculated at various 

ionic strength values and plotted vs ionic strength in fig. 

(3.45) • 

3.2.3 Chloride Enhancement of Serum 
Albumin Fluorescence: 

Chloride enhancement of serum albumin fluorescence 

can only be explained by chloride binding. Thus, model B2 
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and equation (3.8) provide the most appropriate 

descriptions of the results. 

In model B2 , the enhancement can occur if chloride 

binding results in a chloride-fluorophore complex with a 

higher quantum yield, q/, higher than qO, the quantum yield 

of the unbound fluorophore. Equation (3.7), representing 

model B2 at low solute concentrations, can be rewritten as 

follows: 

FIFO = (1 + k / [Cl-])/(l + k [Cl-]) 

= 1 + ((k l - k) [Cl-])/(l + k [Cl-]) 

or 

and, thus, 

= (kl (k l - k)) + (l/(k l - k))(l/[Cl-]) 

Thus, a plot of FOI (F - FO) vs 11 [Cl-] is linear, 

as shown in figs. (3.46) and (3.47), for bovine and human 

albumins, respectively. 

The effect of chloride can also be expressed in 

equations (3.8) as 

FO/F = 1 + nKL[Cl-]n 

Thus, the plot of FIFO vs [Cl-]n should be linear, as shown 

in figs. (3.48) and (3.49) for bovine and human serum 

albumins, respectively. The values of n were found to be 

0.29 and 0.36 for human and bovine serum albumins, 

respectively, and the corresponding KL values were -0.7 and 
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In addition to model B2 and model C, chloride 

enhancement of serum albumin fluorescence was analysed 

according to the postulation made by Halfman and 

Nashida(22) that the fluorescence intensity is proportional 

to the fraction of the groups which become protona ted due 

to chloride binding. The equilibrium involved was given by 

+ 1- + 1- + 1-BH • C ====== BH + C ====== B + H + C 

Thus, 

•••••••• (3.10) 

and 

Ka = [B] [H+] / [BH+] ••••••••••••• (3.11) 

Halfman and Nashida(22) related the fluorescence 

intensities by 

lit = F min + (F m a x - F min) ( [B H + • C 1 -] / ( [B H + C 1 -] + [B -] )) •••••. (3. 1 2 ) 

since 

and 

substituting for these values, and rearranging equation 

(3.12) , 

or 
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According to Halfman and Nashida, a plot of (F-

Fmin)/(Fmax- F) vs [Cl-] should be linear. Such plots, 

however, were found to be upward-curving, as shown in fig. 

(3.50) . This is not surprising since at about 0.15 M 

chloride, F = F max ' and thus, (F - Fmin) / (Fmax - F) is 

equal to infinity. 

Equation (3.12) can be rewritten as 

(F - Fmin)/(Fmax - Fmin) = [BH+.Cl-]/([BH+.Cl-] + [B-] 

hence, 

••••• (3.13) 

or 

(F m a x - F min) / (F- F min) = 1+ ( K a / K [ H +] ) (1 / [C 1 -] ) •...• (3. 1 4 ) 

Thus, a plot of (Fmax-Fmin) / (F-Fmin) vs 1/ [Cl-] is linear 

and extrapolates to (Fmax - Fmin)/(F - Fmin) = 1 

at [Cl-] = [Cl-]max. Such a plot is shown in fig. (3.51). 

3.2.4 Acrylamide Quenching of 
Serum Albumin Fluorescence 

Acrylamide quenching of serum albumin fluorescence 

results in linear Stern-Volmer plots. It has been reported 

that acrylamide-protein asociation is the major cause of 

quenching. This is evident in the dependence of quenching 

on the protein concentration. Unlike iodide quenching, 

however, acrylamide quenching of serum albumin fluorescence 

is hardly affected by pH changes in the acid pH range. 

This suggests that acrylamide associates with regions of 
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the protein unaffected by pH-induced structural changes. 

Acrylamide binding to human serum albumin has been reported 

to take place around pH 2.2, resulting in upward-curving 

Stern-Volmer plots. Such a curvature has also been 

reported for bovine serum albumin at neutral pH levels. It 

is possible that acrylamide quenching occurs via a positive 

cooperative process that is not detected at acrylamide 

concentrations as low as 0.10 M. Nevertheless, in 

agreement with the findings of Blatt, et al (33), the 

present results indicate that the protein concentration 

exerts a great influence on acrylamide quenching of serum 

albumin fluorescence. 

The linear Stern-Volmer plots at low acrylamide 

concentrations indicate that all the fluorescence is 

completely available for acrylamide quenching. Thus, in 

models A1 and A2 the linear plots can only be the resul-t of 

equal accessibilities of both fluorophores, or 

conformations, to acrylamide quenching, i.e fluorescence 

from both fluorophores or conformations is equally 

quenched. In model B1' the linearity of the piots indicate 

that the encounter complex, * (PQ) , does not fluoresce. In 

model B2 , linear Stern-Volmer plots will result only if the 

bound species does not fluoresce. Linear plots can also 

result in model C when quenching is not enhanced at low 

quencher concentrations. 
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The upward curvature in the Stern-Volmer plots at 

high acrylamide concentrations has been explained by 

introducing a static quenching factor in the ideal Stern

Volmer equation(28). It can also be explained by model B2 

by assuming that acrylamide association with the protein 

leads to the formation of a dark complex. In equation 

(3.8) the upward curvature can be explained by assuming 

that the quenching enhancement increases with increased 

acrylamide concentrations, i.e., positive cooperativity. 

3.2.5 The Effect of Protein Concentration 

Both iodide and acrylamide quenching of bovine 

serum albumin fluorescence is also affected by changes in 

the protein concentration. This is evident in figs. (3.19) 

and (3.29) for iodide and acrylamide respectively. Keeping 

the iodide concentration constant while increasing the 

protein concentration resulted in a decreased pO/P. 

