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Continuous-FLow Dynamic DiaLysis and its AppLication to 

CoLLagen-Ligand Binding 

Abstract 

Studies undertaken to investigate the binding of Low 

moLecuLar mass anaLogues of poLyphenoLic vegetabLe tannins to 

coLLagen have prompted the deveLopment of a new method to 

investigate protein-Ligand interactions. This method, the 

continuous-fLow dynamic diaLysis method <CFDD), differs from 

conventionaL diaLysis procedures used for protein-Ligand binding 

studies. In this method, the Ligand concentration in the 

diffusate is monitored automaticaLLy at successive cLoseLy spaced 

time intervaLs whiLe being continuousLy eLuted from the diaLysis 

ceLL. The primary data obtained by this method consists of a 

series of spectrophotometric absorbance measurements representing 

the Ligand concentration in the sink compartment of a diaLysis 

ceLL. This primary data is recorded by means of a data Logging 

device onto a punched paper tape for subsequent computer 

processing. 

Two originaL methods are presented for anaLysing the primary 

data to extract the protein-Ligand binding isotherm. The first 

of these is a direct anaLysis which reLies on Fick's first Law of 

diffusion. In this method it is necessary to estabLish, by 

means of a controL experiment, a vaLue for the Ligand permeation 

constant. This is used in a subsequent anaLysis to estabLish a 

reLationship between the measured rate of diffusion of the Ligand 

from a protein-Ligand mixture and the concentration of unbound 

Ligand which is in equilibrium with the protein-Ligand compLex. 

The protein-Ligand binding isotherm is obtained from parametric 

equations "hich give the quantity of Ligand bound to the protein 

and the concentration of unbound Ligand in the sampLe compartment 

as functions of time. 

The second method, which is more generaL, utiLizes the same 

primary data but is based on estabLishing a system transfer 
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function to characterise the diaLysis and eLuting processes. 

This anaLysis depends on the Linearity of the system and utiLizes 

numericaL LapLace transforms of the primary data sets obtained 

from controL and protein-Ligand diaLyses. LapLace transforms 

are used to effect a deconvoLution of the transfer function from 

the primary data and yieLd the concentration of Ligand in 

equiLibrium ~ith the protein-Ligand compLex. This procedure 

yieLds, simuLtaneousLy, both the totaL Ligand concentration and 

the concentration of unbound Ligand in the protein compartment of 

the diaLysis ceLL. These quantities are used to estabLish the 

binding isotherm for the protein Ligand system. NumericaL 

inversion of the LapLace transforms in this anaLysis is effected 

by their reduction to Fourier series. 

The experimentaL reLiabiLity of the continuous-fLo~ dynamic 

diaLysis method, and vaLidity of the t~o anaLyticaL methods used 

to derive a binding isotherm from diaLysis data are evaLuated 

from studies of the binding of phenoL red to bovine serum aLbumin 

(BSA) at 15 0 , 20 0 and 25 0 C, as ~eLL as from simuLated binding 

curves generated by the numericaL soLution of the differentiaL 

equations used to describe the diaLysis and eLution process in 

terms of a two-site Scatchard binding modeL. 

The method is used to investigate the binding to coLLagen of 

a series of Lo~ moLecuLar mass phenoLic compounds ~hich can be 

isoLated from WattLe and Quebracho vegetabLe tannin extracts. 

These compounds can be considered as monomeric precursor 

anaLogues of the poLymeric vegetabLe tannins. The binding of 

these Ligands to coLLagen is sho~n to be characterised by high 

capacity, Lo~ affinity binding in ~hich the uptake of Ligand by 

the protein increases LinearLy with increasing ligand 

concentration. Collagen exhibits no indication of site 

saturation for these ligands over the experimentally accessible 

concentration ranges investigated. 
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Chapter One 

Ligand Binding to Collagen 

A Introduction 

1.1 Collagen Occurrence 

The colLagens comprise a group of closely related proteins 

which occur widely throughout the animal kingdom. These 

proteins form the principal fibrous component of the skin, 

cartilage and tendon and are found in soft basement membrane and 

connective tissue. Calcified forms of collagen constitute the 

hard tissue of bone and the dentine of the teeth. The role of 

the collagens in nature is essentially a structural one and, as a 

consequence, this group of proteins displays a variety of unusual 

properties which distinguishes them from the globular proteins 

and the keratins. It has been estimated (Bear, 1952) that 

coLlagens make up 30% of the total organic matter of mammals and 

nearly 60% of their total protein content. 

1.2 Skin Structure 

In the skin (Plate I) collagen fibres are to be found in the 

corium minor or papillary layer, and in the fibrous network of 

the corium major of the dermis. The corium minor consists of 

mainly collagen fibres, some reticulin and a loose network of 

elastin. In this layer, the collagen fibrils are very closely 

packed. The corium minor passes almost imperceptibly into the 

fibre network layer of the corium major which consists aLmost 

entirely of collagen fibrils . The coLLagen fibrils of the 

corium major are organised into wavy bundLes which interpenetrate 

to form a compLex three-dimensionaL weave. The fibriLs are 

mostLy cyLindricaL in form with a uniform diameter of 100 nm . In 

the closeLy packed region of the papil Lary Layer the fibrils 

broaden sLightly and assume an hexagonaL rather than circu Lar 

cross-section. 
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PLate I 

A vertical cross-section of calf-skin (magnification x 15) 

showing (a) the epidermis, (b) the papillary layer and 

(c) the corium major 

( From Turley, 1926) 
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B CoLLagen-Tannin Interactions 

1.3 Hide-Tannin Affinity 

In Leather manufacture, to convert the raw hide into Leather, 

the skin coLLagen is made to interact with a variety of Low 

moLecuLar mass compounds. These compounds incLude biocides, 

bating agents, filLing agents, Lyotropic agents, surfactants, 

tanning agents and dyestuffs. CoLLagen-Ligand interactions, 

because of their reLevance to Leather technoLogy, are therefore 

of considerabLe economic importance. 

The interactions with superficiaLLy adsorbed or penetrating 

dye-stuffs, and tannage with synthetic or vegetabLe tannins are 

probabLy the most important of these interactions. Tanning 

agents stabiLize the hide against bacteriaL attack by introducing 

cross-Links between the individuaL coLLagen moLecuLes which make 

up the fibrous network of the dermis. In the vegetabLe tanning 

process, which is used to manufacture soLe-Leather, these cross

Links are formed through the interaction of coLLagen and the 

poLyphenoLic constituents of vegetabLe tannin extracts. The 

poLyphenoLic tanning agents are muLtifunctionaL and form cross

Links by bridging active binding sites on the coLLagen moLecuLes. 

The formation of cross-Links produces marked changes in the 

physicaL properties of the hide and constitutes the fundamentaL 

process in the manufacture of vegetabLe tanned Leather. However, 

despite its commerciaL expLoitation and a history which extends 

to paLeoLithic times, many aspects of the vegetabLe tanning 

process are onLy partiaLLy understood . The compLex nature of 

both the skin and the tanning materiaLs obscures the fundamentaL 

detaiLs of the nature and mechanism of coLLagen-tannin 

interactions . 

soLutions of vegetabLe tannin extracts are coLLoidaL and are 

compLex mixtures of poLymeric compounds. VegetabLe ta nnage, 

besides depending on hide-tannin affinity, aLso reLies on the 
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physicaL occlusion of coLLoidaL particLes of the tanning agent 

within the hide fibre matrix. These occLuded particLes act as a 

fiLLing agent. The term tan-fixation is used to denote the 

permanency of the hide-tannin compLex without specific regard to 

the nature of the hide-tannin interaction. Tan-fixation is 

infLuenced both by the abiLity of the tanning agent to penetrate 

into the hide fibre matrix and by its affinity for the hide 

coLLagen. Thus, besides chemicaL considerations, the physicaL 

properties of the hide aLso controL tan-fixation. The 

accessibiLity of the binding sites on the coLLagen moLecuLes 

depends on the degree of compactedness or Looseness of the hide 

fibres. This, in turn, depends on the degree of hydration, the 

ext ent 

saLts. 

of sweLLing, pH, and the presence or absence of inorganic 

Hydration and Low pH cause the hide fibres to sweLL, and 

this adverseLy affects the penetration of the tanning agent. In 

addition to affecting the extent of sweLLing of the hide, pH aLso 

infLuences the hide-tannin affinity. Inorganic saLts, which 

are used to suppress the acid-sweLLing, can aLso aLter the 

intrinsic affinity of the hide for the tanning agent. The non-

tannins of the vegetabLe tannin extracts can aLso indirectLy 

affect the extent of tan-fixation; the hide-tannin affinity wi LL 

be influenced by the quantity of organi c acids present in the 

non-tannin components of the tannin extract. 

VegetabLe tannin fixation is greatest in acid soLution with 

a pH between 2.5 and 3.5. As the pH is increased, the hide

tanning agent affinity decreases to a minimum at the isoeLectric 

point (about pH 4), Further increase in pH causes the hide

tanning agent affinity to rise to a minor maximum near pH 7, 

which is foLLowed by a further faLL as the tanning soLution is 

made aLkaLine. 

The deLicate baLance between the affinity of the hide for 

the tannin and the abi Lity of the tannin to penetrate into the 

hide matrix is shown by 'case-hardening'. This occurs under 

acid conditions where the tanning agent adheres to the outermost 

Layers of the hide and impedes penetration of further tanning 

agent into the core of the hide which, consequentLy, remains 
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untanned. Thus, a judicious bLending of acids and saLts is 

necessary to achieve the desired LeveL of penetration and 

fixation of the tanning agent. 

The change in affinity for tanning agent with change in pH 

has been attributed to the variation in the charge profiLe on the 

coLLagen (Reed, 1966; Kuhn, 1968). However, many aspects of 

the vegetabLe tanning reaction are stiLL matters for specuLation. 

In terms of the Proctor-Wilson theory (Proctor & Wilson, 1916), 

the coLLagen-tannin reaction invoLves an ionic mechanism which 

can be represented by: 

coLLagen-(NH3)+ + tannate- = coLLagen-(NH3)-tannate 

In support of this theory, it has been observed that 

fixation of the tanning agent is greatLy reduced by chemicaL 

action which removes or inactivates the positiveLy charged 

ionizing groups on the protein. Such treatment, however, does 

not eLiminate tan-fixation entireLy. This indicates that other 

factors besides the ionic mechanism are invoLved in the tanning 

process. Efforts to distinguish between different modes of 

binding and to determine to what extent the coLLagen-tannin 

interaction invoLves an ionic mechanism, or is the resuLt of 

physicaL occLusion andlor adsorption, aLso pose questions as to 

the nature and identity of the groups on the coLLagen fibres 

which participate in cross-Link formation. A knowLedge of the 

reLative importance and contribution of each mode of bonding to 

the tanning process is of both academic and practicaL interest. 

Binding between coLLagen and the tanning agent can include 

hydrogen bonding, hydrophobic bonding, and van der WaaLs 

attractions. It can be accepted that the binding of the tannin 

to the hide protein invoLves hydrogen bonding to the peptide 

bonds of the protein as weLL as poLar interactions through active 

side-chain residues. 
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The roLe of hydrophobic bonding and its contribution to 

protein-tannin affinity is Less cLear-cut. At any rate, 

hydrophobic binding forces wi LL onLy operate when, as a resuLt of 

ionic attraction, the tannin has been brought into cLose 

proximity to the protein. The roLe of hydrophobic bonding in 

coLLagen fibriL formation has been the subject of a recent review 

by Suarrez et aL. (1980). In addition to the secondary forces 

mentioned, there is the possibiLity that primary or covaLent 

bonds betl;een coLLagen and the tanning agent can be formed. Such 

covaLent cross-Links can resuLt from Mannich-type reactions 

between basic side-chain residues of the protein, such as Lysine 

or hydroxyLysine, and quinone or aLdehyde groups formed by 

partiaL oxidation of the phenoLs in the tanning agent. However, 

the vegetabLe tannage reaction is to a Large extent reversibLe. 

This indicates that the participation by covaLent binding in 

vegetabLe tannage is smaLL. 

C Binding Studies on CoLLagen 

1.4 Experi.entaL Methods 

ExperimentaL methods for the study of binding of Low 

moLecuLar mass Ligands to soLubLe coLLagen, and to proteins in 

generaL, is the subject of the investigation reported in this 

thesis. Further, the interactions between coLLagen and certain 

Low moLecuLar mass pLant phenoLs, which occur together with the 

poLyphenoLic tannins in vegetabLe tannin extracts, have been 

studied to provide some insight into the compLexities of the 

vegetabLe tanning process. These Low moLecuLar mass pLant 

phenoLs can be considered as the monomeric precursors of the 

poLyphenoL tannins. Thus their interaction with soLubLe 

coLLagen can be assumed to represent a simpLification of the more 

compLex hide-tanning agent interaction. It was anticipated that 

the resuLts of binding studies, nameLy measurement of the 

protein-Ligand association constants for the different cLasses of 

binding sites, wouLd provide information about the nature of the 
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different cLasses of binding sites on coLLagen. From such 

information inferences about the reLative contributions of the 

different modes of binding of the Ligands to coLLagen can be 

made. 

Binding studies on soLubLe coLLagen have not been undertaken 

to any great extent untiL fairLy recentLy. A dissuasive factor 

has been the ready tendency of coLLagen to precipitate from 

soLution. The formation of coLLagen fibrils while binding is 

being investigated provides an unwanted compLication to the 

interpretation of experimentaL data. FibriLLogenesis can resuLt 

from protein-Ligand binding, or from changes in the coLLagen 

soLution envi ronment due to aLteration of the pH or ionic 

strength. 

FormerLy, binding studies on insoLubLe fibrous coLLagen were 

carried out by measuring the Ligand uptake by coLLagen from 

soLutions containing different Ligand concentrations. The 

insoLubLe coLLagen used in these studies was usuaLLy in the form 

of hide powder, Limed or dried hide strips, or tendon. While 

such methods may be adequate for technicaL purposes, and do avoid 

compLications in the interpretation of data due to 

f i bri L Logenesi s, t hey are not very sensitive. At a more 

fundamentaL LeveL, where binding studies are undertaken to 

investigate cooperativity phenomena or to differentiate between 

different cLasses of binding sites, this method is unsatisfactory. 

Not onLy does the method ignore surface or interface 

phenomena, the results may be inconclusive because potential 

binding sites might not be utilized due to an inabi lity of the 

ligand to penetrate into the fibre matrix of insoluble coLlagen. 

Problems arising from the inaccessibility of binding sites due to 

close packing of hide fibres, or dependance on the degree of hide 

hydration or the coLloidaL nature of the tanning agent are 

eliminated by carrying out the binding studies on soluble 

col Lagen. 

Nore recently, binding studies on lathrytic soluble collagen 

(i.e., collagen which has fewer cross-links between fibres than 
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normal, a condition which can result from genetic defects or 

deficiency diseases, or can be induced by continued ingestion of 

chemi cal lathrogens such as;3-propionitrile), have been reported 

using an equilibrium dialysis method (Deshmukh & Nimni, 1969,1971) . 

Kanfer (1976) has used a dynamic dialysis method to investigate 

the reactions and binding of anti-inflammatory corticosteroids to 

soluble collagen . Kanfer was able to delay sufficiently the 

onset of collagen fibrillogenesis (by the judicious selection of 

solution pH and ionic strength) to be able to undertake binding 

studies on soluble collagen . The dynam i c dialysis technique 

used by Kanfer was very similar to a technique first reported by 

Meyer & Guttman (1968, 1970a, 1970b) to measure drug-prote i n 

binding. 

A modification of the Meyer & Guttman dynamic dialysis 

procedure has been developed in the present study to measure the 

binding of the monomeric pLant phenoLic compounds to coLLagen. 

The method, however, is a much more generaL method which is 

appLi cabLe to most protein-Ligand systems . It has severaL 

advantages over the classicaL equilibrium diaLysis method (Klotz 

et aL., 1946) and other diaLysis methods which have been 

repo rted. 

This method, which is here termed the continuous-fLow 

dynamic diaLysis method, utiLizes a two-compartment diaLysis 

ceLL. The protein-ligand mixture in the upper sampLe compartment 

is separated by a semi-permeabLe membrane from a Lower sink 

compartment through which a constant flow of eLuting buffer is 

maintained. The Ligand concentration i n the sink compartment is 

monitored at cLoseLy spaced intervals, and recorded 

automaticalLy, to provide data from which a protein-Ligand 

binding isotherm can be obtained . In this study, the 

experimentaL method and t\W di fferent procedures by which the 

experimentaL data can be 3naLysed to derive the binding isotherm 

are described. 
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Chapter Two 

The Che.istry of Collagen and the Vegetable Tannins 

A Collagen Chemistry 

2.1 Scope of Collagen Research 

The chemistry and bioLogy of coLLagen have been studied 

extensively and, as a resuLt, a vast and comprehensive Literature 

reLating to coLLagen structure, function, biosynthesis, 

metaboLism and pathoLogy has accumuLated. PubLications deaLing 

with various aspects of the chemistry, bioLogy and pathoLogy of 

coLlagen are becoming increasingLy speciaLised. A comprehensive 

account of the chemi stry and structure of coLLagen is contained 

in the 'Treatise on CoLLagen', Volume I, edited by Ramachandran 

(1967). More recently pubLished reviews which deal extensively 

with developments in coLLagen research subsequent to the 

'Treatise on CoLLagen' include those by Baily (1968), Traub & 

Piez (1971), Bailey (1975), Arridge(1977), Jackson (1978), and 

Viidik & Vuust (1980). 

A broad coverage of the bioLogy, biosynthesis and pathoLogy 

of collagen is provided in Volumes II Parts A & B of the 

'Treatise on ColLagen', edited by GouLd (1968). This has been 

suppLemented by the more recent and extensive survey of colLagen 

biochemistry edited by Ramachandran and Reddi (1976). A more 

recent pubLication is the review on structure and function of 

coLLagen by Piez (1980), which provides a comprehensive coverage 

of the present deveLopments in coLLagen research. 

Aspects of the chemistry of coLLagen which are reLevant to 

protein-Ligand binding, and which reLate mainLy to coLLagen 

structure, soLubility, stabiLity in soLution, and crossLink 

formation are reviewed briefLy in this chapter. 
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2.2 Types of Collagen 

There are slight species differences in collagen amino acid 

sequences and content, as well as differences in collagens 

extracted from different tissues in the same organism. A 

variety of collagen types which appear to be genetically distinct 

forms are designated collagen I, II, III and IV (I~i ller & 

Matukas, 1969). The distribution of these various forms of 

collagen is not uniform and the relative proportions of each type 

to be found in collagen extracts will vary according to the 

tissue from which the collagen has been extracted. 

Type I collagen is the major collagen of the skin, and the 

only collagen of t endon and bone. Type II collagen is specific 

to hyaline cartilage. Type III collagen (Miller et al., 1971> 

is a minor constituent of the skin, but a major component of the 

walls of large blood vessels. Type IV collagen, which differs 

most markedly from the other three types, has a large non

co llagenou s component \~hi ch contai ns a heteropo lysaccharide and 

disulphide links (Olsen et al., 1973; Trueb et al., 1980). 

2.3 Primary Structure 

Amino acid sequencing of collagen, as a consequence of the 

large number of different types of collagen, is an on-going 

process. A review of early amino acid sequence studies on 

collagen has been provided by Hannig & Nordwig (1967). The more 

recent revi ew by r~i ller & r1atukas (1974) deals with the primary 

structures of the various types of collagen. Present knowledge 

relating to sequencing of different species of collagen is 

summarised in the 'Atlas of Protein Sequence and Structure' and 

its supplements (Dayhoff, 1972 - 1976). 

MolecuLar mass and amino acid anaLysis studies indicate that 

'tropocoLLagen', the soLubLe monomer and associating unit of 

coLLagen fibri Ls, consists of about three thousand amino acids 

residues, of which some 33% are glycine, 15% are proLine and 

(usuaLLy) about 14% hydroxyproLine . Sequence studies on the 

cyanogen bromide peptide fragments have shown a consistent 
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repetition of the gLy-X-Y tripLet, in which the residues 

designated by X and Yare frequentLy the imino acids proLine and 

hydroxyproLine. The tripeptide units gLy-pro-R, where R is an 

amino other than proLine of hydroxyproLine, make up 35% of the 

coLLagen structure, and 75% of the proLine in coLLagen is found 

in gLy-pro-R Links (Grassman, 1961). 

Certain modifications to the side-chain residues of the 

amino-acids, which incLude hydroxyLation of proLine and Lysine, 

gLycosyLation and aLdehyde formation resuLting from de-ami nation 

of Lysine residues, occur after assembLy of the coLLagen 

(Undenfriend, 1970; Prockop, 1973). 

From chromatographic evidence, which shows that denatured 

coLLagen can be separated into three singLe-chain components, 

from amino acid anaLyses which show every third amino acid to be 

a gLycine residue, and from X-ray diffraction studies, coLLagen 

was inferred to have a tripLe heLix structure (Rich & Crick, 

1955; Ramachandran, 1955). The tripLe heLix structure consists 

of three non-coaxiaL heLices, each with three residues per turn, 

arranged about a common centraL axis. Such an arrangement can 

accommodate a cLose-packing of the heLicaL chains if the chains 

are staggered with respect to the gLycine residues. The imi no 

acids impart a stability to the structure by restricting the 

possibiLity of rotation about the bonds of the individuaL chains, 

and prevent the structure from coLLapsing. In addition, the 

strategicaLLy situated imino acids, by virtue of their rigid 

structures, provide a necessary heLicaL curvature to the 

individuaL strands. The three strands comprising the tripLe 

heLix are considered to be heLd together predominantLy by a 

reguLar sequence of cooperative hydrogen bonds. 

CoLLagen is a gLycoprotein and has a gLucosyL-gaLactosyL 

moiety attached to a hydroxy Lysine residue at position number 105 

in the.!1 chain (nomenclature described in paragraph 2.4). The 

function of the carbohydrate at this position is not understood. 

It couLd serve as an anchor point for gLycoprotein attachment to 

mucopoLysaccharide tissue components such as chondroitJn (Sai Ley 

et aL., 1970). 
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2.4 SingLe Chain Components 

Chromatographic evidenc e shows coLLagen to contain two types 

of singLe strand chains, the ~-chains. These are designated ~1 

and ~ and occur in the ratio 2:1. The ~1 and ~2 chains, 

though not identicaL in composition, are similar to each other 

and have moLecuLar masses in the range 9.2 - 9.5 x 104 , and 

consist of about one thousand residues each. 

Besides the ~-singLe chain components, doubLe chain b

components, tripLe-chain, and yet higher moLecuLar mass 

components can be separated from denatured coLLagen by carboxy-

methyLceLLuLose chromatography. T~is indicates the presence of 

covalent cross-Links between the individuaL a-chains. These 

cross-links are formed by Mannich-type bond formation between 

lysine or hydroxylysine subunits of one a-chain and aldehyde 

groups formed by deamination of Lysine or hydroxylysine groups on 

a second a-chain. Recently published reviews which deal with 

the isolation and chemistry of the cross-links in collagen are by 

Harlan et al. (1977), McClain (1977), and Fujii & Tanzer (1976). 

2.5 Telopeptides 

Amino acid sequence studies (Schmitt et al., 1964) show that, 

in both the ~1 and the ~ chains, the first ten to fifteen 

residues from the N-terminal end do not have glycine at every 

thi rd position. Since this is an absolute requirement for a 

collagen-type helicaL structure, it has been concluded that this 

portion of the molecule is non-helical. Similar evidence (Stark 

et al., 1971) indicates that short segments at the C-terminal end 

of the tropocoLlagen moLecuLe are also non-helical. These 

regions, referred to as the telopeptides, are believed t o be 

involved in cross-link formation between the ~-chains, and to be 

responsible for the antigenic properties of collagen (Bornstein & 

Nesse, 1970; Furthmayr et aL., 1971) 

The term procollagen (Prockop, 1973) has been used to 

desc ribe a col Lagen precursor which contains additional peptide 

extensions. These extensions are believed to render the 

procollagen soluble and prevent fibril formation during its 
biosynthesis (Fessler et al., 1975). 
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2.6 Fibril Structure 

TropocolLagen moLecuLes, 300 nm by 1.5 nm, are assembLed in 

the fibrobLasts. After extrusion from the ceLL, these moLecuLes 

assembLe spontaneousLy into cyLindricaL fibriLs having fairLy 

uniform diameters, which can vary from 5 nm to 200 nm depending 

on the nature and age of the tissue. Low-angLe X-ray 

diffract i on studies show the fibriLs to have a repeat distance of 

64 nm for dry coLLagen and 70 nm in the wet state. These 

fibriLs, when stained with phosphotungstate or uranyL ions, show 

an asymmetric band pattern, or per i odicity, under eLectron 

microscope examination (Gross & Schmitt, 1948). CoLlagen 

fibrils reconstituted from acid solution by the addition of salt 

or by dialysis against neutraL phosphate buffer, and similarly 

stained, show the same banded structure when viewed under the 

eLectron ~icrocope. These fibrils are referred to as native-type 

fibrils (Plate II). 

In addit i on to the native-type aggregation mode, coLlagen 

fibriLs with a repeat unit severaL times the Length of the native 

fibriL repeat unit can be formed. These consist of the fibrous 

Long spacing (FLS) form which has a centrosymmetric band pattern 

(PLate III), and the seg ment Long spacing form (SLS) (PLate IV), 

which is comparabLe in Length to the FLS type but has an 

asymmetric band pattern. The FLS form is produced when soLubLe 

coLLagen is precipitated from soLution by glycoprotein or 

chondroitin suLphate (Highberger et aL., 1950; 1951). The SLS 

type is produced by precipitating soLubLe coLLagen with adenosine 

triphosphate or tripoLyphosphoric acid (Schmitt et aL., 1953). 

The three forms of fibriLs are readiLy interconvertibLe by 

dissoLution and readjustment of the soLution environment (Gross 

et aL., 1954). It is aLso possibLe to obtain outgrowths of SLS 

segments onto the native type fibriLs by exposing reconstituted 

native-type fibriLs to a soLution of tropocoLLagen and ATP at a 
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Plate II 

Native type fibril from rat-tail tendon seen in negative 

contrast using sodium phosphotungstate, pH 7 0, as the 

contrast medium (magnification x 75 000) 

(Hodge et al.,1965) 
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Plate III 

Fibrous Long spacing type fibriL of caLf-skin coLLagen 

stained with phosphotungstic acid (the FLS fibriLs were 

produced by diaLysis against distiLLed water from an acid 

soLution with added serum gLycoprotein) 

(magnification x 60 000) 

(Hodge, 1967) 
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Plate IV 

Segment long spacing collagen aggregates produced by 

the addition of 1% adenosine triphosphate solution to a 

tropocollagen solution (magnification x 120 000) 

(Bowden, Chapman & Wynn, 1968). 
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pH which favours the formation of SLS type aggregates. ELect ron 

micrographs of such stained fibriLs (PLate V) show a direct 

continuity of the band patterns across the two fibriL types. The 

SLS outgrowths on the native fibriLs aLways exhibit a 

characteristic orientation with respect to the asymmetric pattern 

of the native type fibriLs. The banded patterns of stained 

native coLLagen indicate that the surface of the moLecuLe is 

divided into aLternating zones of ionic and neutraL side-chain 

residues. The bands represent the distribution of poLar and 

apoLar side-chain groups from the N- to c- terminaL ends of the 

mo Lecu Le . 

DetaiL~d studies of the band pattern show that the Length of 

the tropocoLLagen moLecuLe, taken to be the Length of an SLS 

crystaLLite, is 4.4 times the repeat period of the native fibriL. 

It was postuLated (Hodge & Schmitt, 1960), that the FLS form 

consists of tropocoLLagen fibriLs which have coincident ends, 

packed in antiparaLLeL array, whereas in the SLS form, where the 

fibriLs aLso have coincident ends, they have a paraLLeL 

orientation. 

On the basis of detaiLed studies, it has been proposed (Veis 

et aL., 1967) that the native fibriLs are composed of 

tropocoLLagen moLecuLes which are dispLaced with respect to their 

nearest neighbours by one quarter of their Length. This is 

referred to as the quarter stagger arrangement. 

this proposaL, the fibriLs are composed of 

According to 

tetrads of 

tropocoLLagen moLecuLes in which there are reyions of overLap 

interspersed with hoLes. In the fibrils these tetrads of 

tropocoLLagen moLecues are Linked together in head to taiL 

fashion by cross-Links in the regions of overLap. 

It has been suggested (Piez et aL., 1970; Morgan et aL., 

1970) that the carbohydrate situated on the hydroxyLysine residue 

of the 2.1 chain couLd pLaya roLe in determining the quarter 

stagger aLignment of the tropocoLLagen moLecuLes in the tetrads 

of the collagen fibrils. A recentLy pubLished review of 

coLLagen primary and higher LeveL struct ure is that of Piez & 

Trus (1979). 
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Plat e V 

Dimorphic ordered aggregate of tropocollagen produced by 

exposing reconstituted native-type fibrils to a solution 

containing tropocollagen molecules and ATP at a pH value 

favouring the formation of SLS type aggregates. 

<Stained with phosphotungstic acid, 

<Hodge 

magnification x 55 000) 

& Schmitt, 1960) 
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2.7 SoLubiLity and StabiLity in SoLution 

ALthough LargeLy insoLubLe in neutraL aqueous soLvents, it 

is possibLe to extract a proportion of coLLagen from the skin and 

connective tissue in the coLd using acidic buffer soLutions 

(acetate, tartrate and citrate) anellor neutraL saLt soLutions, 

e.g., sodium chLoride or caLcium :hLoride. In terms of 

soLubiLization, coLLagen is cLassified as acid-soLubLe (ASC), 

neutraL-saLt soLubLe (NSC) or insoLubLe (ISG). ALL three types 

are essentiaLLy simiLar soLubLe precursor forms of the same basic 

materiaL. Differences in soLubiLity arise onLy with respect to 

degrees of incorporation into the insoLubLe fibres and extent of 

cross-Link formation within moLecuLor chains and between the 

individuaL monomeric soLubLe coLLallen units (Pinto & BentLey, 

1974) • 

It has been proposed (Veis et aL., 1959) that the rodL ike 

tropocoLLagen repeating units as;ociate LateraLLy to form 

insoLubLe fibrous coLLagen. The repeating units are heLd 

together in aggregates in the poLymeric network of the fibrous 

tissue by a variety of covaLent bonds, poLar and non-poLar bonds. 

The soLubiLity of coLLagen thus depends on the number of covaLent 

bonds formed on maturation. A decrEase in the soLubi Lity of 

coLLagen with the age of the tiSSUE can be attributed to an 

increase in the number of covaLent cro,ls,·Links which form as the 

tissue ages (Pinto & Bentley, 1974). Even insoLubLe coLLagen 

can, however, be further soLubiLized .ithout disruption of the 

peptide Links by more drastic treatmE'nt with Lyotropic agents 

such as urea, guanidine hydrochLoride, or potassium thiocyanate. 

Such treatment does, however, cause dmaturation of the tripLe 

heL ix structure. 

2.8 The CoLLagen-GeLatin Transition 

CoLLagen may be denatured and soLLbiLized on treatment l<ith 

hot water, when geLatin is formec. The coLLagen-geLatin 

transition occurs over a narrow temper~ture range. The transition 
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temperature represents the so-called melting temperature, and is 

the temperature at which the regular triple helix structure 

collapses into a random coil denatured form. The transition 

temperature for the collagen-gelatin conversio n is a measure of 

the stability of the helical structure, and can be monit~red by 

measuring changes in the optical rotation or viscosity as a 

function of temperature. The transition temperature depends on 

a number of parameters which include the rate of heating, solvent 

composition, amino-acid composition of the collagen, the degree 

of cross-linking, and the magnitude of specific interactions 

between collagen and solvent components. 

Transition temperature measurements show that certain neutral 

salts, such as calcium chloride, lithium bromide and guanidine 

hydrochloride, have a profound effect on collagen stability. 

Some substances, such as urea and the salts mentioned, have a 

destabilizing influence on collagen structure (Plate VI), while 

others (for example, potassium fluoride), stabilize the structure 

in solution. The study of the perturbation effects of various 

lyotropic or stabilizing agents on the transition temperature can 

be used to reveal the relative importance of various 

interactions, such as hydrogen and hydrophobic bonding, on 

collagen structure and stability in solution. These studies are 

also of interest in the broad field of chain folding because, in 

such studies, the backbone chain interactions can be investigated 

independently of side chain interactions. This subject has been 

reviewed in detail by von HippeL (1967) and by von HippeL & 
SchLeich (1969). 

The perturbant effects of alcohols and other organic 

compounds, and the thermaL stability of collagen, has been the 

subject of several investigations (Russell & Cooper, 1969; 3ianci 

et aL., 1970). The dependence of the transition temperature on 

perturbant concentration and structure has been used to examine 

the roles of hydrogen and intermolecuLar hydrophobic bonding on 

the structuraL stability of colLagen in solution. 



Plate VI 

(a) 

(b) 

Disruption of collagen fibrils by lyotropic agents 

(a) disruption of native type fibrils by urea 

(b) disruption of SLS collagen by Ca++ ions 

(magnification x 125 500) 
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An indication that water has a significant role in the 

helix-coil transition is provided by the observation that 

substitution of water by other solvents has a substantial effect 

on the transition temperature. The affinities of the amino acid 

side chains for solvent water have been discussed by Wolfenden et 

al.(1981). It is probable that water contributes to the 

stability of the collagen structure through intramolecular 

hydrogens bonds, and also possibly by providing linkages between 

polar groups. This, however, also implies that the contribution 

of water to the stability of the collagen molecule is equivalent 

at all molecular locations. It is possible that water can 

destabilize structure at certain regions by interacting with 

specific residues. It is thus probable, that the amino acid 

sequence is the determinant of structural stability, not only 

through the structural limitations to rotational freedom imposed 

by imino acid content, but also through the contributions to 

stability by the interaction with water. 
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8 The Chemistry of the VegetabLe Tannins and their 

Monomeric Subunits 

2.9 Occurrence 

The vegetabLe tannins are compLex poLyphenoLic compounds 

formed from tannic ac i d, gaLLic acid, and a variety of fLavanoid 

subunits. They cannot be represented by any simpLe structuraL 

formuLa. A proportion of the poLyphenoLic tannins occur in the 

vegetabLe tannin extracts as the gLycosides. An earLy review of 

the chemistry of these compounds is incLuded in a pubLication on 

the naturaLLy occurring pLant phenoLics (OLLis, 1961>. A more 

recentLy pubLished review which deaLs with the chemistry of the 

pLant phenoLics is that of Harborne et aL. (1975). 

The vegetabLe tannins occur in a variety of pLants. Wattle 

(Acacia moLLisima) and Quebracho (Quebracho Lorentzii) constitute 

the two major sources of commerciaL vegetabLe tannins. WattLe 

extract contains 61 - 63% tannins and 18 - 20% non-tannins, 

whiLe Quebracho extract has 63 - 70% tannin and 6 - 10% non-

tannins. The non-tannins incLude the Lower moLecuLar mass 

poL yphenoLic components, sugars, hemiceLLuLoses, pectin and 

Lignin as weLL as organic acids and saLts. 

WattLe and Quebracho extracts are compLex mixtures of 

fLavanoid poLymers based mainLy on fLavanoL and fLavanone 

structures with a more-or-Less uniform moLecuLar mass 

distribution over the range from 550 - 3250. The abiLity to 

tan manifests itseLf onLy in phenoLic compounds consisting of at 

Least four gaLLic acid, tannic acid, or fLavanoL subunits (Roux 

et aL . , 1965). The monomeric subunits which make up the 

vegetabLe tannins do not themseLves exhibit the tanning reaction. 

It has been shown (Sose et aL., 1976), however, that the 

fLavanoids do have a stabiLizing roLe on coLLagen. For exampLe, 

catechin (a fLavanoid precursor subunit found in vegetabLe tannin 

extracts, and itseLf a compound which does not tan) does render 

coLLagen resistant to degradation by trypsin, i ndicating some 

form of interaction with coLLagen (Kuttan et aL., 1981). 
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2.10 Hydrolysable and Condensed Tannins 

Dependi ng on thei r response to acid hydrolysis, the 

vegetable tannins may be classified as condensed (catechol) 

tannins or as hydrolysable (pyrogallol) tannins. On acid 

hydrolysis, the condensed tannins polymerise into higher 

molecular mass compounds whereas the hydrolysable tannins 

disperse. On alkaline hydrolysis, the hydrolysable tannins 

produce predominantly pyrogallol as a breakdown product and the 

condensed tannins produce catechol or resorcinol. At a more 

fundamental level than chemical behaviour on hydrolysis, these 

two classes of tannins result from distinct biosynthetic 

pathways. It has been established that the benzenoid rings in 

the plant phenolic compounds are formed via two main biosynthetic 

pathways, namely, the shikimic acid pathway and by 'active 

acetate'. In catechin, for example, the ring A derives from an 

acetate biosynthesis and the ring ~ has a shikimic acid precursor. 

OH 

HO 

OH 

(+)-Catechin 

The hydrolysable tannins are 

derived from shikimic acid 

OH biosynthesis. It is possible to ' 

distinguish between the two 

classes of tannins by their 

response to acid hydrolysis or by 

their reaction to iron salts or 

alkali. The hydrosylable 

tannins, which disperse on acid 

hydrolysis, develop deep blue 

colours in the presence of iron salts and show only a slight 

tendency to oxidise, with the formation of red compounds in 

alkaline solution. The condensed tannins, on the other hand, 

polymerise when heated with acid, develop green colours in the 

presence of iron salts, and are readily oxidised in alkaline 

solutions (which develop deep red colours). 

The monomeric analogues of the polyphenolic tannins used in 

the binding studies to investigate their binding ability to 

collagen are shown in the scheme below, together with their 

structures: 
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Figure 1. 1 

Structures of Monomeric subunits of PoLyphenoLic Tannins 
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Chapter Three 

Protein Ligand Interactions 

A Information Provided by Protein-Ligand Binding Studies 

3.1 Introduction 

Protein-ligand interactions represent a prominent facet of 

protein chemistry. Several general aspects of protein-ligand 

binding are reviewed in this chapter. This includes a discussion 

on the type of information which protein-ligand binding studies 

can provide, particularly with respect to the nature of the 

binding site and the forces involved in protein-ligand complex 

formation. A number of mathematical methods, based on protein

ligand model systems, which are used to derive information from 

binding study data are examined. Much of the current interest 

in protein-ligand interactions derives from structure-activity 

relationships of pharmacologically active drugs (Cody, 1980; 

MCElray & D'Arcy, 1980) and because protein-ligand interactions 

provide the mechanisms for the control of biological activity at 

. the molecular level. Binding studies are thus undertaken to 

provide insight into the mechanism of drug action, metabolism and 

drug elimination. 

Publications which provide broad surveys of the field of 

protein-ligand binding are the reviews of Klotz (1953), Edsall & 
Wymann (1958), Tanford (1961), Feldman (1972), Klotz (1974), 

Heald & Sampat (1978), and Whitehead (1980). A standard text on 

protein-ligand binding, which provides a comprehensive survey of 

the subject, is 'Multiple Equilibria in Proteins' by Steinhardt & 

Reynolds (1969) . 

Apart from their biological importance, there are many 

reasons to justify protein-ligand binding studies. Protein-ligand 

binding studies attempt to characterize the protein-ligand 

interaction in terms of a binding isotherm. From the form of 
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the isotherm, it is possibLe to postuLate a modeL to describe the 

binding. It is aLso possibLe, on the basis of the modeL 

seLected, to evaLuate bind i ng parameters such as the number of 

binding sites on the protein moLecuLe or protein-Ligand 

association constants. These parameters provide information 

about the nature of the binding site, the energy changes 

associated with the protein-Ligand interaction, and the kinds of 

bonds formed in the protein-Ligand compLex . 

Proteins are aLmost invariabLy studied in a soLution 

environment which contains, besides the soLvent, a variety of 

saLts or buffering acids. Thus the cLoseLy reLated aspects of 

protein structure and the forces which stabiLize protein 

conformation in soLution aLso faLL with i n the scope of protein-

Ligand interactions. These features of binding are mutuaLLy 

interdependent. Depending on the conformationaL stabi Lity of 

the protein, binding may induce changes in the protein structure, 

or converseLy changes in protein structure can bring about 

changes in Ligand binding affinity. Changes in the protein 

conformation are brought about by the Gibbs function changes 

which resuLt when internaL bonds between protein segments and 

protein-soLvent interactions are repLaced by protein-Ligand 

bind i ng. 

Measures of protein structuraL stabiLity and propensity to 

undergo conformationaL change are refLected in the sensitivity of 

the binding isotherm to environmentaL variabLes. Studies which 

investigate changes in the binding isotherm with changes in 

temperature, pH, or ionic strength of the protein soLution can 

provide infomation reLating to the conformationaL stabiLity of 

the protein. 

The binding isotherm is usuaLLy expressed as the graphicaL 

pLot of ' quantity of Ligand bound to the protein' as a function 

of the concentration of non-bound Ligand which is in equiLibrium 

with the protein-Ligand compLex, or a stastisticaLLy fitted 

mathematicaL representat i on thereof. Sometimes i t is convenient 

to use equivaLent transforms of the b i nding isotherm. These 
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transforms incLude the Scatchard pLot (Scatchard, 1949), the 

Lineweaver-Burke pLot (Lineweaver and Burke, 1934), the Linear

Log pLot (8jerrum, 1941), the semi-reciprocaL pLot (KLotz, 1946), 

Log-Log pLots, etc. 

The simpLest binding situation occurs when the protein 

possesses onLy a singLe cLass of binding sites which act 

independentLy of each other. In such a situation, a simpLe mass

baLance reLationship (KLotz et aL., 1946; KLotz, 1953) yieLds an 

hyperboLic reLationship between V, the quantity of Ligand bound 

to a unit mass of the protein and [ L ] the concentration of 

Ligand ill equiLibrium with the protein-Ligand compLex: 

v = Nk[ L ]/(1 + k[ L ]) 3 . 1.1 

where N is the number of binding sites on the protein moLecuLe 

and k is the protein-Ligand association constant. 