The effect of protein concentration on quenching 

can be analysed by the method proposed by Encinas and 

Lissi (51), and developed by Blatt, et al (33). In cases 

where the quencher is partitioned between the protein phase 

and the aqueous phase, the concentra tion of quencher 

associated with the protein is probably larger than the 

concentration of the quencher in the bulk of the solution, 

despi te the fact that the number of quencher molecules in 



the protein phase is much lower than the number of quencher 

molecules in the aqueous phase. The relation between 

quencher concentration in the protein phase and aqueous 

phase is 

[Q]p = Kp[Q]A •.•.•••••.•• (3.15) 

where kp is the partition coefficient, and [Q]p and [Q]A 

are the partitioned and the aqueous quencher 

concentrations, respectively. <Q>p' the average number of 

partitioned quencher molecules per protein, is thus given 

by 

•••••• 0 •••• (3.16) 

where vp is the molar volume of the protein. If binding 

also occurs, the average number of bound quencher molecules 

per protein, <Q>b' is given by 

...•.•...... (3.17) 

where KB and N are the binding constant and the number of 

binding sites per protein, respectively. Thus, when both 

binding and parti tioning occur, the average number of 

quencher molecules per protein, <Q>, is given by 

<Q> = <Q>p + <Q>b 

= [Q]A(VpKp + NKB/(l+ KB[Q]A)) •...•.•• (3.18) 

In addition, the quencher concentrations in the 

protein phase, and the aqueous phases are related to the 

total quencher concentration by 

...••..• (3.19) 
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where VA and Vp ~re the volumes of the aqueous and protein 

phases, respectively, and VT is the total volume of the 

system. Since the volume of the aqueous phase is 

approximately equal to the total volume, 

[Q]T = [Q]A + <Q>[P] ••••...••.••...... (3.20) 

Thus, if quenching is not diffusional, i.e., only due to 

<Q>, then for a constant FO/F, i.e., constant <Q>, [Q]T 

will be a linear function of the protein concentration, as 

illustrated in figs. (3.20) and (3.30) for iodide and 

acrylamide respectively. In such plots, <Q> and [Q] a are 

the slope and the intercept, respectively. 

The plots of <Q>/[Q]A vs <Q> give clues to the 

protein-quencher interactions. Rearranging equation (3.18) 

leads to 

•..•........ (3.21) 

<Q> increases with [QlA' thus, when <Q>/[Q]A is independent 

of <Q>, KB is zero, i.e., only partitioning is taking 

place. But if binding is involved, <Q>/[Q]A should decrease 

with [Q]a' and thus with <Q>. The two cases are 

illustrated by figs. (3.52) and (3.53) for iodide and 

fig. (3.54) for acrylamide. In fig. (3.52), <Q>/ [Q] A 

decreases sharply at low <Q>, but <Q> < 600, the decrease 

levels off. When only binding is involved, i.e., Kp = 0, 

equation (3.21) can be rearranged to give 

[Q]A/<Q> = (l/NKB) + [Q]A/ N •.•.•....•.•. (3.22). 
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Thus, a plot of [Q]A/<Q> vs [Q]A should be linear, with a 

slope equal to the reciprocal of the number of binding 

cites. The binding constant is the ratio of the slope to 

the intercept. The data is plotted in fig. (3.53) according 

to equation (3.22). The plot, however, is not linear. This 

is because, here, all quenching is assumed to be due to 

iodide binding and the diffusional quenching of the unbound 

protein is completely ignored. Thus, for a given FO/F, <Q> 

is overestimated, and [Q]A is underestimated. This is 

evident in the fact that fitting the data between <Q> = 1.4 

and <Q> = 600 to equation (3.22) results in a value of N < 

1400 binding sites. Nevertheless, the qualitative picture 

indicates iodide binding to be a major quenching mechanism, 

and that binding is the cause of variation of quenching 

wi th protein concentration. Since both <Q> and [Q]A 

decrease as [p] increases, both dynamic and static 

quenching will diminish. In fig. (3.54), <Q>/ [Q] A is 

independent of <Q>, and has a value of approximately 38. 

This indicates that acrylamide is parti tioned in the 

protein phase with a partition constant of approximately 

38. This is in contrast to the case of I- where <Q>/[Q]A 

decreases with <Q>, indicating I- binding. Thus, I- and 

acrylamide differ in their interactions with the protein 

and hence in the quenching mechanisms. In the case of 

acrylamide, the upward curving Stern-Volmer plot at the 

116 



~ 
I o 

! 
2.4..l 

.6 

I 
91 

0\ 

00 
'\\ 

\ o \ 
\ .... 

0
· ..... ·· 

". 
,."1.' .... , ••• 

.... , .... {) 
........... 0 

, .. ,............. 0 

~~---()----------
O. -___ . 

! 

4 6 8 

o -----(}-_ . 
----.-.0 

! 
I 
I 
I 
! 

1~ 11 

Fig.{3.52) Effect of [P] on r- Quenching of BSA 
Fluorescence. BSA at pH 7.0 Phosphate Buffer, 
Ionic Strength = 0.10 M. 

117 



118 

11~, ________________________________________________ ~ 

(} .00 .B9 

Fig.(3.53) Effect of [P] on r- Quenching of BSA 
Fluorescence. pH 7.0 Phosphate Buffer, and Ionic 
Strength = 0.10 M. 



4.6 

I 

~ 40 ZJ 
'a 
"-. 
x ,........ 
« 0 n 0 

a 3.8 0 0 
L.J 
........ 0 0 0 0 /\ 0 o 0 

~ \.:..J 

3. 

I 
3~ ____________________ ~ __________ ~ ________ ~1 

o ~ -2 ~ d 
<0»(10 

Fig.(3.54) Effect of [P] on Acrylamide Quenching of BSA 
Fluorescence at pH 7.U Phosphate Buffer. 

119 



isoionic point, plus the fact that pO/P >T 0IT indicate 

that acrylamide quenching of bovine serum albumin 

fluorescence is both dynamic and static. 

3.2.6 Effect of Solutes on the Radiative Rate 

All of the solutes used in this study affect the 

lifetimes much less than they affect the steady state 

fluorescence intensity. 

Since N-bromosuccinimide depletes the population of 

tryptophans, as well as introduces structural changes in 

the protein, the larger effect on the intensity is not 

surprising. 

However, in the case of chloride, iodide, and 

acrylamide, the results can not be explained as easily. 

Iodide and acrylamide quenching of serum albumin 

fluorescence result in pO Ip higher than TO IT. This might 

be due, in part, to the fact that quenching decreases with 

protein concentration, and lifetime measurements are 

usually carried out in protein solutions much more 

concentrated than those used in the steady state 

measurements. But even when the protein concentration is 

the same, PO/P > TO/T. The ratio of the intensities pO/P 

is related to the ratio of the corresponding lifetimes at 

the same quencher concentration by 

pO/P = (Kr/K/r)hOI/) 

where Kr and K/r are the radiative rates in absence and 

i20 
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presence of the quencher. Thus, even if the protein 

concentration is the same in both the steady state and 

pulsed measurements, FO IF is never equal to TO I T unless the 

radiative rates are not affected by quenching. 

In the case of acrylamide quenching of serum 

albumin fluorescence, the ratio of the radiative rates 

increases linearly with increased acrylamide 

concentrations, and is given by 

(FO/F)/« TO>I< T» = K IKI = 1 + 2.4 [acrylamide] r r 

and thus, 

or 

FO IF = (1 + 2.4 [acrylamide]) (1 + 1.8 [acrylamide] ) 

= 1 + 4.2 [acrylamide] + 4.3 [acrylamide] 2 

For acrylamide concentrations, the term in [acrylamide]2 

can be dropped, and thus, 

FO/F = 1 + 4.2 [acrylamide] 

The 4.2 value of the quenching constant is slightly lower 

than the value of about 4.7 obtained from steady state 

measurements. This lag is probably a result of the higher 

protein concentrations used in the lifetime measurements. 

At high acrylamide concentrations, the plot of FO/F vs 

[acrylamide] will be upward-curving as a result of the 

contribution of the term in [acrylamide]2 • 

Iodide decreases the lifetime of bovine serum 
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albumin fluorescence, but chloride effect is minimal. On 

the other hand, chloride and iodide have opposite effects 

on the fluorescence intensity. This provides further 

evidence of the solutes' effect on the radiative rate of 

the protein. Changes of (FO/F)/«TO)/<T» in presence of 

chloride and iodide with pH are illustrated by fig. (3.55). 

However, the results concerning the effect of added 

solute on the radiative rate are not conclusive. More work 

needs to be done. The effect of various concentrations of 

added solute on the fluorescence lifetime and intensity at 

the same protein concentration could prove very 

instructive. 

Nevertheless, the results raise the possibility 

that the higher effect of quenching on the intensities 

compared to that on the lifetimes,i.e., static quenching, 

may be a result of small alterations of the radiative 

rates. Such small changes will affect the quantum yield 

much more than the lifetime. 

3.3 Summary and Conclusions 

The structure of serum albumin, especially the 

position of the tryptophan residues, has received enormous 

attention. The most popular tool employed in most studies 

is the perturbation of the fluorescence by different 

probes. The present results, as discussed below, raise 
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important questions and present some suggestions about the 

structure of serum albumin and the mechanisms of solute 

perturbation of the protein's fluorescence. 

3.3.1 Positions and Environments of 
the Tryptophan Residues: 

Reports concerning the location of serum albumin 

tryptophan residues differ greatly. While some reports 

suggest that both bovine serum albumin tryptophans are on 

the surface of the protein, fully exposed to the 

solvent(44), others indicate that these residues are 

beneath the surface, shielded by the protein matrix(39). A 

different environment for each of the residues has also 

been reported(24,36). Although, differences of opinion 

about the location of the lone tryptophan in human serum 

albumin also exist(24,35),it is widely accepted that the 

-tryptophan residue is on or very close to the protein 

surface. Some of the evidence for that are listed below. 

a) r binding strongly quenches the 

fluorescence. Since 1- quenching of the fluorescence does 

not alter the fluorescence spectra, no significant 

structural change has been induced in the protein by I 

binding. Thus, such a high degree of quenching can be 

explained by a combination of binding and diffusional 

quenching. The downward curvature in the Stern-Volmer 

plots has been suggested by Lehrer(31) to be a result of r-
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binding in the vicinity of the tryptophan. 

b) Acrylamide quenching of human serum albumin 

fluorescence is also very effective , and it leads to 

linear Stern-Volmer plots. Eftink and Ghiron concluded 

that acrylamide interacts with the HSA tryptophan, and that 

this interaction has a very low activation energy(34). 

c) N-bromosuccinimide reaction with human 

serum albumin leads to a significant drop in the 

fluorescence intensity. The reaction rate reported by 

Peterman and Laidler(36) is 1.25xl0 5dm 3mol-1s-1. Although 

Peterman and Laidler classified the tryptophan as buried, 

this reaction rate is practically the same as those for the 

surface tryptophans in chymotrypsin and lysozyme, and only 

one order of magni tude lower than the reaction ra te of N

acetyltryptophanamide. 

d) In the present study, it has been found that 

Chloride greatly enhances the fluorescence intensity. The 

enhancement is probably a result of an increase in the 

radiative caused by chloride binding that affects the 

tryptophan environment. 

These facts, together with the well known 

sensitivity of the protein's fluorescence to pH changes 

during the N-F transition,· support earlier reports that the 

tryptophan in human serum albumin is very close to the 

surface of the protein, vulnerable to solvent variations 
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and solute perturbation. 

It can also be concluded from the present results 

that the two tryptophans in bovine serum albumin are in 

very similar environments. 

following: 

This is evident in the 

a) The upward-curving Stern-Volmer plot 

indicates either that both tryptophans are quenchable by 

acrylamide with comparable quenching constants, or one of 

them is not fluorescent(34). But since fluorescence from 

bovine serum albumin is more than twice that from human 

serum albumin, both bovine serum albumin tryptophans are 

probably fluorescent and, therefore, are in environments 

indistinguishable by acrylamide quenching. 

b) The results of N-bromosuccinamide reaction 

with serum albumin did not ·show any sharp breaks in the 

plots of FIFO, and TOIT vs [NBS]/[P], an indication that N

bromosuccinamide equally affects both tryptophans at all 

substrate concentrations. Although the study of Peterman 

and Laidler(36) on the oxidation of the albumin tryptophans 

by N-bromosuccinamide has revealed a difference in the 

tryptophan environments in bovine serum albumin, the 

reported oxidation rates of the two tryptophans by N-

bromosuccinamide do not differ greatly. The two 

bimolecular constants differ by only a factor of two, 

compared to a factor of about thirty-three for the rate 
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constants of the exposed and buried tryptophans in 

lysozyme. 

c) Lifetime measurements suggest that the two 

tryptophans have the same fluorescence lifetime. 

Serum albumin emission, like that of many proteins, 

is heterogeneous with a nonexponential decay. In some 

cases, this heterogeneity is taken as an indication that 

the two tryptophans in bovine serum albumin are in 

distinctly different environments (24). However, since the 

fluorescence of many single-tryptophan proteins, including 

human serum albumin, is also hetrogeneous, the 

nonexponentiality of the emission decay is not neccessarily 

a result of two classes of fluorophores, each in a 

distictly different environment. 