Linear forms of equation 3.1.1, obtained by the Scatchard, 

Lineweaver-Burke and other transformations are convenient because 

they enabLe the binding parameters Nand k to be obtained 

directLy from measurement of the sLope and axiaL intercepts. For 

exampLe, in terms of the Scatchard variabLes y = v/[ L ] and 

x = v (RosenthaL, 1967) equation 3.1.1 reduces to: 

v/[ L ] = (N - v)k 3.1.2 

i.e., y = Nk - kx wh i ch reduces to x = N for y = 0 , and 

y = Nk for x = 0 with a sLope of y against x equaL to -k. 

Other equivaLent Linear transformations of equation 3.1.1 

are the doubLe reciprocaL Lineweaver-Burke pLot: 

1/v = 1/(Nk[ L ]) + 1/N 3.1.3 

and the semi-reciprocaL pLot (KLotz, 1946): 

[ L ]/v = 1/Nk + [ L ]/N 3.1.4 

These graphs aLso provide graphicaL tests for differentiating 
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between protein-Ligand interactions which invoLve onLy a singLe 

cLass of binding sites and more compLex modes of binding. If the 

protein-Ligand interaction is more compLex due to, for exampLe, 

binding site interaction or Ligand induced conformationaL changes 

in the protein, these transforms of equation 3.1.1 wiLL exhibit 

curvature. Curvature in these pLots is usuaLLy interpreted as 

impLying that the protein-Ligand binding is heterogeneous, i.e., 

the protein possesses more than a singLe cLass of binding sites, 

each with its own association constant. 

When the graphs of the Linear transformations of equation 

3.1.1 are not Linear, it is stilL possibLe to 'use Limiting sLopes 

and extrapoLated axiaL intercepts to derive estimates of binding 

parameters (see Figure 3.1). However, because there is a variety 

of factors which can contribute to the curvature in these pLots, 

it is possibLe that this procedure can Lead to a 

misinterpretation of the nature of the protein-Ligand interaction. 

It is thus necessary to exercise caution in the assignment of 

particuLar binding modeLs to protein-Ligand interactions when the 

Linear transforms of the isotherm dispLay curvature • . 

An evaLuation of the use of the Linear transformations of 

equation 3.1.1 to obtain binding parameters for muLtipLe cLasses 

.of binding sites on the protein has been given by KLotz & Hunston 

(1971) and by Ki rdani et aL., (1979). Comparisons of the 

efficacy of these graphicaL methods for determining binding 

parameters when the protein-Ligand cannot be simpLy represented 

by equation 3.1.1 as weLL as the Limitations of appLying a 

simpListic modeL to more compLex binding situations have been 

deaLt with by WooseLy & MuLdoon, 1977; by KLotz & Hunston 1978; 

and by Peters & Pingoud 1979. 

FrequentLy the binding parameters are obtained by Least 

squares procedures which fit the binding isotherm data to an 

appropriate binding modeL incorporating the binding parameters. 

The binding parameters are usuaLLy obtained by iterative refining 

of initiaL estimates of parameters obtained from the Scatchard or 

Lineweaver-Burke pLots. 

A number of reports, which deaL specificaLLy with 
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mathemati cal methods and 'regression procedures to extract the 

binding parameters from binding isotherm data, have been 

published . These consider the statistical implications inherent 

in the methods, and discuss the reliability or otherwise of the 

parameters obtained using such methods. Included among these 

reports are the pUblications of Fletcher & Spector (1968), 

Sprague et al. (1980), Thakur et al. (1980), Duggleb.y (1980>, 

Munson & Rodbard (1980), Whitlam & Brown (1980). 

Once the binding parameters have been obtained, measures of 

the enthalpy changes associated with the protein-ligand 

interaction can be obtained from the change in values of the 

association ~onstants with temperature. The energetics of 

protein-ligand binding represents an important product of binding 

studies. Often this can be used to establish the mode of binding 

in the protein-ligand complex. Thus, from energy considerations, 

it may be possible to propose that the binding is due to hydrogen 

bonding,. hydrophobic, polar, or electrostatic attractions, or 

even whether covalent links are formed between the protein and 

the ligand. 

Measures of · the Gibbs function, enthalpy, and entropy 

changes of the protein-ligand interaction can be obtained by 

maki ng use of thermodynami c relationships . The change in the 

Gibbs function, GO, for the protein-ligand association is given 

by the thermodynamic relationship: 

where K· 1 

DoGo = -RT ln Ki 3.1.5 

is the protein- ligand ass~ciation constant. 

Enthalp i es and entropies of binding are obtained by establishing 

the binding isotherm over a range of temperatures and using the 

thermodynamic relationships: 

R dCln Ki )1 d(1/T) 3.1.6 

3 . 1.7 
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The energy aspects of protein-ligand binding have been reviewed 

by Weber (1975), and recent reviews of the thermodynamics of 

ligand binding to macromoLecules have been presented by PohL 

(1978), Eftink (1980) and Kuchel & Dalziel (1980). 

Together with a consideration of the energy-entropy changes, 

binding studies which investigate how the binding capacity and 

protein-ligand association constant of the protein vary with 

changes in ligand structure, aLso provide criteria whereby the 

mode of binding in the protein-ligand complex may be determined. 

Such studies provide information relating to the structure of the 

binding sites on the protein molecule. Studies of this nature 

are fundamental to the investigation of structure-activity 

relationships of pharmacologically active agents. For example, 

it has been shown that the acid association constant of the 

acidic group in the histamine receptor has a value which rules 

out carboxyl and phosphoric acid groups as active participants in 

the histami~e receptor site. This indicates that the essential 

grouping of the histamine receptor might be the imidazole ring of 

an histidine residue (Rocha & Silva, 1960). 

An important "aspect of protein-ligand binding is the 

investigation of the interactions between binding sites. Binding 

site interactions may be the result of specific or indirect 

Ligand involvement. Ligand binding at one site on the protein 

moLecule may enhance or attenuate the binding of the same or a 

different ligand at a second binding site. This phenomenon, 

referred to as the allosteric effect (Monad 1963), may be the 

result of direct steric interference or electrostatic repulsion. 

It may also be a ~onsequence of ligand-induced conformational 

change in the protein . Allosteric effects provide the 'feed-

back' mechanism for the control of biological activity, such as 

enzyme-substrate interactions. The term cooperativity is used 

to describe an increasing binding affinity with increasing site 

occupancy. This presumabLy results from an unfolding of the 

protein to make additional binding sites available for further 

binding. 
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B MathematicaL ModeLs for Protein-Ligand Binding 

3.2 Scope of Application 

In the foLLowing revie~ of mathematicaL modeLs used to 

describe protein-Ligand interactions, a distinction is made 

between simpLe Ligand binding of Low moLecuLar mass ligands to 

the protein chain, and those interactions ~hich invoLve 

allosteric phenomena. A mathematical anaLysis of allosteric 

models is excLuded from consideration because these models 

usually involve more than a single ligand species. Interactions 

~hich invoLve shifting equilibria due to protein subunit 

interactions in the presence of modifying reagents are also 

excluded from consideration. Ho~ever, simple protein- Ligand 

binding does not exclude the possibility of interaction between 

binding sites due to steric effects or electrostatic interactions 

resulting from the binding of charged ligand species. Nor are 

those situations excluded ~here cooperativity in binding may 

arise from binding induced configurational changes in the 

protein. 

Early publiGations ~hich can be considered as classical 

contributions to the subject of mathematicaL descriptions and 

models for protein-ligand interactions are by Langmuir (1918), 

Michaelis (1925), and Adair (1925). Klotz (1946), Scatchard 

(1949) and Goldstein (1949) have described methods to determine a 

protein-ligand equilibrium constant which can be assumed to have 

the same vaLue for all binding sites on the protein moLecule. 

r~ethods to extend these models, by the use of limiting slopes 

and intercepts, t? describe situation·s in which the equilibrium 

constant can not be assumed the same for alL binding sites on the 

protein have been described by Karush (1952), Steiner (1953), and 

Edsall & Wymann (1958). Accounts which describe some of the 

various approaches to mathematical models for protein-ligand 

binding are by Hill (1960), Tanford (1961), Fletcher & Spector 

(1977), KLotz and Hunston (1975), and Steiner (1980). 
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Despite the variety of approaches, most mathematical models 

used to describe protein-ligand interactions utilize t ~e 

following experimentally determined quantities : 

(1) the molal binding ratio, ii, which is defined as 

the average number of moles of ligand bound per 

~ole of protein; 

(ii) the concentration or activity, L, of the ligand 

in equilibrium with the protein-ligand complex. 

The graph of ii vs L for a fi xed temperature constitutes 

the protein-ligand binding isotherm. Binding parameters such as 

ni, the protein-ligand binding capacity, and ki,1 the protein

ligand association constant for a particular class of binding 

sites, are usually obtained by assuming that the binding isotherm 

conforms to an hypothetical model. Thus, in order to extract the 

binding parameters from the isotherm, it is necessary to 

establish the functional relationship between ii and L in terms 

of the binding parameters, n i and k i • Values for the 

parameters are then obtained in terms of the model, by a curve

fitting (regression) analysis. 

It is generally accepted that this procedure represents an 

oversimplification. There is usually some ambiguity associated 

,lith the que-,:; :," of protein used i ~ :he definiti o n ,-J -

the protein in the solution is non- homogeneous , i.e., coC's net 

have a uniqCle structure, the protein will exhibit a spread of 

r.lolecular mass. It is customa ry to assume (until results negate 

the assumption) that the protein is homogeneous in solution and 

possesses a unique molecular mass. In addition, the 

mather.latical description is assumed to apply to the binding of a 

single ligand species to the protein. In practice, the simplest 

system encountered consists of the simultaneous equi libria of 

1 Footnote: See page 38 for definitions of ni and ki 
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protein, soLvent, and at Least two kinds of ions, besides the 

Ligand in question. 

In most cases, because of the difficuLty in distinguishing 

between the effects of soLvent and Ligand, soLvent interaction is 

disregarded. The binding parameters are usuaLLy quoted reLative 

to a particuLar soLvent (often water). Protein-Ligand 

interactions are studied and resuLts are quoted for a specific 

soLution environment, in which pH, counter-ion composition and 

ionic strength are specified. Such a treatment is usuaLLy 

adequate for comparative studies invoLving an homoLogous series 

of Ligands. It is aLso satisfactory for studies which examine 

the effects of how structuraL changes in the Ligand infLuence its 

abiLity to bind to the protein, because studies of this nature 

are usuaLLy conducted in a common soLution environment. 

Kauzmann (1959), Nemethy ~ Scheraga (1962), SinangoLu (1968) 

and Chatterjee & Chatoraj (1978) have reported investigations 

which deaL specificaLLy with the effects of the soLvent on 

protein-Ligand interactions. These soLvent effects incLude 

soLvent binding, its effect on protein conformation, its 

contribution to internaL binding in proteins, and soLvent 

competition for binding sites. 

FrequentLy, the simpLified treatment is inadequate and it is 

necessary to invoke the speciaL considerations appLying to 

aLLosteric phenomena. This requires an extended mathematicaL 

anaLysis to incLude the simuLtaneous binding of two or more 

Ligands and to aLLow for the effects invoLving muLtip Le 

interactions between different segments of the protein chain. 

Magar (1972) has reviewed severaL of these mathematicaL modeLs. 

This review incLudes a discussion of a modeL which incorporates 

the aLLosteric effect in terms of the quaternary structure of the 

protein and moLecuLar subunits (Monad, Changeaux & Wymann, 1965), 

as weLL as an aLLosteric modeL in which Ligand-bi nding induces 

changes in the protein structure (KoshLand, Nemethy & FiLmer, 

1966). Both these extended mathematicaL modeLs are based on 
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geometricaL modeLs and consider Linear, square or tetrahedraL 

arrangements of the binding sites on protein units. A more 

recent review of aLLosteric cooperative binding has been given by 
" Whitehead (1980). In an extended survey, GabLer (1976) 

summarised theoreticaL modeLs which range from formaLLy 

descriptive to eLaborate mechanistic modeLs which deaL with 

changes in protein-Ligand affinity due to conformationaL changes 

in protein subunits. . " In a subsequent reVlew, GabLer (1977) 

presented a comprehensive survey of pubLications which deaLt with 

cooperativity concepts in protein binding modeLs. In this 

survey, thirteen distinct approaches to the probLem were cited. 

The review by Steiner (1980) deaLs with the quantitative anaLysis 

of protein seLf-association when there is a significant mutuaL 

infLuence between Ligand binding and protein association. 

Magar (1972) has pointed out that, in terms of parameter 

extraction, a great deaL of simi Larity between these modeLs is 

evident. In situations where simpLe non-aLLosteric 

considerations are adequate, protein-Ligand binding can be 

considered from two different approaches. These are the site 

binding modeL due to Scatchard (1949) and Karush (1950), and the 

stoichiometric binding constant modeL (KLotz 1946; 1953). A 

brief account of each of these modeLs is given since these modeLs 

provide a usefuL introduction to the generaLized binding modeL 

which has been subsequentLy deveLoped by KLotz (1974) and 

FLetcher and Spector (1977a). A recent review by Ferguson-MiLLer 

and KoppenoL (1981) discusses the practicaL significance of the 

distinction between the stoichiometric and the site binding 

constants for mac~omoLecuLes containing more than a singLe cLass 

of binding sites. 
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3.3 The Site-Binding "odel 

This model has been presented in slightly diff e rent forms by 

Scatchard (1949) and Karush (1950), The model is based on the 

assumption that the binding sites on the protein have a fixed 

affinity which does not change with the extent of site occupancy. 

The mUltiple equilibria between the ligand L and the protein P 

are represented by: 

1P + L 

2P + L 

iP + L 

= 

= 

= 

= 

i PL 3.3.1 

where the subscript i refers to the ith binding site on the 

protein, and N is the protein-ligand binding capacity. A 

'site-equilibrium' constant is defined for each site by: 

k i = [i PL J / [ i P J [ L J 3.3.2 

The terms in the square brackets, [ iPL J, C iP J and [ L J . 

represent the molar concentrations in the soLution of the 

protein-Ligand compLex, protein, and ligand, respectively. In a 

rigorous anaLysis, activities should be used. However, because 

in practice the activity coefficients are not readiLy 

ascertainabLe, and aLso because in most cases binding studies are 

carried out at Low Ligand concentrations where the activity 

coefficients are approximateLy unity, moLar concentrations can be 

used instead of the thermodynamicalLy correct activities . In 

what folLows, the activity coefficients are considered to be 

incorporated into the apparent association constants. 
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It follows from equation 3.3.1 that, for any site i, the 

number of moles of bound ligand per mole of protein is given by: 

ri = ki[L]f(1+ki[L]) 3.3.3 

The total number of moles of bound ligand for all the binding 

sites is: 

N 

v = E ri 
i =1 

N 

= 1: {k i [ L ] f( 1 + k i [ L ])} 
i =1 

3.3.4 

If the binding consists of a single class of binding sites of 

fixed affinity, equation 3.3.4 becomes 

ii = Nk[ L ]/(1 + k[ L ]) 3.3.5 

where N represents the number of ligand binding sites on the 

protein molecule. 

As has been noted previously, equation 3.3.5 can be 

subjected to a variety of mathematical transformations in which 

the transformed variables provide linear plots from which the 

binding parameters Nand k may be determined from the slope and 

axial intercept. In the more complex protein-ligand binding 

situations, where the protein-ligand interactions are 

heterogenous, the quantity of ligand bound to the protein is 

represented by a,summation of the binding at the different 

classes of binding sites. 

Thus: 

ii = 
m 

L {niki[ L ]f( 1 + ki[ L ])} 
i=1 3.3.6 
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where n i is the number of binding sites beLonging to the 

particuLar cLass of binding sites which have an association 

constant ki , and m is the totaL number of cLasses of binding 

sites on the protein moLecuLe. 

When the vaLues of the ki are separated by a factor of more 

than 104, the individuaL terms in equation 3.3.6 corresponding to 

the different vaLues of i wiLL be weLL separated. The 

isotherm can then be considered to consist effectiveLy of domains, 

in which v ' within each domain is determined by a singLe ki. It 

has been demonstrated that it is possibLe to obtain vaLues 

reLating to the ni's and ki's from Limiting sLopes and 

intercepts of the curviLinear functions equivaLent to equations 

3.1.2,3.1.3 and 3.1.4 respectiveLy, even when the binding system 

is more adequateLy described by equation 3.3 . 6 (KLotz & Hunston, 

1971). However, if the binding is heterogenous and the ki's 

are not weLL separated, there is the risk of distorting or 

misinterpreting the data through using these reciprocaL pLots 

(KLotz & Thompson, 1971; KLotz, 1974). 

The Scatchard generaL modeL has been criticised (FLetcher & 

Spector, 1977; KLotz & Hunston, 1979). The use of a Linear 

combination of hyperboLic terms as in equation 3.3.6 wiLL aLways 

yieLd corresponding parameters ki, for i = 1 to m. However, 

these cannot correspond to true site-binding constants when 

binding sites are not independant. ALso, curvature in the 

Scatchard pLot (equation 3.1.2) is more LikeLy to be a 

manifestation of interactions between initiaLLy identicaL binding 

sites than the Less sophisticated view, that the protein has 

severaL independent cLasses of binding sites (KLotz & Hunston, 

1979). 

The site-binding approach can be generaLized (KLotz & 

Hunston, 1975) . A more generaLized modeL provides an expression 

to describe the situation in which binding site interaction 

occurs. In this generaLized approach, the equiLibrium at the 

binding site is stiLL governed by sets of binding constants. 
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However, additionaL site-binding constants are required in the 

anaLyticaL expression to describe the binding isotherm. In the 

generaL case, where binding affinity changes .with the extent of 

site-occupancy, KLotz & Hunston (1975) have shown that 2m- 1 

binding constants are required to describe adequateLy binding at 

• interacting binding sites. 

3.4 Stoichiometric Binding Constants 

An aLternative approach (FLetcher et aL., 1970), aLso based 

on a thermodynamic treatment originaLLy due to Adair (1926), has 

been deveLoped by KLotz (1946, 1953). According to this approach, 

stoichiometric equiLibrium constants Ki are defined for the 

sequentiaL macromoLecuLe-Ligand species PL1, PL2, .•.•••. PLn• 

CapitaL Letters are used to symboLise the stoichiometric 

constants Ki in this section 

binding constants discussed 

to distinguish them from the site

in the previous section. The 

stoichiometric modeL impLicitLy incLudes any cooperative or 

antagonistic interactions between successiveLy bound Ligands. 

It is not necessary, in terms of this modeL, to consider the 

nature of the inter-actions between the binding sites. These can 

be due to steric interactions between Ligands, eLectrostatic 

interactions arising from charged Ligand species, or due to 

conformationaL changes in the protein. The modeL does, however, 

provide criteria for distinguishing between the various factors 

which cause the interaction between the binding sites. It is 

convenient to deveLop the modeL i~itiaLLy without considering the 

origins of site interaction and then to extend the anaLysis, as 

required, to cover the situations in which binding can be 

affected by steric considerations, eLectrostatic interactions, or 

protein conformationaL change. 

The association between the protein and the Ligand is 

assumed to be reversibLe (FLetcher, 1970; KLotz, 1974), The 

equiLibrium between the Ligand L and the protein P containing N 

independent, indistinguishabLe binding sites is given by: 

P + NL = 

and has an overaLL protein-Ligand association constant KN' given 
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by: 

3.4.1 

where 3.4.2 

The stoichiometric binding site model deals with the 

totality of all the stoichiometric species PLi, without regard 

to the possibility that the distribution of ligands among the i 

occupied binding sites may vary from molecule to molecule. In 

terms of the model, stoichiometric equilibrium constants are set 

up to describe an equilibrium for each of the stochiometric 

species PL 1 , PL 2 ••• PL N- 1 • Thus the model makes no 

distinction between differences within the protein-ligand species 

due to ligands occupying different possible sites. The 

equilibria for each of the stoichiometric species are defined by: 

P + 

+ L = PL2 

PL2 + 

3.4.3 

PLi-1 + L = PLi 

L = 

where N represents the maximum number of binding reactions that 

can occur. The equilibria of equation 3.4.3 represent multiple 

equilibria even when binding induces allosteric changes in the 

protein binding sites. 
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The individuaL stoichiometric equiL i brium constants are 

defined by: 

Ki = [ PLi ]/[ PLi-1 ][ L ] 3.4.4 

where the quantities [ PLi ], etc., are the moLar concentrations 

approximating the activities of the Ligand compLex in question . 

The average number of Ligand moLecuLes bound to the protein is 

given by: 

TotaL no. of moLes of bound Ligand 

ii = 
No. of moLes of protein 

[ PL1 ] + 2[ PLZ ] + • . • i [ PLi ] + ••• N[ PLN ] 

ii = 

[P] + [ PL1] + [PLZ] + (PLN] 

N N 

ii = I>[ PLi ] I r: [ PLi ] 

i =1 i=O 

.... 3 . 4 . 5 

in which [PLo ] = [ P ] 

In terms of the stoichiometric equiLibrium constants 

equation 3.4.5 can be expressed as: 

[ PL1] + Z[ PLZ ] + •• • + i[ PLi ] + • •• + N[ PLN ] 

ii = 



or ii = 

4 3 

N i 

L i (}[ Ke) [LJi / {1 + 
i =1 e=1 

n i 

I: (J[ Ke) CLJi} 
i=1 e=1 

3 . 4.6 

Equation 3.4.6 expresses the quantity of Ligand bound to the 

protein in terms of the stoichiometric binding constants, and is 

the basis of the stepwise equilibrium modeL. These association 

constants, defined in terms of stepwise equilibria, specificaLLy 

incorporate cooperativity or interaction effects between the 

Ligand binding sites . If, however, the Ligand binding sites are 

aLL considered to be equivaLent, each site wiLL be governed by 

the same intrinsic association constant Ko in terms of which the 

stoichiometric constants Ki in equation 3.4.6 are given by: 

K; = [{ NCi }/{ NCi_1 }]Ko 

= {(N-i+1)/i}Ko 3.4.7 

where { NCi } is the number of possibLe combinations of N 

binding sites, taken i at a time. Substituting equation 3.4.7 

for the Ki's in equation 3.4.6 yieLds: 

(j = 

N i 

L i (Jf { N-i+1!i }) Ko i [ L ]i 
i =1 e=1 

N i 

{ 1 + L (J{ { N-i+1/i })Koi[ L ]i} 
i =1 e=1 

which on simpLification reduces to: 

ii = {NK*[ L ](1 + K*( L ])N-1}/{1 + K*[ L ]}N 

= NK*C L ]!(1 + K*C L ]) 

3.4.8 
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or v/(N-v) = K* [ L ] 3.4.9 

where K* represents the product of the combined activity 

coefficients with Ko. For systems in which the Ligand 

concentration is smaLL so that the activity coefficients can be 

taken as unity, K* = Ko• 

If the macromoLecuLe possesses more than one cLass of 

binding sites, and each site is assumed to be independent, the 

totaL quantity of Ligand bound per moLe of protein can be 

expressed in the generaL case by the summation over the different 

cLasses of binding sites to give: 

v = 

N 

Enil<i[ L ]/(1 + Ki[ L ]) 

i =1 

3.4.10 

where N is the totaL number of classes of binding sites, and ni 

is the number of binding sites within a particular cLass of 

binding sites . 

Equation 3 •. 4.10 has the same form as the generaL Scatchard 

modeL (i.e., the two modeLs reduce to the same mathematicaL form 

for the speciaL case of independent binding sites) . In both 

binding modeLs, the moLaL binding ratio v can be expressed as a 

sum of so-caL Led "hyperboLic" terms. 

Although equation 3.4.10 has been derived for the special 

case of N cLasses of binding sites which are mutualLy 

independent, this equation in its most general form (a form in 

which Ki may be compLex) wiLL contain sufficient parameters to 

describe adequately any binding system, irrespective of whether 

binding sites interact or not. The vaLues assigned to the 

binding constants wiLL not however correspond to association 

constants governing site-binding equiLibria. 
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A useful feature of the analysis, which expresses the 

stoichiometric constants Ki in terms of an intrinsic association 

constant Ko ( equation 3.4.7 ), is that it provides a criterion 

to test whether in the successive binding (as depicted by the 

stepwise equilibrium model), the binding occurs cooperatively or 

antagonistically. It follows from equation 3.4.7 that, if the 

binding is non-interactive: 

K· 1 = { (N-i+1)! i }Ko 3.4.11 

and the graph of iKi = (N+1)Ko - iKo (the affinity profile 

(Klotz, 1974)), should be linear. A non-linear affinity profile 

will indicate interdependence between binding sites. Moreover, 

it is possible to gauge from the changes in the slope of the 

affinity profile whether the binding sites are cooperative or 

antagonistic with increasing site occupancy as the ligand 

concentration is increased. 

It is to be expected that the site-binding constants ki of 

equation 3.3.6 and the stoichiometric constants Ki of equation 

3.4.10, which allow for interaction between the binding sites, 

are related: Such a relationship is implied by the observation 

that v and [ L] of equation 3.3.6 are the same experimentally 

observed quantities as in equation 3.4.6. The relationship 

between the two sets of constants has been formulated for 

multisite binding with fixed unchanged affinities (Klotz, 1974; 

Klotz & Hunston, 1975; Fletcher" & Spector, 1977). The equations 

relating the two sets of constants are: 
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N-1 N 

K1K2 = L L ki kj 
j =1 j =j +1 

I 2 I 

N-i +1 N-i+2 

K1 K2· •• K· = L L 1 

N 

L 
jl =1 . j 2 = j I +1 j. =j . 

I-I 1 

= k1k2k3·~······kN 

k· k · k· 
)1 JZ Ji-l 

+1 

3.4.12 

3.5 Binding with site interaction due to electrostatic repulsion 

In general, there will be a decrease in binding affinity for 

charged species with increasing site occupancy due to charge 

repulsion , between bound and free charged ligand species. A 

mathematical method to allow for the repulsive effects of charged 

ligands is based on a model proposed by Bjerrum (1923) and 

subsequently refined by Gane & Ingold (1931), Kirkwood & 
Westheimer (1938), and Tanford (1961). 

The standard Gibbs function change for the reaction 

P + NL = PLN 3.5.1 

is given by: 
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~G' = -RTLn K' 3.5.2 

where ~G' contains an additionaL contribution due to eLectricaL 

work done in increasing the charge on the protein by the binding 

of the charged Ligand. This increase in Gibbs function is 

aLLowed for by defining a function f(iD such that f(O) = 0 

when 0 = O. 

The modified association constants and expression for Gibbs 

function change are defined by: 

K' = K.e-f(O) & 6 G' = -RTLn K + RT f (0) 

3.5.3 

The equivaLent expression for the equation 3.3.5 is now written 

as: 

3.5.4 

The evaLuation of the function f(0) is made either on the 

assumption that the work done in bringing the ion to the surface 

of the protein is determined by the net charge on the protein, or 

by the caLcuLation of the contribution of each charge on the 

protein surface to the eLectricaL work of binding. In the 

former method (GUnteLberg & Linderstr~m-Lang, 1949), the 

Debye-HuckeL theory for the caLcuLation of the work necessary 

to charge an ion in a continuous medium of given dieLectric 

permittivity, is appLied to the protein soLution to yieLd the 

Linderstr~m-Lang equation: 
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Ln {v/(n-v)} = Ln K + Ln L - 2 wZ 

3.5.5a 

or L0910 {v/(n-v)} = L0910 K + L0910 L - 0.868wZ 

3.5.5b 

which is the more convenient form for use in binding studies 

which utiLize pH measurement. 

In equation 3.5.5a, the function f(v) is thus given by: 

f(ii) = 2 wZ 

in which Z is the totaL charge on the protein surface and w is a 

composite constant, composed of eLectronic charge e, 

permittivitYE, temperature T, etc. 

it is shown that w has the vaLue: 

" From Debye-HuckeL theory 

w = (e2/URT){1/b - 1</(1 + lta)} 

3.5.6 

where b is the radius of the centraL ion and a is the closest 

distance to which a second ion can approach the centraL ion 

(Debye and H~ckeL, 1923). 

Length given by: 

s 

~ is the Debye-HuckeL reciprocaL 

3.5.7 

where Cs is the moLar concentration, and Zs the number of 

charges on the charged Ligand species. 

A more exact theory, due to Tanford & Kirkwood (1957), takes 

into account the Location of charge density on a non-conducting 

surface. The charge density is caLcuLated in terms of the 

distance between charged sites and the position of the sites 

reLative to the interface between the binding surface and the 

soLution medium in which it is immersed. 
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This theory is used mainLy fDr perfDrming caLcuLations based 

Dn simpLe geDmetric arrangements Df sites in hypotheticaL modeLs. 

A rigDrous appLication requires a knowLedge of the as yet 

unknDwn LDcatiDn Df the binding sites Dn the prDtein. The method 

dDes permit certain generaLizatiDns tD be made with respect tD 

the binding Df charged Ligands (Ortung, 1968; Perutz,1965). In a 

further refinement, HiLL (1955) has prDvided a method fDr 

caLcuLating the eLectricaL cDntributiDns tD the energy changes 

invoLved in the binding Df Ligands tD cyLindricaL mDLecuLes in 

terms Df the potentiaL distribution fDr an infinite cyLinder. In 

such a mDdeL, the eLectricaL fieLd at the ends of Long mDLecuLes 

Dr mDLecuLar segments may be negLected. 

AppLications Df the Lindestr~m-Lang theory to investigate 

the binding of iDns to protein incLude studies by Steinhardt & 
Beychok (1964) and by HaLfman & Steinhardt (1971). 

3.6 Binding-site Interaction due to Steric Interference 

Interactions between binding sites due to steric 

interference of the Ligands can be accDunted for in the same way 

as fDr eLectrDstatic interactiDn. A steric component is added 

tD the expDnent in the Gibbs functiDn expression: 

.6 G' = - RTLn K + RTf(O) or K' = Ke-f(O) 

3.6.1 

3.7 Site Binding Interaction due to Confor.ational Change 

Changes in prDtein conformation brought about by Ligand

macrDmoLecuLe interaction may be due to one Dr a combination of: 

i) penetration of hydrophobic regions of the Ligand 

into apoLar regions of the macromoLecuLe 

(Kauzman, 1959); 
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ii) electrostatic repulsion between charges of bound ionic 

ligands (Hanstein, 1979); 

iii) energy considerations, in which the ratio of the 

number of binding sites (or association constants) in 

the ,native form to the unfolded form, favours an 

unfolded configuration over that of the native form 

(Steinhardt & Reynolds, 1969). 

A two-state model has been proposed (Reynolds et al., 1967b) 

in which the protein can exist in native or unfolded state. In 

terms of this model, an expression for the binding isotherm is 

given by: 

v = [LJ { _.-:.n::.;K,"-_ 

(1 + F[ L]) (1 + K[ L ]) 

+ --.:.F..:;[,--=-L ..:];.:;m::.;;J_ } 

(1+J[L]) 

3.7.1 

where F[ L ] is the ratio of the amount of protein in the 

unfolded state to that in the native form. J and K are the 

association constants for the binding sites in the native and 

unfolded forms respectively. nand m are the ligand binding 

capacities i n the two conformations. 

A second approach is through the theory of linked functions 

(Wyman, 1964). This theory relates the binding of the ligand to 

each of the two protein conformers to changes in the equi librium 

constant for the equilibrium between the native and denatured 

forms. If the ligand binds to both native and denatured forms 

of the protein then, according to this model, the equilibrium is 

given by: 

ViP = v'D J + 

3.7.2 
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where iii is the number of ligand molecules bound to the 

protein in its native state P, and iij is the number of ligand 

molecules bound to the in protein its denatured form D. 

It can be shown that A ii, the difference in the number of 

ligand moLecules bound in each state, is related to the ligand 

concentration L by: 

A v = d{ln K~}/d{ln L } 

3.7.3 

where K~ is the equilibrium constant governing the equilibrium 

between the two forms of the uncombined macromolecules. Thus, 

measurements of the equiLibrium concentrations of the two forms 

of the protein <native and unfolded) for a given ligand 

concentration, carried out by absorbance, electrophoresis or gel

fi ltration, provide a di rect measure of the difference in the 

number of molecules bound to the protein in each conformation. 

Alternatively, when the equilibrium concentrations of the native 

to unfolded form of the protein can be related to an 

envi ronmental parameter <other than ligand concentration) for 

example pH, it is possible to relate ii to changes in this 

parameter. 

Tanford (1969) has applied the method to include water as 

ligand in an examination of the effects of protein hydration on 

the transition between native and denatured states. 
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3.8 A generaLized approach to equiLibrium modeLs 

The generaLized Scatchard modeL (equation 3.3.6), aLthough 

wideLy used in protein-Ligand binding studies, may be 

inappropriate when the Scatchard or Lineweaver-8urke pLots 

dispLay curvature. In such cases ft is necessary to exercise 

caution in extrapoLating from such data, and it is desirabLe to 

have avaiLabLe a method for testing whether the binding sites are 

independent. ALthough it can be inferred from the curvature in 

the Scatchard or Lineweaver-Burke pLots that binding is 

heterogenous, i.e., has more than a singLe cLass of binding site, 

this does not precLude the possibiLity of interdependence between 

the binding sites. The method of stepwise-equiLibrium constants 

provides a modeL that is consistent with the possibiLity of 

cooperativity. 

The use of stoichiometric constants (equation 3.4.10) 

expL i citLy aL Lows for interaction between binding sites. The 

set of equilibria described by equation 3.4.3 identifies aLL 

constituent species having the same number of Ligands as being 

represented by the same protein-Ligand compLex. However, these 

equations do not aLLow for the specific effects that binding at 

any particuLar binding site wilL have on further Ligand binding. 

In terms of equation 3.4.3, the stepwise binding constants reLate 

to the equilibria of sets of protein-Ligand compLexes rather than 

to specific binding sites. 

A generaLized binding modeL, based on the stoichiometric 

binding constants, which incLudes the Scatchard modeL as a 

speciaL case, has been deveLoped by FLetcher et aL. (1970>, and 

by KLotz & Hunston (1975) and FLetcher (1977). In this modeL, as 

in the generaLized Scatchard modeL, the moLaL binding ratio is 

expressed as a sum of so-caL Led "hyperboLic" terms. However, the 

generaLized modeL aLLows for site interaction by considering the 

possibiLity of compLex (in the sense of having reaL and imaginary 

parts) vaLues for the binding constants . A compLex vaLue for a 

binding constant is interpreted to impLy interaction between 

binding sites. 
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The stepwise equiLibrium equation (equation 3.4.6) may be 

rewritten as: 

v(L) = C L J d{Ln Rn(L) }/dC L J 

3.8.1 

where Rn(l) is the poLynomiaL expression in the denominator of 

equation 3.4.6, i.e. -

v = 

N 

{1 + r: 
i =1 

i 

Jf ( Ke ) [ L J i } 

e=1 

N i 

i.e., Rn = 1 + L. J[ (Ke)[ L Ji 
i =1 e=1 

If Rn is written as the product of its N roots 

i = 1,2 

then: N 

Rn(L) = K1.··. · KN {J[ (C L J-Yi)} 
i =1 

and equation 3.8.1 can be written as: 

N 

v(l) = LCLJ/(CLJ-Yi) 
i =1 

N 

3.8.2 

3.8.3 

3.8.4 

3.8.5 

ALL the reaL roots Yi of Rn(L) are negative because the Ki 

are necessariLy positive. Substitution of -1/Ki for Yi into 

equation 3.8 . 4 yieLds : 
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N 

ii<Ll = 2: niKi[ L J/(1 + Ki[ L J) 

i =1 

the expression for the multiclass Scatchard model. 

This is equivalent to the generalized 

that ni represents the multiplicity of 

Scatchard 

the y . th , 

3.8.6 

mode l ex cept 

root of the 

polynomial Rn(L), rather than a number of binding sites. 

If the solution of the polynomial, Rn(L), contains complex 

roots, these will occur as complex conjugate pairs, implying that 

binding at those sites is not governed by an invariable 

stoichiometric binding constant. The implication is that 

binding depends on the state of neighbouring binding sites . By 

grouping pairs of conjugate roots together, equation 3.8.5 may be 

written as: 

ii(Ll = 
m 

" n · k · [ L.., J J 
j =1 

q 

2: mj . Z[ L J (C/ + Cjm[LJ) 
+ j =1 

q 

where N = Z I::mj 
j =1 

m 

+ L:ni 
i =1 

3 . 8 . 7 

3.8.8 

is the total number of binding sites. The real parameters Cjr 

and Cjm represent respectively the real part and the squared 

modulus of the complex pairs of constants k1 j and kzj for 

which the superscript j is used to index these terms . 
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The binding parameters N. , k . , m. , C. r and CJ·m in 
J J J J 

equation 3.8.7 are determined from the experimentally established 

isotherm by iterative least squares procedures. The 

experimentally determined isotherm is fitted to equation 3.8.6 or 

3.8.7 using estimates for the initial values of these parameters. 

A variety of methods to extract these parameters from the binding 

isotherm has been described (Fletcher & Spector, 1968; Miller, 

1979; Whitlam & Brown, 1980; r~unson & Rodbard, 1980; Thakur et 

al.,1980>. 

In some of the methods, iterative refining of the binding 

parameters is based on initial estimates of parameters obtained 

from the limiting slopes and intercepts of the Scatchard plot or 

Lineweaver-Burke plots. If this procedure is adopted, and if 

free parameter regression procedures are used, this may give r.ise 

to non-integral v~lues for the binding capacities, ni' For 

example, Thakur et al. (1980) have desc ri bed a method of 

continuous affinity distributions of arbitrary functions based on 

a numerical finite difference method. 

Fletcher (1977) and Fletcher & Spector (1977>, in the 

derivation of the generalized binding model, refer to the 

limitations of least squares procedures which permit non-integral 

values for binding capacities, ni' These authors stress that 

non-integral coefficients may be inadequate for the 

interpretation of binding data, since these arise purely from the 

regression procedures. Consistent with the model, binding 

capacities should assume only integral values. Non-integral 

values can be taken to imply non-homogeneity of the protein, or 

the presence of a second ligand (which could be the supporting 

electrolyte) competing with the primary ligand for the same 

binding site, or experimental inaccuracy. On the other hand, it 

could also mean that the binding model is inappropriate. The 

model represented by a sum of hyperbolic terms which utilizes 

free-parameter least squares regression procedures may have an 
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excessive number of degrees of freedom. In such a case, a 

mathematicaL expression can indeed be derived using iterative 

Least squares procedures; even though this may provide a 

satisfactory description of the binding isotherm, it does not 

necessariLy mean that the binding isotherm wiLL conform to the 

binding mechanism impLied by the modeL. In such cases the modeL 

wiLL provide misLeading information reLating to the binding 

process. 

KLotz and Hunston (1979) have anaLysed the reLiabiLity of 

modeL interpretation and the significance that can be attributed 

to the parameters derived using this generaLized modeL . The 

Limited accuracy of the method used to measure protein-Ligand 

binding can make the seLection of a particuLar binding modeL, in 

preference to aLternative modeLs, a somewhat arbitrary procedure. 

Since the vaLues of the binding parameters are derived using an 

assumed modeL it is optimistic to expect aLways to be abLe to 

distinguish between the subtLeties of different binding modeLs 

because of the Limited accuracy of the experimentaL data. 

ALthough modeLs incorporating a Large number of binding 

parameters may provide equations which adequateLy match the 

experimentaLLy determined isotherms, it is appropriate to bear in 

mind that such equations may have no physicaL significance with 

respect to the actuaL binding mechanism. The precision with 

which a given equation matches the measured binding isotherm, 

does not therefore automaticaLLy impLy accuracy in the binding 

parameters because it is subject to the arbitrary choice of 

binding modeL. 
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Chapter Four 

Experimental Methods for Obtaining the Binding Isotherm 

A General Methods 

4.1 Introduction 

A brief review of the methods available for measuring 

protein-ligand binding is presented in this chapter. The 

technique of dialysis and the factors affecting the dialysis 

process are examined and the application of dialysis methods to 

investigate protein-ligand binding is reviewed. The classical 

method of equilibrium dialysis (Klotz et al., 1946) is examined 

in some detail, since some of the limitations and pitfaLls of 

this method are common to all of the dynamic dialysis methods. 

A number of methods are referred to which represent various 

modifications of a dynamic dialysis method for investigating 

protein-ligand binding. In particular, the methods of Colowick 

& Womack (1969), and of Meyer & Guttman (1968; 1970a; 1970b) are 

discussed in some detail. These two methods offer several 

advanta~es over the classical equilibrium dialysis method. In 

. addition, some of the principles of each of these methods are 

utilized in the continuous-flow dynamic dialysis method (CFDD) 

which is described in chapter S. The CFDD method utilizes a 

diaLysis cell simi lar to that of Colowick & Womack and is 

essentially a modification and refinement of the Meyer & Guttman 

method. 

The mathematical analysis used by Meyer & Guttman to extract 

the binding isotherm from the experimental data obtained using 

their method is discussed. An alternative mathematical 

procedure due to Pedersen (1977; 1978) which can be used to 

extract a binding isotherm from experimental data obtained using 

the r1eyer & Guttman technique is also di scussed briefly. 
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4.2 Experimental methods 

Many techniques have been reported for the measurement of 

the binding of ligands in solution to macromolecules. Usually, 

the methods are developed and applied to specific protein-ligand 

systems and are subsequently adapted or modified for application 

to other protein-ligand systems. It follows that methods suitable 

for a given protein-ligand system may have a limited range of 

application, and may be inappropriate for use in a different 

situation. 

Reviews which classify the methods available for protein

ligand binding studies and which discuss, in general terms, the 

relative advantages and disadvantages of particular methods 

include publications by Klotz (1953), Steinhardt & Reynolds 

(1969), Bush & Alvin (1973), and Liao & Oehme (1980). 

Experimental methods for measuring protein-ligand binding 

can be classified into direct methods and subtractive me thods. In 

the former category, the quantity of protein-ligand complex is 

measured di rectly from changes in a physico-chemical property of 

either the bound ligand or macromolecule. The changes in 

properties which are utilized result from the binding process. 