Bovine serum albumin fluorescence is described by 

a biexponential decay function with a short-lived and a 

long-lived component, having lifetimes of about 1 ns and 6 

ns, respectively. At the isoionic point, the shorter-lived 

component contributes less than 5% to the total quantum 

yield, and its lifetime is affected by neither pH changes, 

nor by added solutes. Thus, this component is probably not 

representative of any physically meaningful property. 

d) Quenching by ei ther acrylamide or iodide 

induces no shift in the wavelength of maximum fluorescence. 

Such a shift would resul t if each of the two tryptophans is 
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in a distinctly different environment and fluoresces 

maximally at a distinctly different wavelength. Lysozyme, 

with two distinctly different classes of tryptophan 

residues, buried and exposed, presents a good example. The 

protein's quenching by either iodide or acrylamide results 

in a blue shift in the emission maximum(22). 

This conclusion contradicts the assertion of Noel 

and Hunter(24) that one of the BSA tryptophans is not 

accessible to 1-. Noel and Hunter based their conclusion 

on the fact that the Stern-Volmer plots of 1- quenching of 

BSA fluorescence are downward curving and that their data 

fits the Lehrer equation. The deviations in the Lehrer 

plots were attributed to 1- binding which is eliminated by 

limiting [1-] to 0.10 M and increasing the ionic strength 

to 2.0 M. However, the downward curvature in the Stern

Volmer plots is not necesserily due to the presence of two 

tryptophans with greatly differing quenching constants, but 

it can occur even in homogeneously emitting systems. In 

the same work, Noel and Hunter noted that iodide binding 

probably has a role in causing the downward curvature in 

the data obtained at low ionic strength, but they contend 

that quenching at 2.0M ionic strength occurs via a dynamic 

process that affects the fluorescence of only one of the 

tryptophans. As has been discussed before, the form of the 

Lehrer equation can be obtained in models that are not 
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based on different tryptophan exposures. Furthermore, high 

chloride concentrations, i.e., 2.0M, may induce significant 

changes in the tryptophan environments and the structure of 

the protein. 

Bovine serum albumin fluorescence is affected by 

many solutes in the same way as that of human serum 

albumin. These effects are discussed below: 

a) Cl- enhancement of bovine serum albumin 

fluorescence is lower than that of human serum albumin, but 

it is very significant. This enhancement has been 

suggested to be due to chloride binding in the vicinity of 

the tryptophan to some €-amino groups with unusually low 

pKa 's(22). 

b) r- strongly quenches bovine serum albumin 

fluorescence. The Stern-Volmer plots, like those of human 

serum albumin, are downward-curving. Although the downward 

curvature has been suggested to be due to the 

unavailability of one of the tryptophans to iodide 

quenching (24), the fact that the lone human serum albumin 

tryptophan exhibits similar behavior indicates that this 

explanation is not the only possible one. The downward 

curvature can be explained by r- binding at low r-. And, 

as discussed before, the data is best fitted to models 

where the tryptophan exposures are similar. 

c) N-bromosuccinimide reaction with bovine 
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serum albumin leads to a smooth decrease in the 

fluorescence intensity with increased N-bromosuccinimide to 

protein ratios, indicating that both tryptophans have been 

affected by N-bromosuccinimide. This is supported by the 

findings of Peterman and Laidler(36). 

d) Acrylamide quenches the fluorescence from 

both tryptophans, as indicated by the linearity of the 

Stern-Volmer plots at acrylamide concentrations lower than 

0.10 M and the upward curvature at higher acrylamide 

concentrations. 

e) Furthermore, all the solutes discussed 

above, except CI-, affect BSA more than they affect HSA. 

Since it has been concluded that the environments of the 

two BSA tryptophans are not very different, and that the 

HSA tryptophan is on or very close to the protein surface, 

both BSA tryptophans must be on or very close to the 

protein surface. 

3.3.2 Comparison of Human and Bovine Serum 
Albumins' Tryptophan Environments: 

The confusion about which tryptophan residue in 

bovine serum albumin is similar to that in human serum 

albumin probably arises because the two proteins are not 

exactly similar. The environment of the tryptophan in 

human serum albumin is probably different from either of 

those in bovine serum albumin. 
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I t has been reported tha t the vicini ty of the 

bovine serum albumin tryptophan residues is neutral at the 

isoionic point, while that of the human serum albumin 

tryptophan has two positive charges(lS). Also the human 

serum albumin fluorescence intensity is lower than would be 

expected if the tryptophan environment is similar to those 

of bovine serum albumin. 

Having its own unique environment, the human serum 

albumin tryptophan possibly responds to one probe in a 

fashion similar to that of one of the tryptophans in bovine 

serum albumin, but it responds to another probe in a manner 

similar to the response of the other bovine serum albumin 

tryptophan. Thus, the choice of the probe possibly 

influences the conclusion regarding such similarities. For 

example. Noel and Hunter (24) and Peterman and Laidler (36) 

have concluded that one of the bovine serum albumin 

tryptophans is more exposed than the other, and that the 

human serum albumin tryptophan is similar to one of the 

bovine serum albumin tryptophans. Citing the similarity of 

I- quenching of the two proteins fluorescence, Noel and 

Hunter concluded that the HSA tryptophan is similar to the 

more exposed BSA tryptophan. On the other hand, Peterman 

and Laidler, using NBS as the probe, concluded that the 

HSA tryptophan is similar to the less exposed BSA 

tryptophan. 