Subtractive methods measure changes in the concentration of 

unbound ligand as a result of protein binding. 

4.3 Direct methods 

Direct methods can utilize any property of the macromolecule 

or ligand which changes on bindi ng (Halfman & Nishida, 1972). 

Thus, recourse has been had to measurement of light absorbance 

(Wang et al., 1981), fluorescence (Tejima & Ozeki, 1979), optical 

rotation (Coleman, 1968), NMR (90therby & Gassend, 1973), light 

scattering and spectroscopy (Amundsen et al., 1977), titration 

calorimetry (Sukow et al., 1980), and X- ray di ffraction (Slake & 

Oatley, 1977). Direct methods are, in general, more accurate 

than the subtractive methods where the protein-ligand affinity is 

small and where subtractive methods would require the measurement 

of small di fferences in a ligand concentration. Where the 
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protein-Ligand affinity is Large, ho~ever, direct methods offer 

no advantage in accuracy over the subtractive methods. 

It may be necessary, in the appLication of direct methods to 

measure protein-Ligand binding, to estabLish by caLibration a 

quantitative reLationship between the concentration of the 

protein-Lignd cumpLex and the physicaL or chemicaL property by 

which it is to be monitored. The determination of the 

concentration of the protein-Ligand compLex may present 

difficuLties because the measured changes in the physico-chemicaL 

properties used to detect the quantity of protein-Ligand compLex 

may not distinguish between aLLosteric and soLvent effects. 

ALternativeLy, the physico-chemicaL property which is measured 

may be unsuitabLe for the determination of the protein-Ligand 

compLex concentration, because changes in the variabLe are non-

Linear with respect to the moLaL binding ratio. This may occur 

if the binding sites on the protein moLecuLe become saturated at 

Low Ligand concentrations (Po Let & Steinhardt, 1968), or it may 

be due to an inabiLity to distinguish between protein-Ligand 

compLexes which contain differing amounts of Ligand. Equations 

\/hich reLate the moLaL binding ratio ii to measured changes in 

some property X are usuaLLy based on a ueneraL reLationship 

(Rossotti & Rossotti, 1961): 

n 

LXi[ PLi ]) 
i =1 

.... 4.3.1 

where XA & Xi are the appropriate intensive factors for the 

Ligand and the protein-Ligand compLex concentration [PL i ] 

respectiveLy. 6 is a constant \/hich depends on the measuring 

instrument . A survey of the appLications of equation 4.3.1 to 

measure the interaction between smaLL moLecuLes and proteins has 

been presented by Rossotti & Rosotti (1961). 
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4.4 Subtractive methods 

Subt ractive methods usua L Ly depend on the di stribution of 

the Ligand bet~een t~o phases, onLy one of ~hich can accommodate 

the protein. The subtractive methods include partition 

equilibria bet~een phases, geL-filtration (Braumbaugh & Ackers, 

1971l, uLtrafiltration (r~ihaiLova & Russeva, 1978), affinity 

chromatography (Nakano et aL., 1979), eLectricaL conductivity and 

poLarography <Tanford, 1961) as ~eLL as diaLysis methods. The 

most generaLLy appLicabLe subtractive methods are diaLysis 

methods. 

In addition to the methods referred to, a variety of methods 

~hich depend on the eLectrostatic theory of di Lute soLutions is 

avaiLabLe. ELectrostatic methods incLude measurements based on 

changes in the conductivity of Ligand soLutions as a function of 

protein concentration (KLotz, 1953), and ionic mobiLity 

measurements (WaLdmann-Meyer, 1980). 

ALberty & Marvin (1951) have described a method to determine 

the extent of compLex formation by comparing the constituent 

mobiLities of the Ligand and the protein-Ligand compLex ~ith 

those of the free protein and Ligand onLy, under identicaL 

conditions. The use of affinity eLectrophoresis to measure 

protein-Ligand association constants has been described by 

Horejsi (1979) . 

Measurement of the permitivities of protein soLutions at 

very high frequencies, to ~hich the protein ions do not respond, 

have aLso been used to obtain information reLating to soLvent 

binding and to obtain estimates of protein hydration (8uchan et 

aL., 1952l. 

An appLication of the Linderstr6m-Lang theory, ~hich 

depends on the measurement of changes in the pH of isoionic 

protein soLutions by the addition of neutraL saLts (Scatchard & 

BLack 1949), provides an easy and rapid method of determining 

binding of ions to proteins. This method reLies on measurement 

of changes in pH from an unequaL binding of cations and anions to 

de-ionized protein. In situations where the Linderstr6m-Lang 

theory is appLicabLe, the reLationship between vi' the moLaL 

binding ratio for the saLt ions of charge Z bound t o the protein, 

and change in the pH of the protein soLution is given by: 



A,pH = -O.868wI: iii 
i 
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4.4.1 

'w is the composite constant derived from Debye-HUckel 

theory and iii the number of salt ions of charge Z bound per 

mole of protein, which includes both cations and anions. When 

cation bind~ng can be disregarded, and when only one kind of 

anion is present, equation 4.4.1 simplifies to: 

LlpH = -0.868wii 4.4.2 

The accuracy of equation 4.4.2 depends on the applicability 

of the Lindestr~m-Lang equation and the validity of the 

assumptions used in its derivation. Cassel & Steinhardt (1969) 

have shown that this differential pH method underestimates the 

degree of bi ndi ng when the va lue assigned to the constant w is 

obtained from Debye-HUckel theory (equation 3.5.6). However, 

when values of ware obtained by empirical methods using slopes 

of graphical plots (Halfman & Steinhardt, 1971), the method 

yields values for the binding constants which are in agreement 

with values obtained by equilibrium dialysis. A recent 

.application of pH perturbations to measure the binding of 

positively ionized drugs to proteins has been described by 

Parsons & Vallner (1980). 

4.5 Dialysis methods 

Dialysis methods are essentially partition methods in which 

the distribution of the ligand between the protein and the 

solvent is achieved by means of a semipermeable membrane. The 

techniques of gel-filtration and ultrafiltration, which are 

similar in principle to dialysis, are useful complementary 

t echni ques. These techniques circumvent some of the problems 

associated with dialysis. 
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The geL-fiLtration method, which was introduced by HummeL 

and Dreyer (1962), uses a Sephadex coLumn which has been 

equiLibrated with the Ligand. The protein-Ligand mixture is 

appLied to the coLumn and the coLumn eLuted with a Ligand 

so Lu t ion. In this method, the surface of the geL is used as the 

interface to effect a distribution of Ligand between the protein 

phase and the buLk soLution. The Li gand concentration in the 

eLuting buffer is monit ~ red, and after the emergence of the 

protein from the coLumn a trough in the recorded Ligand 

concentration signaL refLects the abstraction of Ligand from the 

geL by the protein . FaircLough & Fruton (1966) have given a 

description of the method, which incLudes a discussion of the 

procedures, caLcuLations, and the corrections which have to be 

appLied. 

The method of uLtrafiltration cLoseLy resembLes the 

equilibrium diaLysis method (to be di scussed beLow) . In this 

technique, the Long time required to attain equilibrium between 

the protein and the Ligand is redu ce d by using high pressure 

membrane fiLtration. High pressures are used to separate a 

fixed voLume of protein-free soLution from a protein-Ligand 

mixture . This protein-free soLution is then anaLysed to 

determine its free Ligand concentrati on. MihaiLova & Russeva 

(1978) have reported a method in which the fiLtration is 

performed under pressure produced by mechanicaL means. 

The filtration membrane may b,e di spensed wi th by using an 

uLtracentrifuge (Steinberg & Schachman, 1966). In this 

technique, the Ligand concentration is depicted graphicaLLy as a 

function of protein concentrat i on, from measurements of the 

migration of the protein under the infLuence of a centrifugaL 

fieLd. By extrapoLati ng the Linear pLot of totaL Ligand 

concentration to zero protein concentration, a vaLue for the 

free-Ligand concentration is obtained . The Ligand-protein moLaL 

binding ratio ii can be determined from the sLop e of this Linear 

pLot. Refinements of the method, which measure sedimentation 

veLocities of the protein and protein-Ligand compLex, have been 

described by Gilbert & Jen kins (1960), and by NichoL & Ogston 

(1965) • 
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B PrincipLes of DiaLysis 

4.6 The DiaLysis Process 

DiaLysis methods to investigate protein-Ligand binding can 

be appLied to a wide variety of situations. Reviews which 

consider the reLevant aspects of diaLysis and factors which 

govern diffusion processes incLude the pubLications by Ferry 

(1936), Carr (1961), McPhie (1971), Crank (1956) and Hoch & 

WilLiams (1958). Friedman & McCaLLy (1972) have deaLt with 

quantitative aspects of diaLysis while Barnes (1934) and Barrie 

et aL. (1975) have provided the mathematicaL descriptions for the 

diffusionaL processes occurring within the diffusion membrane. A 

brief summary of the principLes of diaLysis is presented as 

background materiaL for the subsequent discussion of the 

equiLibrium diaLysis method. 

DiaLysis may be defined as the separation of a mixture of 

macromoLecuLes and Low moLecuLar mass compounds which can be 

effected by diffusion. A semi-permeabLe membrane permits 

diffusion of the smaLL moLecuLes (referred to as the diaLysate or 

diffusate), and retains the macromoLecuLes (the retentate). The 

diffusion of the small moLecuLes occurs under the influence of a 

concentration gradient. A compLete separation of the 

macromoLecuLe and the Low moLecuLar-mass soLute can be achieved 

by repLacing the soLution on the sink side of the membrane by 

fresh soLvent, at reguLar intervaLs, 

concentration gradient. 

to maintain the 

The rate of diffusion of the smaLL moLecuLes in a soLution 

is governed by Fick's first Law of diffusion, which is expressed 

by: 

-dC/dt = Df div {C} 4.6.1 

where C is the soLute concentration, and Df is the Ligand 

diffusion coefficient. The same Law governs the diffusion of 

Ligand through a semi-permeabLe membrane; however, in this case, 

a number of other factors can aLso affect the rate of diffusion. 
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C Factors Affecting the Rate of DiaLysis 

It is convenient to divide the factors affecting the rate of 

diaLysis of the Ligand into factors which are common to aLL 

diffusionaL processes, and those wh i ch are specific to membrane 

diffusion. 

4.7 Factors ReLating to the Diffusion Process 

Diffusion occurs wherever there is a concentration gradient. 

As shown by equation 4.6.1, this is a three-dimensionaL process . 

In the generaL physicaL process of diffusion, the vaLue of the 

diffusion coefficient Df depends on physicaL variabLes such as 

temperature and particLe size. The dependence of Df on these 

factors is given by the Einstein equation (1908): 

= RT /6:n' Lr1l 4.7.1 

where R is the universaL gas constant, L the Avogadro number, T 

the soLution temperature (absoLute), ~ the soLvent viscosity, and 

r is the radius of the ideaL sphere equivaLent to the moLecuLar 

voLume of the soLute. 

If Fick's Law is appLied to to the diffusion of Ligand 

through a sem i -permeabLe membrane across which there is a 

concentration gradient, equation 4.6.1 reduces to: 

- dC/dt = Dm A dC/dx 4.7 .2 

Dm is now the Ligand diffusion coefficient for the membrane and 

A is the effective membrane area . The effective membrane area 

is defined as the product of the totaL membrane area and the 

fraction availabLe for soLvent movement. 
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4.8 Factors Influencing Ke.brane Diffusion 

ALthough membrane diffusion is infLuenced by both charge 

effects and soLvent effects, where contributions to the overaLL 

diaLysis mechanism have to be considered a simpLe approach can be 

adopted. This makes it possibLe to reLate the diffusion rate of 

the Ligand to its moLecuLar dimensions, and to the effective area 

of the membrane avaiLabLe for diffusion. In this simpListic 

modeL, the membrane is considered as a mechanicaL sieve which 

consists of a series of cyLindricaL pores, normaL to the membrane 

surface. Ferry (1936) derived the reLationship: 

= (1 4.8.1 

on the assumption that diffusion occurred when the soLute 

moLecuLe couLd pass through the channeLs without striking the 

edges. In equation 4.8.1, Aeff is the effective diffusion 

area for a sphericaL moLecuLe to pass through an ideaL 

cyLindricaL pore, a is the radius of the cyLindricaL pore, r 

is the radius of a sphericaL soLute moLecuLe, and Ao is the 

cross-sectionaL area of the membrane. 

A refinement of Ferry's equation which provides a better 

description of the observed diffusion of smaLL moLecuLes and 

which incorporates a drag term simiLar to that of capiLLary 

fLow, is given by the Rencken equation (Rencken, 1955) 

Aeff/Ao = (1 - r/a)2{1 - 2.104r/a + 2.09(r/a)3 -O.95(r/a)5 } 

4.8.2 

The Ferry and Rencken equations demonstrate that the abiLity to 

differentiate between soLute moLecuLes of simi Lar size on the 

basis of diaLysis becomes greater as the radii of the soLute 

moLecuLes approach the pore radius. The experimentaL 

demonstration that the rate of diffusion of soLute in the 

membrane is considerabLy sLower than the diffusion of soLute in 
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soLution (Craig & Chen, 1972) aLso shows that the rate Limiting 

factor in diaLysis is the effective cross-sectionaL area of the 

membrane pore. This observation, together with the assumption 

that the physicaL forces underLying membrane diffusion are the 

same as those for free diffusion, permits a correLation between 

the diffusion coefficient, D, for Ligand in the soLvent, and 

the membrane diffusion coefficient, Om. This correLation has 

been expressed (Stewart, 1977) in terms of the effective 

membrane area, Ae, and totaL membrane area, Am' by: 

= (Ae I Am ) Of 4.8.3 

It is usefuL to incorporate the Einstein equation (equation 4.7.1) 

into the Fick's Law expression which governs the diffusion of 

Ligand in the membrane, by expressing the proportionaLity between 

concentration gradient and rate of diffusion as a product of 

three factors. Thus equation 4.7.2 can be written as: 

where 

-dC/dt = k1 k2 k3 (dC/dx) 4.8.4 

k1 is the composite constant L· , 
k2 incorporates the effect of temperature and 

viscosity; 

and k3 is the term containing the effective 

membrane area and soLute radii. 

i) Pore shape 

The effective diffusionaL diameter of the soLute is, as a 

resuLt of moLecuLar tumbLing, not the same as the diameter of the 

ideaLized ~oLecuLar sphere. The effective diffusionaL diameter 

is directLy reLated to the sphericaL voLume described by the 

Longest cross-sectionaL axes of the moLecuLe. The criticaL 

dimension of a non-cyLindricaL membrane pore is thus its minimum 
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width. Unidi rectionaL stretching of the membrane causes a 

distortion of the circuLar me~brane pores to eLLipses. This wiLL 

thus adverseLy affect the rate of diffusion. Studies which 

examine the effect of stretching the mel"brane on the rate of 

Ligand diffusion have been reported by Stewart (1977). 

ii) Stirring 

The apparent rate of diffusion of the soLute through the 

membrane may be affected by concentration gradients within the 

soLution. This factor wiLL be especiaLLy noticeabLe when the 

voLumes of the soLution are very Large reLative to the membrane 

voLume. It is thus necessary to agitate or stir the soLution in 

contact with the membrane to ensure its homogeneity. The rate 

of diffusion has been shown (Meyer & Guttman, 1970b; Kanfer, 

1976) to be independent of the rate of stirring, provided the 

stirring does not produce excessive turbuLence or JouLe heating, 

and is fast enough to maintain soLution homogeneity. 

iii) ULtrafiLtration 

The passage of the soLute and soLvent across the membrane is 

faciLitated when the hydrostatic pressures on the two sides of 

the membrane differ. The effects of uLtrafiLtration can be 

appreciabLe, especiaLLy if Large pressure differences deveLop due 

to osmosis. The effects of uLtrafiLtration on soLute diffusion 

have been reported by Hoch & MiLLer (1966). It is preferabLe, 

where possibLe, to maintain the same hydrostatic pressure on both 

sides of the membrane. 
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iv) Osmosis 

Osmotic effects can be severe at high concentrations. The 

ligand dialysis escape curve, which represents the ligand 

concentration on the sample side of the membrane as a function of 

time, can be affected by dilution of the solution due to osmosis 

(Carr, 1961; Shieh et al., 1975). Osmotic effects can be kept 

to negligible levels by the use of low macromolecular 

concentrations. 

v) Membrane and solute charge 

The rate of dialysis of charged solutes is usually less than 

or equal to that of uncharged solutes of similar size. Although 

the mechanism is not understood, this effect may be due to 

differences in hydrated molecular volumes. Membrane charge 

effects result in the formation of a membrane potential. This 

is a thermodynamic reflection of membrane polarization 

counteracting concentration gradients within the membrane 

(Tanford, 1961). Membrane potentials and the Donnan membrane 

effects are interrelated phenomena. In protein-ligand binding 

studies, membrane charge effects make their presence noticed 

mostly in the measurement of free ligand activity by EMF methods, 

and in the use of 'perm-selective' membranes (i.e., membranes 

which are only permeable to cation or anions but not both) (Carr, 

1953; Parsons, 1958; Scatchard et al., 1957 & 1959). 

vi) The Donnan membrane effect 

A possible source of error in dialysis measurements is the 

unequal distribution of small ions across the semipermeable 

membrane separating a protein solution fr om a solution containing 

diffusable ions, even though the system is otherwise at 

equilibrium. This is the Donnan effect. It is common practice 

to minimi ze Donnan effects by having an excess of electrolyte on 
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both sides of the membrane. However, attempts to suppress 

Donnan inequaLities by the addition of excess eLetroLyte is 

undesirabLe when diaLysis methods are used to measure protein

Ligand binding. A Large excess of background ions may Lead to 

competitive binding to the protein by these ions. 

D The AppLication of DiaLysis to Protein-Ligand Binding 

4.9 EquiLibrium DiaLysis 

The classicaL method of equilibrium diaLysis (KLotz et aL., 

1946; Bush & ALvin, 1973) is the most commonLy used procedure for 

measuring protein-Ligand interactions. This equiLibrium 

diaLysis method stilL finds frequent appLication, because it is 

considered to possess severaL advantages over some of the more 

sophisticated methods. The equiLibrium diaLysis is in principLe 

simpLe, inexpensive, thermodynamicaLLy vaLid, and can be made to 

approximate 'in vivo' conditions. 

separating the protein in one 

The method consists of 

compartment (the sampLe 

compartment) from a soLution of the Ligand in a second compartment 

(the sink compartment) by a membrane permeabLe to aLL components 

of -the system except the protein. When the system attains 

equiLibrium, the activities of aLL the components except the 

protein wi L L be the same on either side of the membrane. The 

activity of the Ligand in equiLbrium with the protein-Ligand 

compLex may then be readiLy determined by assaying soLution in the 

protein-free compartment of the system. Any appropriate 

anaLyticaL method can be used to assay the Ligand concentration. 

ChemicaL potentiaLs or activities can be determined directLy by 

measurement of EMF using reversibLe eLectrodes (or measurement of 

partiaL pressures, if gases are invoLved). However, concentration 

measurements, determined by chemicaL anaLysis, are strictLy vaLid 

onLy if it can be ascertained that the concentrations have the 

same reLationship to chemicaL potentiaL on each side of the 

membrane. This assumption is frequentLy taken for granted. Behm 
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and liagner (1979) and Smith & Jubiz (1980) have questioned this 

assumption and commented on the possibiLity of obtaining 

incorrect resuLts by the equi Librium diaLysis technique by 

reLying on this assumption when it is not vaLid. 

The equiLibrium diaLysis method is subject to a number of 

sources of error and disadvantages (Steinhardt & ReynoLds, 1969; 

Behm & Wagner, 1979). A major disadvantage is the Length of 

time required for the system to attain equiLibrium. In theory, 

an infinite time is required. The Long times required to 

estabLish the equilibrium, apart from being undesirabLe in 

practicaL terms, increase the possibiLity of protein putrefaction 

or denaturation. The rate of attainment of equi Librium depends 

on the concentrations of both the protein and the Ligand, the 

moLecuLar voLumes of the diffusate and retentate, the nature of 

the supporting eLectroLyte, membrane area, and membrane pre

treatment. The rate of attainment of equiLibrium aLso depends on 

the temperature and viscosity of the soLutions, and whether the 

soLutions are stirred effectiveLy. Cornpetitive binding to the 

protein by cations and anions added to suppress the Donnan effect 

or to buffer the soLutions against changes in pH may affect the 

equiLibrium. The membrane aLso constitutes a possibLe source of 

error: binding to the membrane by the protein, the Ligand, or 

the prutein-Ligand compLex wiLL Lead to inaccuracies. 

In generaL, optimum conditions require smaLL soLution 

voLumes, Large membrane areas, LOll temperatures, and agi tation to 

ensure renewaL of the soLution Layer in contact with the 

membrane. A quantity of Ligand wiLL be retained within the 

membrane. Attempts to reduce the time required for the system to 

attain equiLibrium by increasing the surface area of the membrane 

(Craig & Chen, 1972) can therefore aLso introduce inaccuracies 

through the retention of Larger quantities of Ligand by the 

membrane. 

di srega rded. 

This effect is usuaLLy .smaLL and is generally 

competitive binding by ions of the supporting eLectroLyte 

can be expected since it is usuaLLy not expedient, because of 
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Donnan effects and buffer requirements, to reduce the 

concentration of the supporting eLectroLyte to Less than 0.03r~. 

Thus the concentration of the supporting eLectroLyte may exceed 

that of the Ligand by a factor of 103 • KLotz (1953) has shown 

that a variety of buffer anions, such as acetate, citrate, etc., 

can compete strongLy as protein binders. CasseLL & Steinhardt 

(1969) have shown that substitution of sodium chLoride for 

phosphate buffer increases the time required for bovine serum 

aLbumin-hydrocarbon suLphonate system to attain equiLibrium by 

more than 200%. This kinetic effect is due to the sLo~ 

repLacement of bound chLoride by the Ligand. 

Inaccuracies due to competitive binding between the 

supporting eLectroLyte and the Ligand can, however, be taken into 

account. MathematicaL expressions which aLLow for competition 

between the Ligand and the ions of the supporting eLectroLyte may 

be derived (Steinhardt and ReynoLds, 1969). The mathematicaL 

correction for competitive binding by supporting eLectroLyte 

assumes that the protein moLecuLe has avaiLabLe N binding sites 

and that the two competing Ligands L1 and L2 wiLL compete for 

the same bi ndi ng sites. It is aLso assumed that the Ligands 

L1 and L2 wilL· have different association constants, k1 and k2 

respectiveLy. In terms of equivaLent or identicaL binding 

sites, the moLaL binding ratios for the competing Ligands are 

given by: 

4.9.1 

and 

ii2 = (k2 [ L2 J) ( N - ii1) I (1 + k2 [ L2 J) 

4.9.2 
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These equations represent the Scatchard equation for the singLe 

site binding modeL, for each Ligand competing for the protein 

binding site. iii is the moLaL binding ratio for a particuLar 

Ligand, the ki are the protein-Ligand association constants (i = 

1,2) and N is the totaL number of binding sites avaiLabLe 

for Ligand binding by either Ligand. These equations can be 

soLved for ii1 & iiZ, respectiveLy, to give: 

= 

4.9.3 

and 

= Nk2[ L2 ]/(1 + k1[ L1 ] + k2[ L2 ]) 

4.9.4 

Equations 4.9.1 & 4.9.2 embrace the simpLest modeL to 

describe Ligand binding, viz., independence of the binding sites 

is assumed. It is therefore generaLLy more convenient, in 

equiLibrium diaLysis studies, to use the minimum concentration of 

~eak binding agents (such as phosphate) for the supporting 

eLectroLyte rather than to compensate for competitive bindillg by 

the use of mathematicaL corrections . It is aLso customary to 

carry out the diaLysis with isoionic ;:>rotein, avoiding if 

possibLe the addition of neutraL saLts. 

It has been sho~n (Ray etaL., 1966) that the binding 

isotherm obtained by equi Librium diaLysis can, in certain 

circumstances, be infLuenced by the protein concentration. 

SmaLLer vaLues were obtained for the protein-Ligand association 

constants with a variety of Ligands at higher protein 

concentrations than for soLutions of the same Ligands at Lower 

protein concentrations. CasseL and Steinhardt (1969) have 

postuLated that this is a kinetic effect rather than a 

thermodynamic effect. These authors attribute the effect to a 

reduction in the membrane permeabiLity at higher protein 

concentrations, due to coating of the membrane by protein, rather 

than to changes in the viscosity of the soLution, or to the 

presence of weakLy binding impurities in the protein. 
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However, more recent reports based on apparentLy anomaLous 

binding isotherms indicate that a dependence on protein 

concentration can aLso be a feature of the Ligand binding 

Steiner, 1980). In these cases, Scatchard pLots of the binding 

isotherms exhibit positive sLopes. Protein-Ligand binding 

systems which dispLay positive sLopes in the Scatchard pLots have 

been examined by Shen & GibaLdi (1974) and by BO\;mer & Lindup 

(1978). The Latter have suggested severaL expLanations to 

account for the phenomena. One expLanation considers moLecuLar 

association of the protein with an increase in the protein 

concentration. On the other hand, it has been pointed out 

(Noerby et aL., 1980) that there is a widespread 

misinterpretation in the chemicaL Literature of protein-Ligand 

bi ndi ng experiments. These authors di scuss the commonLy 

encountered errors due to fauLty interpretation of curved 

Scatchard pLots. 

It has been estabLished that adsorption of Ligand onto the 

membrane can occur (Reed, 1973; DoLuiso et aL., 1974; Kinget et 

aL., 1979). The quantity of Ligand adsorbed onto the membrane 

wilL depend on the affinity of the Ligand for the membrane and 

thus, in a generaL way, on the Ligand structure. Consequently, 

.the extent of adsorption to the membrane by the Ligand wi LL vary 

from Ligand to Ligand. This makes it difficuLt to evaLuate the 

effect of Ligand-membrane binding on the protein-Ligand binding 

isotherm. Errors due to this source wiLL be greatest ,.hen the 

protein-Ligand coverage or Ligand affinity for the protein is 

smaLL. 

A further source of error is the possibiLity of the reLease 

of interfering contaminants, such as pLasticisers, etc., from the 

membrane (Cooney, 1980). Besides the possibility that these 

impurities may interfere with the measurement of the free Ligand 

concentration, there is the further possibi Lity that the 

impurities may induce conformationaL changes in the protein and 

thereby change the binding characteristics of the protein 
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(ReynoLds et aL., 1967a). This source of error in equiLibrium 

diaLysis can be eLiminated by suitabLe pre-treatment of the 

diaLysis membrane. 

A discussion of the errors in the equiLibrium diaLysis 

technique which can resuLt from the not aLways justifiabLe 

assumption that equiLibrium in the post-diaLysis sampLe is 

necessariLy the same as existed before diaLysis has been 

presented by Smith & Jubiz (1981). A di scussion of possibLe 

errors in the interpretation of equilibrium diaLysis data has 

aLso been given by Behm & Wagner (1979). 

Despite its numerous hazards,in terms of experimentaL 

variabLes which require scrupuLous attention, the equilibrium 

diaLysis method is wideLy used, remains popuLar, and has been the 

preferred method in a number of recentLy pubLished studies (Sukow 

et aL., 1980; Romer & SicheL, 1979; Tipping et aL., 1980). 

Attempts to overcome some of the Limitations of the method 

have Led to the deveLopment of a variety of sophisticated 

diaLysis techniques. Craig (1957) and Craig & Chen (1969) 

deveLoped the thin-fiL,~ diaLyzer, in which a reLativeLy Large 

area of membrane is exposed to a smaLL sink compartment. This 

apparatus has been used to measure protein-Ligand binding by both 

equilibrium and kinetic diaLysis methods (Ginsburg & IreLand, 

1964; Russo and EngeL, 1978). The advantage which a thin-film 

diaLyzer offers over the cLassicaL equiLibrium method is that the 

attainment of equilibrium is fairLy rapid because of the Large 

membrane surface area. Stein (1965) has described an automatic 

fLow system for obtaining equiLibrium diaLysis data. 
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4.10 Kinetic DiaLysis "ethods 

Most of the other diaLysis techniques which have been used 

to investigate protein-Ligand binding reLy on the measurement of 

the rate of Ligand diffusion rather than measurement of 

equiLibrium Ligand concentrations. These methods constitute the 

kinetic diaLysis methods. Protein-Ligand binding isotherms can 

be estabLished from measurement of the differences in the rate of 

diffusion of the Ligand in the presence and absence of protein. 

It is generalLy assumed that the diffusion of the Ligand obeys 

Fick's first Law of diffusion. One approach to the use of the 

kinetic diaLysis method to investigate protein-Ligand binding 

invoLves the removaL of substantiaL quantities of Ligand from the 

diaLysis system during measurement ( Hoch & MuLLer, 1966). The 

more commonLy used methods, ho.lever, depend on the removaL of 

onLy negLigibLe amounts of Ligand for analysis. 

The theory deveLoped for the former approach (Si Lhavy et 

a L., 1975) shol<s that, when the protein concentration greatly 

exceeds the totaL ligand concentration, the exit diffusion rate 

of Ligand foLLows quasi-first order kinetics. It has been shown 

that Ligand retention has a haLf-Life proportionaL to (1 + Cp/Kd) 

where Cp is the concentration of binding sites and Kd is the 

protein-Ligand dissociation constant. 

ALL kinetic diaLysis methods depend on the assumption that 

the formation of the non-diffusibLe protein-Ligand compLex is 

reversibLe, and very rapid. KLotz (1973) has di scussed the 

vaLidity of this assumption. On the basis of high-speed 

reLaxation methods, such as temperature jump and magnetic 

resonance techniques, he has concLuded that, in general, the rate 

of dissociation of the protein-Ligand compLex is sufficientLy 

Large that errors in subtractive methods due to this factor are 

unLikeLy. However, it is to be borne in mind that, with very 

strongLy bound Ligands, dissociation rates may be a Limiting 

factor for subtractive methods. 
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Tanford (1961) has described a simpLe procedure IIhereby it 

is possibLe to test whether the protein-Ligand equilibrium occurs 

rapidLy. This consists of comparing the quantities of Ligand 

bound to protein in a soLution formed by the addition of Ligand 

to protein, with those of a concentrated protein-Ligand mixture 

whi ch is di Luted to the same finaL Ligand concentration. If the 

same resuLts are obtained in each case, it can be assumed that 

the protein-Ligand dissociation is reversibLe and rapid. 

A variety of other methods to investigate protein-Ligand 

binding by kinetic or dynamic diaLysis methods incLude the 

methods described by Meyer & Guttman (1969; 1970a,b), CoLollick 

and Womack (1969), LecureuiL et aL., (1974), Robertson & Madsen 

(1974) and Rachidy 8. Niazi (1978). 

In the method described by CoLowick & Womack, there is used 

a diaLysis ceLL consisting of upper sampLe and Lower sink 

compartments IIhich are separated by a semipermeabLe membrane. A 

constant stream of eLuting buffer is passed through the sink 

compartment. The method reLies on a series of measurements of 

isotopicaLLy LabeLLed Ligand concentrations in the eLuted sink 

compartment of the ceLL. However, these measurements are made 

onLy after steady-state conditions have been attained at each 

stage (i.e., onLy IIhen the rate at which LabeLLed Ligand diffuses 

into the sink compartment is equaL to the rate at \lhich it is 

eLuted). This necessitates reguLar additions of aLiquots of 

unLabeLLed Ligand to the sampLe compartment in order to promote a 

readjustment of the protein-Ligand equiLibrium, and give rise to 

a new steady-state condition. 

In both this method and the method deveLoped by Meyer & 

Guttman, ideaL sink conditions are assumed to prevail. Back

diffusion of the Ligand from the sink to the sampLe compartment 

is considered to be negLigibLe. The CoLowick & Womack method 

has not found wide appLication, aLthough it has been proposed 

(Bush & ALvin, 1973), that the method can be readiLy adapted to 

kinetic studies to measure rates of Ligand binding and reLease. A 

variati on of the CoLowick & Womack method which uses a simi Lar 

type of diaLysis ceLL has been described by LecureuiL et aL. 

(1974). These authors have described two mehods for 
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'-
estabLishing a protein-Ligand binding isotherm. In the one 

method, they obtained a binding isotherm in a discontinuous 

manner by varyi ng the area of the membrane without varying the 

Ligand concentration. In the second method, these authors 

described how the binding isotherm couLd be obtained in a 

continuous manner when the Ligand concentration is changed. 

FarreLL et aL. (1971) have described an apparatus consisting of a 

cLosed Loop system using radio-active tracers. This apparatus has 

been used to investigate the binding of metaboLites to proteins. 

As has been noted, each of these methods has been devised to 

obviate certain of the Limitations of the equilibrium diaLysis 

methods. ALthough each of these methods has specific advantages 

over the equiLibrium method, which make them suitabLe for 

particuLar appLications, they aLL share to a greater or Lesser 

extent some of the Limitations common to subtractive methods and 

diaLysis processes. The major advantage of the dynamic or 

kinetic diaLysis methods over the equiLibrium diaLysis method is 

in economy of time and materiaL. A survey of the probLems in the 

use of diaLysis techniques to study the binding of drug moLecuLes 

to macromoLecuLes has been given by Kinget et aL., (1979). 

E The Meyer and Guttman dynamic method 

4.11 Experi.ental Procedure 

A brief synopsis of the experimentaL method and the 

principLes of the Meyer & Guttman dynamic diaLysis method is 

presented. This provides the background necessary for the 

deveLopment of the mathematicaL anaLysis used in the continuous

fLow dynamic diaLysis method. 

In the ~leyer & Guttman method, a soLution containing known 

amounts of protein and Ligand is introduced into a diaLysis sac 

which is inserted into a jacketed beaker containing pure buffer 

soLution. ALiquots of the externaL buffer are sampLed at 

reguLar intervaLs for anaLysis, and repLaced by equivaLent 
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voLumes of buffer to maintain a constant sink compartment volume. 

Ideal sink conditions are assumed to prevail. The sink 

compartment ligand concentration is considered insignificant and 

back-di ffusion of the ligand from the sink to the sample 

compartment is ignored in the caLcuLation of the concentration 

gradient across the dialysis membrane. Thus in terms of Fick's 

first law of diffusion, which is assumed to govern the diffusion 

of the Ligand both in the presence and absence of protein, the 

rate of diffusion of the ligand is directLy proportionaL to the 

ligand concentration in the sampLe compartment of the dialysis 

ceLL. The concentration of the free Ligand in the sample 

compartment can therefore be determined from the rate of Ligand 

diffusion across the membrane. The proportionality constant 

relating the rate of Ligand diffusion to the sampLe compartment 

Ligand concen.tration (the permeation constant) depends on the 

area of the membrane, membrane thickness, membrane pore diameter 

and also on the nature of the Ligand. The permeation constant 

is estabLished from a control experiment where the rate of 

diffusion of the li.gand in the absence of protein is monitored. Po 

mass-baLance relationship is used to estabLish the ligand 

concentration in the sample compartment as a function of time. 

This wiLL be referred to as the ligand escape curve. 

4.12 Data Analysis (Meyer & Guttman 1969; 1970a,b) 

By Fick's law, the rate of loss of ligand from the sampLe 

compartment is given by: 

4.12.1 

where Dis the permeation constant, C1 (t) is the concentration 

of unbound or free Ligand ligand in the sample compartment, and 

Q(t) is the total quantity of ligand (bound and free) in the 

sampLe compartment. Thus: 
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4.12.2 

where V1 is the voLume of the soLution in the sampLe compartment, 

and Cq(t) corresponds to the totaL Ligand concentration in the 

sampLe compartment. 

For the controL experiment, in the absence of protein: 

Cq(t) = C1 (t) 

and equation 4.12.1 has the soLution: 

Ln[C1 (t)] = -D/V1 t + Ln[C1(0)] 

4.12.3 

where C1 (0) is the totaL initiaL Ligand concentration. From 

equation 4.12.3 it foLLows that the vaLue for the permeation 

constant is given by : 

D = V1 Ln[ C1 (Q)fC1 (t) J/t 4.12.4 

The sLope of a pLot of Ln[ C1 (t) ] vs t thus provides a vaLue 

for D. 

When protein is present in the sampLe compartment 

4.12.5 

The asterisk is used to denote Ligand concentrations in the 

presence of protein, p is the protein concentration, and 

vet) is the Ligand-protein moLaL binding ratio. 

When protein is present, a pLot of Ln[ C1*(t) J vs t, 

now has a smaLLer sLope because of the sLmler reLease of Ligand 

to the sink. Depending on the nature of the binding, the pLot 

can aLso dispLay upward curvature. By equation 4.12.1 
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4.12.6 

which, on substitution into equation 4.12.5 and rearrangement, 

gives : 

4.12.7 

The molal binding ratio is written as a function of time, 

and equations 4.12.6 & 4.12.7 constitute the parametric equations 

for the bi ndi ng isotherm. Cq * (t) is obtained by mass balance 

as the difference bet\,een the total amount of ligand introduced 

into the sample compartment and the amount whiCh has been lost to 

the sink. 

Meyer & Guttman used a curve-fitting procedure incorporating 

the appropriate model (in this case, the Scatchard model) to 

obtain the protein-ligand binding parameters. An iterative least 

squares procedure was used to to obtain refined values for the 

binding parameters from initial estimates which were obtained 

from the slopes and intercepts of Scatchard and/or double

reciprocal plots. 

The advantages of the Meyer & Guttman method over the 

equilibrium dialysis method are that the method requires a 

minimal amount of sample preparation, is economical with respect 

to protein and time, and provides convenient means for 

temperature control. Since its introduction, the method has 

been successfully used to characterise the interactions of a 

number of compounds (including many drugs) to macromolecules. 

Reports of such use include those by Dearden & Tomlinson (1970), 

Crookes 8. Brown (1973), Tukamoto et al. (1974), Kanfer (1975), 

Judis (1980), and Kimura (1980). 
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4.13 Limitations of the Meyer & Guttman method 

Meyer & Guttman (1970) investigated the infLuence of factors 

such as the viscosity of the soLution, the rate of stirring, 

temperature, etc., on the reLiabiLity of the dynamic diaLysis 

method. Apart from these practicaL aspects, the principaL 

disadvantage of the method stems from the the requirement to 

determine the rate of Ligand diffusion, d[Cq*(t)]/dt. The 

obvious method of determinin~ the rate of Ligand diffusion is by 

measurement of the sLope of the C1 (t) vs t or Cq*(t) vs t 

graphs. However, vaLues of d[Cq*(t)]/dt obtained from such 

sLopes, are subject to considerabLe uncertainty because of the 

paucity of data points. In a typicaL experiment by Meyer & 
Guttman, aLiquots were withdrawn at haLf-hourLy intervaLs over a 

period of about 9 hours, to yieLd onLy eighteen data points. 

Uncertainties in the vaLues for d[Cq*(t)]/dt are a serious 

Limitation. Ashgar & Roth (1971) have shown that the is~therm is 

sensitive to sLight variations in the sLope of the Cq*(t) vs t 

curve. PracticaL difficuLties which arise from increasing the 

sampLing frequency prompted Meyer & Guttman (1968) to use a 

regression procedure to fit the Ligand escape curve to an 

empiricaL function which was then differentiated anaLyticaLLy. 

The seLection of an empiricaL modeL is, however, a somewhat 

arbitrary procedure. The choice of modeL can vary both with 

respect to the nature of the function and the number of 

parameters used to specify the fit. Fitting data to an empiricaL 

function to determine the anaLyticaL derivative can aLso 

introduce various probLems. There is a question of uniqueness, 

in that severaL different functions may provide equaLLy suitabLe 

descriptions of the data in the sense of 'goodness of fit'. 

ALthough such functions may adequateLy describe the Limited data 

set, couLd have different derivatives, especiaLLy near the Limits 

of the data range. In addition, there exists the danger 

(epeciaLLy when there is a Limited number of observations, or if 

the data spans a Limited concentration range) that the imposition 

of a particuLar mathematicaL modeL onto the data wiLL bias the 
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interpretation according to the modeL chosen, A variety of 

modeL functions have been used, with varying degrees of success, 

to describe the Ligand diaLysis escape curve (Dearden & 
TomLinson, 1972; Crookes & Brown, 1973). The utility and 

consequence of fitting a variety of empiricaL functions to the 

experimentaL data have been investigated by Kanfer & Cooper 

(1976). The effects on the Scatchard pLots due to the choice of 

function, for a variety of functions, is shown in the graphs 

reproduced in figure 4.1. The soLid curves represent the 

theoreticaL scatchard pLots, based on the pub L i shed va Lues for 

the n's and k's (Meyer & Guttmann (1968, 1979b) whiLe the symboLs 

in each graph represent the binding data (0 and v/C 1*) 

obtained from the appLication of the particuLar function used to 

fit the curviLinear pLot of C1* versus time. 

Meyer & Guttman chose a six-parameter tri-exponentiaL modeL. 

Kanfer (1975) was abLe to show, from a comparison of 

experimentaLLy determined Scatchard pLots using the Meyer & 

Guttman method with hypotheticaL data generated over the same 

concentration range, that this function gave the most 

satisfactory resuLts for the systems invoLved. In terms of a 

tri-exponentiaL function, the concentration of free-Ligand in 

equiLibrium with the protein is given by: 

3 
= r: 4.13.1 

i =1 

where Ai and ai are the parameters obtained from the Least

squares regression . 

substitution of equation 4.13.1 into 4.12.7 gives: 

v(t) = 
3 

LAi (1 - V1ail D)e-ai t 

i =1 

4.13.2 
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Despite the agreement between the generated and 

experimentaLLy determined Scatchard pLots obtained by Kanfer, a 

bi-exponentiaL modeL and a tr i -exponentiaL equation with a 

negative vaLue for the ampLitude parameter, AZ' provides an 

aLmost equaLLy satisfactory description of the data in a 

Scatchard pLot, as can be seen from Figure 4.1 

It has been pointed out by Lanczos (1967) that a variety of 

Linear combinations of exponentiaLs can be used to provide 

equa L Ly 

of the 

satisfactory fits to a given data set within the accuracy 

experimentaL measurements. However, because of the 

sensitivity of the ampLitudes and exponents in a Linear 

combination of exponentiaLs to very smaLL changes in the data, 

resuLts derived from such a Linear combination of exponentiaLs by 

regression procedures wiLL be subject to Large uncertainties, and 

hence be unreLiabLe. 

4.14 Pedersen's analysis of the Meyer & Guttman method 

Pedersen et aL. (1977) have described a method for obtaining 

drug-macromoLecuLe binding parameters directLy from dynamic 

diaLysis data . This method provides a pair of parametric 

equations in the parameter s = -dCq*(t)/dt which are used to 

define a unique pair of vaLues for Cq*(t) and t from which 

binding parameters are determined by non-Linear regression 

ana Lys is. 

This approach offers severaL advantages over the originaL 

Meyer & Guttman method. It eL imi nates the need to determi ne a 

diaLysis rate constant separateLy, is appLicabLe to membrane

bound Ligands, and does not require differentiation of the 

experimentaL data. The anaLysis does, however, depend on the 

assumption of a functionaL reLationship between v and the 

unbound Ligand concentration. It is necessary, therefore, to 

incorporate a mathematicaL binding modeL into the anaLysis. 

Pedersen deveLoped the method based on a singLe cLass of binding 

sites. ALthough this anaLysis ca n be expanded for use with 

moLecuLes that dispLay more compLex binding behaviour, this not 

onLy compLicates the anaLysis but is undesirabLe. 
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Figure 4.1 
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Scatchard ~lots of bindins data obtained bz: fitting 

theoretical values of Cl (t) from empirical mathematical 

funct ions to the genera l two-site Scatchard model 

(1 ) C1*(t) -- i\e-bt + C 

(2) C,*(t) = Ae'-at + B,,-bt 

(3) C1*(t) = Ae-at - Be-bt + Ce- ct 

(4) C1*(t) = Ae-at + Be-bt + C -ct e . 

The so lid curve in each graph was generated fr om the 

Scatchard equation with binding 

k1 = 1.74 x 105 and k2 = 1.97 

parameters, n1 = 1; 

x 103 (1"om Kanfer, 

two-site 

n2 = 6; 

1976) 
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Chapter Five 

The Continous-Flow Dynamic Dialysis Method and 

Data Analysis by the Permeation Constant Method 

5.1 Introduction 

As opposed to the Meyer & Guttman method for determining a 

binding isotherm by sampLing and assaying the Ligand 

concentration in the diaLysate at reguLar intervaLs, a 

continuous-fLow dynamic diaLysis method (CFOO) has been deveLoped 

to investigate protein-Ligand binding. In this and the next 

chapter, the procedure and principLes of the CFOO method are 

described, and mathematicaL methods of analysis to extract a 

binding isotherm from the diaLysis data are presented. The CFOO 

method offers severaL advantages over the Meyer & Guttman method. 

The method does not ignore the smaLL Ligand concentration in the 

sampLe compartment of the diaLysis ceLL. Rather, the anaLysis 

incorporates a term to aLLow for back-diffusion. This represents 

a more accurate recognition of Ficks' first Law of diffusion than 

the Meyer & Guttman anaLysis. UnLike the Meyer & Guttman method 

which, by assuming ideaL sink conditions to prevail, considers 

the rate of Ligand di ffusion to be di rectLy proportionaL to the 

sampLe compartment Ligand concentration, in the CFOO method the 

rate of Ligand diffusion is taken to be proportionaL to the 

difference between the Ligand concentrations on either side of 

the membrane. The significance of negLecting the finite sink 

compartment Ligand concentration in the anaLysis and it·s effect 

on the binding isotherm is discussed in Appendix I. 

Two different procedures are deveLoped whereby the data 

obtained from diaLysis experiments can be processed to extract a 

binding isotherm. In this chapter, a method of anaLysis which 

wiLL be referred to as the "permeation constant method", is 

described. The permeation constant method is based directly on 

the assumption that Ligand diffusion is governed by Fick's first 

Law of di ffusi on, and that the permeation constant for the 

Ligand, 0, is independent of Ligand concentration. By this 
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method, a vaLue for the permeation constant is obtained from a 

controL experiment. The controL experiment is used to determine 

the reLationship between sink compartment Ligand concentration 

and the rate of diffusion of the Ligand in the absence of 

protein. 

A more generaL method of anaLysis, which utiLizes the 

concept of a system transfer function, is described in Chapter 

Six • In that more generaL anaLysis, the assumption of 

proportionaLity between rate of Ligand diffusion and 

concentration gradient across the diaLysis membrane is 

incorporated into a system Linearity assumption by means of which 

a system transfer function may be deveLoped. The same transfer 

function reLates the sink compartment Ligand concentration to the 

concentration of the free Ligand in the sampLe compartment both 

in t he controL diaLysis and wh en protein is present in the sampLe 

compartment of the diaLysis ceLL. 

A ExperimentaL Procedures 

5.2 Apparatus 

The diaLysis ceLL, which is simi Lar to that of CoLowi ck & 

Womack (1969), is shown in Figure 5.1 . The ceLL is constructed 

of pLexigLas (perspex), and consists essentiaLLy of an upper 

chamber (the sampLe compartment) and a Lower chamber (the 

sink compartment). The two compartments are separated by the 

semi-permeabLe membrane, which can be cLamped between the 

separabLe haLves of the ceLL. 
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Figure 5 .• 1 
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Eluting buffer is passed through the sink compartment at a 

constant rate by means of a peristaltic pump. The eluting 

buffer stream, after passing through the dialysis cell, flows 

through a spec trop hotometer flow-cell where the ligand 

concentration is monitored. Spectrophotometric absorbance 

readings of the dialysate are determined automatically at equal, 

closely spaced, time intervals. The data is internally digitized 

and recorded onto paper tape for subsequent computer processing, 

by means of a data-logging device. 

A schematic diagram of the entire apparatus is shown in 

Figure 5.Z. The experimental data consists of a time series of 

measurements of the ligand concentration (recorded as absorbance) 

in the spectrophotometer ceLL. This data set is referred to as 

the e lution profile; it is designated CZ(t) for the controL 

dialysis, and CZ*(t) for the sample dialysis, from a protein

ligand mixture. The corresponding sample compartment ligand 

concentrations are denoted by C1 (t) and C1*(t), respectively, 

and are referred to as the ligand escape curves of the control 

and sampLe dialyses. 
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Figure 5. 2 
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5.3 The Tvo Compart.ent KodeL System 

Top Loading 
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The diffusion a nd eLution fLow processes in the diaLysis 

ceLL can be described to a first approximat i on by a tw o

compartment situation (Simon, 1972) . 

This two compartment modeL system may be depicted thus: 

r 

Figure 5.3 
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The arrow LabeLLed I, pointing into the samp Le compartment, 

represents the concentration-independent input. I may aLso 

represent a concentration-independent Loss of materiaL from the 

compartment, if it is given a negati ve vaLue. Q1 (t) and Q2(t) 

represent the quantity of Ligand in each compartment at the time 

t; D1(t) represents the concentration dependent transfer of 

Ligand from sampLe to sink compartment (diffusion); D2(t) 

represents the concentration-dependent transfer of Ligand from 

the sink compartment to the sampLe compartment (back-diffusion)1; 

F is the fLow of the eLuting buffer stream through the sink 

compartment; C1(t) and C2(O are the Ligand concentrations in 

sampLe and sink compartments, respectiveLy. 

Thus and = V2 C2(t) 

where V1 and V2 are the sampLe and sink compartment voLumes 

respect ive Ly. 

In terms of Fick's first Law of diffusion, with permeation 

constant D, the differentiaL equat i ons for a two-compartment 

system reLate the rate of Ligand diffusion t o the sampLe and sink 

compartment concentrations, and to the eLuting buffer fLow rate. 

1 Footnote 

The term "back-diffusion" represents formaL recognition of 

the presence of Ligand in the sink compartment and its effect on 

the diffusion process. The onLy di rectLy observabLe effect is 

the net process of diffusion from the sampLe to sink 

compartments. HOI/ever, trac e r st udi es 'JouLd demonstrate the 

dynamic baLance I/hich gives rise to the observed process . 

---000---



These equations are: 

for the sampLe compartment, 

d[ Cq(t1 J/dt = 

5.3 .1 a 

and for the sink compartment 

d[ CZ(t1 J/dt = {D[C1(t1 - CZ(t1J - FCZ(t1}/VZ 

5.3.1 b 

The subscript q in equation 5.3.1a is used to denote the grand 

totaL sampLe compartment Ligand concentration. These equations 

appLy to both the controL experiment and the sampLe diaLysis 

experiment (i.e., when protein is present). In the sampLe 

diaLysis, Cq(t1 incLudes the quantity of Ligand bound t o the 

protein as IleLL as the free, or unbound, Ligand. For the 

controL diaLysis e xpe riment, 

5.4 The ControL DiaLysis 

The differentiaL equations incLude terms to aLLow for back

diffusion of the Ligand if non-ideaL sink conditions prevail 

(i f . i f t b~r ~ ~s a f inite Ligand con ce nt rat ion in t he si n!: 

Fo r the controL s i tOJation \Jhere Cq(t) = C1 (t), th e 

equations 5.3.1a and 5.3.1b can be soLved ana Lytically using 

LapLace transforms to give: 

5.4.1 

and C2(t1 = DC1 (01 { e-bt - e-at} 1V2(a-b) 

5.4.2 
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where a = [x + J x2 - 4y ] /2 5.4.3 a 

and b = [x - J x2 - 4y ] /2 5.4.3b 

with x = [ (V1 + V2)D + V1Fl ] 1V1VZ 

5.4.4a 

and y = OF /V1 V2 5.4.4b 

from which it can be seen that x = a + band y = ab 

5.5 The SampLe DiaLysis 

In binding . experiments, where protein is present 

The superscript * is used to identify the presence of protein. 

In order to solve the differentiaL equations for the two

compartment modeL when protein is present, it is necessary to 

incorp ora te into equation 5.3.1a a term which I-Jill alLow for 

the quantity of ligand bound to the protein. Unde r these 

circumstances the quantity of ligand in the sample compartment is 

= = 

5.5.1 

I,here p is the protein concentration in the sample compartment 

and ii the ligand/protein molal binding ratio, expressed here 

as a funct ion of the unbound ligand concentrat io n . 

The functional relationship betlJeen v(t) and C1*(t), 

(Le., ii[C1*(t)]), \Jhich is yet to be determined, constitutes 

the binding isotherm. Substitution of equation 5.5.1 for Cq(t) in 
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equation 5 3.'a and rearranging gives 

- 0 { C,*(t) - C2*(t) } 

dC,*(t)/dt = -------.. ----------------------
V,{' + p dCg{C,*(t)}]/dC,*(t)} 

•.. 5.5.2 

Equations 5.3.'b and 5.5.2 can only be solved analytically, (and 

in principle) only if an analytical relationship between g and 

C,*(t) is avai lable. 

5.6 Use of Analytical solutions of Differential Equations 

Attempts have been made to obtain analytical solutions to 

equations similar to · these (i.e., equations based on the Meyer & 

Guttman analysis rather than the continuous flow two-compartment 

dialysis system>. In these attempts, analytical model isotherms 

containing the binding parameters were used (Kruger-Thiemer, 

1966, Pedersen et al., '977). 

For example, if a binding model expressions such as the 

generalized Scatchard model: 

N 

gCc,*(t)] = ~nikic1*(t)/{' + kic,*(t)} 
i =, 

5.6.1 

is incorp o rated into equation 5.5.2, it may be possible under 

ce rtain licited situations to obtain an analytical expression for 

g in ter ns of C7*(t) and the variables n. and k .• Values 
- 1 1 

f o r the bi nding parameters ni and ki could then be obtained by 

an iterative least squares regression analysis. This could be 

achieved by fitting, to the sample elution profile, the 



93 

anaLyticaL expression which represents the soLution to the system 

of differentiaL equations when protein is present, and which 

contains n1 and k i as parameters. The expression which 

represents the anaLyticaL soLution to the differentiaL equations 

for the tl;o-compartment modeL when protein is . present \-Ii L L, 

however, be compLicated. i10reover, depending on the comp Lex ity of 

the modeL binding expression, it may not be possibLe to obtain a 

direct anaLytical solution. 

The analysis of Pedersen (19'17), although not requiring an 

explicit solution to equations equivalent to equations 5.3.1b and 

5.5.2, also incorporates a binding model into equations equivalent 

to 5.3.1a and 5.5.2. The method developed by Pedersen employed 

the simple single-site Scatchard binding model. Although the 

method is a general one which can incorporate more complex models, 

this entaiLs complicated algebra. 

These methods, because of the compli cated analytical 

expressions involved, and because they involve the use of non

linear least-squares iterative procedures, cannot readily be 

adapted to different protein-ligand binding models. The 

complicated aLgebra that these methods entail, their dependence on 

an assumed binding modeL, and their Lack of adaptibility make them 

impractical, though symbolic manipulation will ease the algebraic 

prob Leols. 

5.7 Derivation of the Permeation Constant 

IIhile it is impractical to obtain analytical solutions to 

the system of differential equations for the protein-li gand 

dialysis, exact analytical solutions given by equati ons ).4.1 and 

5.4.2 for the control experiment are available and can be used to 

establi sh the permeation constant, D, for the ligand. One 

procedure to obtain D is to fit the data of the controL elution 

profi le to equation 5.4.2 by least squares regression procedures. 

Diffic ul ties are encountered in the application of this 

procedure, hOI/ever, because the amplitude term DC1 (Q)/V2(a-b) 

and the exponents a and b in equation 5.4.2 are not 

independent. Our exparience has shown that iterative regression 

procedures to obtain estimates of these parameters converge at 

best very slowly, and more freq~ently do not converge. 
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The form of the analytical solution to equation 5.4.2 shows, 

however, that an approx i mate value fo r D can be ob tained from a 

log -linear plot of CZ( t) vs t. For large t, t he analytical 

solution for CZ(t) i n equati on 5 . 4.2 can be approximated by: 

Cz(t) = Ae-bt 5.7 .1 

Esti mates of the values of the ampli tude A a nd exponent b 

can then be obtained from an extrapolated intercept and fr om the 

slope of the linear portion of the l og-li nea r plot o f Cz (t) vs 

t for la rge t. The method must be regarded as both subjective 

and u nrel iable. 

5. 8 Mass-BaLance method for determining the Protein-Ligand Isotherm 

An alternative approach, not requiring explicit solutions 

for the sys tem dif ferential equations, is based on a mass balance 

relationsh ip be tween the instantaneous sink compartment ligand 

concentration and the qua nt ity of ligand lost fr om the sa mple 

c ompar tment. This method can be employed bo t h to derive a 

permeation constant from the cont r o l dialysis and a bi ndi ng 

isotherm from the sample dialysis. [Jy equation 5.3.1b, the rate 

at which the Ligand is lo s t by diffusion from the sampLe 

compartment is given by: 

5.8.1 

The analysis below applies to the situation whe n protein is 

present .. 

In an interva l t the quantity of ligand diffus ing ou t of 

the sample compartment will be given by : 

D[C1*(t) - CZ*(t)] t = {VZd[CZ*(t)]/d t + FCZ*(t)} t 

5.8.Z 
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The totaL quantity of Ligand Lost from the time t = 0 to t = t 
is, therefore, given by: 

= * - C2 ("r)Jd"r 

t 
Q, (t) = V2 J dCc2*( 't' )J/dT dT 

o 

+ F st C2*(T)dT 

o 

5.8.3 

where D is assumed to be independent of Ligand concentration and 

F is independent of time . 

Therefore 
t 

Q, (t) = V2 c2*(t) + F J C2*(T )dT 

o 

5.8.4 

if c2*(O) = a and no Ligand is brought in with the flowing 

stream of buffer. 

Since aLL the Ligand Lost from the sampLe compartment is 

Lost to the sink (apart from the smaLL amount retained in the 

membrane) it foLLows that the totaL quantity of Ligand retained by 

the sampLe compartment at time t = t is given by : 

Qr(t) = V,C,*W) - {V2C2*(t) + FJ\2*(T)d't'} 

o 

where C,*(Q) is the initiaL Ligand concentration. 

Since 

5.8.5 
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it foLLows that: 

t 
pii(t) + C.,*(t) = C,*(O) - {(VZCZ*(t) + Ff CZ*(T)dT)}/V, 

o 

5.8.6 

The vaLues for C,*(t) are obtained by rearranging equation 

5.3.'b to give : 

c,*(t) = CZ*(t) + { VZdCZ*(t)/dt + FCZ*(t) }/D 

5.8.7 

Equations 5.8.6 and 5.8.7 are the parametric equations of the 

binding isotherm, with parameter t . 

The use of these equations, however, requires a vaLue for 

the permeation constant D. The vaLue of 0 is obtained from 

the controL experiment eLution profiLe data by setting p = 0 in 

equation 5.8.6 and substituting equation 5.8.7 for C,*(t). 

SoLving for D yieLds : 

D = 
{ VZd[ CZ(t) J/dt + F CZ(t) } 

t 

{ C, (0) - [VZCZ(t) + F f CZ(T)d, J/V, } - CZ(t) 
. 0 

5.8.8 

5.9 Fixed Initial Ligand Concentration: A Special Case 

The binding isotherm may be caLcuLated directly in terms of 

the di fferences between the controL eLution profi Le CZ(t) and 

the sampLe eLution profiLe CZ*(t), provided that the initiaL 

Ligand concentrations and the experimentaL variabLes V" VZ' 

C, (0), c,*(O) and F, are the same in both the controL and 

sampLe experiments. In such a situation, the binding isotherm 
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may be calculated directly by eliminating 

from equations 5.8.6 & 5.8.8 to give: 

C1 (O) = C1*(Q) 

v(t} = {[Vt /V1 + F/D]~CZ(t} 

t 
+ (VZ/D}d[ <lCZ(t}]/dt + F/V1 S l!. CZ('r)d-r}/p 

o 

5.9.1 

where l!.CZ(t) = CZ(t} - CZ*(t} and Vt = V1 + Vz 

C Evaluating the Method of Analysis 

The following paragraphs describe the methods of evaluation 

used; results will be presented in Chapters Eight and Nine. 

5.10 The Use of Synthetic Data 

Numerical solutions of the differential equations 5.3.1a and 

5.3.1b for the control, and equations 5.3.1b and 5.5.Z for the 

sample dialyses (obtained using Runge-Kutta methods (Grove, 1966) 

applied to an assumed binding isotherm} represent synthetic 

protein-ligand binding systems. Such synthetic data sets may be 

used to establish the validity of the method by a comparison of 

the synthetic data sets obtained by the numerical solution of the 

differential equations with data obtained by experiment and for 

·which the same binding isotherm is believed to apply; they may 

also be used to provide a reference for the Laplace transform 

method, as developed later in this report. These synthetic data 

sets can also be used to examine the effects of changes in 

experimental variables, such as eluting buffer flow rate, initial 
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Ligand concentration, and Ligand extinction coefficient, on the 

eLution profiLe and provide estimates for the sensitivity of the 

binding isotherm to random errors in these variabLes. Synthetic 

eLution profiLes corresponding to the numericaL soLution of 

equations 5.3.1a and 5.3.1b for a simuLated controL, and 

equations 5.3.1b and 5.5.2 for a simuLated protein-Ligand binding 

experiment were obtained by means of a computer differentiaL 

equation soLving aLgorithm (Terry,1978), and used to test the 

vaLidity of the anaLysis. VaLues for the permeation constants 

used to generate the synthetic eLution profiLes were chosen to be 

the same as vaLues of D determined experimentaLLy from controL 

diaLysis eLution profiLes. A two-site binding modeL was chosen 

to simuLate the binding of phenoL red to bovine serum aLbumin 

(BSA) (Rodkey, 1961) and was used to generate synthetic eLution 

profiLes C2*(t) for the sampLe experiments. 

Reported vaLues, obtained by difference spectroscopy 

(Rodkey, 1961) for the parameters ni and ki in the phenoL red

BSA interaction were used in a Scatchard equation of the form: 

2 
vet) = ~ nikiC1*(t)/[1 + kiC1*(t)] 

i=1 

which was incorporated into equation 5.5.2. 

5.10.1 

A Listing of a FORTRAN computer routine (program ETA) which 

can be used to generate simuLated controL and sampLe eLution 

. profiLes, based on the generaL Scatchard binding modeL (equation 

3.3.9) and appropriate vaLues for experimentaL variabLes is given 

in appendix IX. 
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5.11 Experi . ental Evaluation 

An experimentaL evaLuation of the method was also performed 

in a series of experiments, by diaLysing mixtures of phenoL red 

and BSA at 15°, 20° and 25°C, for a systematic series of 

changes of both the initial Ligand concentrations and the eLuting 

buffer fLow rates . The experimentaLLy obtained eLution 

profiles were compared with synthetic profiLes in which the 

parameters V1, V2, F, and the extinction coefficient,!, of the 

Ligand were chosen to dupLicate experimental conditions. 

5.12 Computational Methods 

The differentiation of the experimentaL eLution profiLe data 

with respect to time, required for equations 5.8.6 , 5.8.7 and 

5.8.8 was performed numericaLLy using a Savitzky-GoLay poLynomiaL 

smoothing and differentiating routine (Savitzky & GoLay, 1964; 

Steinier, 1972; Madden, 1978). NumericaL integration was 

performed using Simpson's rule. A Listing of the computer 

program (program GAMMA -in FORTRAN) to evaLuate the permeation 

constant or the binding isotherm from the eLution profiLe data by 

means of the mathematicaL anaLysis deveLoped in Chapter Five is 

given in appendix VI. 

A non-linear Least squares regression routine was used to 

derive vaLues for the binding parameters ni and ki from the 

experimentaLLy obtained isotherm, derived from the eLution 

profiLes by use of equations 5.8.5 and 5.8.6 For this purpose, 

a computer routine which permitted vaLues for some of the 

parameters in the generaL binding modeL (equation 3.12.1) to be 

fixed (for exampLe, integraL vaLues couLd be assigned to the nil 

was utiLized. A copy of a computer driver routine, program 

ZETA, written in FORTRAN and used in conjunction with the Least 

squares regression program STEPIT (ChandLer, 1965), is Listed in 

Appendix VIII. 
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5.13 Difficulties associated with the CFDD Method 

The CFDD method and the procedure for deriving the binding 

isotherm from the diaLysis data are not without inherent 

difficuLties. ALthough the method provides a Large number of 

data points from which the binding isotherm can be obtained, 

(usuaLLy about 1000 data points over a period of about seven 

hours in the CFDD method, as opposed to about 15-20 determined 

over the same period by the method of Meyer & Guttman) it is 

necessary, when using the permeation constant method, to discard 

a portion of the data. The data discarded represents the 

diffusion of Ligand during an initiaL transient period during 

which the permeation constant has not yet attained a constant 

vaLue. This transient phase is probabLy due to a hoLd-up of 

Ligand in the membrane, and it is LikeLy that during this 

transient phase the Ligand in the membrane has not estabLished a 

Linear concentration gradient. 

It was aLso observed, when computer generated eLution 

profileS were compared with experimentally determined eLution 

profiLes, that at high eLuting buffer fLow-rates the 

experimentaLLy determined permeation constant (caLcuLated by 

means of equation 5.8.8) was infLuenced by the eLuting buffer 

fLow rate. The source of this infLuence on the permeation 

constant was traced to changes in the voLume of the sink 

compartment of the diaLysis ceLL. This change in voLume occurred 

because of distention of the mem,brane at high eLuting buffer fLow 

rates, which resuLted in doming of the membrane. The method for 

correcting the sink compartment voLume to aLLow for this doming 

of the membrane is discussed in Appendix II. 

As in other dynamic diaLysis methods, severaL possibLe 

sources of error which stem from practicaL considerations need to 

be considered. The reLiabiLity of the method can be affected by 

experimentaL conditions. These include membrane effects, i. e., 

binding of protein, Ligand, or protein-Ligand compLex to the 

membrane, Donnan effects, osmosis, viscosity of the protein 
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soLution, temperature effects, or effects due to the rate of 

stirring. The infLuence 9f these factors on the accuracy of the 

method and means of minimizing their effects on the binding 

isotherm are discussed in Chapter Seven. 
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Chapter Six 

Analysis of CFDD Data Using the System Transfer Function 

6.1 Introduction 

Comparisons of the binding isotherms derived from 

experimentally determined elution profiles and from theoretical 

elution profi les (generated by numerical solution of the system 

differential equations) show that for the phenol red-OSA system 

at least, the data analysis by the permeation constant method is 

adequate. However, considerations of model independence and 

generality have prompted the development of a more general 

analysis. This analysis, in addition to its generality, has the 

advantage over the permeation constant analysis that it is not 

necessary to discard the short-term data. In this general 

analysis, the relationship between the monitored ligand 

concentration in the sink compartment and the concentration of 

free ligand in the sample compartment is established by means of 

a system transfer function. 

The use of a transfer function to relate an input signal to 

an output signal has many appl i cations; the transfer function 

concept is used extensively in electrical network theory and in 

fields associated with the transmission of mechanical 

oscillations and vibrations using acoustical or mechanical 

transducers (Allen, 1973; Nicolson et al., 1972; Bancroft g, 

Johnson, 1973; Reif et al., 1978). Tanaka (1.978) has used 

transfer functions to obtain caLoric power as a function of time, 

without having to make any assumption about their analyticaL 

form, by numerical analysis of a thermogram. Transfer functions 

are aLso used i n i mage enhancement in optical systems (Gonzalez & 
" \/i nz, 1977>. Huhnerman 8. Mentze l (1979) and Andr~ (1979) 

have discussed appLications which utiLize the transfer function 

in radio transmission, etc., to effect a deconvolution of an 

impulse response function from an output signaL to obtain the 

input signal. 
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6.Z Linear Syste.s 

Since the concept of the system transfer function is used 

extensively in electrical network theory, it is convenient to use 

electrical network terminology to describe its application in the 

CFDD method. Accordingly, the di alysis cell is considered as a 

linear system or linear "filter" which has an input signal, 

C1 (t), and an output signal signal, Cz (t). The elution 

profile, CZ(t), is thus visua Lized as the response of the filter 

to an input signal, C1(t), which arises from the release of 

ligand from the protein and the sample compartment of the 

dialysis cell to the sink compartment. 
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The Dialysis Cell as a Linear System 

The fundamental assumption .of the analysis is that the 

dialys i s cell represents a linear system. In mathematical terms, 

if CZ(t) and C'Z(t) are the individual responses of the system 

to input signals C1(t) and C'1(t), then the system is linear if 

an input signal a1C1 (t) + azC'1 (t) generates an output signal 

a1CZ(t) + azC'Z(t), where a1 and aZ are constants. In the 

linear system representing the dialysis cell, the assumption of 

proportionality between the rate of diffusion of the ligand and 

the concentration gradient across the dialysis ~embrane is not 

explicitly made, only that the transport process is linear in the 

above sense. 
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6.3 Ti.e Domain - Frequency Domain Relationships 

In electrical network theory, "filtering" of the signal 

occurs because the proportionality constant relating the output 

signal to the input signal is not the same at all signal 

frequencies. The transfer function is thus expressed as a 

function of frequency. If the input and output signals are 

represented as frequency func ·t ions S1 (w) and S2 (w ) 

respectively, where W is the signal frequency, then: 

6.3 . 1 

in which IT( W ) is the system transfer function. In the 

corresponding time domain representation of these quantities, 

where the transformation from the time domain to the frequency 

domain is effected by means of the Fourier transform, the output 

signal is related to the input signal through an impulse response 

function, I(t). The relationship between these quantities is one 

of convolution. The output signal signal, C2(t), is the 

convolution of the input signal and the impulse response 

function, which is the time domain representation of the 

frequency domain transfer function. 

Thus C2 (t) = I (t)*C1 (t) 

6.3 . 2 

The asterisk denotes convolution, which is defined by: 

+'" 
C2(t) = S C1(t -'t').I('!;') d't" 

-<X> 

6.3.3 

Deconvolution of the impu l se response f unction from the data 

contained in the elution profile thus yields the concentration of 
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the free (or unbound) Ligand in the sampLe compartment as a 

function of time. 

The convoLution theorem 1 (PapouLis, 1972) is used to 

effect the deconvoLution, and in order to utiLize the 

porportionaLity reLationship (6 . 3.1) between the input and 

output signaLs in the frequency domain, it is convenient to 

transform the data contained in the eLution profiLe from the time 

domain to the frequency domain by means of the Fourier 

transformation, F, which is defined by: 

S (w) = F[ C (t) ] = 

+'" S C(11)e- i21!W'I'd't' 
-CQ 

6.3.4 

where i 2 = -1 and w is a frequency in radians. 

Since C1 (t) and C2 (t) are causaL functions (i.e., 

defined onLy for t > 0) equation 6.3.4 may be written for these 

functions as: 

Sj (W ) = F[Cj(t)] = 

for j = 1,2 6.3.5 

1 Footnote 

The Fourier transform of the convoLution of two functions 

C1(t) and C2(t) equaLs the product of the Fourier transforms, 

S1 (w) and S2(w), of these two funct i ons: 

i.e., if Sj (w) = F[ Cj (t) ] for j = 1,2 (cf. equation 6.3.4) 

+'" 

then H) C1(t - T).C2(T) dT] = S1(w).S2(W) 
-<X> 

---000---
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The inverse transforms from the frequency domain to the time 

domain are obtained by the inverse Fourier transform, F-1, as 

defined in equation 6.3.6: 

C j (t) = 
+00 

F-1[Sj(w)] = J Sj(w)eiZ1TWtdw 
-00 

•••• 6.3.6 

The time domain - frequency domain relationships are shown 

in figure 6.Z. 
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I 
(Multiplication) 

SZ(W) = S1(w )·ZT(w) 

(Bracewell, 1965) 

Time Domain - Frequency Domain Relationships 
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6.4 Para.etric Equations of the Binding Isotherm 

The system transfer function ZT(W) is obtained from a 

controL diaLysis experiment using the mass baLance reLationship 

between the sampLe and sink compartment concentrations. 

Thus, by 6.3.1: 

ZT( W ) = S2 (W ) / S1 (w) = f[ C2 (t) ] / f[ C1 (t) ] 

6.4.1 

where, from the mass-baLance reLationship (equation 5.8.5) : 

6.4.2 

Thus 

t 

ZT(W) = F[C2(t)] / f[ C1 (0) - {V2 C2(t) + FJ C2(")d'r}/V1 ] 
o 

6.4.3 

Now,the Fourier transform of C1(t) is given by: 

6.4.4 

Thus, ZT(W) can be expressed in terms of the Fourier transform, 

S2(W), of the eLution profile . 

6.4.5 
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Since the transfer function estabLishes the reLationsh i p 

between the sampLe and the sink compartment Ligand concentrations, 

both for the controL and when protein i s present: 

IT(W) = F[ CZ(t) J/F[ C1(t) J = F[ CZ*(t) J/F[ C1*(t) J 

6.4.6 

it foLLows that: 

= F-1[SZ*( W ).S1( w )/SZ( W )J (cf. equation 6.4 . 1) 

6.4.7 

This equation represents the essentiaLs of the generaL mode 

of anaLysis which is described here. The quantity of Ligand 

bound to the protein is obtained by substitution of equation 

6 . 4.7 into the mass baLance expression of equat i on 5.8 . 6 to give: 

pii<t) = ( C1*(0) - F-1[SZ*( w ).S1 (W )/SZ( w )J } 

F J: Cz * (T) d T } - { VZCZ* (t) + 

6.4.8 

Equations 6 . 4.7 and 6. 4.8 constitute the parametric equations of 

the binding isotherm in terms of the parameter t. 

6.5 ProbLe. s associated with Fourier Transformation Theory 

In principLe, the anaLysis to extract the binding isotherm 

from the eLution profiLe data sets using the transfer function is 

di rect and simpLe. In practice, severaL difficuLties are 

encountered . These difficuLties, which are inherent in the use of 

the Fourier transform , stem fr om: 
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i) the use of sampLed data sets; 

ii) the use of discrete Fourier transformation 

(DFT) to approximate the continuous Fourier 

transform, thus introducing an impLied 

periodicity into the data set; 

iii) osciLLations in the transformed data sets due to 

use of a finite number of terms in the Fourier 

summation; 

iv) osciLLations in the transformed data sets due to 

discontinuities in the originaL data, arising from 

truncation of the diaLysis after a finite time, and 

giving rise to the Gibbs phenomenon (Stuart, 1966). 

InitiaL attempts to perform numericaL transformation of the 

data from the time domain to the frequency domain (and the 

inverse transforms from the frequency domain to the time domain), 

by means of the CooLey-Tukey fast Fourier transform (FFT) 

aLgorithm (CooLey & Tukey, 1965; Brigham, 1974), were 

unsuccessfuL because the data set of the sampLed eLution profiLe 

is not time-Limited (nor is its spectrum band-Limited). The 

approximation to the continuous Fourier transform by the discrete 

transform, obtained using the FFT, is poor due to truncation and 

Leakage errors (Brigham, 1974). Certain problems which arise 

from the use of the FFT to effect the transformation of the 

eLution profiLe data from the time domain to the frequency 

domain, and the methods which were empLoyed to eLiminate or 

reduce truncation and Leakage errors, are deaLt with in greater 

detaiL in Chapter Nine. 
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The method which was adopted to circumvent the probLems 

associated with the FFT aLgorithm is based on a proposaL of 

D. GLasser (personaL communication), and used by Greenberg (1969) 

to deveLop the transfer functions used in the process anaLysis 

and controL of a gas-Liquid chromatography system. This procedure 

provides a direct method for the caLcuLation of the transfer 

function, by the use of the LapLace transform, and its numericaL 

inversion by reduction to a Fourier series (Bryson et aL., 1974). 

The use of the LapLace transform of the eLution profiLe to derive 

the system transfer function removes the effects introduced into 

the discrete Fourier transform by the impLied periodicity 

(Brigham, 1974). 

6.6 Laplace Transfor. and Fourier Series Representation of the 

ELution Profile 

Laplace transformation of the data from diaLysis experiments 

circumvents the difficuLties which are associated with Fourier 

transformation when the diaLysis is truncated after a finite 

time. The discontinuity in the diaLysis data is removed by 

extending the experimentaL data by means of an assumed 
• monoexponentiaL decay function (Andre et aL., 1978) . This 

extension is not convenientLy done with the Fourier method for 

reasons which appear beLow. 

The mathematicaL anaLysis described beLow foLLows that of 

Greenberg (1969) and Turner (1974). By first representing the 

data of the extended eLution profiLe as a Fourier series, the 

numericaL Laplace transform permits the transfer function, ZT' 

to be expressed simpLy in terms of these Fourier coefficients. 

Since C1 (t), C1*(t), C2 (t), and C2 *(t) are causaL 

functions, the Fourier transform (equation 6.3.5) is repLaced by 

the LapLace transform: 

J+~ Sj(s) = LCCj(t)] = Cj(t)e-st dt 
0 

for j = 1~ 6.6.1 
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where s is a compLex frequency defined as: 

s = Ct. + iw 

with ~ the decay parameter, and w a frequency in radians. 

In order to carry out the integration of equation 6.6.1 

between the Limits from t = 0 to t = "", the range of integration 

is divided into three parts, which correspond to: 

(1) the experimentaLLy determined data set from t = 0 to t = 2T; 

(2) a mono-exponentiaL function from t = 2T to t = 2~T, and 

(3) a remainder from t = 2tJT to T ="'. 
Thus the eLution profiLes (j = 2 in equation 6.6.1) for both 

the controL and sampLe diaLysis experiments are partitioned as 

shown in Figure 6.3. 

OJ 
u 
C 
'0 
.!l 
~ 

o 
V> 

.!l 
« 

. Figure 6.3 

End of 
data .. et 

Limit of 
it'lte9ratiot'l .. 

Assumed expot'let'ltial 
-~ decay 
-~~~~===~===~===~~-

2T Time 

Ne9li9ible 
cot'ltribution 
to it'lta9rala 

The Experi . entaL and Extended ELution ProfiLe Data Sets 

The experimentaLLy determined eLution profiLes, 

C2(t) and C2*(t~ which are truncated at 

t = 2T are extended by means of monoexponentiaL 

functions to remove the discontinuity at t = 2T. 

The integraL of the LapLace transform for the controL profiLe 

(j = 2 in 6.6.1) can thus be partitioned: 
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L[C2(t)] 

6.6.2 

where 2T is the duration of the dialysis experiment and yet) is 

the mono-exponential decay function, given by: 

yet) = A e-bt 6.6.3 

and chosen to approximate the elution profile in the extension of 

the data set over the interval for t > 2T. ~ is a positive 

multiplying factor, greater than unity, which allows the duration 

of the extended data set, over the interval 2T < t < 2,8T, to be 

varied at will. t3 is chosen such that the third integral term in 

equation 6.6.2 can be made arbitrarily small. A requirement of 

the analysis which follows is that the total duration of the data 

sets (i.e . , which includes both the experimentally obtained data 

and the extension of that data set) be the same for both the 

. control and the sample dialysis. The assignment of values to 

the parameters;3, A and b in equations 6.6.2 and 6.6.3 is dealt 

with in Section 6.10. 

Thus, with the appropriate value of ~, A and b, the Laplace 

transformation of the extended data set (equation 6.6.2) may be 

written as: 
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L[C2(t)] = f2T e- at C2(tle- iWtdt 

o 

f
2i3T 

+ e- at 

2T 

aLternativeLy 

6.6.4 

6.6.5 

where 92(t) is defined to as the product of the eLution profiLe 

and the LapLace convergence function e-at , and has the form: 

92 (t) = for o ~ t ~ 2T 

= A e-( a + b) t for 2T < t ~ 2!3 T 

= o for 213T < t 

6.6.6 

A proper seLection of parameters A and b ensures that 92(t) has 

the properties of continuity and of continuity of sLope over the 

intervaL around 2T. The function 92(t) satisfies the DirichLet 

conditions (i.e., is singLe vaLued, finite, and sectionaLLy 

continuous) and, therefore, can be expressed as a Fourier series 

over the intervaL 0 ~ t ~ 2f3 T (Stuart, 1966). 

Thus, 

d> 

92(t) = Vo/2 + L:{VncoS(n1l'tl!3T) + Unsin(n"tI/3T)} 

n=1 6.6.7 
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The Fourier co effi ci ents Un and Vn are given by the Eu Le r 

equations: 

SZ~T 
VO = (1/2{3T) gz(t)dt 6.6.8a 

0 

r~T 
Vn = (1/2~T) 9Z(t) cos"",,, t/l3T)dt 6.6.8b 

0 

fT Un = (1/Z~T) 92 (t)sin(n" tl{3Tldt 6.6.8c 

0 

and, since 9Z(t) satisfies the DirichLet conditions, Un and 

Vn IIi LL tend to zero for Large n ( BraceweLL, 1978), It 

foL LO>ls from the definition of gZ(t) that for the extended range 

o < t < 2 T: 

C2 (t) = e" t{Vo/2 + 

00 

L:: [VnCOS(,l" tl{3T) 

n=1 

+ Unsin(n" tl{3T)]} 

6.6.9 

Noting that e- i wt = cos( wt) - i sin(wt), and using the 

orthogonaLity properties of the sine and cosine functions it can 

be sho,;n that2 : 

6 .6. 1.J 

where W = n 71 I {3 T and the su:,script n in the sy!;JboL Ln 

denoti ng t he LapLace tr ansfo rm operator is used to show that onLy 

the nth term of the transform is impLied. 

2 Footnote 

,Ihe r e w = n7r/{3T (cont inued) 
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It is necessary to define another function, g1(t), which 

represents the product of the sampLe compartment Ligand 

concentration and the LapLace convergence function . Thus g1(t) 

i s de fined by : 

g1 (t) = 

6.6.11 

The LapLace transform of the function C1 (t) may be 

expressed in terms of the Fourier coefficients of the Fourier 

series representation of 91(t). 

continuation of footnote from previous page 

'" 
[LUnsi n(n 1I't/,6T> + Vncos (n '11' t/,8T) )}dt 

n=1 

"" J213T 
= 1: [Unsi n(n 7t tI/3T> 

n=1 0 

+ Vncos(n 7tt//3T>J.[cos(w t) -i sin(wt)Jdt 

+ 

when W = n'11' 1!3 T n = 0,1, •... 

= ,6T<Vn - iUn) for n 1- 0 

= for n = 0 

---000---
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Thus, if 91 (0, over the intervaL t = 0 to t = 21lT, is 

represented by a Fourier series of the form: 

'" g1 (t) = Qo/2 + L {Qnc'os(n 1ft/t3n + Pnsin(n :ltt/13T)} 
n=1 

6.6.12 

then l[ C1 (t) J = = 

6.6.13 

where wn = n1!/j3T 

It is possibLe to express the coefficients Pn and Qn in 

terms of the Fourier coefficients Un and Vn, because of the 

mass-baLance reLationship between C1(t) and C2(t) given by: 

= 

t 

C1 (0) - [ V2 C2 (t) + F J 0 C2 (T) d T J/V1 

Thus, 

LeC1 (t)J = Le C1 (0) - { V2C2 (t) + F Jt C2 ('r) d'OIV1 J 
o 

;. e., 

or 

6.6.14 

6.6.15 

6.6.16 

6.6.17 
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Qn " and P n may be expressed directLy in terms of the 

Fourier coefficients Un and Vn by simpLifying equation 

6.6.17 and equating the reaL and imaginary parts. It is to be 

noted, however, that the coefficient Qo cannot be evaLuated 

directLy from the LapLace transform of C1(t) in this way, 

because of indeterminancy, and requi res speciaL treatment. The 

method of evaLuating Qo is discussed in Appendix III. 

SimilarLy, the transfer function, IT(a+ i w n), can be 

represented in terms of the Fourier coefficients of the Fourier 

series representation of the impuLse response function, I(t). 