3.3.3 The Mechanisms of Solute Perturbation 
of Serum Albumin Fluorescence: 
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The present results support the following 

conclusions regarding quencher fluorophore interactions: 

1) Iodide quenching of serum albumin fluorescence 

is mainly a result of anion binding. Evidence for this is 

listed below: 

a) 1
0 iT is smaller than Fa IF. This suggests 

that iodide binding is involved, because, in a diffusional 

process, changes in the quantum yield and the lifetime of 

the fluorescence should be equal. 

b) I- quenching of serum albumin fluorescence 

decreases below pH 4.0, while the overall positive charge 

of the protein increases. The increase in the positive 

charge would normally enhance diffusional quenching. This 

decrease in quenching has been attributed to the loss of an 

iodide binding site from the vicinity of the tryptophan as 

a result of the N-F transition(22). 

c) Increased ionic strength leads to decreased 

efficiency of iodide quenching of serum albumin 

fluorescence. Since the viscosity is not expected to vary 

much with limited changes in the ionic strength, the 

decreased quenching could be the result of Cl- replacement 

of I- in some binding sites, thus resulting in decreased 

quenching. 

d) Iodide quenching decreases with increased 
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protein concentration, as shown in fig. (3.19). The 

protein concentration should not influence the rate of 

diffusional quenching. However, if iodide is bound or 

parti tioned in the protein, the concentra tion of the 

quencher in the aqueous phase will decreasG. The decrease 

in quencher concentra tion in the aqueous phase depends on 

the number of molecules in the protein. Since this number 

increases with increased protein concentration, binding, 

and thus quenching, will decrease with increased protein 

concentration. The plots in figs. (3.52) and (3.53) 

clearly indicate iodide binding. 

e) Iodide quenching occurs even in the driest 

powder samples, as discussed in Chapter (4). The degree of 

quenching is much larger in powders than in solutions. In 

solution, over 200 moles of iodide per mole of protein are 

required to match the same quenching efficiency as 10 moles 

of iodide per mole of completely dehydrated serum albumin. 

f) Chloride and iodide binding to serum albumin 

is very well known. In an attempt to explain the downward 

curvature in the Stern-Volmer plots, Lehrer(31) studied the 

iodide quenching of human serum albumin fluorescence in 

presence of SCN-. He reported that the downward curvature 

decreases in presence of SCN-. Since SCN- binds to serum 

albumin more strongly than iodide, he concluded that the 

downward curvature is a result of iodide binding in the 



134 

vicini ty of the tryptophan, and that this binding is 

decreased in presence of SCN-. 

Scatchard, et al(32), analyzed chloride binding in 

terms of three binding sites. One site can bind only one 

chloride ion, the second binds eight, and the third binds 

up to eighteen chloride ions. 

Halfman and Nashida(22), quantitatively related 

the chloride enhancement of bovine serum albumin 

fluorescence to the number of groups that become protonated 

as a result of chloride binding. Halfman, et aI, also 

attributed iodide quenching to iodide binding. 

2) Serum albumin fluorescence is quenched mainly by 

acrylamide molecules within the protein matrix. 

a) As in the case of iodide, acrylamide 

quenching is sensitive to the protein's concentration. The 

plot of <Q>/[Q]A were found to be independent of <Q>, 

indicating acrylamide partitioning. 

b) Also, quenching occurs in the driest bovine 

serum albumin powder samples, and is more efficient than in 

solution. 

c) As in iodide quenching, 0/ is lower than 

d) The upward curvature in the Stern-Volmer 

plots at acrylamide concentrations higher than 0.10 M can 

only be the result of binding. 
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e) Eftink and Ghiron (35) reported that the 

bimolecular constant of acrylamide quenching of human serum 

albumin fluorescence is independent of the viscosity of the 

solvent, and thus they ruled out diffusional quenching. 



CHAPTER FOUR 

The Structure of 

Serum Albumin Powders 

4.1 Results 

The emission spectrum of serum albumin powders is 

broader and blue shifted compared to that of the protein's 

solution. However, as illustrated by fig (4.1), when h-0.70 

gram water per gram protein, the fluorescence maximum of 

powders is red-shifted compared to that of powders at h= 

0.02. 

The changes of serum albumin powder lifetimes with 

hydration are shown in figs. (4.2) and (4.3). For serum 

albumin powders at the isoionic point, as has been reported 

by Sheats and Forster(38), three regions of lifetime 

changes with hydration can be identified; a sharp increase 

in the lifetime at low hydration levels followed by a 

region of small increases in the lifetimes at moderate 

hydration levels, finally, at high hydration levels the 

lifetime increases sharply again, approaching the solution 

value of approximately 6.0 ns. Although the lifetimes of 

human serum albumin powders are lower than those of bovine 

serum albumins, they change in a similar fashion. Fucaloro 
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and Forster (52) interpreted the difference in the 

fluorescence lifetime changes in bovine serum albumin and 

a-chymotrypsinogen A powders with hydration to indicate 

that one of the bovine serum albumin tryptophans is buried. 

The similarity of the changes in the fluorescence lifetimes 

of BSA and HSA powders negates this conclusion. The sharp 

increase in the lifetime at low hydration has been 

suggested as being due to the formation of an exciplex 

around the tryptophan by appropriately oriented water 

molecules (38). Another possibility is that complete 

dryness denies the protein small amounts of water needed 

for the integri ty of the protein's surface structure. 

The water sorbed at moderate hydration levels is 

more likely to be involved in explixation of the tryptophan 

as well as in additional hydrogen bonding, thus resulting 

in small changes in the lifetimes. 

Rochester and Westerman(43) suggested that the 

backbone of the protein becomes involved in water sorption 

at high water vapor pressure. Sheats and Forster(38) 

reported that' the sharp changes in lifetimes at high 

hydration levels are probably due to internal motion in the 

protein. To test these suggestions, changes in the 

fluorescence lifetimes of bovine serum albumin powders at 

pH 2.0 were moni tored as a function of hydration. The 

results are compared to those of the unmodified bovine 
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serum albumin in fig. (4.3). The curves differ in three 

important features. 

First, the lifetimes of the modified bovine serum 

albumin fluorescence are lower than those of the 

unmodified protein at the same hydration levels. This 

might be due to fluorescence quenching by protonated 

carboxylic side chains at pH 2.0(22), or due to the 

structural changes known to occur at very low pH 

1 eve 1 s ( 24) . 

Second, the increase in lifetimes at very low 

hydration levels is less pronounced in the pH-modified 

protein. This gives evidence that water sorbed at such 

hydration levels is essential for the integrity of the 

protein surface structure. Another possibility is that the 

tryptophan environment becomes less hydrophilic at pH 

2.0 (22). 

Finally, in the case of bovine serum albumin 

powders at pH 2.0, the sharp increase in the fluorescence 

lifetime at high hydration levels has completely 

disappeared, implying that the internal motion is either no 

longer possible at pH 2.0, or it does not affect the 

tryptophan residues. 