Thus, if the impuLse response function is represented by: 

"" 
I(t) = Bo /2 + 2::: {Bncos(nn" t/,<3T) + Ansin(n:n:t/,1T)} 

n=1 

6.6.18 

over the intervaL t = 0 to t = 28T 

then L[I(t)] = IT(a.+ iWn ) = /.IT(Bn - iAn) •••• 6.6.19 

where again, Wn = n'JC/ f3T 

From the definition of the transfer function in terms of the 

LapLace transform it foLLows that: 

IT( a+ iwn) = L[ C2 (t) J/L[ C1 (t) J 

•••• 6.6.20 

which, on simpLifying and equating reaL and imaginary parts, 

yieLds: 

= 

6.6.21a 
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= 

6.6.21b 

6.6.21c 

Since the coefficients Pn and Qn are functions of the 

Un and Vn's, the Fourier coefficients An and Bn of the 

transfer function may also be expressed directly in terms of the 

Un and Vn's by simplifying and equating the real and 

imaginary parts in the ratio: 

= 

6. 6.22 

In practice, the considerable albegra that the simplification of 

6.6.22 entails can be avoided. The division and simplification 

of the ratio by equating real and imaginary parts to obtain the 

Fourier coefficients A and B is done internally by the 
n n 

computer routine used to process the data by making use of the 

FORTRAN facility for complex arithmetic. 

6.7 The Unbound Ligand Concentration when Prote i n is Present 

The same system transfer function, IT( C/. + i W), governs 

the relationship bet~een the ligand escape curve and the elution 

profile, both for the control experiment and when protein is 

present . Thus 

= Lt C2*(t) ] / L[ C1*(t) ] ••• • 6.7.1 
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where the asterisk denotes functions when protein is present in 

the sample compartment. Hence 

6.7 .2 

Rearranging to solve in terms of Qn* and Pn* by equating the 

real and imaginary parts yields: 

6.7.3a 

6.7.3b 

The free ligand concentration in the sample compartment when 

protein is present can thus be expressed in terms of the Fourier 

coefficients Pn* and Qn* by: 

eO 

C1*Ct) = e a.t {Qo/2 + 2:[Qn*coscn:rrt/,6T) + Pn*sinCnnt/,6T)n 
n=1 

6.7.4 

in which the convergence parameter C(. is assigned the same value 

as in the control dialysis case. 

6.8 The Total Sa.ple Compart.ent Ligand Concentration when 

Protein is Present 

In addition to providing an expression for the concentration 

of unbound ligand in the sample compartment as a function of 

time, the Laplace transform method provides a corresponding 

method for calculating the total quantity of ligand in the sample 

compartment as a function of time. 
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Thus, in the presence of protein 

6.8.1 

where again, p is the protein concentration and vet) is the 

ligand/protein molal binding ratio, here expressed as a function 

of time. Cq(t) represents the total ligand concentration (bound 

and free) in the sample compartment. 

Corresponding to the definitions in the case of the control 

dialysis, the functions 91 t (t) and 9Z*(t) are now defined 

over the range 0 ~ t ~ Z~T by: 

g1 t (t) = e-at .C1*(t) 

6.8.Z 

and 

gz*(t) = e-at.Cz*(t) 

6.8.3 

91 t (t) represents the product of the Laplace convergence 
-OOt function, e , and the total ligand concentration in the 

sample compartment, derived from the mass balance expression 

(equation 6.6.14) incorporating the sample dialysis elution 

profile, CZ*(t). If 91 t (t) is represented by the Fourier 

summation: 

00 

91 t (t) = Qot/Z + I:, [Qntcos(n1tt/PTl + pnt s in(n 1t t/;3Tl]} 
n=1 

6.8.4 

then the Laplace transform of C1 t (t) is given by: 

6.8.5 
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The Fourier coefficients P t and Q t are readily n n 
expressed in terms of the Fourier coefficients U * and n 
Vn* of the Fourier series representation of 92*(t). 

Thus 

t 

L[C1t (tl] = L[ C1*(O) - {V2 C2*(t) + F So C2*('l')d-r}/V1 ] 

6.8.6 

Thus, 

6.8.7 

in which V1 and V2 represent the sample and sink compartment 

volumes, respectively (as distinct from the bold face Vn which 

represents the Fourier coefficients of the sine terms in the 

Fourier series representation of 92*(t». 

Simplification of equation 6.8.7, by equating real and 

imaginary parts, yields 

and 

P t = n 

where Wn = n'1l/ (3 T 

6.8.8a 

6.8.8b 
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The e vaLuation of Qot where n = 0 is agai n a speci aL case, 

which is deaLt "ith in Appendix III. The aLgebraic division and 

si mpLifi cation of equati on 6.8.7 to obtai n vaLues for the Fourier 

coefficients Pn t and Q n
t in terms of the Un * and Vn * 

as shown in equations 6.8.8a and 6.8.8b, is no t necessary since 

thi s can be carried out by ma k ing use of the FORTRAN faciLity f o r 

compLex arithmetic. 

The tot a L Li gand concentration i n the sampLe compartment 

{ C1 t (t) = CqCt) } as a function of time is given by: 

00 

C1 t (t) = c"' at {Qot/2 + L::[Qntcos(n7rt/pTl + pnt s inCn7rt/pTln 

n=1 

6.8.9 

for O<t<2pT. 

6.9 The Quantity of Ligand Bound to the Protein 

The difference between the totaL Ligand concentration and 

the free Liga nd concentration in the sampLe compartment of the 

diaLysis ceLL represents the quantity of Ligand bound to the 

protein. 

Thus, 6.9.1 

Represented as a Fourier series, this quantity i s given by: 

.' 
pvC t) - eat{CQ t - Q *)/2 o 0 

00 

+ e a. t{ L:: (Un t - ~n*) cos (" 7r tl i3 T) } 

+ 

n=1 

<Xl 

e at{ 2: (P n
t - Pn*)sin(n7rtl i3 Tl } 

n=1 6.9.2 

Equations 6.7.4 and 6.1.2 constitute the parametric equations of 

the binding isotherr.1. 
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6.10 EvaLuation of the Fourier Coefficients Un' Vn, Un*, 
and Vn* 
The Fourier coefficients Un and Vn for the controL 

diaLysis, and Un* and Vn* for the sampLe diaLysis, are 

evaLuated by means of the EuLer equations (equations 6.6.8) using 

the appropriate data sets Q2(t) and 92*(t), respectiveLy. The 

range of integration t = 0 to t = 2~T is partitioned into the 

experimentaLLy determined range from t = 0 to t = 2T, and the 

extended range from t = 2T to t = 2~T, as mentioned before and as 

shown in figure 6.3 

Thus 

and 

f
21lT 

+ A C2(t)e-«(¥'+b)tsin(nTCtl,6T>dt 

2T 

6.10.1a 

1
2fH 

+ A C2 (t)e-«(¥'+b>t cos (n 1ft//.3T>dt 

2T 

6.10.1b 

The integraLs over the range t = 0 to t = 2T in equations 6.10.1a 

and 6.10.1b are evaLuated numericaLLy by means of Simpson's ruLe 

or by Gaussian quadrature. The integraLs over the extended range 

from t = 2T to t = 2~T are evaluated anaLyticaLLy using the 

i denti ties: 

6.10.2a 
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and 

6.10.2b 

where C is the constant of integration. 

Substituting the appropriate vaLues and integrating gives: 

S
2tlT 

e-( a+ b) .... sin(n 'Jt?:1 f,3T)d-r = 

2T 

[e-2 (a+b>T cos(S - 2n:1l'I(.3) - e-2 (a+b),8T cos(S) JIM 

and S
2j3T 

e-(<L + b) .... cos (n:1l'1:/,(3T>d?: = 
2T 

[e-2 (C(.+b>T sin(S - 2n:1l' 1/3» - e-2 ( a+b),(3T sin(S)J/M 

6.10.3a 

6.10.3b 

where M = f(C(.+ b)2 + (n:n'/tlT>2' and tan(S) = (QI, + b)/[n:7f//lTJ 

The above anaLysis is appLicabLe to both the controL and 

sampLe diaLyses. 
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6.11 The Evaluation of the Para.eters Used to Generate the 

Extended Data Sets 

It may appear that the extension of the experimentaLly 

determined elution profile data sets by means of a 

monoexponential function is an arbitrary procedure which could 

unduLy bias the results, by forcing the analysis to conform to a 

model which is not necessariLy the correct one. However, 

premultiplication of the data contained in the eLution profiLes 

by the Laplace convergence function, e-~t, will diminish to 

insignificance any discrepancies which couLd arise through the 

assumption of a monoexponential decay function to define the 

extended data set even if the elution profile were, in fact, to 

assume a more complex mode of exponential decay over the extended 

time interval. In addition, the Laplace convergence function 

ensures that the integrals used in the analysis are bounded. As 

has been noted, the extended control and sample dialysis 

experiments must contain the same number of observations. The 

value for the parameter,(.3, which governs the intervaL over which 

the data sets are extended, is derived from the control elution 

profile. It is necessary to use different methods to derive the 

parameters A and b in the monoexponential decay function for the 

control and sample dialyses respectively. 

The vaLue for/3, is chosen such that the analytical integral 

for the controL elution profile, which has been so far negLected: 

I = 6.11.1 

has a value of < 0.1% of the total area under the elution profile 

if the dialysis were continued for an infinite time. Thus, ~ is 

chosen such that: 

= 

6. 11.2 
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The expected total area is known from mass balance 

considerations. It can be shown by integration of the analytical 

expression for C2(t) (equation 5.4.2) that: 

6.11.3 

For the control elution profile, values for the parameters A 

and b in equation 6.11.2 are obtained from the log-linear plots 

of the elution profile, or can be calculated from the elution 

profile by the computer in the routine used to process the data. 

Substitution of equation 6.11.3 for the integral on the right of 

equation 6.11.2, and integration of the left-hand side yields: 

6.11.4 

Experience has shown that estimation of the values of the 

corresponding parameters A' and b' for the monoexponential decay 

expression for the extended sa.ple elution profile, derived 

from the slope and intercept of the log-linear plot of the 

profile as above, introduces systematic errors in the values 

calculated for the concentration of free ligand in the sample 

compartment. Therefore, for the sample dialysis, values for the 

parameters A' and b' are chosen such that the integral 

I' = f:~2*(t)dt + J 
2flT 

A' e-b'tdt 

2T 

6. 11.5 

is forced to yield the correct area according to mass-balance 

considerations 
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i . e., 

+"" 
= J C2 (t)dt 

o J
2flT 

z oC2*(t)dt 

6.11.6 

given that C1(O) = C1*(O) 

It should be noted that an error is introduced by the 

neglect of the last part of the elution profi le, but that 

appropriate choice of {3 limits this error. 

Equation 6.11.6 and the continuity condition: 

C2(2T) = A'e-b '(2T) 6.11.7 

are sufficient to calculate the values of A' and b' . 

6.12 The Number of Ter.s used in the Fourier Summations 

In the description of the analysis, the Fourier series 

representing the ligand concentrations and transfer function were 

summed to infinity. In practice, it is necessary to sele~t an 

upper value, N, for n. A sufficient number of terms have to be 

included in the series to ensure that the representation of the 

functions by a series is accurate. The functions representing 

the ligand concentrations and the impulse response function 

satisfy the Dirichlet conditions, therefore the Fourier 

coefficients converge to zero for large n. An optimum va lue for 

the number of terms to be included in the Fourier summations will 

contain sufficient terms to avoid inaccuracies in the 

representation of functions by series, but will not contain so 

many terms as to require excessive computer time for the data 

processing. 
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A cutoff term N can be chosen such that UN/Yo and 

VN/V o < € where. can be made arbitrariLy smaLL, for 

exampLe. < 10-3 • This procedure, however, may invoLve the 

incLusion of unnecessarily high frequency terms in the summation. 

The high frequency terms in the Fourier series representation of 

the eLution profiLe contain contributions from high frequency 

noise components in the signaL. These high frequency noise 

components, in which the contributions from noise are Larger than 

those of the signaL, may be usefuLLy excLuded without significant 

Loss of information. 

An optimum vaLue for the cutoff frequency can be obtained 

from a computer generated pLot of the power function. This is a 

pLot of the moduLus of the Fourier coefficients Un and Vn 

i.e., l" v n
2 + un

2 , as a function of the term n. 

Frequencies at which signaL noise becomes appreciabLe are readiLy 

discernabLe from such a pLot. The eLimination of these high 

frequency components effects a "smoothing" of the data (BraceweLL 

and Roberts, 1954; de Levie et aL., 1978). 

6.13 The LapLace Convergence Para. eter 

The LapLace convergence parameter, ex, is given a non-zero 

vaLue to ensure convergence ' of the integraL terms used in the 

evaLuation of the Fourier coeff i cients un *, Vn*, 

Qn* etc., in the event that the integral}:;2*(t)dt is unbounded. 

At the same time, the convergence function, e- <tt, ensures that, 

for Large t, the sampLe eLution profiLes conform to a mono-

exponentiaL decay. This provides justification for the use of 

monoexponentiaL expressions to describe the hypotheticaLLy 

extended data sets (especiaLLy for the sampLe diaLysis) over the 

extended intervaL from t = 2T to t = 2~T . 
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of ex 

The analysi s tolerates a certain latitude in the selection 

However, if ex i s too large, t he observed data in the 

latter part of the elution profi le \oIill be reduced to noise 

le ve l. The contributi on of observed data will decrease with 

increasing t, and the yield of reliable information fr:lm the 

dialysis "ill be correspondingly reduced . The anal,sis requires 

that the same value for ex be used for both the control dial,sis 

and the dialysis of ligand from the protein-ligand mixture. The 

convergence parameter is inversely correlated to the rate of 

diffusion and eluting processes (i.e., implicitly related to the 

half-life t1/2 of the dialysis process). Thus, the more 

rapi dl, the sink compartment ligand concentration decays, the 

smaller the value that needs to be assigned to ex It \oIas 

found, using computer simulated elution profiles based on the 

phenol red-GSA binding system incorporating appropriate binding 

paralneters, that a value for ex given by ex < b/10, where b is the 

slope of the log-linear plot of the control elution profi le 

CZ(t) for large times, gave satisfactory results. 

6.14 The Gibbs Phenomenon - Effect on the AnaLysis 

A test of the validity of the method, using computer

generated elution profi les to simuLate the phenol red-lJSA 

interactio)n, ShOllS that the parametric equati<J ns 6.7.4 and 6.9.2 

exhibit :lsci llations 'Ih ich increase in freque ncy with en increase 

i n th2 number of terms used in the Fourier series. In addition, 

the graphs of C1 (t) and C1*(t), as functions of time, do not 

i nte rsect the ordinat ·~ (at t = 0) at a value corresponding to the 

Rather, as 

se~ll in Figure 9.8 these graphs rise rapi dly from the origin and, 

as shown by comparison with synthetic data which are generated 

frOM t he analyticaL soLution of the system differential equations 

(equations 5.3.1a & band 5.5.2), overshoot the sampLe 

compartment li gand concentration curves. This effect is a 

consequence of the Gibbs phenomenon (PapouLis, 1962). The 
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osci LLations and overshoot resuLt from the discontinuities in 

C,Ct) and c,*Ct) at t = 0, due to the injection of sampLe int o 

the di aLysi s ceL L. The osci LLatio ns ill the parametric equations 

6.7.4 and 6.9.2 contribute to uncertainties ill both the abscissa 

and ordinate of the binding isother,n IIhen vCt) is pLotted as a 

function of C,*Ct). 

The osci LLations in the parametric equations of the binding 

isotherm, due to the Gibbs phenomenon, can be smoothed using 

Lanclos' smoothing factors CLanclos, '967; Hamming, 1973). 

HOl4ever, it was shown that, by incorporating Lanclos' smoothing 

factors into the anaLysis, aLthough this technique effects 

smoothing of the oscilLations, it does not eLiminate the initiaL 

rapid rise and overshoot in cqCt) or c 1 *Ct) in the 

neighbourhood of t = O. 
A preferred method, which re,"oves both the initiaL step and 

overshoot as weLL as the osciLLations due to the discontinuity at 

t = 0, is due to KryLov CI~antarovich & KryLov, 1964). By this 

technique, the sLowLy converging components of the Fourier sum 

Cwhi ch represent the step) are removed. The remainder is a 

r apidLy convergent series which does not dispLay the Gibbs 

phe nomenan. The sLowLy converging part, which has an anaLyticaL 

sum to infinity, can be added back. DetaiLed description of 

this procedure to eLiminate osci LLations arising from the Gibbs 

phcll.:>r.wnoJn is gillen in .l\j":r:o _'n";·i:. :: .' . 
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6.15 Evaluation of the Analysis 

It was found, whiLe evaLuating the anaLysis in terms of 

computer-generated data sets to simuLate phenoL red-BSA binding, 

that certain features in the anaLysis needed to be modified. 

These aspects concern mainLy the zero frequency (initiaL) terms 

in the Fourier series representations of the LapLace transforms. 

For exampLe, the initiaL terms Qo and Qot cannot be evaLuated 

directLy because of indeterminancy and require speciaL treatment. 

In a fuLL evaLuation of the anaLysis it is aLso necessary 

to examine the vaLidity of the assumption of a monoexponentiaL 

decay function to represent the extended data set for the 

diaLysis of Ligand from the protein-Ligand mixture. In addition, 

it remains to be shown that the diaLysis ceLL does represent a 

Linear system. The discussion and treatment of these points are 

deferred to Chapter Nine. 

A computer program, written in FORTRAN, to process the data 

by estabLishing the transfer function from the controL diaLysis 

experiment and to evaLuate the binding isotherm in terms of the 

parametric equations 6.8.9 and 6.9.2 (program DELTA) is presented 

in Appendix V. 
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Chapter Seven 

AppLications 

In this chapter, certain experiments used to obtain binding 

isotherms by means of the CFDD method are described. These 

experimentaL procedures reLate to: 

i) an evaLuation of the methods of anaLysis deveLoped 

to extract the binding isotherm from the diaLysis data; 

ii) appLication of the CFDD technique to measure 

the binding of certain pLant phenoLic materiaLs 

to soluble collagen. 

In the former category, a study of the binding of phenol red 

to BSA at 15 0 , 20 0 and 25 0 C has been undertaken to obtain data 

which could be processed in terms of the analyses developed in 

Chapters Five and Six. A comparison of binding parameters for 

the phenol red-OSA binding system obtained by the CFDD method 

with values reported in the chemical literature and obtained by 

other techniques has been used to confi rm the rel iabil i ty of the 

method. 

Besides the application of the CFDD method to measure 

collagen-ligand binding, the pro~edures to extract and purify 

collagen are described. Methods used to establish the quality of 

the collagen preparation and determine accurately the 

concentration of the collage~ solutions in solution are also 

desc ribed. 
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A Methods 

7.1 The Dialysis Apparatus 

The essential features of the CFOO cell and schematic 

diagram of the complete apparatus incLuding the flow-pump, 

monitoring and recording systems were shown in Figures 5.1 and 

5.2 of Chapter Five. A plan of the cell showing dimensions and 

additional modifications, is shown in Figure 7.1 . A Photograph of 

the diaLysis cell and compLete apparatus is shown in PLates VII 

and VIII. 

In addition to the sampLe and sink compartments, a top 

chamber through which water from ti,e constant temperature bath 

passes, was incorporated into the diaLysis ceLL to · achieve 

temperature controL. This arrangement, however, was found to be 

inadequate and it was found necessary to immerse the entire ceLL, 

eLuting buffer reservoir and fLow-Lines in the constant 

temperature bath in order to attain the necessary temperature 

controL. 

The contents of the sink compartment of the diaLysis ceLL 

are stirred by means of gLass beads and a bar magnet. Rotation 

of the bar magnet is effected by means of an axiaLLy mounted 

magnet in a chamber beLow the sink compartment. 

rotated by means of a water turbine. 

This magnet is 

In order to avoid the possibiLity of abrading the surface of 

the diaLysis membrane in the sampLe compartment by having a 

magnetic stirrer resting on the membrane surface, the contents of 

this compartment are stirred by means of a mechanicaLly driven 

nickel stirrer. This stirrer, which does not come into contact 

with the membrane, has a v,rticaLLy mounted axis situated off

centre to the cyLindricaL sampLe compartment to ensure mixing 

rather than mereLy imparting a rotationaL motion to the solution. 

The sampLe is introduced into the diaLysis ceLL by means of 

a caLibrated gas-tight syringe. The channeLs Leading to and 

from the sink compartment are 1 mm 1.0. holes tapped to 

accomodate Luer fittings and 1 mm 1.0. Tygon tubing. A 

peristaLtic pump (Pharmacia P-3) is used to maintain a constant 

fLow of eLuting buffer through the sink conmpartment. I~itiaL 
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Figure 7.1 
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Plate VII 

(he Continuous-Flow Dynamic Dialysis Cel l 
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Plate VIII 

The complete apparatus for investigating protein-ligand 

binding by continuous-flow dynamic dialysis 
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attempts to obtain a constant flo~ using a Marriot flask and 

gravity feed proved unsatisfactory. Eluting buffer flow rates 

are monitored by recording at regular intervals (usually every 10 

minutes) the mass of eluting buffer collected. 

It is necessary to adjust the eluting buffer flow rate, 

depending on the extinction coefficient andlor initial 

concentration of the ligand. The eluting buffer flow rate was 

adjusted so that the value of the maximum absorbance in the 

elution profile for the control experiments was in the range from 

0.4 to 0.7 absorbance units. Flo~ rates 

limits of 0.2 x 10- 2 to 0.1 x 10-1 
were varied 

3 -1 
em s • 

between the 

An uppe r 

limit of the eluting buffer flow rate is imposed by the geometry 

of the flow cell. Too large a flo~ rate le-ads to inefficient 

mixing within the sink compartment and produces undulations in 

the elut10n profile. 

Temperature control is achieved by means of a Colora Ultra 

thermostat used in conjunction with a Colora-Tauchkuler cold-

finger refrigerater system. The eluting buffer reservoir, the 

flowlines and dialysis cell are immersed into the constant 

temperature bath. The use of a thermostatically controlled 

relay and a 200 watt light bulb partially immersed into the 

constant temperature bath, as an auxiliary heat source, makes it 

possible to confine temperature variation in the dialysis cell to 

within 0.05 0C. Temperatures in the sample compartment of the 

dialysis cell were determined using a digital display thermister. 

Ligand concentrations in the eluting buffer flow stream were 

monitored spectrophotometrically using a Beckmann Acta CII 

spectrophotometer and a 60 ~l spectrophotometer flow-cell. A 

w.w. chart recorder was used to provide a visual means of 

checking the course of diaLysis. 

Binding studies on the phenolic tannin precursor materials 

to collagen, as in the case of phenol red-BSA interactions, were 

carried out in duplicate for each compound. The ligand 

concentration range over which the binding was studied varied 

slightly from ligand to ligand depending on their solubilities 

and extinction coefficients. Upper concentration limits were 

imposed by the solubility of the compound in question. 
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B Materials 

7.2 The DiaLysis He.brane 

The dialysis membrane ·consists of Visking cellulose dialysis 

tubing 4465-A2 (Union Carbide), with an average pore diameter of 

480nm. In order to remove plasticisers and other membrane 

contaminants, the membrane is pretreated by boiling in 0.2M 

sodium carbonate solution for 30 minutes, then washed and boiled 

for a further 10 minutes in distilled water (Weiss 1976). Excess 

treated membrane was stored in distilled water in a refrigerator 

(0 - 4 °C) for further use. 

7.3 Binding Agents 

Phenol red 

Phenol red (lot no. 737367) was supplied by Merck 

(Darmstadt) and recrystallized prior to use according to the 

method of Orndorff & Sherwood (1923). Control solutions were 

prepared in pH 7.3, 0.04M phosphate buffer using A.R. grade 

sodium dihydrogen phosphate and disodium hydrogen phosphate. 

Mononuclear Phenols 

Preliminary binding studies were carried out using phenol 

and the dihydric phenols catechol, resorcinol and dihydroquinone. 

These materials were obtained from Merck (Darmstadt) and 

purified by sUblimation prior to use. The solution 

concentrations were determined . spectrophotometrically using the 

following reported values for the extinction coefficients 

(Pasto & Johnston, 1966). 

Compound lJave l engt h Extinction coefficient 

Inm m-1 

Phenol 270 1450 

Cat echo l 278 2630 

Resorcinol 277 2200 

Dihydroquinone 293 2700 
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pLant PhenoLic MateriaLs 

The monomeric precursor materiaLs of the hydroLysabLe wattLe 

tannins gaLLic acid, C7H605 (M . Mass 170) and isopropyL gaLLate, 

C10H1205 (M.Mass 212) used in binding studies were suppLied 

by Merck (Darmstadt) and purified before use by recrystaLLization 

from water . The suppLiers of the pLant phenoLic materiaLs are 

Listed beLow. These compounds were purified by recrystaLLization 

from water or water/ethanoL mixtures. 

Compound FormuLa 

BraziLin 

Catechin 

D i hyd roque rcet i n 

Dihydrorobinetin 

HaematoxyL in 

SuppLier 

FLuka A. G.Chemiese Fabrik 

Germany 

Batch No. 53215 

Koch-Light Laboratories 

Ltd. CoLnbrooke EngLand . 

Batch No . 57392 

FLuka A.G.Chemiese Fabrik 

Germany 

Batch No. 158601/584883 

SuppLied by Prof.D.Roux 

University of the O.F.S 

BLoemfontein. S.A. 

Hopkins & WiLLiams Ltd. 

ChadweLLheath EngLand . 

!3atch No. 75290 

~lethod of 

purification a 

w/e 

w 

w 

../e 

a RecrystaLLized from water (w) or water/ethanoL (w/e) mixture. 

The materiaLs were dried and stored under vacuum and over silica geL. 
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7.4 Proteins 

Bovine Serum ALbumin 

Sovine serum aLbumin Fraction V (Batch No. B.P.E. 1572 

Mi Les-Seravac Cape Town S.A) was used for the determination of 

the phenoL red-BSA isotherm. Binding studies were carried out on 

BSA soLutions of approximateLy 0.55% (m/v). To avoid errors in 

the measurement of the protein concentration due to hygroscopic 

absorption, BSA concentrations were standardised 

spectroscopicaLLy using a vaLue of E1~m = 6.60 (CLark et 

aL., 1962; ChignaLL, 1969; ReynoLds et aL., 1970). 

CoLLagen 

CoLLagen was extracted from the skin of a six-week oLd 

Jersey buLL caLf, as outLined beLow. 

C The Extraction and Purification of CoLLagen 

7.5 Extraction 

The method of extraction consisted of a modification of the 

extraction procedures described by Gross (1958) and Piez et aL. 

(1963). 

The skin from the freshLy sLaughtered caLf was washed and 

immediateLy cooLed in ice, macerated and extracted successiveLy 

at 40 C for 48 hours with 0.15M sodium dihydrogen phosphate to 

remove the pLasma proteins, 10% sodium chLoride soLution to 

remove the neutraL-saLt soLubLe coLLagen, and 0.5M acetic acid to 

extract the acid-soLubLe coLLagen. Each extraction procedure 

was repeated three times using about 10 voLumes of soLution based 

on macerated skin mass. 

The soLutions wer~ stirred intermittentLy during the 
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ext raction. The extracted Liquors were vacuum-filtered 

successiveLy through musLin, cotton wooL, and Whatman No. 541 

fiLter paper. The neutraL-saLt soLubLe coLLagen extract was 

precipitated by the addition of 5% m/v acetic acid and aLLowed to 

stand, with intermittent stirring, for 3 - 5 days at 4°C. The 

supernatant Liquid was siphoned off and the precipitate subjected 

to centrifugation at 9 000 rpm for one hour at 50 C. The acid

soLubLe coLLagen extracts were precipitated by the addition of 5% 

m/v sodium chLoride and treated in the same way as the neutraL

saLt soLubLe coLLagen extract. 

7.6 Purification of collagen 

Purification of acid solubLe coLLagen was achieved by 

precipitation and diaLysis (Gross, 1958; l3azin & DeLauney, 1976). 

The combined precipitates of the acid-soLubLe coLLagen extracts 

were redissoLved in the minimum quantity of 0.5M acetic acid. The 

soLutions were centrifuged at 12 000 rpm for one hour and then 

dialysed against 0.2M disodium hydrogen phosphate, with frequent 

changing of the phosphate soLution, untiL the coLlagen 

precipitated in the diaLysis tubes. 

The consoLidated precipitates were redissoLved in the 

minimum quantity of 0.15M acetic acid and dialysed against 0.15M 

acetic acid at 40 C for 24 hours. The reprecipitated coLLagen 

was again centrifuged, decanted, and finaLly LyophiLized. The 

purity of the preparation was confirmed by ash, nitrogen a nd 

carbohydrate determinations. MoLecuLar mass distributions were 

determined using a Seckman LS 52 ultracentrifuge ~ Amino acid 

anaLysis and separate hydroxyproLine determinations using the 

method of MitcheLL & TayLor (1970) were aLso carried out. 

The resuLts of the amino acid anaLysis are tabuLated in tabLe 7-1. 

The resuLts are the mean vaLues of a tripLicate anaLysis. For 

purposes of compa ri son, the resuLts reported for an arnino acid 

analysis of caLf-skin coLLagen by Eastoe (1967) are aLso 

tabuLated. 
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Tab Le 7 - I 

CoLLagen Preparation - Amino Acid AnaLysis 

(a) (b) (a) (b) 

'f % % % " , 
aLanine 9.88 10.32 methionine 0.37 0.97 
g Lyci ne 25.22 26.57 aspartic acid 5.89 6.95 
vaLine 2.07 2.46 pheny La Lani ne 2.06 2.35 
threonine 1.98 2.26 gLutamic acid 10.36 11 .16 
serine 3.61 4.27 . Lys i ne 3.84 3.96 
Leuci ne 3.18 2.73 tyros i ne 0.56 0.90 
i so Leuc i ne 1.32 1.88 arginine 8.89 8.22 
proLine 13.97 14.43 histidine 0.45 0.70 
hydroxyproLine 12.72 12.83 

(a) Present study 

(b) from Eastoe (1967) 

7.7 AnalyticaL measurements on TotaL Protein 

i) Determination of Ash 

Ash determinations using the method of Eastoe & Courts 

(1963) were carried out in tripLicate on 90 - 110 mg sampLes of 

the LyophoLized coLLagen. The ash content was found to be Less 

than 0.02%. 

ii) Determination of Moisture 

Moisture determinations were done in quadrupLicate on 90 -

110 mg sampLes of LyophiLized coLLagen, using the method of 

Eastoe & Courts (1963). The moisture content of the coLLagen was 

found to vary considerabLy due to its hygroscopic nature. For 

this reason, opticaL rotation measurements based on a 

predetermined specific rotation were used to standardize the 

concentration of coLLagen soLutions used for diaLysis. 
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iii) Nitrogen determinations 

Nitrogen determinations were carried out on both pre-dried 

coLLagen sampLes as a check of the purity of the coLLagen 

preparation, and on coLLagen soLutions to provide a method for 

accurateLy determining the concentration of the coLLagen in the 

soLution. Nitrogen determinations were carried out on 100 mg 

sampLes which had been dried at 100 0 C for 4 hours over caLcium 

oxide, using a modification of the method described by Eastoe & 
Courts (1963). 

As in the Eastoe & Courts method, the modified method 

invoLved a KjeLdahL digestion of the protein in suLphuric acid, 

using a copper suLphate and mercuric oxide cataLyst to convert 

the protein nitrogen to ammonium suLphate. The ammonia which 

was Liberated from the ammonium suLphate by the add i tion of 

aLkaLi was taken up by 0.1M boric acid and determined 

titrimeticaLLy using a Metrohm-Heraus E.436 potentiometric 

titrimeter. The mean nitrogen content on a dry ash-free basis 

determined from repLicate experiments was 18.03 ! 0.01% which 

was consistent to within 0.6% of a pubLished vaLue of 18.6% for 

caLf-skin coLLagen (Eastoe, 1967). 

iv) · Carbohydrate AnaLysis 

A Low carbohydrate content in coLLagen can be considered as 

a criterion of purity of the coLLagen preparation. Carbohydrate 

anaLyses were undertaken on an acid hydroLysate of the coLLagen 

preparation. T~e neutraL sugars in the hydroLysate were 

separated from the hexosamine and amino acids using a 15 cm Dowex 

50 chromatography coLumn (Anastassiadis & Common, 1958) and the 

carbohydrate content of the eLuate was determined using the 

method of Grant & Jackson (1968). The carbohydrate content, 

expressed as totaL hexose in terms of a gaLactose standard, was 

found to be 0.53 + 0.05 %. This vaLue is in cLose agreement 

with a reported vaLue of 0.4 % (Sharon & Li, 1980). 
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7.8 Preparation of Collagen Solutions 

Collagen solutions were prepared by dissolving lyophilized 

collagen in the acid component of the phosphate buffer (O.OSM 

phosphoric acid) at SoC with continuous stirring over a period 

of 24 hours. This solution, the primary stock solution, 

contained approximately 2.5 mg/cm3 of collagen. After adjusting 

the pH of this solution to the desired value (pH 3.0) by the 

addition of sodium hydroxide solution, the solution was 

centrifuged at 15 000 rpm at SoC, for one hour. The 

centrifuged stock solution was then mixed with sufficient volume 

of buffer solution to provide a stock concentration of 

2.0mg/cm3 • Aliquots of this, the secondary stock solution, were 

mixed with equal volumes of buffer solution for polarimetry 

measurements which were used to determine the exact protein 

concentration, or with equal volumes of double strength buffer 

solution, containing the ligand, for the dialysis experiments. 

This procedure ensured that the protein concentration in all the 

collagen solutions used for binding studies was 1.0mg/cm3 • 

The same double strength ligand solution, diluted with an 

equal volume of buffer solution, was used in the control dialyses, 

carried out without protein, to determine the permeation constant 

for the ligand. The concentrations of protein in the secondary 

protein stock solutions were determined by polarimetry 

measurements using a specific rotation calibrating factor for a 

1.00 mg/cm3 collagen solution. This factor was determined from 

a 1.00 mg/cm3 solution, the concentration of which had been 

accurately established by comparison of its nitrogen content with 

that of dried lyophilized collagen. 

The optical rotation of the collagen solutions were 

determined using water-jacketed polarimeter tubes at 15 0 C in a 

Perkin-Elmer model 141 polarimeter at a wavelength A = 365 nm. 

Specific rotation values were calculated from a mean of 4 
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readings, each from 4 separate fiLLings of the poLarimeter tube. 

OpticaL rotation measurements ~ere taken one hour after fiLLing 

the tubes, to ensure temperature equiLibrium. 

Using the 1.0mg/cm3 coLLagen soLutions, ~hose coLLagen 

concentration had been estabLished from the nitrogen content, a 

standard opticaL rotation constant ~as caLuLated using the 

formuLa: 

= 100a/dC 

~here: 

a is the observed opticaL rotation in degrees; 

d is the opticaL path-Length in decimeters; 

and C is the coLLagen concentration in mg/cm3 

7.8.1 

7.9 Evaluating the Effects of the Experimental Variables 

The influence of experimentaL variabLes, such as pH, 

temperature, buffer concentration, stirring rate, viscosity, and 

sampLe soLution voLumes, on the rate of diaLysis and on the shape 

of the escape curve have been reported by Meyer & Guttman (1970b). 

In the present CFDD method, standardized experimentaL conditions 

~ere empLoyed. ALL binding -studies were conducted at constant 

pH, temperature, and sampLe soLution voLume. PotentiaL sources 

of experimentaL error, and methods adopted to Limit their effect, 

are discussed beLo~. 

i) Viscosity 

In an attempt to keep the viscosity of the sample soLution 

constant, aLL binding studies were performed on protein solutions 

having the same protein concentration (approximately 1mg/cm3 ). 

Ho~ever, because of the difficuLties associated ~ith the 

soLubiLization of coLLagen and the hygroscopic nature of the 
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protein, protein concentrations did vary sLightLy from the 

standard vaLue. This variation in protein concentration was, 

never, however, more than 1% in different binding experiments. 

ii) The DiaLysis Membrane 

ALthough use of the diaLysis ceLL ensures that the area of 

membrane exposed to the sampLe and sink soLutions is constant in 

aLL expe riments, va Lues for the permeation constants for a given 

Ligand were found to vary sLightLy when the membrane was changed. 

These effects are probabLy due to differences in stretching when 

the membrane is fitted into the diaLysis ceLL. For this reason, 

controL and binding experiments for a given Ligand were carried 

out using the same piece of diaLysis membrane, without remounting. 

When dupLicate binding studies were carried out for a given 

Ligand, controL and binding experiments were aLternated to guard 

against the possibility that the permeation characteristics of 

the membrane lIouLd change as a resuLt of Ligand or protein 

adherence to the membrane. It lias found that the permeabiLity of 

the membrane couLd be affected by the presence or absence of the 

buffer background ions. This made it necessary, after rinsing 

the diaLysis ceLL lIith distiLLed water at the end of a diaLysis 

experiment, to re-equiLibrate the membrane with the background 

buffer soLution. Fresh membranes were used for each new Ligand . 

iii) Binding of the Ligand to the Membrane 

Meye r & Guttman (1970a) stated that bi ndi ng of the Ligand to 

the membrane is indicated by curvature in the L~g-Linear pLot of 

the sampLe compartment Ligand concentration as a function of 

tim e • A Linear pLot lias interpreted by these authors to 

indicate an absence of Ligand binding to the membrane. Stellart 

(1977), however, has sholln (for systems such as that used by 

Meyer & Guttman) an upllard curvature of the Log-Linear escape 

curve (Log[C1*(t)] vs t), is a function of sampLing frequency 

IIhen back-diffusion is negLected, and that curvature in this pLot 
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can be induced simply by increasing the time between sampling. 

This indicates that such curvature is caused by back diffusion of 

the ligand. An upward curvature of the log-linear escape curve 

can also be explained in terms of osmotic effects (Sheih, 1978). 

These considerations do not apply to the CFDD method where 

the sink compartment is being continuously eluted. An 

alternative test to check whether ligand-membrane binding 

occurred was devised. Dialysis membrane, having been exposed to 

the ligand in a dialysis situation, was rinsed with distilled 

water, placed in a supporting frame and its UV spectrum scanned 

over the absorbance range of the ligand. A comparison of the 

spectrum of this membrane with that of membrane not exposed to 

ligand was used as a test for ligand binding to the membrane. 

Such comparisons showed that no significant binding to the 

membrane of the ligands investigated could be detected. 

iv) Binding of Protein to the Membrane 

The possibility of BSA or collagen binding to the mernbrane 

was investigated by removing the membrane from the dialysis cell 

after it had been exposed to the protein, rinsing gently with 

distilled water, and then hydrolysing the membrane in SM 

hydrochloric acid. The hydrolysate was tested for the presence 

of amino acids by treatment with ninhydrin solution. This test 

showed no indication that either of these two proteins bound 

significantly to the membrane . 

v) Osmotic Effects of the Protein Solutions 

Meyer & Guttman (1970) and Kanfer (1976) considered the 

effect of osmosis by determining whether a change in the protein 

concentration in the sample compartment, due to osmotic uptake of 

solvent, occurred over the course of a dialysis experiment. Such 

a procedure could not be adopted in the present study because of 
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the small volume of protein solution used <1.5 cm 3 ), and the 

difficulties encountered in quantitatively removing this solution 

from the dialysis cell for protein assay. 

An alternate procedure was adopted in which the sample 

solution was subjected to additional hydrostatic pressure to 

compensate for osmotic pressures. The results of these 

experiments were compared with the results obtained for dialysis 

experiments performed under atmospheric pressures. A theoretical 

value for excess hydrostatic pressure, Pi' to compensate for the 

osmotic pressure was calculated on the basis of the protein 

concentration by the formula: 

Pi = MRT 7.9.1 

where M is the molarity of the protein solution, R the 

universal gas constant, and T the absolute temperature. 

The excess pressure to compensate for osmosis was applied to 

the sample solution by fitting an hydrostatic U-tube arrangement 

to the dialys i s cell. Dialyses carried out under increased 

pressure yielded the same results as dialysis at atmospheric 

pressure, from which it was conc lu ded that, at the protein 

concentrations used and over the durations of the dialysis 

experiments, osmotic effects are not significant. 

vi) The Effect of Stirring Rate 

Although a standard stirring rate of 100 rpm was used in all 

binding study experiments, control experiments using phenol red 

were carried out using different stirring rates to test the 

efficacy of the stirring and to examine whether the rate of 

stirring had any effect on the elution profile or shape of the 

ligand escape curve, and to ensure that the experimental 

reproducibility of the CFDD method was independent of the choice 

of the stirring rate. 
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Successive diaLys i s expe r iments in which aLL the parameters 

except the rate of stirring were kept constant showed that, for 

the particuLar diaLysis ceLL, the eLution profiLe and escape 

curve are independent of the stirring rate, as Long as the 

stirring does not produce frothing in the protein soLution, and 

is sufficientLy rapid to mix the contents of the protein 

compartment. 

vii) Temperature Effects 

The present study has shown that the CFDD method is very 

sensitive to temperature fLuctuations. Binding studies over a 

temperature range from 15 - 25 0 C show that the Ligand permeation 

constant increases with increasing temperature. 

In order to achieve effective temperature controL, it was 

found necessary to suppLement the CoLora temperature bath and 

thermostat with a fine controL heat source. This consisted of a 

200 watt Light buLb which was partiaLLy immersed into the 

constant temperature bath. The Light buLb was connected in 

series with a thermostaticaLy controLLed reLay switch. A 

constant temperature heat sink was aLso provided by circuLating 

water from a second CoLora consta nt temperature bath, which 

incorporated a CoLora-TauchkUhLer coLd finger refrigerator 

system, through a heat exchanger coiL in the constant temperature 

bath containing the diaLysis ceLL. 

viii) Spectrophotometer Drift 

The CFDD method is s~sceptibLe to the possibiLity of 

systematic errors which can resuLt from a graduaL drift in the 

spectrophotometer base Line because of the Lengthy duration of 

diaLysis experiments (usuaLLy about 7 hours). In order to 

determine whether any such effect did occur, a two-way tap was 

incorporated into the system fLow-stream so that the eLuting 

buffer fLow stream couLd be diverted to bypass the diaLysis ceLL. 

At the end of the diaLysis experiment, the tap wouLd be set so 

that fresh eLuting buffer soLution couLd fLow di rectLy from the 

reservoir to the spectrophotometer fLow ceLL. 
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A measure of the overall spectrophotometer base line drift 

was obtained by measuring the optical absorbance after allowing 

the eluting buffer to flush the flow lines and the 

spectrophotometer flow cell free of ligand. 

found to be within the specification 

This was usually 

limits of the 

spectrophotometer (0.005 in absorbance) and it was not necessary 

to make corrections for this source of error. The computer 

program written to process the data does, nevertheless, include a 

routine whereby if it is assumed that the baseline drift is 

linear with time over the course of the dialysis experiment, the 

drift-signal may be subtracted from the elution profile. 

7.10 Data Processing 

The data contained in the elution profiles was processed by 

means of a computer to extract the binding isotherms and binding 

parameters. This was facilitated by interfacing the 

spectrophotometer to a data-logging device, so that the elution 

profile could be recorded automatically onto paper tape in a 

computer readable format. 

A general scheme for processing the raw data was adopted. 

This entailed obtaining computer drawn linear and log-linear 

plots of the elution profiles, to provide a check that the data 

was free of spurious peaks from electric impulses or 

transcription errors. After necessary editing of the data, a 

computer routine was used to provide values of the slope of the 

latter linear portion of the log-linear plot of the elution 

profile (i.e., that region of the curve after the profile had 

passed through its maximum) and a value for the extrapolated 

intercept of this linear portion of the curve with the ordinate. 

These parameters are subsequently used in the routine which 

calculates the transfer function. These values can also be used 

to check variation of experimental variables such as change in 

sink compartment volume resulting from distension of the membrane 

due to dynamic pressures of the eluting buffer flow (Appendix 

II), 
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The data of the controL experiments can at this stage either 

be processed to extract the permeation constant, or be pooLed 

with the data from protein-Ligand diaLysis experiments to be used 

in the computer routine which evaLuates, simuLtaneousLy, the 

transfer function and the binding isotherm. If the option to 

evaLuate a permeation constant is seLected, a routine to 

caLcuLate the mean vaLue of the permeation constant and the 

within-run ~tandard deviation for the permeation constant is 

utiLized, together with a routine to provide a graphicaL pLot of 

the variation of the permeation constant with time, over the 

course of the di aLysis. The appropriate vaLue of the permeation 

constant is incorporated into the data set of the protein-Ligand 

diaLysis and processed by the 'permeation constant' routine to 

derive the parametric equations of the binding isotherm. 

ALternativeLy, the isotherm may be caLcuLated by the 

transfer function routine. Once the parametric equations of the 

binding isotherm have been estabLished, they can be used to 

generate a computer pLot of the binding isotherm, or be subjected 

to transformations to obtain equivaLent forms such as the 8jerrum 

pLot, reciprocaL pLot, doubLe reciprocaL pLot, etc. These pLots 

are used to provide initiaL vaLues for the binding parameters for 

the protein-Ligand system. The initiaL estimates are 

subsequentLy used in an iterative non-Linear Least squares 

routine to obtain the refined vaLues for the binding parameters. 

A fLow diagram of the procedures used to extract the binding 

isotherm and binding parameters from the eLution profile data is 

given in Figure 7.2 

A Listing of the computer routines used in the data anaLysis 

is given in Appendix V. The computer routine written to obtain 

the binding isotherm by the permeation constant method is given 

in Appendix VI, and the routine to derive the binding isotherm by 

the transfer function method is given in Appendix VII. 
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The iterative Least squares procedure t o derive the refined 

vaLues of the binding parameters is that of ChandLer (1965) which 

was found to be very stabLe . The subroutine which permits the 

binding parameters to be evaLuated in terms of a binding-site 

modeL or the generaLized modeL, which incLudes compLex vaLues for 

the binding constants, is Listed in Appe n dix VIII. 
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Chapter Eight 

ResuLts: EvaLuation of the CFDD method and Data AnaLysis 

using the Permeation Constant method 

8.1 PhenoL Red-BSA Interactions at 25 °c 
ELution profiLes depicting the diaLysis of phenoL red at 25 °c 

are shown in Figure 8.1 a. The profi Les are shown for two sets 

of diaLysis experiments, each set consisting of a controL and a 

sampLe diaLysis experiment. Log - Linear pLots of the eLution 

profiLes are shown in figure 8.1 b . 

Figure 8.1 a 
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ELution profiLes for the diaLysis of phenoL red at 25 °c 

The eLution profiLes representing the sink compartment Ligand 

concentration as a function of time are expressed in absorbance 

units at A= 269 nm (E. = 10800 M-1 ) . The initiaL phenoL red 

concentration for both the controL and sampLe diaLyses 

x 10-3 [1 with an eLuting buffer flow (Experiment 1) 

rate 0.3 x 10-2 
were 1 .11 

The initiaL Ligand concentrations used 

in the sampLe and controL di aLyses (Experiment 2) were 4.98 x 

10-3M with an eLuting buffer fLow rate 3.42 x 10-2 cm 3 /s. 

BSA concentration in sampLe diaLysis in both experiments was 

7.55 x 10-5 M. The durations of the diaLysis experiments were 

460 minutes. The sampLing intervaL was 32 s . 
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Figure 8.1 b 
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Log-linear plots of phenol red elution profiles at 25 0c 

The slope of the log-linear plot of the control profile for large 

tis used to provide an initial estimate of the permeation 

constant using the formula: 

o = bV1{(bV2 - F)/(bV t - F)} 8.1.1 

derived from equations 5.4.3b and S.4 . 4a & b. Here, b is the 

s lope of the log-linear plo't of the elution profi le, F the 

eluting buffer flow rate, V1 and V2 the sample and sink 

compartment volumes, respectively, and Vt = V1 + V2 

If back diffusion is neglected, this reduces to 0 = bV1' The 

initial value of the permeation constant obtained by substitution 

of the measured value of the slope (0.8313 x 10-4/s, figure B.1b) 

into equation 8 . 1.1 is 0 = 1.28 x 10- 4 cm 3 /s. If back 

diffusion of the ligand is neglected the valtJe for 0 is 

1.30 x 1Q-4cm3/ s • 
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VaLues of the permeation constant computed at equaLLy spaced 

time intervaLs (every 320 s) throughout the course of the 

diaLysis, by means of equation 5.8.8, are shown in figure 8.2 

These computations were performed by the FORTRAN computer routine 

GAMMA (Appendix VI). 
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Variation in the permeation constant with time over the 

course of the diaLysis experiment at 25 °c 

It can be seen that, after an initiaL transient, the method 

yieLds a constant vaLue for the permeation constant, apart from 

sLight residuaL variations arising from experimentaL noise i n the 

absorbance signaL. The mean vaLues of the permeation constants 

obtained from 200 vaLues in each dia Lysis experiment were 

1.299 x 10-4 and 1.311 x 10-4 cm 3 ,s respectiveLy. The 
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standard deviations were 0.007 x 10-4 and 0.006 x 10-4 cm3 /s 

respectively. The combined mean va l ue for the permeation 

constant was 1 . 30 x 10-4 cm 3 /s. The di fferences in the mean 

values of the permeation constants observed for dupli cate 

dialysis experiments (less than 2%), can be ascribed to the 

difficulty in reproducing exactly all the experimental conditions 

in separate experiments. For the same reasons, the standard 

deviation of the permeation constants obtained from different 

dialysis experiments is greater than the standard deviation 

within a single experiment. An indicat i on of the degree of 

reproducibility provided by the CFDD method is given in figure 

8.3, which shows the elution prof i les obtai ned from duplicate 

control dialyses of phenol red . 
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Elution profiles for duplicate phenol red dialysis experiments 

Elution profiles obtained from duplicate phenol red dialyses at 25 °c 
Initial phenol red concnetration 0.12 x 10-3 M, e luting buffer 

flow rate 0 . 5 x 10-3 cm3 /s. 

A quantity of data is rejected in the calculation of the mean 

permeation constant because, during the initial transient period, 
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the permeation constant has not yet attained a constant value. 

This initial transient phase probably results from both the time 

taken for the ligand to establish a linear concentration gradient 

within the dialysis membrane and numerical rounding-off errors. 

These numerical rounding-off errors produce the largest 

inaccuracies during the transient phase, when only a small number 

of data points are as yet avai lable for use in the Simpson and 

Savitzky-Golay numerical integrating and differentiating 

routines. During this phase, the slope and the rate of change of 

slope of the data with time are also greater than at subsequent 

stages of the elution process so that during this interval it is 

also likely that the inacuracies in the Savitzky-Golay 

differentiating routine have their maximium values . 

The variation in sample compartment ligand concentrations 

with time are shown in Figure 8 . 4 . These curves were derived 

from the mass-balance expression (equation 5.8 . 5) for the 

control, and by equat i on 5.8 . 7 (which incorporates the measured 

value for the permeation constant) for the sample dialysis data. 

Figure 8 . 4 
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DiaLysis ~as usuaLLy discontinued after about 7 hours 

because of the possibiLity of decreasing accuracy due to 

accumuLative errors, and drift in the recorder base-Line. 

ExperimentaL conditions ~ere arranged such that, after this time, 

the Ligand absorbance in the diaLysate ~as about 0.01 and the 

s amp L e compa rtme nt Ligand concent rat i on had fa L Len to about 30% 

of the initiaL vaLue. Thus, in order to cover a wide enough 

range of Ligand concentrations to estabLish the binding isotherm 

a series of diaLyses were carried out in which the initiaL Ligand 

concentration of each successive diaLysis experiment was about 

50% that of the preceding experiment. In most cases the 

protein concentration wouLd be kept the same. However, in 

diaLysis experiments ~here the Ligand concentration after 

diLution in the eLuting buffer wouLd have been too Low to provide 

reLiabLe resuLts, Larger protein and Ligand concentrations ~ere 

used to obtain equivaLent Lo~ vaLues for the Ligand/protein ratio. 

In this way, it was possibLe to estabLish the phenoL red-OSA 

binding isotherm over a 100-foLd concentration range, from 2.15 

x 10-5 to 2.23 x 10-3 M. 

The series of phenoL red concnetration ranges covered in the 

separate diaLysis experiments, in order to obtain the composite 

binding isotherm, are Listed in tabLe 8 -I 

TabLe 8 -I 

Expe ri ment InitiaL Ligand FinaL Ligand 

Number Concentration Concentration 

m /r~ 

1 2.23 x 10-3 7 . 45 x 10-4 

2 8.31 x 10-4 2.74 x 10-4 

3 2.87 x 10-4 1.10 x 10-4 

4 1.61 x 10-4 4.22 x 10-5 

5 4.20 x 10-5 2.15 x 10-5 
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The data from these eLution profiles were processed using 

the FORTRAN program GAMMA. This computer routine yieLds the 

binding isotherm from the parametric equations in time for ij(t) 

and C1*(t) (equations 5 . 8.6 and 5 . 8.7). The composite Log

Linear pLot of the binding isotherm (8jerrum pLot) over the 

entire Ligand concentration range is shown in figure 8.5. 

IncLuded for comparison are the computer generated isotherms 

based on the Scatchard two-site binding modeL (equation 5.10.1) 

using the binding parameters reported by other authors. 

Figure 8.5 
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Elj errum pLot of the phenoL red -BSA binding isotherm 

1 - Binding isotherm based on bi ndi ng parameters of Kanfer (1976) 

2 - Binding isotherm based on binding parameters of Meye r 8. 

Guttman (1970) • 

3 - Binding isotherm obtained by CfDD 

4 - Elinding isotherm based on bi ndi ng pa rameters of Rodkey (1961 ) 
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The binding isotherm obtained by the CFDD method coincides 

more cLoseLy with the isotherm generated using the Scatchard two

site modeL and the binding parameters reported by Rodkey (1961) 

than wi th the pai r of isotherms of Meyer & Guttman (1970) and 

Kanfer (1976). The isot.herms of the Latter · are in fairLy close 

agreement. Both of these isotherms Ilere obtained using simi Lar 

dynamic diaLysis techniques; in both cases ideaL sink conditions 

were assumed to prevaiL and back-diffusion was negLected. Since 

the Rodkey isotherm was obtained using difference spectroscopy, 

and because the CFDD method aLLows for back diffusion, the 

difference between these two sets of isotherms may refLect the 

effects of back-diffusion. 

In order to evaLuate the binding parameters for the isotherm 

determined by the CFDD method, computer pLots for a variety of 

Linear transformations of the isotherm were generated using the 

FORTRAN routine EPSILON. The equations to effect these 

transformations are tabuLated in tabLe 8 - II. 

8jerrum PLot 

TabLe 8 - II 

ii = 

where x = 
ii/CLJ = 

CLJ Iii = 

k (ii + n) 10x 

Log10[ L J 

keN - ii) 

1/Nk + [LJ/N 

Scatchard pLot 

ReciprocaL pLot 

Lineweaver-Durke 1 Iii = 1/N + 1/(NkCLJ) 

(DoubLe reciprocaL pLot) 

The corresponding transformations of the binding isotherms are 

shown in figure 8.6. 
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Figure 8.6 
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Linear Transformations of the PhenoL Red - BSA Binding Isotherm 

The soLid Line in each diagram represents the 

app r opriate transformation of the theoreticaL isotherm 

based on the Rodkey (1961) bind i ng parameters . 

The Scatchard two-site binding equation (equation 5 . 10.1) 

was incorporated into a Least squares iterative curve fitting 

routine (program STEPIT by ChandLer, 1965) to obtain refined 

vaLues of the binding parameters n i and 

estimates. The bi ndi ng pa rameters ni (for 

k i from initiaL 

i = 1 and 2) which 

represent the number of bound moLecuLes in the different cLasses 

of binding sites, were constrained to integer vaLues. VaLues of 

the binding parameters obt a ined using the Scatchard two-site 

binding modeL in the regression anaLysis are tabuLated in tabLe 

8 - III. For purposes of comparison, the b i nding parameters 

obtained by Rodkey, r~eye r & Guttman, and Kanfer are aLso Listed. 
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Table 8 - III 

Binding Parameters for the Phenol Red - DSA interaction at 25 0c 

Sou r ce n1 k1 n2 k2 

l itre/m litre/m 

Rodkey (1961) 1a 1 .1 x 105 6a 1.2 x 103 

Meyer & Guttman (1970) 1a 1 .74 x 105 6a 1.97 x 103 

Kanfer (1976) 0.9 1 . 5 x 105 6 . 4 1.96 x 103 

Present Study 1a 0 . 56 x 105 6a 1.37 x 103 

+0.05 x 105 +0.05 x 103 - -

a constrained to integer values 

It is seen that the value for k1 as determined by the CFDD 

method is smaller than the values reported by these 

investigators. This difference, however, is not statistically 

significant. The experime ntal data from which the binding 

parameters were determined by these investigators, were re

analysed using the STEPIT regression program to obtain estimates 

for the approximate errors. When these data sets representing 

the binding isotherm include the origin (c onsistent with the 

assumption of zero ligand binding at zero ligand concentration) 

the values yielded by STEPIT for the binding parameters, together 

with values for the approximate error, are given in table 8 - IV. 



TabLe 8- IV 

Binding Parameters for the PhenoL Red-GSA Interactions at 25 °c 

and their Approximate Standard Errors 

Method No. of dat a points n a 
1 k1 

Difference Spectroscopyb 12 1 (0.92 + 2.7) x 10 5 

Dynamic DiaLysis C 38 1 (3.64 + 5.8) x 10 5 

Dynamic DiaLysis d 32 1 (0.57 + 1.1> x 10 5 

Continuous-FLow 

Dynamic DiaLysis e >500 1 (0.56 + 0.06) x 10 5 

---- - -- ---- -- ---

a Constrained to integer vaLues. 

b Data from Rodkey (1961); parameters recaLcuLated, using STEPIT, 

in order to estimate standard errors. 

n2 
a 

6 (1 .29 

6 (1 .52 

6 (2.05 

6 (1 .37 

k2 

+ 0.47) 

+ 0.37) 

+ 0.42) 

+ 0 . 02) 

c Data from Meyer & Guttman (1970a). See footnote b and text for comment on statistics. 

d Data from Kanfer (1976). 

e Data from present study; 

See footnote b and text for comment on statistics. 

15 point running smooth 

used to obtain derivatives. 

x 103 

x 103 

x 103 
~ 

~ 
x 103 
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8.2 Phenol Red - BSA interactions at 15 & 20 0c 
InitiaL experiments on the binding of phenoL red to BSA 

using the CFOO method showed the method to be very sensitive to 

temperature changes . Since the temperature sensitivity couLd be 

a reflection of changes in either the binding characteristics of 

the protein or the rate of diffusion of the Ligand through the 

membrane, binding studies on the phenoL red-BSA system were aLso 

undertaken at 15 & 20 0C. 

The binding of phenoL red to BSA at these two temperatures 

was investigated over a phenoL red concentration range from 

1.0 x 10-5 to 2.0 x 10-4 M. The variation in the rate of 

diffusion of phenoL red with temperature as refLected by the 

change in permeation constants with temperature is shown in 

figure 8. 7. 
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Variation of the phenoL red permeation constants 

over the course of the diaLysis at 15 & 20 °c 
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Computer generated plots show the values of the permeation 

constants calculated from the control elution profiles at equally 

spaced time intervals throughout the course of the dialysis 

experiments at 15, 20 & 25 °C. The values for the permeation 

constants were calculated using the computer program GAMMA. 

The mean values of the permeation constants determined at 

each temperature are listed in table 8 - V together with the 

corresponding values of the diffusion coefficient, D*. The 

diffusion coefficient, D*, is related to the permeation constant 

D by the formula D* = Dd/A where d is the membrane thickness and 

A the surface area of the membrane available for diffusion. The 

values of the diffusion coefficients were calculated using a 

vaLue of 3.15 cm 2 for the membrane surface area and a value of 

0.013 cm for the thickness of the swollen membrane. The wet 

membrane thickness was measured using a micrometer. 

Table 8 -v 

Variation with temperature of the permeation constant and 

diffusion coefficient for phenol red through Visking diaLysis 

membrane 

Temperature t1ean Permeation Standa rd Diffusion 

Constant Dev ia t ion Coefficient 

°C cm3 s -1 cm3 s -1 cm2 s -1 

15 0.903 x 10-4 0.009 x 10-4 1.14 x 10-7 

20 0.980 x 10-4 0.006 x 10-4 1.24 x 10-7 

25 1.311 x 10-4 0.007 x 10-4 1.64 x 10-7 
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The temperature dependence of the mean permeation constant 

is depicted in Figure 8.8 
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The Temperature dependence of the mean permeation constant 

for phenoL red through Visking diaLysis membrane 

The average rate of change in the vaLue of the mean permeation 

constant with temperature over the range from 15 to 25 °c is 

0.041 x 10- 4 cm 3 s-1 K- 1 , or about 4% per degree. An 

approximate vaLue for the activation energy of the permeation 

process, based on the Arrehenius equation, can be obtained from 

the sLope of a pLot of the Logarithm of the diffus i on coefficient 

vs 1fT (AbsoLute). The Log-Linear pLot of D* vs 1fT (Figure 8.9) 

is Linear, and yieLds a vaLue of 26 kJfmoL for the activation 

energy of the diffusion of phenoL red through Visking diaLysis 

membrane. 



168 

Figure 8.9 
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DupLicate eLution profiLes and the binding isotherms for the 

bindi ng of phenoL red to 8SA at 15 and 20 °C, derived using the 

appropriate vaLues for the permeation constants, are shown in 

Figure 8.10. The binding isotherms of Rodkey (1961), Meyer & 

Guttman (1970), and that obtained in the present study, for the 

binding of phenoL red to BSA at 25 oC, are aLso shown. 
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Fr oIO a compari son of the isotherms obt a in ed at the Lower 

temperatu re s with thos e deter mi ned at 25°c , it can be seen that 

the effect of t2:~perature on the bindin ·:J cha racteristic s o f aSI\ 

fo r p:,enoL r ed is neuLi;) i bLe over this temperature range. The 
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seositivity of the CFDD method to temperature in the case of the 

phe noL red-8SA interaction is thus due t o its infLuence on the 

di ff usi on of the Ligand rather than on t he interaction itse Lf. 

8.3 Discussion of ResuLts 

A comparison of the phenoL r ed-GSA binding isotherm obta ined 

by the CFDD method with the isotherms of Rodkey, Meyer & Guttman 

and Kanfer, shows the CFDD Method to be vaLid. In contrast to 

the isotherms reported by these other investigators, the isotherm 

obtained by the CFDD method is based on a Large number of data 

points. For exampLe, in experiments of equaL duration <about 7 

hours) the CFDD method provides nearLy a thousand measurements of 

the Ligand concentration as opposed to about 1S measurements 

provided by the methods of r"eyer & Guttman or Kanfer. The 

avai Labi Li ty of a Large number of data points means that the 

derivative of the data over the fuLL data range may be obtained 

more easi Liy and more reLi ab Ly by the use of a numeri ca L 

differentiating routine rather than by graphicaL methods. This 

constitutes a major advantage of the method over aLternative 

di aLysi s methods used to investigate protein-Ligand binding. 

Binding parameters derived by regression anaLysi s from an 

isotherm defined for a Large number of Ligand concentrations have 

obviousLy a greater precision than the parameters derived from 

li~ited date se~s. 

V3lues of the perrLleation constant can be read; ly computed 

throughout the CDurse of the contro L diaLysis experiment. The 

standard deviation of th ese computed vaLues within a singLe 

di alysi s ex periment , because of the reduced possibi Lity of 

changes in ex,erimentaL variabLes , and because of the Large 

quantity of dato, is expected to be smaLL. Thus , changes in the 

permeation constant over the course of a diaLysis experiment can 

p rovi de a sensitive test for checking the degree of c"ntroL over 

experimentaL variabLes <for exampLe te~perature and eLuting 

buffer fLow -rate) throughout the course of the diaLysis 
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exper i ment • 

The pLot of D vs t is a sensitive test for the vaLidity of 

the mass baLance because the denominator in the formuLa used to 

obtain the vaLue of the permeation constant (equation 5.8.8) 

represents the time dependent difference in Ligand concentration 

between the sampLe and sink com;:lartments of the diaLysis ceLL. 

Th e difference betwee~ the Ligand concentrations in the two 

compartr.tents is given by: 

t 

C = C1(O) - (VZCZ(t) + FS CZ('L)d'L} 1V1 - CZ(t) 

o 

8.3.1 

In t hi s expression, any sma L L di screpancies in thi s 

concentration difference due to change in experimentaL 

condi tions, (i.e., fi Lming of the membrane) wi LL accumuLate in 

the integraL term, producing a ri se or faLL in D lIith time. 

A computer generated pLot of the permeation constant D as a 

function of tirae over the course of the diaLysis, can thus be 

used to show that experimentaL variabLes such temperature or the 

eLuting buffer fLoll rate are constant over the course of a 

diaLysis experiment. Fluctuations in the vaLue of D with time 

i ndi cate inadequate temperature controL or a change in the 

eLuting buffer fLow rate. Such pLots showed, during the 

deveLopment ;)f the CFDD method, that the use of a i1 arriot flask 

and gravity feed to maintain a constant fLow of eLuting buffer 

\/as not satisfactory and that it is necessary to use a 

peristaLtic pump for reLiabLe res uLts. 

A continuous faLL in the vaLue of D wi th time couLd 

indicate bi nding of the Ligand to the me,nbrane or filming of the 

membrane by protein or protein-Li gand compLex. The pLot of D as a 

function of time is a convenie'ltLy obtained diagnostic, and is 3 

more sensitive test to indicate binding of the Ligand to the 

diaLysis mer.1~rane or fi Lming by protein than the method adop ted 

by I~eyer (; GuttOlan (1970) or Kanfe r (1976). 
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Uncertainties in the measured value of the permeation 

constant provide the largest possibility for errors or inaccuracy 

in binding parameters obtained by dynamic dialysis methods. In 

the CFDD method, because this quantity is used in both of the 

parametric equations of the isotherm (equations 5.8.6 and 5.8.7), 

uncertainties in the value of D wi II produce uncertainties in 

both the abscissa and ordinate of the isotherm. 

As has been noted, the accuracy of the method also depends 

on the ability to reproduce exactly the experimental conditions 

such as temperature, eluting buffer flow rate, etc. It is 

difficult to formulate a general measure for the specific or 

combined influence of these experimental errors on the binding 

isotherm. Experimental errors in these parameters affect the 

isotherm directly and also indirectly through their effect on the 

value of the permeation constant. In order to obtain an overall 

measure of the uncertainty in the phenol red-GSA binding 

isotherm, the isotherm was derived from the elution profile data 

using the measured value for the permeation constant, D, as well 

as for D ± the standard deviation. These limiting 

isotherms, which represent a measure of the uncertainties due to 

experimental error, are shown in Figure 8.11 

Temperature fluctuation appears to be the most significant 

factor influencing reproducibility of the binding isotherm. 

However, from the observation that the isotherms at 15 and 20 0c 
coincide within the accuracy of the method to the 25 °c 
isotherm, it would appear th.at temperature sensitivity in this 

case must be attributed to the temperature effect on ligand 

diffusion rather than to changes in the binding characteristics 

of the protein. The observation that phenol red-BSA binding is 

not markedly susceptible to temperature change confirms the 

conclusion (Steinhardt & Reynolds, 1969), that enthalpy changes 

associated with BSA-ligand interactions are small, unless there 

were opposite influences at work on diffusion and complexation, 

which is most unlikely. 
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Figure 8 . 11 
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Uncertainty in the phenoL red-BSA binding i sotherm at 25 °c 

The permeation constant anaLysis, aLthough providing a 

binding isotherm and binding parameters which are consistent with 

those of other investigators, does not take into account the 

hoLd-up of Ligand in the diaLysis membrane. In this respect the 

method is no different from any other dynamic diaLysis method so 

far reported. However, the initiaL transient phase during which 

the permeation constant has not yet attained a constant vaLue 

(shown in figure 8. 2) represents the time required for the Ligand 

to de veLop a Linear concentration gradient accross the diaLysis 

membrane. The occurrence of the transient phase means that some 

of the data of the diaLysis experiment has to be discarded when 

using the permeation constant method of anaLysis. The first 

hundred or so observations of the eLution profiLes (both to 

estabLish the permeation constant and the binding isotherm), are 

incLuded onLy in the caLcuLation of the integraL expression 

~: C2(t)dt used in equations 5.8.6, 5.8.7 and 5.8.8. 
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These initial data points are not used to assess the mean 

value of the permeation constant nor for the computation of the 

binding isotherm. The computer routine to evaluate the 

permeation constant and binding isotherm was programmed to 

disregard the elution profile data (except for evaluation of the 

integrals by Simpson's rule) until the profiLe had attained its 

maximum value. 

A more complete analysis would account for the hold-up of 

ligand in the membrane. An attempt was made to estimate the 

extent of hold-up of ligand in the membrane using Fick's second 

law of diffusion with constant boundary conditions (Barnes, 1934; 

Barry et al., 1975; and Hoogervorst, 1978). It can be shown that 

the time dependent distribution of ligand across a semi-infinite 

membrane is given by: 

8.3.2 

where No is the number of molecules concentrated on the surface 

of the membrane, A is the surface area of the membrane and 0* 

the diffusion coefficient of the ligand in the membrane. An 

estimate for N(d,1800) where d is the membrane thickness, was 

obtained using equation 8.3.2, by assigning a value of t = 

1800s, corresponding to attainment of steady state conditions, 

and a value to No which corresponds to the amount of ligand in 

the sample compartment. The value assigned to 0* was the 

approximate value obtained from the control elution profile. With 

these values, equation 8.3.1 yields a value of 1% for the ratio 

N*V/(2No) where V is the volume of the membrane and the factor 

2 allows for a linear concentration gradient within the membrane. 

The estimated value of 1% is high, although no worse than 

the experimental error in the estimation of the permeation 

constant (2%) . The vaLue of 1% probabLy represents a gross 

overestimate. The initial transient phase also contains errors 

arising from the numerical methods used in the data processing. 

These errors are most significant when the the numerical methods 

are appplied to small data sets. 
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Chapter Nine 

ResuLts: EvaLuation of the CFDD method using the Transfer 

Function AnaLysis. 

9.1 The DiaLysis CeLL as a Linear System 

The transfer function anaLysis depends on the assumption 

that the diaLysis ceLL represents a Linear system. If the 

diaLysis ceLL is a Linear system, the sink compartment Ligand 

concentrations for a ser ies of diaLysis experiments in which aLL 

the experimentaL conditions, except the initiaL Ligand 

concentrations, are kept constant wiLL be proportionaL to the 

initiaL Ligand concentrations at corresponding points in time. 

The Log-Linear pLots of the eLution profi Les (LogCC2(t)] vs t) 

shouLd be Linear and paraLLeL after the profiles have attained 

their maximum vaLues. The dispLacements of the paraLLeL 

port ions of the se cur ves from each other shouLd aLso represent 

the Logarithm of the ratio of the initiaL Ligand concentrations. 

ELution profi Les for the diaLysis of 1.5 mL sampLes of 

phenoL red soLutions with different initiaL concentrations, 

diaLysed and eLuted under identicaL conditions are shown in 

Figure 9.1a. The Log-Linear pLots of these eLution profiLes are 

sholm in Figure 9.1b. It can be seen fr om these pLots the the 

assumption thot the diaLysis ceLL is a Linear syster.1 is 

~ :: Ct'I)'t ab Le . 

A EvaLuation of the Method Using IlypotheticaL Data Sets 

9.2 Generation of Hypoth ~ticaL Data Sets 

Hypot~eticaL eLut ion profi Le data sets tv si mu La te actua L 

di aLysi s experilnents were used for the initiaL evaLuation of the 

transfer function method of anaLysis. This artificiaL procedure 

removes the contributions to the data from experi,nentaL errors 

and provides a means of examinin ·J h011 the contr0LLed adjust ;"ent 

of t he v3rious pa ra roleters used in the anaLysis affects the 

accuracy and reLiabiLity of the "ethod. 
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Figure 9.1 
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to demonstrate the Linearity of the diaLysis ceLL . 

PhenoL red Ligand concentrations were monitored at 

A = 269 nm for which the extinction coefficient was 

10800 M-1 with an eLuti ng buffer flow rate of 1.5 

x 10-3 cm3 /s. PhenoL red concentrations were: 

(a) 1.5 x 10-4 (b) 1.0 x 10-4 (c) 0.5 x 10-4 M 

The dispLacements of the curves (a) and (b) from the 

curve (c) at t = 0.80 x 10 4 seconds are 0.17 and 

0.30, which represent the Logarithms of the ratios 

of the respective initiaL Ligand concentrations to 

the initiaL Ligand concentrat i on used in curve (c) 

(3:1 & 2:1 respectiveLy). 
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Data sets representing the controL and sampLe eLution 

profi Les were generated by the nume ri ca L so Luti on of the 

differentiaL equations for the two-compartment diaLysis ceLL 

(equations 5.3.1a & 5.3.1b for the controL and equations 5.5.2 

and 5.3.1b for the sampLe diaLyses) using EuLer or Runge-Kutta 

methods. The sampLe diaLysis eLution profiLes were made to 

simuLate phenoL red-BSA binding by incorporating the Scatchard 

two-site binding modeL (equation 5.10.1) into equation 5.5.2. The 

binding parameters incorporated into the modeL were those of 

Rodkey (1961), The numericaL soLution of the differentiaL 

equations was achieved using the FORTRAN routine ETA . A Listing 

of this computer routine, ' which can be adapted for a variety of 

binding modeLs, is given in appendix IX. 

9.3 The use of the Fast Fourier Transform to evaLuate the 

Syste. Transfer Function 

HypotheticaL eLution profiLes were generated using a vaLue 

of 5.0 x 10-4 t1 for the initiaL Ligand concentration, 3.5 x 

10 - 6 M fo r the protein concentration, and 1.5 x 10-3 cm3 /s 

for the eLuting buffer fLow rate. A vaLue of 18400 was used for 

the Ligand extinction coefficie nt and an experimentaLLy 

determined vaLue of 1.31 x 10-4 cm3 /s was assigned to D, the 

Ligand permeation constant. The Rodkey binding parameters used 

in the binding modeL were: 

= 1 • , = 1.1 x 105 Litre/moL 

= 6; = 1 .2 x 103 Litre/mol 

The graphs of the theoreticaL isotherm generated from the Rodkey 

binding parameters and the hypotheticaL sink compartment and 

sampLe compartment Ligand concentrations are shown in Figure 9 . 2. 

InitiaLLy, the hypotheticaL eLution profiLes were generated for a 

time intervaL sufficientLy Long that the absorbance vaLue 

representing the sink compartment Li gand concentration attained a 

near zero vaLue (C2(t) < 0. 005 ). 
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Figure 9.2 
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These data sets were used to evaLuate the system transfer 

function by forming the ratio of the Fourier transforms of the 

sink and sampLe compartment Ligand concentrations for the controL 

data set. DeconvoLution of the impuLse response function from 

the sampLe diaLysis profiLe was achieved by division of the 

Fourier transform of the sampLe eLution profiLe by the transfer 

function foLLowed by the inverse Fourier transformation of this 

quotient. The transforms from the time domain to the frequency 

domain, and the inverse transformations from frequency to time 

domains were effected by means of the CooLey-Tukey Fast Fourier 

Transform aLgorithm (FFT). The binding isotherm which was 

obtained from this hypotheticaL data by deconvoLution of the 

impuLse response function from the eLution profiLe C2*(t) is 

shown in Figure 9.3 

Figure 9.3 
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(---) Isotherm produced using the transfer 

funct i on derived through the FFT. 
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The transfer function used to effect the deconvolution is shown 

in figure 9.4 
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As can be seen from the isotherms shown in Figure 9.3, apart 

from noise, the isotherm extracted from the eLution profiLes is a 

fair approximation to the theoreticaL isotherm. However, because 

practicaL considerations necessitate truncation of the diaLysis 

before compLete eLution of the Ligand, the anaLysis was repeated 

using the same eLution profiLes which were truncated when the 

absorbance signaL was about 20% or more of the eLution profi Le 

maximum. When the FFT aLgorithm was used with these truncated 

data sets, the resuLts were unsatisfactory. In such situations, 

the discrete FFT approximation to the continuous Fourier 

transform is unsatisfactory because of 'Leakage' and aLiasing 

errors (Brigham, 1974; Kelly and HorLick, 1973). Such errors 

arise because the eLution profiLes are not time-Limited 

functions. ALthough aLiasing errors couLd be reduced by 

decreasing the sampLing time intervaL to very smaLL vaLues 

reLative to the duration of the diaLysis, this requires Large 

quantities of data in the eLution profiLe data sets and this 

considerabLy increases the computer requirements for data 

processing. 

Attempts to reduce the Leakage errors by zero-filLing the 

eLution profiLe data sets (HorLick & Yuen, 1976; O'HaLLoran & 

Smith, 1978; and Comisarow & MeLka, 1979) and by the use of 

window functions (Harris, 1978) to remove the discontinuity at 

the point of trunctation, proved to be unsatisfactory. A method 

depending on the Linear properties of the the Fourier transform 

(BraceweLL, 1976) was aLso tested. This consisted of subtracting 

an anaLyticaL function (in this case, a biexponentiaL function) 

from the eLution profiLe to remove the discontinuity at the point 

of truncation. In this procedure, the subtraction of the 

biexponentiaL function is finaLLy reversed by adding the 

anaLyticaL transform of the subtracted function back to the 

transform of the difference eLution profiLe, obtained using the 

F FT. This method aLso did not give satisfactory resuLts. The 

technique probabLy faiLs because the difference function, 

obtained by subtracting the anaLyticaL function from the eLution 
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profi l2 , tends to he sfilall aver the ent ire data set. The Fou ri e r 

transform of such data sets consi sts o f a number of very larg e 

low frequency components and man y small high f req uency components 

(Campbell & Foster , 1948) . This means th at t he rati o of the 

transforms of elution profi les and l igand escape curve, a lt hough 

corrected to re move the discontinuities, is still considerably 

di storted. 

Recently, a ne., FFT algorithm has been presented (Schutte, 

1981) .,hich, although still ha vi ng the FFT characteristics, is no 

longer confined to band--lifilited functi o ns. This may provide an 

alternative app roach t o solving the "leakage" problem. lio.,e ver, 

the ap pli cation of this algorithm t o obtain the Fou rier transform 

.,as not attempted in this case. Instead, the procedure using 

Lap lace transforms of data sets which are 'hypothetically' 

extended, was adopted to overcome the problefils a sso ciated .,ith 

truncated data set s . 

9.4 Use of Laplace Transforms to obtain the Transfer Function 

The analysis .,hich uses the Laplace transforms of the data, 

and in .,hich the data sets are extended by mono-exponential decay 

functions, gives satisfactory results. The hypothetical elution 

profi les for a phenol red-BSA system, sho.,n in Figure 9 .2 are 

truncate d after 40960 sec onds. At the point of truncation, th e 

rrafi les CZ(t) and CZ"(t) have the values 0 . 091 and 0 . 100 

respectively (15.6% & 21_4:: of the respective elution profile 

maxi ".} a). The amplitude and exponent para mete rs fo r the mona

exponential decay functions, which Here obta ined fram t he log

linear plots ai the profi les shoHn in Figure 9.5 are Ai = 0 .782 2 

and b1 = 0.7732 x 10- 4 for the cont r o l C2 (t) and 1\2 = 0_6836 

and b2 = 0.6599 x 10-4 for the sample C2*(tJ 

The extended elution prof i les and linear-l og p l a ts of th e 

extended profi les are al so shown in figure 9.5. 
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Figure 9.5 
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a) elution profiles of an hypothetical phenol red-BSA 

system, extended by means of mono-exponential 

decay functions profile. 

b) log-linear plots of the extended data sets 

The elution profiles are extended by means of 

mono-exponential decay functions over a period of 

five times the assumed duration of the dialysis. 

The sample compartment ligand concentrations regenerated from the 

elution profiles by means of the transfer function for both the 

control and sample diaLyses are shown in Figure 9.6. These curves 

' are shown superimposed onto the curves obtained for the sample 

compartment ligand concentrations obtained by the numericaL 

solution of the system differential equations. 
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Figure 9.6 
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hypothetical elution profiles shown in figure 9.5 

(a) Total ligand concentration, including ligand 

bound to protein; 

(b) Ligand concentration in control experiment; 

(c) Free ligand concentration in presence of 

protei n. 

- --000---

The impulse response function of the dialysis cell, generated 

from the Fourier coefficients An and Bn (equation 6.8.1) is 

shown in Figure 9.7. In the calculations used to obtain the 

results shown in Figure 9.6 and 9.7 the Four i er series were summed 

ove r 100 terms . In the computation to derive the sample 

compartment ligand concentrations from the elution profiles (shown 

i n figure 9.6) by the transfer function method, no attempt has 

been made to remove the oscillat i ons due to the Gibbs phenomenon. 
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Figure 9.7 

THE IMPULSE RESPONSE FUNCTION 
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The impulse response function of the phenol red-BSA dialysis 

It can be seen that, apart from the oscillations, the steep rise 

from the origin, and the 'overshoot' in the neighbourhood of t = 0, 

the agreement between the curves for the control dialysis is 

very good. The curves representing the total and free ligand 

concentrations which are computed from the sample dialysis 

elution profile by the transfer function although parallel to the 

theoretical curves, are displaced below them. This indicates 

that the first (or zero frequency) terms in the Fourier series 

representation of these functions (equations 6.9.4 & 6.10.5) are 

too small because of errors in the assessment of the areas under 

the elution profiles. 

The zero frequency terms, Qot and Qo*' are constants, and 

are measures of the integrals of C1 t (t) and C1*(t) over the 

extended data set. The observation, that the zero frequency 
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te rms ar e too sma II only in the case of the sample di alysi sand 

not t he control, implies that the assuffiption of a mono

exponential decay for the extended data set of the sample 

dialysis may not be valid. 

If the zero frequency terms Qot and Q o ' are corrected by 

selecting the parameters A2 and bZ for the mono-exponential 

decay of the extended samp le profi le data set such that the 

integral, I, is forced to yield the correct area according to 

mass-balance considerations: 

f
z T 

A2 
2T 

9.4.1 

(equation A.11I.16), then the agreement is considerably improved. 

The values of the paralneters AZ and bZ which satisfy equation 

9.4.1 ar e AZ = 0.6091 and bZ = 0.5655 x 10-4 • (Compared 

with values A2 = 0.6036 and b2 = 0.6599 x 10-4 , determined 

from the slope and extrapolated intercept of the linear portion 

or the log-linear plot of the elution profi le.) The sample 

compartment ligand concentrations derived from the saffiple elution 

profi le using these values for the parameters AZ and b2 are 

sho wn in Figure 9.8. The isotherm obtained by s ubtracting 

c -
1

"': O:t) "frofil C
1

·" ( t ) , snoHn in figure 9~8, at corresponding 

paints in tioJe, is silo"n in figure 9.9. The ripples in the 

iscther;~ are due to the Gibbs phenomenon. 
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Figure 9.8 
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SampLe compartment Ligand concentrations 

Graphs of the sampLe compartment Ligand concentrations derived 

from the sampLe eLution profiLe, using the corrected parameters 

for mono-exponentiaL decay expression of the extended data set. 

The osciLLations in the curves are due to the Gibbs phenomenon. 

Figure 9.9 
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The phenoL red-BSA binding isotherm re-extracted from the 

eLution profiLe data sets by the transfer function method 
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9.5 The Re.aval of Oscillations arising from the Gibbs 

Phenomenon 

ALthough the successive terms in the Fourier series wiLL 

converge to zero because the functions represented by Fourier 

series satisfy the DirichLet conditions, the convergence is sLow. 