Furthermore, the fluorescence lifetimes of iodide 

and acrylamide-modified bovine serum albumin powders were 

monitored at various hydration levels. The quencher-
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protein ratio was kept constant at 10. The results are 

shown in fig. (4.4), together with those of the unmodified 

protein. The curves for the modified powders are 

qualitatively similar to that of the unmodified protein, 

but the fluorescence lifetimes of the modified powders are 

clearly quenched even in the driest samples. Fig (4.5) is a 

plot of the ratio of the fluorescence lifetimes of the pure 

and modified protein pwders, ~O/;, as a function of the 

hydration level, h. In the case of either quencher, three 

regions of changes in the quenching efficiency can be 

identified. These regions parallel those of lifetime 

changes. At low hydration levels, where the lifetime 

sharply increases, quenching by either quencher sharply 

increases, too. Quenching by iodide, however, is more 

efficient. At hydration levels greater than h = 0.3, the 

behaviors of the two quenchers are also very similar. But, 

in this case, quenching sharply decreases, approaching the 

limit of ~O/; = 1, which is approximately the solution 

value for such small quencher concentrations. However, at 

moderate hydration levels, i.e. h = 0.1 to h = 0.3, the 

quenching due to iodide increases, whi Ie quenching due to 

acrylamide decreases. The increase in iodide quenching of 

the fluorescence in this hydration region is not as sharp 

as in the lower hydration levels. Also, the decrease in 

quenching due to acrylamide is not as pronounced as at the 
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higher hydration levels. 

The sharp increase in quenching below h = 0.1 

implies one of two possibilities: either the formation of 

the exciplex around the fluorophore enhances the 

fluorophore-quencher interaction, or a quencher binding 

site is in a subdomain brought to the proximity of that 

containing the fluorophore by sorbed water molecules. 

The decreased quenching efficiency at hydration 

levels 0.1 - 0.4 may be a result of the quencher molecules 

partitioning between the protein phase and the aqueous 

phase. Motion of water molecules on the surface of the 

protein may thus result in taking the dissolved quencher 

molecules away from the fluorophore. 

At moderate hydration levels, acrylamide quenching 

decreases while iodide quenching increases with a rate 

lower than that at the smaller hydration levels; suggesting 

that iodide affinity for the protein phase is higher than 

that of acrylamide. This is probably because iodide binds 

to BSA, but acrylamide is partitioned in the protein 

matrix. 

At hydration levels higher than h = 0.4, quenching 

by either quencher decreases sharply. In addi tion to 

increased loss of quencher molecules to the aqueous phase, 

this sharp decrease in quenching suggests that, at high 

hydration levels, the protein undergoes a significant 



structural change that results in a decreased fluorophore

quencher interaction. Such a structural change is probably 

due to an internal motion that involves the backbone of the 

protein and places the tryptophan residues in regions of 

the protein not as sensitive to the quenchers. Probably, 

the effects of such a motion on the fluorescence behavior 

of the protein will excede the effects of such small 

quencher concentrations by far. 

4.2 Discussion and Conclusions 

It can be reasonably concluded from the present 

data that, at low hydration levels, water molecules are 

sorbed on specific sites on the protein surface, and these 

water molecules are involved in hydrogen bonding necessary 

for the integrity of the protein surface, as well as the 

possible exciplexation of the tryptophan. 

It has been reported that the water sorbed by 

bovine serum albumin powders at low water vapor pressure is 

strongly bound to specific polar groups on the surface of 

the protein(41), and that the protein powder at pH 2.0 

sorbs 25% less water than that at the isoionic point(43). 

The lower water sorption at pH 2.0 is attributed to the 

loss of some polar sites as a result of protonation of the 

carboxylic side chains. The effect, probably, could have 

been greater, but it is offset by the creation of 
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additional polar sites as a result of the breaking of some 

salt bridges, --NH+---OOC--. The serum albumin 

fluorescence lifetime increases very sharply at low 

hydration levels. This suggests that some of these polar 

sites are in the immediate vicinity of the tryptophan. 

Serum albumin has a high configuration 

adaptability. Such adaptability requires low levels of 

tertiary structure(1,6). It has been suggested that a 

loose surface structure is vital for serum albumin 

physiological properties (1). The protein surface is 

covered with a loosely organized polypeptide coating that 

unwinds during the N-F transition(9,10). There are 

parallels between the effects of decreased pH and 

dehydration on serum albumin spectral properties. In both 

cases, the intensity decreases and the fluorescence maximum 

is blue-shifted. This suggests that the protein surface 

structure is involved in these changes. Furthermore, in 

bovine serum albumin powder at pH 6.0, the lifetime 

increases by about 20% when the hydration level is 

increased from 0.0 to 0.05, but in powders at pH 2.0, the 

lifetime increases by less than 8% for the same increase in 

hydration. Since at pH 2.0 the polypeptide coating is 

unwound and the protein subdomains are separated, changes 

in the structure of the protein as a result of hydration 

must be responsible for the sharp increase in the lifetime 
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at low hydration levels. However, at a hydration level of 

0.05, there are only about 180 water molecules per mole of 

protein, and it is highly probable that the water molecules 

sorbed at this hydration level are bound to specific 

binding groups on the polypeptide coating, and are involved 

in some network of hydrogen bonding. As a result, in 

protein powders at pH 6.0, this coating rewinds, putting 

polar groups in the vicinity of the typtophan, thus making 

the fluorophore environment more hydrophilic. As a 

consequence, the fluorescence lifetime and intensity are 

increased, and the fluorescence maximum is red-shifted. 

Since rewinding of the polypeptide chain is not possible at 

pH 2.0, the lifetime does not increase as sharply as at pH 

6.0. However, the increase in the lifetime at such low 

hydration levels in bovine serum albumin powders at pH 2.0 

indicates the presence of polar groups in the immediate 

vicinity of the tryptophan, in addition to those on the 

polypeptide coating. Therefore, the water sorbed at these 

hydration levels is also possibly involved in the formation 

of an exciplex around the fluorophore. 

Bovine serum albumin powder fluorescence quenching 

by either iodide or acrylamide also sharply increases at 

low hydration levels. This further supports the previous 

picture. Since serum albumin fluorescence is quenched by 

iodide and acrylamide molecules bound to or associated with 
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the protein, the increase in quenching with hydration 

suggests that the quencher's binding sites are brought into 

proximity of the tryptophan as a result of water sorption. 

Rochester and Westerman(43) reported that 252 

moles of water per mole of bovine serum albumin are 

required for complete monolayer coverage. This corresponds 

to h = 0.07 gram of water per gram of protein, which is 

approximately the hydration level at which the sharp 

increase in quenching ends, and the decreased quenching 

effeciency starts. 