The effectiveness of the Lanczos 6 factors to effect a 

smoothing of curves obtained by summation of their Fourier Series 

is shown in figure 9.10 

The more effective KryLov technique for smoothing the data, 

(Appendix IV) speeds up the convergence of the terms in the 

Fourier sums and simuLtaneousLy eLiminates the initiaL steep rise 

and overshoot of C1*(t) and C1 t (t) in the neighbourhood of 

t = O. The efficacy of this technique in removing the Gibbs 

phenomenon effects is shown in Figure 9.11 
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The effectiveness of the Lanczos rr factors in 

smoothing the sampLe compartment Ligand 

concentration curves and the binding isotherm 

The KryLov technique, invoLving the subtraction of a ramp 

function from a function and adding its anaLyticaL transform to 

the transform of the function, removes both the osciLLations and 
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the initial steep rise in the C1 t (t) vs t and C1*(t) vs t 

curves (Appendix IV). It can be seen in figure 9.11 that the 

regenerated isotherm although parallel to the theoretical 

isotherm is displaced slightly. This is probably the result of 

the small numerical discrepancies between the analytical or 

correct curves (C1 (t), C1 t(t) and C1 *(t» and the curves 

derived using the transfer function. These small discrepancies 

are magnified in the conversion of the results from absorbance 

units to concentration units. Thus, the magnitude 'of this 

displacement will be related to the magnitude of the molar 

extinction coefficient of the ligand. It is noted that the 

remaining discrepancy lies within the 2% error of the 

experimental procedure. 

Figure 9.11 
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The effectiveness of the Krylov ramp subtraction technique in 

smoothing the sample compartment ligand concentration curves 

and the binding isotherm 

The effect of using different numbers of terms in the Fourier 

series summation is shown in figure 9.12 . The graphs of the total 

and free sample compartment ligand concentrations with time, and 

the phenol red-BSA binding isotherm calculated using 30, 50 and 

100 terms in the Four i er summations, are shown. 



190 

Figure 9.12 
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The effect of changing the vaLue of the LapLace convergence 

parameter on the shape of the sampLe compartment Ligand 

concentration curves and the binding isotherm is shown in figure 

9.14 

8 AppLication ~ the Transfer Function AnaLysis to 

ExperimentaLLy Determined ELution ProfiLe Data 

9.6 PhenoL Red-BSA Binding Studies at 25 °c 
The resuLts of the appLication of the transfer function 

method of anaLysis to experimentaLLy determined data is shown in 

Figures 9 13a and 9.13b. 

5.00 

4.00 

3.00 

2.00 

1. 00 

Figure 9.13 
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Comparison of the binding isotherms derived from 

experimentaLLy obtained data sets by the permeation 

constant and transfer function methods 

The experimentaLLy determined eLution profiLe shown in Figure 8.1 

(experiment 1) was subjected to the transfer function method of 

anaLysis. The experimentaLLy determined data sets obviousLy 

contain more signaL noise than the hypotheticaL data sets. 
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Figure 9.14 
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The power functions of the Fourier transform of the eLution 

profiLe and the transfer function for the experimentaLLy 

determined eLution profiLes are shown in figures 9.15 and 9.16. 

The high frequency components in which the signaL noise is 

comparabLe to the s ignaL, and which can be excLuded from the 

Fourier summation without Loss of information from the data are 

readi Ly apparent, and determine the upper Limit N, of the number 

of terms over which the Four i er series shouLd be summed. In the 

anaLyis used to extract the binding isotherm shown in Figure 9.13 

the Fourier series were summed over n = 100 terms. 

Figure 9.15 
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Figure 9.16 
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C Discussion 

9.7 Comparisons of the Permeation constant and the Transfer 

Function Methods of Data AnaLysis 

1. 00 . 10' 

It is seen from figures 9.13a and 9.13b that the binding 

isotherms obtained by both anaLyticaL methods, when appLied to 

experimentaLLy determined data for the phenoL red-BSA system 

produce binding isotherms which are mutuaLLy cons i stent. Thus, on 

the basis of the abi Lity of an anaLysis to reproduce binding 

isotherms, which are consistent with those obtained by other 

techniques, there are no obvious grounds for preferring one method 

over the other. 

In terms of practicaL considerations, the 'transfer function' 

method entaiLs some difficuLties which are avoided in the simpLer 

'permeation constant ' method. The transfer function method cannot 

be appLied "mechanicaLLy" to extract the binding isotherm from the 
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eLution profiLe data because it requires a judicious assignment of 

vaLues to the parameters such as ~, the LapLace convergence 

parameter, N, the number of terms used in the Fourier summations, 

and b, the exponentiaL decay parameter. The transfer function 

method therefore, requires some degree of operator mediation. 

In the transfer function methdd of anaLysis, however, it is 

unnecessary to discard the data coLLected during the initiaL 

transient phase. Thus, this method provides a greater number of 

data points over a greater concentration range of the isotherm for 

the same data set than does the permeation constant method. The 

additionaL points provided by the transfer function method can 

represent a considerabLe portion of the isotherm . The data 

discarded in the permeation constant anaLysis, aLthough 

representing onLy a smaLL fraction of the totaL duration of the 

diaLysis experiment, can represent the Loss of a considerabLe 

portion of the isotherm because the points on the binding isotherm 

which are represented by parametric equations in time are not 

uniformLy distributed in time . Moreover, the Ligand 

concentration and therefore quantity of Ligand bound to the 

protein is greatest at the start of the diaLysis. This can be 

seen by comparing the isotherms shown in figure 9.13. The upper 

Limit of the isotherm derived by the permeation constant method 

occurs at a free Ligand concentration of 0.42x 10-3 M, whereas 

the upper Limit of the isotherm extracted from the same data set 

by means of the transfer function method has a vaLue of 0.8 x 

10-3 M for the free Ligand concentration. There is, however, a 

greater degree of uncertainty associated with the additionaL 

information provided by the transfer function method over that of 

the permeation constant method due to increased noise. 

From the point of view of mathematicaL rigour, the transfer 

function method is the preferred method of anaLysis. The 

information content of each data point · in the eLution profiLe 

depends on the signaL-to- noise ratio. The signaL-to-noise ratio in 

the eLution profiLe data decreases continuousLy as the signaL 
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decreases. In the transfer function method, in which LapLace 

transforms of the eLution profiLe are used, the noise component of · 

the signaL is effectiveLy averaged over the entire eLution profiLe 

data set and may be convenientLy 'smoothed' by excLuding the 

higher frequency components. This is in contrast to the 

permeation constant method of data anaLysis, where the quantity of 

Ligand bound to the protein, and the sampLe compartment Ligand 

concentration are evaLuated over the entire diaLysis data set on 

the basis of a singLe vaLue of a permeation constant. 

However, because the transfer function depends on the eLuting 

buffer fLow rate (cf.equation 6 . 3.4) in a way which has not been 

made expLicit here, it is necessary to re-estabLish a transfer 

function, by means of a controL diaLysis experiment, each time a 

change of experimentaL parameters incLudes a change in the eLuting 

buffer fLow rate. In this respect the method is Less convenient 

than the permeation constant method, in which, provided the 

eLuting buffer fLow rate is not so Large to cause distortion of 

the diaLysis membrane, the permeation constant is independent of 

the eLuting buffer fLow rate. This means that in the permeation 

constant method of anaLysis, once a vaLue for the permeation 

constant has been estabLished, this vaLue may be used in a series 

of diaLysis experiments in which both the initiaL Ligand 

concentration and the eLuting buffer fLow rate are changed. In the 

transfer function method of anaLysis, the same transfer function, 

estabLished in a controL experiment can onLy be used for a number 

of diaLysis experiments in which the initiaL Ligand concentrations 

differ provided the fLow rate of the eLuting buffer is kept 

constant. 

In the permeation constant anaLysis, a computer pLot of the 

vaLues of the permeation constant, determined at equaLLy spaced 

time intervaLs over the course of the diaLysis is used as a 

diagnostic to check the constancy of the experimentaL variabLes. 

A simi Lar diagnostic can be obtained for the transfer function 

method. It is possibLe to obtain a parameter which is equivaLent 

to the permeation constant 0, in terms of a Fourier series. This 

parameter is represented as a function of time over the course of 
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the di aLysi s experiment as a Fourier series by making use of the 

system differentiaL equations (equations 5.3.1a or 5.3.1b). 

The Fourier coefficients used in the Fourier series 

rep resentation of the permeation parameter as a function of time 

can be expressed in terms of the Fourier coefficients Un and 

Vn of the Fourier series representation of the eLution 

profiLe:-

Thus, equation 5.3.1b 

; • e ., VZdCZ(t)/dt = D[C1(t) - CZ(t)] - F C2(t) 

9.7 .1 

is r~-arranged to give: 

ott) = [VZdCZ(t)/dt + F CZ(t)J / {C1(t) - CZ(t)} 

9.7 .Z 

where, in order to aLLow for the possibi Lity of the permeation 

parameter varying with time, it is represented in equation 9.7.Z 

as a functi on of time. 

The LapLace Transform to 9.7.Z, assuming 0 a constant, yieLds 

= {Vz s LZ(s) + F L2(s)} / {L1(s) - LZ (s)} 

9.7.3 

"here L1 (s) a n d LZ(s) are th e LapLace transfor ms of C1 (t) 

and C2(t) respectiveLy, s is a compLex frequency ter m, and En 

and Hn are th e Fourier coefficients of the Fourier series 

representation of the pe r mea tion parameter as a function of time. 

L1 (s) and LZ (s) can be expressed in term s of the Fourier 

coeffi cients, Un and Vn, of the controL eLution profi Le, as 

described in sections 6.5 and 6.6 
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Values for the coefficients En and Hn are obtained by 

silrlplifying and equating the real and imaginary parts of equation 

9.7.3 in whi ch L1 (s) and L2 (s) are expressed in terms of 

Un and Vn • Again t he tedious algebra that this involves 

can be avoide d by using the complex arithmetic facilities of 

FORTRAN. Provided that the dialysis procedure is governed by 

Fick's law of diffusion, a computer plot of the O(t) given by 

o = 
N 

+ L En cos (nITtlBTl + Hn sin(n7rt//3Tl 
n=1 

9.7 .4 

should show a value for 0 which does not vary with time and 

and which can thus be used as a diagnostic in the transfer 

function method of analysis in the same manner as the plot of 0 vs 

t, ,-,here 0 is calculated by means of equation 5.8.8, is used in 

the permeation constant method. 1 

This reflects the essential similarity of the two methods of 

analysis both of which are derived from equations 5.3.1a and 

5.3.1b, the differential equations describing the dialysis and 

elution processes in the dialysis cell . 

---000---

1 Footnote: 

As pointed out by an exa~iner, it is ur~ecessary to 

5C tually perform the summations in 9.7.4; if Dis indeed 
a r eal valued constant, then it has no imaginary components 

(i.e., all En's are zero), and all E are zero exce pt for n 
a finite valued Eo ' 
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Chapter Ten 

ResuLts AppLication of the CFDD Method to Measure 

CoLLagen Ligand Binding 

A Determination of coLLagen-pLant phenoL binding Isotherms 

10.1 Results 

Study of the binding to soLubLe coLLagen of the 

monomoLecuLar phenoLs, i.e . , phenoL, catechoL and resorcinoL was 

initiated, but couLd not be measured by the CFDD method due to 

the rapid precipitation of coLLagen in the presence of these 

Ligands. Attempts to overcome the precipitation of the coLLagen 

by these Ligands, using very di Lute soLutions of the phenoLs, 

produced onLy very sLight differences between the controL and 

sampLe eLution profiLes. Despite the fact that these Ligands 

cause a destabiLization of coLLagen, which is indicated by their 

Lowering of the coLLagen-geLatin transition temperature (Otto, 

1953), the binding of these Ligands to coLLagen is weak. 

On the other hand, fibriLLogenesis due to the presence of the 

fLavanoid based pLant phenoLs and gaLLic acid and its n-propyL 

ester couLd be deLayed sufficientLy in acid medium (pH = 3.0) to 

carry out binding studies using the CFDD technique. However, the 

range of concentrations over which the binding of these Ligands 

to coLLagen couLd be studie9 was restricted because of the 

Limited soLubiLity of some of these compounds. ALthough these 

compounds are more soLubLe at higher pH, increasing the pH 

increases both the chance of coLLagen precipitation and the 

possibiLity of oxidation of the Ligand. 

The absorbance waveLengths, moLar extinction coefficients 

and range in concentrations over which the binding of these 

compounds to coLLagen was investigated are Listed in TabLe 10 -I. 

Since both the permeation constant and the transfer function 



TabLe 10-1 

Experl!aentaL Data for the DiaLysis of Monomeric Tannin precursors at 15 °c 

Ligand i-loL')cuLar Absor~ance Er.tinction Initial Ligand FinaL Ligand 

1-' ass \IJave le ngt h Coef -fi ci ent Concentration Concentration 

( n [;1 ) moL/L moL/ L 

(+)-catechi n 290 279 3800 0.306 x 10-2 0.08 x 
-? 1 0 ~ 

di hydroq uercetin 274 298 17500 0.108 x 10-2 0.02 x 
-? 1 0 ~ 

-~ -? di hydl'orobi net in 274 273 18200 o . 1 01 x 1 0 '- 0.03 x 10 " 

braz ilin 286 287 6400 0.181 x 10-2 0.04 x 10-2 

haematoxyLin 302 292 4600 0.107 x 
-.., 

1 0 <- 0.05 x 10-2 

gulLic a c i d 170 271 9600 0.402 x 10-2 0.05 x 10-2 

n-propyl ga LLate 212 271 9800 0.350 x 10-2 o .0 /, X 10-2 

------ ------------ ------ -- - -

ELuting Buffer 

FLot/-Rate 

cm3 s -1 

3 .. 6 x 10-3 

1 .8 x 10-3 

1 . 1 x 10-3 

1 .8 x 10-3 

1 .7 x 10-3 

1,.0 x 10-3 

3 .5 x 10-3 

--

N 
o 
a 
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methods of anaLysis yieLd aLmost identicaL isotherms except that 

the permeation constant method negLects the first part of the 

data, whereas the transfer function method uses essentiaLLy aLL 

of the data, the binding isotherms of colLagen and the pLant 

phenoLic Ligands were evaLuated using the simpLer permeation 

constant anaLysis. The diaLysis experiments were carried out in 

dupL i cate fo reach Ligand. 

The mean vaLues for the permeation constants obtained from 

the diaLysis of these Ligands through Visking diaLysis membrane 

in controL experiments and the standard deviations associated 

with these vaLues are Listed in TabLe 10- II. 

TabLe 10 - II 

Permeation Constants for PLant PhenoLic Ligands 

Ligand Pe rmeat i on Standard 

Constant Deviation 

cm3 s -1 cm3 s-1 

(+)-catechin 0.143 x 10-3 0.0048 x 10-3 

dihydroquercetin 0.158 x 10-3 0.0069 x 10-3 

dihydrorobinetin 0.148 x 10-3 0.0053 x 10-3 

braziLin 0.122 x 10-3 0.0034 x 10-3 

haematoxyLin 0.138 x 10-3 0.0042 x 10-3 

gaLLic acid 0.237 x 10-3 0.0068 x 10-3 

n-propyL gaLLate 0.177 x 10-3 0 . 0068 x 10-3 

The variations with time over the course of the diaLysis in the 

vaLues of the permeation constants for the respective Ligands are 

shown in Figure 10.1. 
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The compLete set of binding is o therms for aLL the 

phenoL i c Ligands investigated are shown in Figure 10.2 and for 

purposes of comparison, the Bjerrum pLots of the isotherms are 

shown together i n figure 10 . 3 
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Figure 10.2 
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Figure 10 . 2 [4] shows the straight Lines fitted by Least squares 

to the binding isotherm data. 
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Figure 10.3 
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Bjerrum pLots of the coLLagen-pLant phenoL 

Ligand binding isotherms 

In each case, over the range of Ligand concentration 

investigated, the quantity of Ligand bound to the coLLagen varied 

LinearLy with free Ligand concentration. 

were fitted to a Linear modeL v 
The 

= 

binding isotherms 

* A,C, (tl + Ao by 

Least squares regression. The graphs of these Linear pLots to 

represent the isotherms are shown in figure '0.2. It is to be 

noted that the binding of these Ligands to coLLagen differs 

markedLy from the binding of phenoL red to aSA. The binding 

capacity of coLLagen for these Ligands is Large. Thus, in the 

case of catechin, when the free Ligand concentration is 0.25 x 

10-4 M, the number of Ligand moLecuLes bound to a collagen 

moLecuLe is about 100, compared to about six phenoL red moLecuLes 

to BSA at the same Ligand concentration. Furthermore, unLike the 
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phenoL red-BSA interaction in which the binding isotherm exhibits 

. a pLateau at higher Ligand concentrations, indicating an approach 

to saturation of the Ligand binding sites, there is no indication 

of saturation of binding sites in the case of coLLagen and the 

phenoLic Ligands investigated. The binding isotherms appear. to 

be Linear over the Ligand concentration ranges investigated. 

The vaLues obtained for these parameters, A1 and Ao for 

the Linear equations fitted to the binding isotherms are Listed 

in Tab Le 10 -III. 

TabLe 10 - III 

Coefficients for the Linear equation v = A1C + Ao 

fitted by Least squares to the binding isotherm data 

Ligand A1 Confidence Ao 

IntervaL 

(95%) 

dihydrorobinetin 0 . 435 x 105 + 0.38 x 103 -0.81 -
(+)-catechin 0.424 x 105 + 0 . 76 x 103 0.24 -
dihydroquercetin 0.410 x 105 + 0 . 98 x 103 -2.38 

braziLin 0.322 x 105 + 0.53 x 103 -3.34 -
haematoxyLin 0.203 x 105 + 0 . 70 x 103 -2.34 -

n-propyL gaLLate 0.239 x 105 + 0 . 52 x 103 -4 . 17 -
gaLLic acid 0 . 216 x 105 + 0.33 x 103 -4.99 -

Confidence 

Interva L 

(95%) 

+ 0.15 -
+ 1.31 -
+ 0.66 -

+ 0.42 -
+ 0.60 -

+ 0.90 -
+ 0.60 -

It can be seen from TabLe 10 - III that the vaLues for the 

intercepts Ao are reLativeLy smaLL (though not identicaLLy 

equaL to zero) as is to be expected when there is no curvature in 

the isotherm . The Scatchard pLots of the binding isotherms are 

shown in Figure 10 . 4. Except in the case of (+)-catechin the 
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Scatchard pLots are unusuaL. In contrast to the more familiar 

Linear pLots or hyperboLae with negative sLopes, when binding 

involves more than a single class of binding sites, the Scatchard 

pLots for these collagen ligand interactions are hyperbolae with 

positive sLopes. 
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B Discussion 

10.2 Physical i.plications of the collagen-ligand isotherms 

The application of the CFDD method to investigate solubLe 

coLLagen-Ligand interactions yieLds an isotherm ~hich is 

expressed in terms of the number of moLecuLes of Ligand bound to 

a moLecuLe of protein, as opposed to adsorption methods ~here the 

isotherm is expressed in Less fundamentaL terms as mass of Ligand 

bound per unit mass of hide substance. Binding studies by the 

CFDD method on coLLagen-Ligand binding, in contrast to the phenoL 

red-BSA system, sho~ coLLagen to have an extremeLy high capacity 

for the fLavanoid Lo~ moLecuLar mass pLant phenoLs. As has been 

noted, at simiLar Ligand concentrations, the number of pLant 

phenoL Ligand moLecuLes per coLLagen moLecuLe is about ten to 

fifteen times the number of phenoL red moLecuLes per BSA 

moLecuLe. In terms of the respective moLecuLar masses of the two 

protein moLecuLes (CoLLagen MMass 300 000; BSA M.Mass 69 000) 

this shows the binding capacity of coLLagen to be considerabLy 

greater than that of BSA, since if aLL other infLuences were 

equaL, the expected vaLue for this factor is about five. 

Furthermore, unLike the phenoL red-OSA system in which the 

binding isotherm LeveLs out at higher Ligand concentrations 

indicating that saturation of the Ligand binding sites has been 

attained, there is no indication in coLLagen of any approach to 

saturation of the binding sites with these Ligands. The high 

binding capacity of coLLagen for these pLant Ligands, reLative to 

the smaLL vaLue for BSA and phenoL red, may impLy that the 

binding of these Ligands to coLLagen invoLves participation of 

the peptide Links rather than specific arrangements or sequences 

of amino acid side-chain residues, as indicated beLow. 

The Linear reLationships bet~een the amount of Ligand bound 

to coLLagen and the high binding capacity of coLLagen for these 

ligands have severaL impLications. Apart from gaLLic acid and n

propyL gaLLate, .. hich have vaLues of -5 + 1 for the intercept 

Ao when a Linear function is fitted to the binding isotherms, 
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the vaLues for the intercept for the remaining Ligands are cLose 

to zero. This indicates that a proportionaLity exists between 

the quantity of Ligand bound to the protein and the concentration 

of Ligand in equilibrium with the protein-Ligand compLex over the 

experimentaL concentration range. In terms of a Scat chard 

binding modeL for a singLe cLass of binding sites: 

i.e., vet) = niki Ci*(t)/[1 + kiCi*(t)] 

10.2.1 

proportionaLity between vet) and C1*(t) impLies a very smaLL 

vaLue for the protein-Ligand association constant (i . e. , 

kiC1*(t) is small compared with 1 and may be negLected in the 

denominator in equation 10.2.1). This inference, coupLed with the 

observed high Ligand binding capacity of coLLagen, indicates that 

binding between coLLagen and these Ligands is reLativeLy non-

specific. In other words, the binding of these Ligands to the 

collagen is not dependent on any particuLar amino acid sequence 

or protein configuration at the binding site. It is thus very 

LikeLy that the binding of these Ligands to coLLagen is by 

hydrogen bonding, and probabLy invoLves the numerous poLar 

peptide Links and poLar side-chain residues which are present in 

coL Lagen. 

ALthough the parameters A1 representing the 

proportionaLity between vet) and C1*(t) are not identicaL for 

each Ligand, it can be seen from Figure 10.2 and 10.3 that, 

except for braziLin, the Ligands faLL into two categories with 

respect to the parameter A1. The va Lue of this parameter for 

braziLin (0.32 x 105) faLLs midway between those of (+)-catechin 

and the fLavanones dihydroquercetin and dihydrorobinetin on the 

one hand (mean vaLue for A1 = 0.423 x 10 5 ) and that of gaLLic 

acid, n-propyL gaLLate and haematoxyLin on the other (mean vaLue 

for A1 = 0.219 x 10 5). This shows that, aLthough the binding 

of these phenoLic Ligands to coLLagen is reLativeLy non-specific, 



209 

the binding is infLuenced sLightLy by Ligand s~ructure. This is 

not surprising, since the Ligands are muLtifunctionaL and each 

possesses severaL hydroxyL groups capabLe of participating in 

hydrogen bonding. However, in view of the similarity of the 

structures of catechin, dihydroquercetin, and dihydrorobinetin, 

the structure-affinity reLationship appears to be more dependent 

on the skeLetaL structure of the Ligand than on the positioning 

of the hydroxyL groups. In this context, it is of interest to 

note that for (+)-catechin, no evidence, apart from an abiLity to 

inhibit the enzymic degradation of coLLagen by mammaLian 

coLLagenase (Kuttan et aL., 1981), has been presented to 

,demonstrate a binding reaction to coLLagen. The binding 

affinity of these Ligands appears to increase with increasing 

structuraL compLexity; it is reLativeLy Low in the monomoLecuLar 

poLyhydric structures, such as gaLLic acid, and highest in the 

poLynucLear types, such as catechin and the fLavanones, 

dihydroquercetin and dihydrorobinetin. 

It is not possibLe to obtain any detaiLed information 

reLating to the magnitude of the associat i on constants for these 

interactions, because of the Linearity of the binding isotherms 

for these protein-Ligand systems. The Scatchard pLots, which 

usuaLLy provide initiaL estimates of the binding parameters for 

subsequent Least squares refinement, are aLso not very 

informative. As can be seen from Figure 10.4, these pLots are 

hyperboLae with positive sLopes, except for the negative sLope in 

the case of catechin. 

Scat chard pLots with positive sLopes are not unprecedented, 

and have been reported by Shen & GibaLdi (1974), and by Judis 

(1978) for aLkaLoid-aLbumin interactions. Protein-Ligand systems 

which exhibit positive sLopes in the Scatchard transformation of 

the binding isotherm have been reviewed by Bowmer & Lindup 

(1978), and a variety of expLanations have been proposed to 

account for the phenomenon. These expLanations have invoked both 

cooperativity and Ligand induced seLf-association of the protein. 

Steiner (1980) has reviewed a variety of modeL systems which 

report the infLuence of the Ligand on seLf-association of the 

protein. Cann (1978) has generated curves to simuLate protein

Ligand interactions for a series of protein monomer-dimer systems 
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in an attempt to reLate the shape of the Scatchard pLots to modeL 

systems invoLving protein seLf-association. 

ALthough it is possibLe to account for positive curvature in 

the Scatchard pLot by means of modeL sy.stems invoking Ligand

mediated dimerization of the protein, in the case of the 

interactions between coLLagen and the pLant phenoLs, the positive 

sLopes in the Scatchard pLots are readiLy expLained, without 

having to invoke the concepts of cooperativity or Ligand-induced 

association of the protein. It is easiLy shown that the sLope of 

the Scatchard transformation of a Linear isotherm wilL be 

positive or negative according as the parameter Ao is positive 

or negative. 1 

-------------------- . -.- ._----
1 Footnote: 

The Scatchard expression for a singLe cLass of 

binding sites (equation 3.1.1) is substituted into a Linear 

expression for the binding isotherm. In the resuLting expression, 

viC is differentiated with respect to v. 

Thus, the Linear expression, 

rearranged to give: 

viC = A1 + Ao/C (a) 

Rearrangement of the Scatchard equation for a singLe cLass of 

binding sites: 

i.e .. , v = nkCI(1 + kC) (b) 

yi eLds 1/C = nk/v - k (c) 

which is sUbstituted into equation (a) for 1/C to give 

viC = A1 + Ao { nk/v - k } (d) 

(continued) 
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Thus, in the case of the coLLagen-pLant phenoL interactions, the 

positive curvature in the Scatchard pLots is an artifact due to 

the smaLL, non-zero vaLues for the parameter Ao arising from 

experimentaL errors at Low Ligand concentrations. These 

exampLes show that care must be exercised in the extraction of a 

binding ~echanism from the form of the Scatchard pLot. This 

point has been emphasised by Noerby et aL. (1980), who stress the 

possibi Lity of misuse of the Scatchard pLot, and discuss a 

variety of commonLy encountered errors in the use and 

interpretation of Scatchard pLots. 

ALthough the Scatchard pLots cannot be used in the present 

instance to provide vaLues for the protein-Ligand association 

constants, it is possibLe to dral< certain concLusions about the 

magnitUde of these parameters. If it is assumed that, in the 

CFDD method, deviations from Linearity of the order of 5% to 10% 

can readiLy be detected in the binding isotherm, a Linear trend 

wouLd impLy that: 

kiC1*(t) < 0.05 to 0.1 

1 Continuation of footnote to previous page 

Differentiating (d) with respect to v gives: 

d[ vIC ] 
= 

dii 

i • e., if Ao > a d[ O/C ] I dO < a 

and if Ao < a d[ O/C ] I dO > a 

since the remaining terms are necessariLy positive. 

---000-·--
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with reference to equation 10.2.1. Thus, the absence of 

detectabLe deviation from Linearity in the binding of the pLant 

phenoLs to coL Lagen up to concentrations in the region of 10-3 

M wouLd impLy a ki vaLue of SO to 100 M-1 

(i.e., ki = {O.os to o.nl 10-3 t1-1) 

A corresponding approximate vaLue for n, a vaLue between SOD 

and 1000 moLlmoL protein, is obtained from the gradients of the 

various isotherms (nki = 0.5 x 105 M-1 approximateLy). 

ALthough it is not necessary to use cooperativity of protein 

association to expLain the positive curvature in the Scatchard 

pLots, nevertheLess, because the phenoLic Ligands examined in this 

study are muLtifunctionaL, it is possibLe that these Ligands can 

promote association of the coLLagen moLecuLes. In order to test 

this possibiLity, the sedimentation patterns of coLLagen, obtained 

by uLtracentrifugation in the presence and absence of these 

Ligands, were compared. The sedimentation patterns of coLLagen in 

0.5 M urea, a hydrogen bond breaker, and 2% phenoL were aLso 

determined for comparison. 

The sedimentation patterns for coLLagen in the presence of 

the pLant phenoLics (PLates IX and X), except in the case of 

gaLLic acid and haematoxyLin, show a singLe narrow peak which 

resembLes the sedimentation pattern of coLLagen in the absence of 

any Ligand. The sedimentation patterns in the case of gaLLic acid 

and haematoxyLin show a sLight broadening of the peak which couLd 

impLy more than a singLe protein species. The sedimentation 

patterns of coLLagen in the presence of these Ligands are simiLar 

to that of coLLagen in the presence of phenoL (PLate X). 

The binding of phenoL to coLLagen has been investigated by 

measuring the adsorption of phenOL by hide powder (KOntzeL & 

Schwenk, 1940). This study showed that phenoL binding to coLLagen 

neither obeys a common adsorption formuLa, nor, does phenoL 

binding appear to invoLve the ionic groups on coLLagen, since the 

binding of mineraL acids and bases by coLLagen is unchanged in the 
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Plate IX 

Ultracentrifuge Schlieren pictures showing the sedimentation 

of colLagen at 60 000 rpm. at 20 minute intervaLs. 

Top Row: CoLLagen in the absence of Ligand (phosphate buffer pH 7) 

Centre Row: CoLLagen in 0.3 x 10-2 M (+)-catechin solution 

Bottom Row: Left to right, pictures 1 & 2: colLagen in 

0.11 x 10-2 M dihydroquerc~tin solution. 

Pictures 3 & 4: co ll agen in 0. 5 M Urea 
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PLate X 

ULtracentrifuge SchLieren pictures showing sedimentation 

of coLLagen (60 000 rpm -) at 20 minute intervaLs . 

Top Row: Collagen in 0.4 x 10- 2 M gallic acid solution. 

Centre Row: Collagen i n 0. 11 x 1--2 M haematoxylin solution. 

Bottom Row: Collagen in 0 . 2 x 10-3 M phenol solution 
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presence or absence of phenoL. Phenol causes a reversaL in the 

sign of the opticaL birefringence of coLLagen fibres (Gustavson, 

1956), and this has been interpreted as being due to arrangement 

of the phenoL moLecuLes paraLLeL to the fibre axis of the 

coLLagen. This interpretation supports the proposaL of Otto 

(1940) that phenoL binding to coLLagen invoLves the aromatic 

nucLeus, presumabLy invoLving .-bonding, rather than the phenoLic 

hydroxyL group. Thus it is possibLe that the binding of gaLLic 

acid and haematoxyLin may aLso invoLve a mechanism simiLar to that 

of phenoL-coLLagen binding, whereas the binding by the fLavanoids 

is predominantLy by hydrogen bonding. 

The sedimentation patterns, in providing no indication of 

coLLagen association, are consistent with the observation (Roux et 

aL., 1965) that tanning effects, such as shrinkage temperature 

increase, are evident onLy with pLant phenoLic compounds 

comprising of at Least four monomeric subunits of the type 

investigated in this study. 

In generaL, the resuLts of the present study show Low 

affinity, high capacity binding without evidence of site 

saturation over the experimentaLLy accessibLe concentration range. 

The reLativeLy weak binding inferred from the Linear binding 

isotherms obtained is consistent with hydrogen bonding 

interactions through hydroxyL group substituents on the Ligand. 

CoLLagen-Ligand interaction appears to increase with structuraL 

compLexity and poLar group content of the Ligand. 

The estimated Low vaLues for the association constants of the 

interactions between these pLant phenoLic compounds and coLLagen 

confirm the findings of ShuttLeworth et aL. (1952) that "vegetabLe 

tanning appears to be a soLvent reversibLe muLtipoint crossLinking 

mechanism in which hydrogen bonds provide the dominant forces and 

peptide Links are probabLy the most powerfuL binding sites". 
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Chapter ELeven 

GeneraL Discussion and ConcLusion 

A number of di fferent methods for investigating protein

Ligand interactions have been discussed in this dissertation. ALL 

methods used to study protein-Ligand interactions have their 

strengths and weakneses, advantages and disadvantages. The 

seLection of a particuLar method wiLL therefore often depend on 

the system under study, and the aims of the investigator. The 

continuous-fLow dynamic diaLysis method, which has been deveLoped 

and described in this study, is a further appLication of a non

equiLibrium kinetic diaLysis me~hod which correctLy accounts for 

the effects of back-diffusion from the sink compartment. Whi Le 

sharing some of the Limitations of subtractive methods in 

generaL, the fLexibiLity of the CFDD method in permitting the 

adjustment of operationaL parameters shouLd suit it to the study 

of the binding characteristics for a wide variety of protein

Ligand systems. In particuLar, the method shouLd be of 

considerabLe importance in the study of drug binding studies to 

pLasma proteins, where unLike the fibrous proteins, Limited 

soLubility of the protein is not a restrictive factor. In 

particuLar, tl~O major advantages of the CFDD method are: 

i the method, using a singLe protein-Ligand soLution, 

provides a very much Larger number of data points 

for the estabLishment of the isotherm than previousLy 

reported dynamic diaLysis techniques; 

;i the anaLysis of the diaLysis data to extract the 

binding isotherm is independent of any a prior; 

assumptions with respect to a protein-Ligand binding 

mode L. 
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The large number of data points provided from a single 

experiment represents a considerable improvement over the 

equilibrium dialysis method, which requires the preparation of 

many protein-ligand samples, each sample providing but one data 

point of the isotherm. Thus the CFDD method makes possible the 

study of protein-ligand interactions over a wide range of protein 

and ligand concentrations, at a much lower cost in time, labour 

and chemicals in comparison with the equilibrium dialysis method. 

In addition, because the CFDD method requires less time for data 

collect ion than the equilibrium method, the associated risk of 

protein denaturation or destruction through microbial degradation 

is considerably reduced. 

The independance of the method with respect to protein

ligand binding models permits a greater degree of objectivity in 

the interpretation of the results and avoids the potential 

hazards of unconcious biasing of data interpretation in 

accordance with an assumed binding model. This means that the 

binding isotherm provided by the method can be tested against a 

variety of binding models, and the selection of a particular 

model can be made solely of the basis of 'goodness of fit'. 

Although it is believed that that the CFDD method suffers 

no major pitfalls, other than those shared by all subtractive 

methods, certain precautionary measures must be adopted to ensure 

reliability of the results. Among the factors which can 

adversely affect the reliability of the method, membrane effects 

are probably the most important. These will similarly affect all 

dialysis methods. The possibility that the ligand can bind to 

the membrane must always be borne in mind, and it is imperative 

to establish that there is no appreciable source of error due to 

membrane binding, either by the ligand, protein or protein-ligand 

complex, for every protein-ligand system investigated by this 

method. 

The ligand may bind irreversibly to the membrane, or 

aLternatively the membrane may act as a competitive substrate to 

the protein (i.e., ligand binding to the membrane is reversibLe) . 
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When the binding of the ligand to the membrane is irreversible, 

use of the CFDD method is still possible if due allowance is 

made for the loss of ligand due to membrane adsorption. However, 

if ligand is released from the membrane as the elution proceeds, 

an analysis of of the data to differentiate between protein

ligand and membrane-ligand bi ndi ng may be impossib leo 

It has been shown that for the phenol-red BSA system, as well 

as for the binding of low · molecular mass tannin precursor 

materials to collagen, the conceptually simpler analysis 

utilizing a permeation constant is adequate, despite the 

necessity of having to discard some of the data collected during 

an initial transient phase until a more-or-less linear 

concentration gradient is established within the membrane. 

The general method, based on the concept of a system 

transfer function, represents a more rigorous and unconstrained 

technique. This analysis, which incorporates the proportionality 

relationship of Fick's law of diffusion into the linearity of the 

dialysis system, is, from a theoretical point of view, a more 

fundamental approach. Thus apart from the readily verifiable 

assumption that the dialysis cell represents a linear system, the 

analysis makes no assumption with respect to the details of the 

diffusion process within the membrane. 

the sample compartment and sink 

The relationship between 

compartment ligand 

concentrations, established by means of the system transfer 

function, is therefore still valid over the initial transient 

phase, even though the concentration gradient of the ligand 

through the membrane during this interval is not linear. 

In the case of the collagen-tannin precursor binding 

studies, it was not possible to obtain precise measures for the 

binding parameters by the CFDD technique. The inability to 

measure these quantities, however, was less the fault of the 

method than the nature of the collagen-ligand interaction. 

Collagen, with its limited solubi lity and rigid triple-helix 

.molecular structure, is an unaccommodating substrate for protein

ligand binding studies. The linear relationship between ligand 
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uptake and ligand concentration precluded the determination of 

binding parameters by regression procedures. However, it is 

reasonable to conclude from this linear relationship that the 

binding of these ligands to collagen is non-specific. In 

addition, because of an inability to detect saturation limits for 

these ligands over the considerable range of Ligand 

concentrations studied, it can be concluded that this binding 

probably invoLves hydrogen binding to the peptide links of the 

collagen backbone rather than to specific sequences of protruding 

amino acid side chains. 

Intuitively it is anticipated that coLLagen-Ligand binding 

wiLL always be predominantly non-specific; a rigid triple helix 

does not readily undergo allosteric conformational changes to 

accommodate the ligand. Despite this assumption, however, there 

are aspects of collagen-tannin precursor binding which are 

intriguing. The observation (Kuttan et al., 1981) that (+)

catechin has the ability to render colLagen resistant to 

mammalian collagenase degradation, but not to bacterial 

co llagenase, has interesting implications. These investigators 

have reasoned that (+)-catechin modifies the collagen structure 

to make it resistant to enzymic degradation. However, in view of 

the very weak binding of (+)-catechin to collagen, and its 

inability to confer resistance to bacterial collagenase 

degradation, it must be presumed that any conformational change 

in the collagen structure is slight. Such conformational change 

may affect only the non-helidal telopeptide portions of the 

molecule. It is of interest therefore to speculate whether the 

CFDD method is capable of detecting any differences between the 

binding of catechin to untreated colLagen and collagen which has 

been enzymically treated to remove the telopeptides. 

The disordered structure of gelatin offers greater scope for 

multipoint ligand attachment than collagen. Since the solubility 

of gelatin is greater than that of coLLagen, protein solubility 

above the collagen-gelatin transition temperature is no longer a 

restrictive factor for the CFDD method. Thus, the CFDD method 

can be used to study the binding of the tannin-precursor ligands 
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to gelatin at different pH. Comparative studies of the binding 

of these lignds to gelatin at different pH may provide insight 

into the role of ionic forces in the ability of collagen to bind 

to these ligands. In addition, binding studies at different 

temperatures, especially above the transition temperature, could 

provide measures of the enthalpy and entropy of binding. This 

would provide more information as to the nature of the protein

ligand interaction. The CFDD cell provides a very convenient 

means for investigating such aspects of ligand binding. 



221 

Appendix I 

The Significance of Back-Diffusion 

in Continuous-FLow Dynamic DiaLysis 

If the back-diffusion of the Ligand from the sink 

compartment to the sampLe compartment in the diaLysis ceLL is 

negLected, the differentiaL equations which describe the fLow 

diaLysis system (equations 5.3 . 1 and 5.5.Z) reduce to: 

A.I.1a 

and 

dCZ(t)/dt = {D C1(t) - F CZ(t)}/VZ 

A.I.1b 

These equations for the diaLysis of Ligand in the controL 

experiment have the anaLyticaL soLutions: 

A.I.Za 

a~ 

A.I.Zb 

An estimate of the diffusion coefficient, obtained from the 

naturaL Log-Linear pLot of CZ(t) vs t, is now given by D = -V1b 

where b is the sLope of the Linear portion of the curve after it 

has passed through the maximum vaLue. This resuLts from the fact 
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that the last term in A.l.2b becomes negligible at long times 

with respect to the next-to-last term because the flow rate, F, 

is larger than the permeation constant, o. 

The mass balance equation expression for 0, when back

diffusion is neglected (equivalent to equation 5 . 8.8 in the 

analysis allowing for back-diffusion) is : 

{ V2dC2(t)/dt + FC2(t) } 

o = 

A.l . 3 

The parametric equations for the binding isotherm are: 

C1*(t) = {V2dC2*(t)/dt + FC2*(t) } I 0 

A. l.4 

and 

pv(t) = C1*(O) - C2*(t)[ FlO + V2/V1 J 

- [ V2/0 JdC2*(t)/dt + F/V1 ~:C2*(~)d~} 
A.l.5 

The magnitude of the effect of back diffusion on the 

permeation constant 0 can be determined as the difference between 

equations A.l.3 & equation 5.8.8. 
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This yieLds 

[ VZdCZ(t)/dt + FC2(t) ] C2(t) 

LlD = 

A.I.6 

IIhere Q = [ C1 (0) - (V2 CZ (t) + F 1>2 ('()dtl ] / V1 

A.!, 7 

~D converges to zero for Large t (as is to be expected) when the 

effect of back-diffusion becomes Less significant as the Ligand 

concentration diminishes. 

The effect of back diffusion on the binding isotherm, in 

particuLar the amount of Ligand bound to the protein, is the 

difference obtained by subtracting equation 5.8.6 from equation 

A.l.S. This yieLds: 

p6.ii(t) = 

A.I.8 

which again becomes Less significant for Large t, when CZ(t) 

tends to sma LL va Lues. 
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Appendix II 

Correction Factor for the Sink Compartment 

Volume to Correct for Membrane Distension 

The determination of the permeation constant D using the 

mass-balance relationship (equation 5.8.8) at different eluting 

buffer flow rates indicates a dependence of D on the eluting 

buffer flow rate. This dependance does not reflect a departure 

of the diffusion process from first order kinetics, which would 

be indicated by a dependance of D on the initial ligand 

concentration. This dependance is most pronounced at high 

eluting buffer flow rates, and is the result of doming of the 

membrane under the influence of the dynamic pressure of the 

eluting buffer. A value for V2, the sink compartment volume, 

cannot be obtained directly from the physical dimensions of the 

dialysis cell, because the extent of doming of the membrane 

depends on the eluting buffer flow rate. It is, however, 

possible to obtain a value for this parameter indirectly. 