At hydration levels between 0.10 and 0.40, the 

increase in lifetime, as well as in iodide quenching of the 

lifetime, is much lower than in the first phase, and 

acrylamide quenching decreases. At h = 0.10, the 

monolayer coverage is complete. The increase in the 

lifetimes at this region is probably a result of increased 

water-tryptophan interaction. The decrease in acrylamide 

quenching is probably a result of partitioning the quencher 

between the protein phase and the expanding aqueous 

phase (33). The continued increase in iodide quenching 

indicates that iodide association with the tryptophan 

environment is stronger than that of acrylamide. 

The degree of quenching at low and moderate 

hydration levels is much higher than the solution value 

for the same quencher-protein ratio. This provides further 
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evidence for the previously suggested quenching mechanism. 

At h > 0.40, the lifetime of serum albumin powders 

at pH 6.0 increases very sharply again. Such an increase 

is absent for bovine serum albumin powders at pH 2.0. 

Since at these hydration levels, sites for water sorption 

are not very specific, and since the secondary structure is 

reported to be involved in water sorption, the lifetime 

increase is, most likely, a result of an internal motion 

involving the subdomains and, probably, the backbone of the 

protein. The d-helical content of bovine serum albumin 

decreases from 54% at the isoionic point, to 32% at pH 

2.0(43). In addition, the protein's subdomains are 

completely separated at pH 2.0(9-12). Since, at the high 

hydration levels the fluorescence lifetime of serum albumin 

powders at pH 2.0 does not increase nearly as sharply as 

the fluorescence lifetime of the protein powders at the 

isoionic point, the tryptophan residues must be in the 

regions of the protein where there is huge loss of d

helical content. It is also possible that the protein's 

internal motion occurs to a much lesser extent in serum 

albumin powders at pH 2.0. 

At these hydration levels, quenching by either 

acrylamide or I- sharply decreases, indicating a sharp 

decrease in the fluorophore-quencher interaction. In 

addition to the possibility that some quencher binding 
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sites are relocated away from the tryptophan neighborhood 

as a result of a protein internal motion, many quencher 

molecules are probably lost by the protein phase to the 

expanded aqueous phase. 

These results affirm the previous conclusions 

about the tryptophans being very close to the proteins' 

surfaces, and about the fluorescence quenching being caused 

by iodide and acrylamide molecules within the protein 

phase. Furthermore, these results lend strong support to 

the conclusions that the protein fluorescence changes 

during the N-F transition, i.e., the decrease in the 

fluorescence quantum yield and lifetime, and the blue shift 

in the fluorescence maximum, are caused by changes in the 

proteins structures. 



APPENDIX 

The Stern-Volmer model for quenching the 

fluorescence of a homogeneously-emitting fluorophore, P, by 

a quencher, Q, is described by the following processes: 

Name Process Rate Constant 

( 1) Excitation P + hv -------------- p* kex 

( 2 ) Emission * h kr P --------------- P + 

(3 ) Deactivation * P --------------- Pv knr 

( 4 ) Quenching p* + Q----------- P + Q kq 

Assuming Steady State conditions, 

concentration of the excited fluorophore is given by 

[P*] = kex[P] / kr + knr + kq[Q] 

and the fluorescence intensity, F, is then 

F = krkex[P] / kr + knr + kq[Q] 

the 

In absence of the quencher, i.e. [Q] = 0, the fluorescence 

intensity is given by 

Fa = krkex[P] / kr + knr 

Thus, the ratio of the fluorescence intensities in absence 

and presence of the quencher is given by 

Fa / F = 1 + (kq / (kr + knr )) [Q] 

In the discussion above, it has been assumed that the rates 

of steps (2) and (3) are not altered by the quenching 

process. Also, since the lifetime is related to the 

quantum yield by 

152 
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then 

Fa I F = (k O r I k r ) ( a It), 

If the radiative rate does not change during the quenching 

process, then 

Fa I F = a I = 1 + (kq I (kr + k nr )) [Q] •••••••••• (1) 

= 1 + kq a [Q] •••••••••••••••••••• (2) 

= 1 + ksv[Q] ••••••••••••••• 0 •••• (3) 

Equations (1) - (3) represent the Stern-Volmer relationship 

for a homogeneously-emitting system, where a plot of Fa I F 

vs [Q] should be linear. 

Protein fluorescence is generally heterogeneous, 

originating from various fluorophores, each in a different 

environment. 

MODEL A1 : 

If the fluorescence originates from the 

fluorophores in distinctly different environments, and if 

these fluorophores interact independently with the 

quencher, the total fluorescence intensities Fa and F can 

be written as 

Fa = Fa 1 + Fa 2 

F = F1 + F2 

= F0
1 I (1 + k 1 [Q]) + Fa 2 I (1 + k2 [Q] ) , 

and 
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F/FO=(F01/FO)/(1 + k 1 [Q]) + (F0 2 )/(1 + k 2 [Q]) 

where F0 1 and F0 2 are the contributions of fluorophores (1) 

and (2) to the total flourescence intensity, FO, and k1 and 

k2 are the quenching constants associated with those 

fluorophores. Putting 

a 
f l' 

and 

then, 

and 

F/FO=(f 0
1 /(1+k 1 [Q])) + (f 0

2 /(1+k 2 [Q])) 

= (fall (1+k1 [Q])) + ((1-f 0
1 ) I (1+k 2 [Q])) •••••••••• (3.1) 

I nth i s cas e, a p lot 0 f F ° IF v s [ Q] is non 1 in ear, and i s 

not easy to analyze. 

MODEL A2 : 

A special case of Model A1 arises when one of the 

fluorophores is completely inaccessible to the quencher. 

Assuming that residue (1) is not available to the quencher, 

Putting f0 1 = fOq to represent the relative 

contribution of the quenchable fluorophore to the total 

fluorescence intensity, and k1 = k, equation (4) becomes 

F I Fa = (1 - fa ) + fa I (1 + k [Q] ) q q 
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= (1 - fa ) + (1 - fa k[Q] + fa ________ 9 ___________ 9 _________ 9 

1 + k[Q] 

= (1 + fOnqk[Q]) I (1 + k[Q]) 

= (1 + k/[Q]) I (1 + k[Q]) ••••••••••••••••• (3.3) 

where a 
f nq is the relative contribution of the 

nonquenchable fluorophore to the total fluorescence 

intensity, and kl = fOnqk. 

S till, a p lot of F a IF v s [ Q ] wi 11 not be 1 in ear. 

But, a linear relationship can be obtained as follows: 

Fa = FO
q + FO

nq 

F = FO
nq + (F O

q I (1 + k[Q])) 

AF = Fa - F 

= Fa - (Fa I (1 + k[Q])) q q 

= FOqk[Q] I (1 + k[Q]) 

FO/AF = FO(l + k[Q]) I FOqk[Q] 

= FO/F O + (FO/F O )(1 I k)(l I [Q]) q q 

= (l/f O
q ) + (1 I fOqk)(1 I [Q]) •••••••• (3.4) 

Thus, a plot of FO/AF vs 1/[Q] will be linear with an 

intercept equal to the reciprocal of the relative 

contribution of the quenchable tryptophan to the total 

fluorescence intensity. The quenching constant is the 

ratio of the intercept to the slope. This reciprocal plot 

is usually referred to as the Lehrer plot. 
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MODEL B1 : 

In this model, iodide quenching, as well as 

chloride enhancement, of serum albumin fluorescence is 

assumed to be the result of the formation of a weak 

encounter complex between the solute and the excited 

fluorophore, as follows 

p* + Q (PQ) * 
If the excited complex dissociates via both a radiative and 

a nonradia ti ve proces ses, i.e. 

* (PQ) --------- P + Q + hv 

and 

(PQ)* ---------- P + Q 

then the Steady State concentrations [P*] and [(PQ) *] are 

given by 

* [p ] = kex[P]/(kr + knr + ~q[Q]) 

[ (PQ) *] = kq [p *] [Q] I (k I r + k I nr) 

where K/r and k/nr are the radiative and nonradiative rates 

of the complex, respectively. Substituting for [P*], 

[ (PQ) *] = kexkq [P] [Q] I (k r + knr + kq [Q] ) (k l r + kl nr) 

or 

[ (PQ) *] = kexkq' I [p] [Q] I (kr + knr + kq [Q] ) 

where ,/ = 1/( k/r + k /
nr ) is lifetime of the excited 

complex. The fluorescence intensity is given by 

F = k r [P * ] + k I r [ (PQ) *] 

or 



and 

where to = * 1/(kr + knr } is the lifetime of P . Equation 

(3.5) has the same form of equation (3.5), but in this 

case, KI = (k/r/kr}t/kq. If the complex fluorescenGe 

quantum yield ql = k/rTi is zero, equation (3.5) will 

reduce to the stern-Volmer equation. 
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Also, this model explains the chloride enhancement 

of serum albumin fluorescence. F can be higher than FO 

when (k i r T1lk r ) > L 0, Le. when kl r T/ > k r ' o. 'rhus Cl

enhancement of the fluorescence occurs if Cl- forms an 

encounter complex, (PCl)*, with a higher quantum yield than 

that of the excited fluorophore. 

MODEL B2 : 

If binding occurs in the ground state, then the 

equilibria can be written as hefore, and the equilibrium 

constant is given by 

Keq = [( PQ)] I ([ P] t - [( PQ) ] } [Q] , 

Thus, 

[P] = [P]t I (1 + Keq[Q]), 

and 

[ (PQ)] = keq [Q] [P] t I (1 + Keq [Q] ) 

Assuming Steady State conditions, 



* [p ] = kex [P] I (kr + knr + kq [Q] ) 

[ (PQ) *] = k I ex [ (PQ)] I k I r + k I nr + k I q [Q] 

Substituting for [P] and [(PQ)] 

and 

[ (PQ) *] 

Thus, 

and the master equation is 

1 (k l r/k r ) (k l ex/kex) Keq [Q] 1 
F/FO= (---------- + -------------------------) (---------) 

l+kqTO[Q] (T0/T/) + k/q O[Q] l+Keq[Q] 

.......•.•... (3.6) 

f k l kl I - I I h I q« r + k nr - 1 T , ten, 

° 1+ (qllqO)Keq[Q](l+kqO[Q]) 
F/F = --------------------------------

(1 + kqTO [Q]) (1 + Keq [Q]) 

A plot of FO/F vs [Q] will be downward-curving. The 

equation can be simplified by dropping the terms in [Q]2. 

This will lead to 

= ___ :_~_~~~~~~:~~9~~~ • • • • • • • • • • • • • • • • • • • • (3. 5 ) 
1 + (kqT ° + Keq) [Q] 

which has the same form as equation (3.3). 
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If the bound species does not fluoresce, i.e. 



q/«qO, then equation (3.6) can be rewritten as 

F ° / F = (1 + kq TO [Q] ) (1 + Keq [Q] ) 

= 1 + (Keq + kqTO) [Q] + kqTOKeq[Q]2 
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At small quencher concentrations, [Q] 2 « [Q] , and thus, 

FO / F = 1 + (kq TO + keq ) [Q] 

i.e., at small quencher concentrations, the Stern-Volmer 

plot will be linear, but at high [Q], the plots will be 

upward-curving. This is illustrated by the case of 

acrylamide quenching of serum albumin fluorescence. 

Chloride Enhancement of Serum 
Albumin Fluorescence: 

In addition to Model B, chloride enhancement can 

be explained by using the same method of analysis 

introduced by Halfman and Nashida. Halfman and Nashida 

assumed that the fluorescence intensity is proportional to 

the fraction of the groups which become protonated due to 

chloride binding. The equilibrium involved was given by 

BH + C 1- + 1- + + C I-• ====== BH + C ====== B + H 

Thus, 

and 

Halfman and Nashida(22) related the fluorescence 

intensities by 



Thus, it can be written 

(F - Fmin) / (Fmax - Fmin) = [BH+.Cl-] /([BH+.Cl-] + [B] 

since 

and 

hence, 

[BH+] = [BH+Cl-] / K [Cl-] , 

[B] = Ka [BH+.Cl-] / K [H+] [Cl-] 

(F - F min ) / ( Fmax - Fmin ) = 1 / ( 1 + Ka /K[H+] [Cl-]) 

or 
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(Fmax - Fmin) / (F - Fmin) = 1 + (K a / K [H+]).(l / [Cl-]) 

Thus, a plot of ( Fmax - Fmin )/( F - Fmin) vs 1 / [Cl-] 

is linear and extrapolates to ( Fmax - Fmin )/( F - Fmin) 

= 1 at [Cl-] = [Cl-] max. 
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