The analytical expression for the elution profile of the 

control experiment, obtained from the solution of the 

differential equations describing the two-compartment dialysis 

model system, is: 

A.II.1 

where K = DC1(0)/V2(a-b) (see equation 5.4.2 page 90) 

The parameters a and b are related to the permeat i on 

constant, D, the eluting buffer flow rate F, and the sink 

compartment and sample volumes V2 and V1, respectively, by: 
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The reLationship between Vz and F, in terms of the 

parameters a & b, is obtained by eLiminating 0 between these t~o 

equations. Thus 

Vzz -[ F(a + b)/ab - V, JVZ + FZ/ab = 0 

A.II.Z 

The vaLue for the parameter b is obtained from the sLope of 

the Linear portion of the Log-Linear pLot of the eLution profiLe. 

A vaLue for the parameter a is derived from the vaLue of b 

and the maximum absorbance vaLue of the eLution profiLe CZ(tm,) 

at time t = t m,. 

At t = t m" dCZ(t)/dt = 0, and it is readiLy shown from 

equation A.II.' that: 

(a - b)tm, = Ln(a/b) A.II.3 

Equation A.II.3 is soLved for a using Ne~ton's method. 

(i.e., a = a' - f'(a')/f(a') ~here a' is an initiaL estimate 

of a and f'(a) = df(a)/da 

Equation A.II.Z can be soLved for Vz in terms of the 

eLuting buffer fLow rate F and the estimated vaLues obtained for 

the parameters a and b. 

Thus, from a series of controL diaLysis experiments using 

the same initiaL Ligand concentration, but different eLuting 

buffer fLow rates, it is possibLe to estabLish a caLibration 

curve bet~een the sink compartment voLume and the eLuting buffer 

fLow. 
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Appendh III 

The SpeciaL case: n = 0 in the LapLace Transform 

of the Mass BaLance ReLationship Between SampLe 

and Sink Compartment Ligand Concentrations 

The Fourier coefficients Qo amd Qot cannot be evaLuated 

directLy from the mass baLance equations: 

A.III.1 

or 

- V2/V1L[C2*(t)] A.III.2 

because of indeterminancy. These parameters may be obtained 

ind i rectLy : (The same arguments appLy to both the sampLe and 

controL. The anaLysis is demonstrated for the controL case) 

The mass baLance express i on: 

A.III . 3 

is differentiated and muLtipLied by t to yieLd: 

A.III.4 

which is integrated by parts between the Limits t = 0 and 

t = 00, to give : 
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f
+CO 

c, (t)dt 

o 

(~T 
Qo = '/,6T J 0 C, (Odt 
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and 

·+00 

(V2 /V,») 0 C2 (t)dt 

so that: 

+00 

Qo = {FI f3 T f tC2(Odt - V2 Vo }IV, 
• 0 

A.Ill.5 
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Appendix IV 

Technigues for Removing OsciLLations due to 

to the Gibbs Phenomenon, from Step Functions 

generated by Summation of Fourier Series 

The curve representing the sampLe compartment Ligand 

concentration which is generated from the eLution profiLe by 

means of the system transfer function and the summation of the 

Fourier components: 

i . e., 

N 

C1(t) = {Qo /2 + L: [Pn sin(n11't//.3T) + Qn cos(n7!t/ftT)]}e (lit 
n=l 

A.IV.1 

contains osciLLations occasioned by the step in the function at 

time t = O. These osciLLations decrease onLy graduaLLy in 

ampLitude for Large t. Thus, the function represented by the 

summed Fourier series wilL onLy be a reLiabLe approximation to 

the actuaL sampLe compartment Ligand concentration for Large t. A 

Fourier series representation of a function (as given by equation 

A.IV.1) represents the function exactLy onLy if the sum contains 

an infinite number of terms. However, if the function satisfies 

the DirichLet conditions (i.e., is piecewise continuous and 

piecewise monotonic) the frequency components wiLL become 

vanishingLy smaLL for Large n. The function obtained by the 

summation of a Fourier series containing onLy a finite number of 

terms wilL show its greatest deviat i on from the function it is 

meant to represent at the di scontinuities (or sharp changes in 

the sLope) of the Latter . The Fourier series generated function, 
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intended to represent a function with a discontinuity or step, 

wiLL (in the neighbourhood of the discontinuity) overshoot, pass 

through a maximum and osciLLate about the correct vaLue of the 

function (Stuart, 1966). This is the Gibbs phenomenon. The 

ampLitude of the osciLLations decreases with increasing distance 

from the discontinuity. The vaLue of the overshoot does not 

depend on N~ the number of terms used in the summation; it 

amounts to nearLy 9% of the size of the discontinuity. The 

osciLLations wiLL decrease indefiniteLy in ampLitude as N 

increases. The osciLLations can thus be LocaLized near the 

discontinuity by increasing the number of terms used in the 

summation. The maximum moves cLoser to the step as N increases 

(see Figure A.IV - I) 

Figure A.IV - I 

I 
I 
I 
I 
I 

OsciLLations in a Fourier series representation of a step function 

(a) Fourier series containing 50 terms 

(b) Fourier series containing 20 terms 

(c) Fourier series containing 10 terms 
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In the function representing the Ligand concentration in the 

sampLe compartment of the diaLysis ceLL as a functon of time, 

there is a discontinuity at t = D. This discontinuity arises 

from the rapid injection of the Ligand into the ceLL at the 

commencement of the diaLysis experiment. The anaLysis using 

LapLace transforms reLies on the functions C1 (t) and C2 (t) 

being causaL functions. However, because of the discontinuity at 

t = 0, the Fourier series representation of C1 (t) wilL exhibit 

the Gibbs phenomenon. 

A comparison of the totaL Ligand concentrations in the 

sampLe compartment as a function of time is shown in Figure 9.8. 

The soLid curve was generated from the anaLyticaL soLutions of 

the system differentiaL equations (equations 5.3.1a and 5.3.1b) 

and the broken curve obtained from the Fourier series 

representation of equation A.IV.1. 

The anaLyt i caL curve, which is the soLution to the 

differentiaL equations of the two compartment modeL diaLysis ceLL, 

coincides with the curve generated from the eLution profile by 

the mass baLance reLationship: 

where 

A.IV.2 

Cq(t) = C1(t) for the controL diaLysis (C2*(t) = C2(t) 

in equation A. IV.2) 

and C1(t) = pv(t) + C1*(t) for the sampLe diaLysis 

One method of smoothing out the osciLLations in the function 

derived from the Fourier summation averages the osciLLations by 

muLtipLying the Fourier components of the series by smoothing or 

weighting factors which have the form : 
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sin[n n /(n-1)] 

(Lanczos, 1953) 

{n :rc / (n-1 )} 

Thus, the Fourier summation becomes: 

N 
f(t) = L {sin(np) ·{Qn cos(nqt) + Pn sin (nqt)} 

n=1 np 

•• M • A.IV.3 

where p = 1l"/(n-1) and q = 'Jf /(JT 

The effect of includi ng these weighting or II factors into 

the anaLysis is shown in Figure 8.10. ALthough this method 

reduces the Limiting vaLue of the overshoot from 9% to about 1%, 

and effects a considerabLe reduction in the osciLLations, it does 

not remove the initiaL rapid rise in the Cq(t) vs t curves in 

the neighbourhood of t = O. 

An aLternative method for eLiminating the effect of the step, 

and increasing the rate of convergence of the Fourier 

coefficients with respect to n, is the technique of KryLov 

(Kantarovi ch & KryLov, 1964). These desirabLe resuLts are 

achieved by removing from the Fourier series the sLowLy 

convergent parts which represent the step . The remainder is thus 

a rapid Ly conve rgent seri es, wh i ch does not di spLay the Gibbs 

phenomenon. The sLowLy converging part which has been subtracted 

has an anaLytic sum to infinity which can be added back. It is 

necessary, however, when using this technique to determine how 

the Fourier coefficients converge for Large n. 

The DirichLet conditions state that if the function 

represented by a Fourier series contains a discontinuity, either 

the Fourier coefficients of the sine series Pn or the Fourier 

coefficients of the cosine series Qn (possibLy both) will 

converge in inverse proportion to n. Thus Pn and/or Qn (one 

of them at least) will converge as Least as rapidLy as gIn where 

g is a proportionality constant, for Large n. Any remaining 

terms wi II converge as a higher order in n. 
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It was established for the sample compartment ligand 

concentration that the Fourier coefficients P of the sine 
n 

series decrease in inverse proportion to n for large n. This 

was established from log-log, linear-log and reciprocal plots of 

the Fourier coefficients of C1 (t), C1*(t) and C1 t (t) with n. 

The decrease in the Fourier coefficients of the cosine terms is 

more rapid, and decreases inversely with the square of n for 

large n (cf. Figures A.IV.2a, b & c). The values for the 

proportionality constants can readily be established from the 

slope of the plot of Pn vs 1/n or by a regression procedure on 

the Fourier coefficients for fairly large n. A regression 

routine was incorporated into the computer program for processing 

the elution profile data, to provide the proportionality constant 

automatically. 

Since the sine series decreases linearly with n for large n, 

the rate of convergence of the Fourier coefficients with n may be 

increased by subtracting gIn from the successive Fourier terms of 

the sine series . This corresponds to the subtraction of a ramp 

function from the function representing the sample compartment 

ligand concentration. 

Thus the Fourier series for C1 t (t) is written as: 

N 

= I: ([Pn - gIn] sin(nqt) + Qn cos (nqt)} + 
n=1 

N 

N 

gl:[sin(nqt)]/n 
n=1 

A.IV.4 

where q = "'1,6T and the sum E [sin(nqt)]/n represents the 
n=1 

ramp function which has the values: 
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R (t) = a fo r t = -2,13 T, 0, +2;3 T 

R(t) = g :rr(jlT - t)/(2j3r) for a < t < 2,8T 

R (t) = -g 7T ( ,8 T - t) I (2 j.3 r) fo r a > t > - 2;3 T 

The subtraction of the individuaL terms, gIn, from the 

Fourier coefficients of the sine components of the Fourier series 

is. compensated for by the addition of the ramp 

after summing the series: 

N 

g 11' (;.3 T - t) 12/3T 

C1(t) = L ([Pn - gIn] sin(nqt) + Qn cos(nqt)} + g 1l'(/3T -t)/2j3T 

n=1 

fo r a < t " 2 (3 T 

By this procedure, the Fourier coefficients of the ramp, 

which represent the sLowLy converging part of the Fourier sum, 

are effectiveLy summed to infinity using the anaLytic expression 

for the sum. The remaining two series converge faster than the 

ramp. The errors introduced by truncating the summation of the 

remaining rapidLy converging series after N terms, instead of 

summing an infinite number of terms, is thus greatLy reduced. The 

term added in anaLyticaLLy is the fuLL numeration to infinity of 

the ramp, and this therefore introduces no error. Since the 

sLowLy converging components of the Fourier series representation 

of C1(t) arise from the discontinuity, subtraction of the ramp 

aLso eLiminates the initiaL rapid rise in C1(t) from the origin 

in the neighbourhood of t = O. 

It is possibLe to aLso speed up the convergence of the 

cosine components of the Fourier series by subtracting terms 

j/n2 (here j is another proportionaLity constant) from the 

corresponding cosine terms in the Fourier series. However, 
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because of the reLativeLy rapid decay of the cosine terms with 

increasing n (as 1/n2 ), this is not reaLLy necessary. Had the 

discontinuity in C1 (t) not been at zero, a phase dispLacement 

wouLd have occurred. This wouLd have made it necessary to 

subt ract correspondi ng t"rms from both the sine and the cosine 

components of the Fourier series ( WyLie, 1975) 

The effectiveness of the ramp subtraction in removing the 

step and osciLLations from the , Fourier series generated functions 

is demonstrated in figure '9.11a. The broken curve represents the 

sampLe compartment Ligand concentration which was obtained from 

the mass baLance reLationship, whiLe the soLid curve is the 

function generated by the summation of the Fourier series which 

incLudes the ramp subtraction. The effectiveness of this 

procedure in smoothing the binding isotherm is shown by a 

comparison of figures 9.9 and 9.11. 
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Appendix V 

computer Programs using FORTRAN #XFAE CompiLer 

for ICL 1900 Series Computer 

Program ALPHA: (not Listed here) 

A reformatting program, which reformats the eLution 

profiLe data set from a Linear array consisting of 

a singLe data entry per Line to a bLock matrix array 

Program BETA (not Listed here) 

An ICL graph pLotting routine which is used to pLot 

graphs of the data sets, the variation of the 

permeation constant with time, binding isotherms, etc. 

Program GAMMA 

An originaL program written to evaLuate by means of 

the mass-baLance reLationship, and Fick's first Law 

of diffusion, the permeation constant for the Ligand 

from the eLution profiLe of the controL diaLysis 

experiment. The program is aLso used to derive 

the binding isotherm from the eLution profiLe of the 

sampLe diaLysis data set, using the appropriate vaLue 

for the permeation constant. 

Program DELTA 

An originaL program written to evaLuate the system 

transfer function for the diaLysis ceLL, and to 

evaLuate the parametric equations of the binding 

isotherm (with time as a parameter) by means of this 

transfer function. 
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Program EPSILON (not Listed here) 

A program to provide equivaLent transformations 

of the binding isotherm ( e . g . , the Bjerrum pLot, 

the Scatchard pLot, the Lineweaver-Burke pLot, etc . ) 

Program ZETA 

A non-Linear Least squares regression driver program 

for STEPIT (ChandLer, 1965) t o provide binding 

parameters by fitting the binding isotherm to an 

appropriate binding modeL . 

Program ETA 

A program to perform the step by step integration 

of the differentiaL equations which describe the 

diaLysis and eLution processes i n the dia Lysis 

system. 
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Appendix VI 

PROGRAM GAMMA 

THIS PROGRAM IS USED TO CALCULATE EITHER THE 
PERMEATION CONSTANT FRUM THE CONTROL ELUTlON pROFILE 
DATA SET, OR THE BINDING IsnTHERM FROM THE SAMPLE ELUTION 
PROFILE DATA SET AND THE APPROPRIATE VALUE FOR THE 
PERMEATION CONSTANT , 

MASTER DIALYSIS 
DIMENSION ITTL(40),CX(12UO),DCX(1Z00),FCS(6001 
DIMENSION CS(600),DCS(600),A(8),DD(600),CP(~OO) 

COMMON CX , DCX 

ITTL IS ALLOCATED FUR AN ALPHA-NUMERICAL TITLE 

READ(5,1001ITTL 
WRITE(6,1001ITTL 

INPUT DATA 

CIL IS THE INITIAL LIGAND CONCENTRATION (MOLl 
CIP IS THE PROTEIN CONCENRATION 
F IS THE ELUTING BUFFER FLOW RATE 
T IS THE SAMPLING INTERVAL (SECONDS) 
VI AND VZ ARE THE SAMPLE ~ND SIN~ COMPARTMENT ·VOLUMES 
RESPECTIVELY 
EpS IS THE MOLAR EXTINCTION COFFICIENT OF THE LIGAND 

THE ELUTION PROFILE DATA IS ENTERED AS NROW * 8 
BLOC~ MATRI~, WHERE NROW a NO , OF OBSERVATIONS/8 
AND NOBS IS THE NUMBER OF DATA PINTS IN THe ELUTION 
PROFILE 
ZT IS THE ZERO TIME INTRVAL, I,E" THE TIME LAPSING . BETWeEN 
THE INJeCTION OF THe SAMPLE INTO THE CELL AND THE APPEA~ANe, 
LIGAND IN THE SpeCTROPHOTOETER FLOW CELL, 
IDS IS TH( PARAMETER FOR SELECTING THE OPTION OF 
CALULATING THE PERMEATION CONSTANT OR THE BINalNG ISOTHERM 
NIT IS THE PARAMETER FOR S.ELECTING THE QUANTITY OF 
DATA OUTPUT - CALCULATION PERFHORMED EVERY NIT DATA POINTS 

NPTS IS THE NUMBER OF DATA POINTS USED IN THE 
SAVITZ~y . GOL~Y RUNNING SMOOTH, 
NPTS MUST 9,11,13,1S,OR 17 

R£AD(5,10'lCIL,CIP,F,T,Vl,V2,EPS 
R!AD(S,102lNROW,ZT,IDS,NIT,NPTS 
WRITE(6,1001ITTL 
NOBsa8*NROW 
NDATA ONOBS/Z 
IUVL oNDATAo7/8 
·JUVLaNOBS*7/B 

PROGRAM SEGMENT TO REWRITE THE EXPERIMENT PRAMeTERS 

WRITE(6,70ICIL,CIP 
FORMAT(5X,'LIG~ND CONC, ',2X,E14,7,2X,'pROTEIN CONC , 1,£'4,7/) 
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WRITE(6.71lF,T 
FORMAT(5X,'ELQT1NG BUFFER FLOW RATE 'ZX E14,7,1X'C(/5IC'1 

> ~x,'SAMPLING INTERVAL',ZX,FS,1/) 
WRITE(6,7Z)Vl ',VZ 
FORMAT(5X,'SAMPLE COMPARTMENT VOLUME ',F6,31 

> 'SX,'SINK COMPARTMENT VOLUME ',F6,3/) 
WRITE'6,73lEPS 

FORMAT(SX,' MOLAR EXTINCTION COEFFICIENT',ZX,'10; Z/) 
FORMAT(40AZ) 
FORMAT(TGO,O) 
FORMAT(IO,FO,O,310) 
IF(IDS,GT,O)READ(5,106)D 
1'(IDS,GT,O)WRITE(6,r')D 
FORMAT(SX,'PARAMETER OPTION iELECTED TO CALCULATE', 

>1X,'THE BINDING ISOTHERM USING A YALUE OF ',E,Z",I 
>'X,'FOR THE PERMEATION CONSTANT'/) 

FORHAT(8GO,O) 
DO 10 101,NROW 
REAo(S,103)A 
DO 10 Jol,a 
K08>(J-1l.J 
CX(OoA '(J) 
CONTINUE 
FORMAT(8GO,0) 
TEMPOCX (1) 
DO H JoZ,NOATA 
IF(TEHP·CX(J»11,11,1Z 
TEMPoCX(J) 
IMpoJ 
CONTI NUE 
TMAXoT>FLOAT(IMP) 
WRITE(6,76)IMP,TMAX,TE~P 

FORMAT(5X,'ELUTION PROFILE MAXIMUM IS DATA POINT' 
>14,/5X,'AT',1X,Ell,4,1X,'SECONOS AFTER THE START'I 
>5x,'AND HAS A VALUE OF',F6,3/) 

DO 15 101,N08S 
IF(I,LE,1,OR,MOD(I,2),NE,1)GO TO 15 
JoI/Z.l 
FCS(J)oSIMPSON(CX,I,T) 
CONTI NUE 
FCS(1)"O,OO 
CALL SYSK(T,NOBS,NPTS) 
FORMATC1X,F6.1,2X,e14.7) 
JLVL"IHP>Z,5 
INVLoJLVLIZ 
CALL SLOPEFIT(JLVL,JUVL,NOBS,IDS,T) 
DO 17 IH'1,NOAlA 
KM-Z·IH 
DCS(lM)'OCX(KM) 
G'FLOAT(lM) 
WRITE(6,600)G,OCS(IM) 
CONTI NUE 
DO 25 K.1,NDATA 
JK-Z*K 
CS(K).CX<JK) 
OCS(K)'OCX(JO 
FIX.FLOAT(JK) 
WRITE(6,104)FIX,DCS(K) 
CONTINUE 
IF(lOS)40,20,40 
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I 1 ~ WRITE(6, f71 
I I Y 
I~O 
I Z 1 
IU 
H,S 
1Z~ 

IZ~ 

IZ' 
IU 
IZ~ 
H9 
130 
131 
IH 
133 
134 
\3~ 
136 
137 

·77 FORMATC5X,'PARAMETER OPTION SELECTED 
'OF THE PERMEATON CONSTANT'I) 

FOR CALULATION 

M 218 
20 

28 

919 
C 

I 3ij 
.139 
I4U ·C 
HI 
14l 
143 
144 
14~ 
146 
147 
IU 
\49 
150 
151 

30 
C 

515 
C 
C 
C 
C 

"i 153 

C H 
C 
C 
C 
C 

I,. 
iH 
156 

I" \5ij 

C 33 
401 

C 
\59 
i6U 
161 
Hi 
163 
164 
16) 
166 
167 
16~ 
\69 
17U 
17\ 
l7i 
173 
174 
175 
176 C 
177 
17~ 

500 

104 , 
40 

CONTINUE 
NoO 
DS!-1·0.0 
DSQ.O.O 
00 30 I",NDATA 
Xr-ZT+Z.O*FLOAT(I-1)*T 
Q~oV2'CS(I)+F'FCSC!) 
CI-EPS'CIL-QL/VI 
CP(J)-CIiEPS 
DONMoEPS'C!L-QL/V1-CS(I) 
ONM_F'CS(I)+VZ,OCS(!) 
00·( I )-ONM/OONM 
IF(I,LT,!NVL,OR,I,GT,IUVL)GO TO ·Z8 
NON+1 
OSMoOSM+OOO) 
OSQoOSQ+DO(!)'OO(I) 
CONTINUE 
!FCMOO(I,NIT),NE,U)GO TO 30 
WRITE(6,104)XT,00C!),CI,CS(I),OCSC!),FCS(I),Q~ 
WRITE(6,919)1,00(1) 
FORHAT(ZX,!4,3X,E1Z,.) 
WRITE(6,I04)Cl,FCS(I),OCS(I) 
CONTI NUE 
WRITEC6,51S)Cp · 
FORMAT(5(2X,EIO,~» 
DO 32 101, NOATA 
Ka2*1_1 
GaFLOAT(K) 
WRITE(6,40l)G,FCSCI) 
CONTINUE 
00 33 ~ol,NOATA 

MoZ'K-I 
OOFLOrAT(M) 
WRITE(6,40l)G,OCS(K) 
CONTINUE 
FORHAT(1X,F5,1,2X,El~,7) 

STOP 
OBARoOSM/(FLOATCN» · 
K.N-' 
OVRoSQRT ( (OSQ. OSM"OSMI FLOA T( N» / FLOAT (K» 
WRITEC6,500)N,0IAR,OVR 
FORMATClX,'HEAN 0 FOR 'HII3,IX,'VALUES IS ',E14,7/ 

.1X,'STD,DEV, ON D IS '1X,E'~,7) 
FORHAT(7(5X,E1Z,6» 
GO TO 60 
CONTINUE 
00 "50 101,NOATA 
KToZT'Z,O.FLOAT(I)'T 
C,ooCSCI).VZlo+CSCI)·(I,O+F/O) 
QlovI·CIL.EPS 
QZoVI'CF 
Q30VZ*CS(I)+F'FCS(!) 
QBoOI-QZ-Q3 
CFoCF/(VI*EPS) 
CP(OoCF 
CPCI)oCIL.Q3/CEPS*VI) 
QB oOB/(Vl.C!P*EPS) 



17Y 
'8U 
'81 C 
18~ 50 
'83 C 
'84 '08 
'85 60 
'86 
,870 
'8ij 
'89 
'9U 
19' 
,9l 
'93 
'94 '95 
'96 
'97 , 
'98 
,99 
20U 
201 6 
20~ 
203 
204 
205 
206 '0 
207 
20ij 
209 
2'U 
2'1 15 
2'~ 
21J 
214 
2D 
216 
217 
2H 
219 
22U 20 
221 
222 
223 
224 30 
22~ 
226 
221 
22" 
229 
23U 
231 
2H 
233 
234 
23) 
236 
237 '0 
2H 20 
23Y 

2 41 

NVL o INVLl2 
IF(MOD(I,NIT).EQ.0 . ~ND.I,GT.NVL)WRIT!(6,'Oa)CF,Q' . 
IF(HOD(I,NIT),EQ,U)WRITE(6,'OS)XT,CF,Qa,CS(I),DCI(I)"el(l) 
CONUNUE 
WRITE<6(515)CP 
FORHAT(6(ZX,!'O,4» 
CONTINUE 
STOP 
END 
SUBROUTINf SVSK(T,NOBS,NPTS) 
DIMENSION eS('ZOO),DCS('200),AHP(Z') 
COMHON CS,DCS 
NUT " NPTS/Z 
NPO_NUT+' 
NHOdPTS · ' 
NNN _NPTS+' 
OC5(')0(C5(Z)·C5('»/T 
00 5 10Z,NUT 
OC5(1) , (C5(I+l).CS(I-'»/(2,OOT) 
MOBsoNOBS.NPO 
DO 6 Jol,NUT 
KOHOBS+J 
DCS(K) 0 (CS(K+')·C5(K-'»/(Z,OOT) 
DCS(NOBS)o(CS(NOBS)-CS(NOBS-'»/T 
M"NOBS-NMO 
DO '0 10Z,NPTS 
Jol_' 
AHP(I)"CS(J) 
DO 30 10' ,M 
Jol+NMO 
DO ,5 Ko',NHO 
1<"_1(.' 
~MP(K)oAMp(KA) 

AMP(NPTS)OCS(J) 
SUM_o,a 
SSM - O.O 
DO ZO K" ',NUT 
AHoFLOAT(NPO)'FLO~T(K) 

SSM " SSM+AM.A~ 
N- NNN-I( 
BMoAMo(AMP(N)-AMP(K» 
SUM-SUH+BM 
SFC - Z.O*SSM 
KB-I+NUT 
OCS(KB)oSUM/(SFC·T) 
CONTI NUE 
RETURN 
END 
FUNCTION SIMPSON(F,N,H) 
DIMENSION F(N) 
SIMPSON:tO,O 
IF(N,LE.1.0R,MOO(N,Z),NE.1'RETURN 
SIMPSON"F(')+4,OOF(2)+F(N) 
JON/2.' 
IF(J,LE,O)GO TO lO 
Ko3 
DO 10 1-',J 
SIMPSON-SIMPSON+2,O*F(K)+4.0*F(I(+1) 
1( - 1(+2 
SIMPSON=StMPSOH*H/3,O 
RETURN 



Z4U 
H1 
24l 
243 
244 
245 
246 
247 
2U 
24Y 
nu· 
Z51 
2H 
253 
254 
2H 
256 
Z57 
25~ 30 
Z5Y 
Z6U 
ZH 
262 . 
263 
264 C 
26~ ZOO 
260 
267 
26a 
269 411 
27U 
271 
27Z 
27l 
274 300 
Z7> 
Z76 50 
271 
27a 
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END 
SUSROUTINE SLOPEFIT(INVL,IUVL,NOSS,IDS,T) 
DIMENSION CS(1200),DCS(1Z00) 
COMMON CS,DCS 
SMXoO,O 
SMYoO,O 
SMXXoO,O 
SMXYoO,O 
N .. O 
DO 30 101,NOes 
IF(I,LT,INVL,OR,I,GT,IUVL)GO TO 30 
NoN>' 
11 0 1-' 
nOToHOAT( n) 

·SMX.SMX.DT 
IMYoSMY.ALOG(CS(I» 
SMXX'SMXX+DToDT 
SMXYOSMXY+OT*ALOG(CS(I» 

'CONTINUE 
DNMoFLOAT(N)*SMXX-SMX*SMX 
8N'.FLOAT(N)*SMXY-SMX*SMY 
8NZ.SMXX*SMY-SMXOSMXY 
AyeoSN,/DNM 
8!eoSNU DNM 
WRITE(6,ZOO)AYE,8EE 
FORMAT('X,Z(1X,E14,7l) 
PO 40 10INVL,N08S 
TIMEoT*FLOAT(I-" 
PCS(I).AYE*EXP(AYE*TIME.SEE) 
CONTI NUE 
IF(IPS,NE,Ol GO TO 5U 
ALPH"AYE 
CFFToEXP(BfEl 
WRIT£(6,300lCFFT,ALPH 
FORMAT(/ZX,'MONOEIPONENTIAL DECAY PARAMETERS'/SI, 

.1 A.MPLITUDE • ',E14.7,5X,1 EXPONENT, • ',e14.7/) 
RETURN 
END 
FINISH 



1 C 
l C 
3 C 
4 C 
) C 
6 C 
7 C 
~ 
9 

1 U 
1 1 
1l 
U 
14 
1 , 
16 C 
11 C 
H C 
19 C 
2U 
l1 
II 
2j 
Z4 
2~ 

l6 
ZT C 
l~ C 
29 C 
3U C 
31 C 
3l C 
3J C 
34 C 
3> C 
36 C 
37 C 
3~ C 
39 C 
·4U C 
41 C 
42 C 
45 C 
44 C 
4> C 
46C 
41 C 
4~ C 
49 C 
)U C 
51 C 
)l C 
55 C 
H C 
5) C 
)6 C 

l 
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Appendix VII 

PROGHM DELTA 

T~IS PROGRAM PROVIDES THf BINDING ISOTHERM FROM THE 
ELUTION PROFILE DATA SETS OF A CONTROL AND A SAMPLE 
OILAYSIS EXPERIMENT BY MfANS OF THE SYSTEM TRANSFER 
FUNCTION 

MASTER DELTA 
DIMeNSION ROW(8),ALFA(Z),CFFT(Z),GNU(Z),A('OOl,a(100l,CNG(J2~' 
DIMENSION CFRE(641),AMRT<100),ARLG(1UU),GIHZ) . 
DIMENSION PSTR(100),QSTR(100),PTOT(1UQ),QToT(100),CSMP(Sal1 
DIMENSION TITLE(4,'0),CSIN(3),CCS('I,CSN~(Z,641),D(3) 
DIMENSION U(2,100),V(Z,100),PDSH(Z),CFZ(ZI,CFX(ZI 
COMPLex ESS,CPLC,ANMT,ADNM,ARTIO 
DATA PI/3 , 14159Z654/ 

PROGRA~SEGMENT WHICH READS IN THE EXPERIMENTAL CONDITIONS 
AND PARAMETERS 

0021·1,4 
READ(5,200l(TITLE(I,J),J·','01 
R!AD(J,201'NOBS,NTRMS,ITEST 
READ(5,20ZICFZ(1l,CFZ(ZI,PTN 
READ(5,ZOZIEPS,WVLN,TEHp · 
READ(5,202IFLW,OMEGA,DELTA 
READ(5,ZOZIVl,VZ 

DATA INPUT 

LINES 1 - 4 RESERVED FOR NON-COMPUTABLE DATA 
E.G. TITLE, DATE, LIGAND, PROTEIN 
BUFFER PH AND CONCE~TRATION ETC, 

LINE 5 NOBS IS THE NUMBER OF DATA POINTS IN THE 
ELUTION PROFILES (CONTROL & SAM~LE) 
NTRMS IS THE NUMBER OF TERMS SUMMEO IN THE 
FOURIER SUHMATONS 
ITEST IS AN OPTION PARAHETR 

IF (ITEST,NE,O) THE P~OGRAM CALCUATE, THE SAMPLE COMPARTMENT 
LIGAND CNCENTRATON BY A MASS-BALANCE , THE TRANsFR FUNCTION AND 
THE POWER SERIES OF THE TRANSFER FUNCTION ARE ALSO 

CALCULATED 
IF (ITEST,EQ,O) THE BINOING ISOTHERM IS CALCULATED 

LINE 6 LCFZ(1) IS THE INITIAL LIGAND CONC~NTRATION IN THE 
CONTROL DIALYSIS 

CFZ(l) IS TH~ INITIAL LIGAND CONCENTRATON IN THE 
SAMPLE DIALYSIS 
PTN IS THE PRUTEIN CON CENTRA TUN 

LINE 7 EPS IS THE LIGAND EXTINCTIUN COEF1CIENT 
WVLN IS THE ABSO~PTUN WAVELENGTH FOR THE LIGAND 

TEMP IS THE TEMPERATURE AT WHICH BINDING IS BEING STUDIED· 

LINE 8 Fl w IS THE ELUTING BUFFER FLOw RATE 
5( C OMEGA IS THE FACTOR FOR THE HVPOTHF.TICAL EXTENSION 
5" C OF THE EL UTION PROFILE DATA SET 
,. C DELTA IS T~E SAMPLING INTERVAL (SECONDS) (DELTAl 
6U C 
61 CLINE 9 SAMPLE & SINK COMPARTMENT VOLUMES 
6l C (V1 & VZ RESPECTIVELY) 



244 

64 C PROGRAM SEGMENT WHICH REWRITES EXPERIMENTA~ PARAMETERS FOR 
6> C INSPECTION 
66 C 
6r GO TO 841 
6~ C 
6V 
7U 
71 
7~ 
75 
74 
7> 
76 
7r 
7~ 
7V 
8U 
~1. C 

WRITE(6.300)(TITLE(1.J).J"1.10) 
WRITE(6.301)(TITLE(Z.J).J"1.4).(TIT~E(3.J).J"1.4) 
WRITE(6.30Z)TEMP.NOBS.DELTA 
WRITE(6.303) . 
WRITE(6.304)(TITLE(Z.J).J"1,4),CFZ 
WRITE(6.304) (TITLE <3.J) .J"1.4) ,PTN 
WRITE(6.31S)(TITLE(4.J).J'1,10) 
WRITE(6.30S)WVLN.EPS 
WRIH(6.306)f~W 

WRITE(6.32S)V1 
WRITE(6.326)Vl 
~RITE(6,307)NTRMS.OMEGA 

8~ ~41 CONTINUE 
85 C PROGRAM SEGMENT WHICH "EADS IN THE EXPONENTIAL DECAY 
84 C FACTORS AND CONVERGENCE FACTORS AND THE E~UTION 
8> C · PROFILE DATA 
86 C 
~1 
88 
8V 
VU 
91 
9< 
V5 
94 
y> 
V6 
VI 
98 C 
9V C 

10U C 
'01 
10~ 
105 
104 
10> 
1 uo 
101 
100 
109 
11" 
111 
11 ~ 
115 
114 
1" 
11. 
11 r 

5 

10 

NROW=NOBS/8 
NGHT;:;8*NROW 
NREM=NOBS.NGHT 
CFX(1)=CfZ(1)*EPS 
CfX(2)=CfZ(2)*EPS 
J -1 
CONTINUE 
IF(J,NE.1)GO TO 10 
WRITE(6.30~) 

GO TO 15 
WRITE(6.310) 

PARAMETRS USED fOR EXTENDING THE DATA STE BY A 
ONOEXPONENTIAL DECAY fUNCTION (CONTROL) 
ALfA, EXONENTIAL PARMETER 
GNU: IS THE LAPACE CuNVERGENCE PARAMETR 

1, REAO(5,202)ALfA(J).CffT(J),GNU(J) 
WRITE(6.30Q)ALFA(J).GNU(J) 
WRITE(6,331)CFFT(J) 
DO 20 I=1,NROIrJ 
REAO(5,203)RUW 
DO 20 IJ~1,8 

j(,zR.(I ... , )+IJ 
CSNKeJ,K)z:ROw(lJ) 

20 r.ONTlNUE 
IFCNREM,EQ,O)GO TU 2b 
REI\O(5,2!J3) (KOIJ{I() ,j(.=1 ,NHEJ.'I) 
DO 25 l=1, ~REM 
I"'=NGHT+L 

25 CSN~(J.M)=ROW(L) 

26 CONTINUE 



I,H C 
"9 C 
12U C 
, 21 
IU 
'23 
124 
, 2~ 30 
'26 3' 
IU 
12H 
129 
13U 
131 
13~ 
133 
'34 
'3> 
136 
137 
,3H 
139 
14U 
141 
14, 
145 
144 
, 4~ 
146 
14f 
140 
149 
1SU 
, 51 
I ~, 
155 
'54 
'5) 
'56 
15f 
15H 
159 33 
,6U 
161 34 
H< 
'6;5 
164 
16) 
166 
16f 
16H 
'69 
\7U 
171 35 
I U 36 
175 
174 
17) 37 
\70 
17f 
17H 
\79 
16U 40 
'61 45 
18Z 
163 
184 
16) C 
166 
187 C 
166 C 
189 C400 
19u 
\91 
\9l 50 
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PROGRAM SEGMENT TO EVALUATE UIN) &V(N) 

IF(MOD(NOBS,Z),NE,O)GO TO 30 
MOBSONOBS.\ 
CSNK(J,MOBS)OZ,O*CSNK(J,NOBS).CSNK(J,NOIS·') 
GO TO 31 
MOBSONOBS 
AYEo-(ALFA(J)+GNU(J» 
~DSHoFLOAT(M OBS) * DELTAIZ ,O 
TEEoOMEGAHDSH 
XPNToZ,O*AYE*TOSH 
EXXloEXP(XPNT) 
EXXZ'EXP(OMEGA*XPNT) 
ADEoAYE*AYE 
E1-0.0 
EZ.O,O 
DNTG'O,O 
00 60 NN-I,NTRMS 
N_NN_' 
BEEoFLOAT(N)*PIITEE 
BEGoZ,O*BEE*TEEIOMEGA 
SNTG'O,O 
CSTGItO,O 
OEEoAOE+BEE*BEE 
CSoCOS(BEG) 
SNOSIN(BEG) 
ZN1.0,O 
ZNZoO,O 
CZ1.0,O 
elZ.O,O 
00 45 I",MO~S 
TIME'DELTA*FLOAT(I-") 
GNUT'CSNK(J,I)*EXP(-GNU(J)*TIH E) 
E30GNUT*TIME 
ZN30GNUT+SIN(BEE+TI~E) 
Cl3oGNur+CUS(BEE*TIME) 
IF(I,EQ,1)GO TO 34 
IF(I,EQ,2)GO TO 33 
eSIN(I)=ZNI 
eeS(I)-eZl 
eSIN(Z)oZNZ 
eeS(Z)<elZ 
eSIN(3)'lN3 
eCS(3).cZ3 
ZN,oZNZ 
ZNZoZN3 
elloClZ 
elz-en 
IF(N,NE,O)GO TO 57 
IF(I,EQ,1)GO TO 36 
IF(I,EQ,Z)GO TO J) 
O(I)=El 
O(Z)'EZ 
0(3)"E3 
E11111EZ · 
E2-e3 
enNTINUE 
IFCI.LT.3,OR,MOO(I,Z),EQ.O) Go TU 45 
IF(N,EQ,O)ONTG-(Dll)+4,U+0(Z)+D(3»+O ELTAI3.0+DNTG 
IF(N.ME . O)SN1G~(CSIN(')+4.0*CSIN(2)+CSIN(3))·DELTA 

./l.O+SNTG 
eSTGo(eCS(')+4,o+ceSI2)+ceS(3»+DELTAI3,O+C~TG 
CONTINUE 
IF(N,EQ,O)PDSH(J)"CFFT(J)+EXX'+(1,OIAOE-2,O*TDSHIAYE) 

*+DNTG 
UDSHO(EXX\+(&EE+eS~AYE+SN)-EXX2*BEE)fDEE 
UDSHoeXX\*(BEE*CS·AYE*SN)IOEE 
VDSH o (EXXZ*AYE-EXX\+(AYE*eS+BEE+SN»IOEe 
VOSHo_EXXI*(AYE*eS+BEE+SN)fDEE 
WRITE(6,400)NN,SNTG,eSTG,DNTG,UDSH,VOSH,PDSH 
FORMAT(ZX,13,6(ZX,E14,7» 
IF(N,EQ,O) GO TO ,50 
U(J,NNloSNTG·(CFFT(J)+UDSHl 
V(J,NN)oCSTG·(CFFT(J)+VDSH) 



IYl C 
IH C 
19~ C 
196 
197 
19~ 
199 
ZOU 
ZOI 
ZOZ 
Z03 
204 
ZO~ 
206 
201 
ZO~ 
20Y 
21U 
211 
21l 
213 
214 C 
21~ C 
2H C 
21 7 
21~ 

55 

60 

334 
333 

246 

PROGRAM ~EGMENT TO EVA,UATE AIN) & BIN) 

IFIJ,GE , 2)GO TO 60 
IFIN,NE,O)GO TO 55 
QO'F,W*POSHIJ)/IV1*TEE)-V2*CFXIJ)/IFLW*TfE) 
BINN) ' VIJ,NN)/IQU*TEE*TEE) 
GO TO 60 
ESS . CMPLXI - GNUIJ),BEE) 
CPLC ' CMPlXIvIJ,NN),-UIJ,NN» 
ANMT"ESS*CPLC 
APNM~ CF X IJ) - ANMT*Vl/V1-CPLC*FLW/VI 
ARTIO . ANMT/AONM 
AINN) ' -1,0*AIMAGIART10)/TEE 
BINN) ' REALIARTIO)/TEE 
CONTINUE 
WRITEI6,333)J,All),Bll),VIJ,I),UIJ,I),PPSH,QO 
WRITEI6.334)J,PNTG,POSHIJ),00 
FORMA1IZX,IZ , 3IlX,EI4,7» 
FORMATI2X,IZ,312X,E14,7)/4X,lI2X,EI4,1» 
GO TO 840 

PROGRA M SEGMENT TO PEHFORM PRELIMINARY DIAGNOSTIC TESTS 

IFIITEST, £O,O) GO TO gO 
WRITEI6,3111 

219 C 
ZZU C 
ZZI C 
2U C 
ZZ3 C 
2Z4 

PIAGNOSTIC TEST #1 

ZZ5 
ZZo 
2Z7 
ZZH 
ZlY 
Z3U 

. 231 
23l 
233 
234 
23) 

COMPARISON OF UIN) & VIN) WITH VIO) 

WRITEI6 , 312) 
WRITEI6,313) 
DO 65 N-l ,N TRMS 
IFIN,£Q,I) UIJ,N)-O,OO 
VZRO - V I J,,, 
VEE ' VIJ,N)!TEE 
EWE_UIJ,N)!TEE 
V3 - VIJ,N)/VZRO*100,O 
U3-UIJ,N)/VZRO*100 , O 
AMRT( N) · SQRT{U(J,N)*U(J,N)+V{J,N)·V(J,N» 
AMRTIN) - AMRTIN)/TEE 
ARLGIN)-ALOG10IAMRTIN» 
CONTINUE 
WRITE(6,330)N,EWE,U3 , VEE,V3 

GO TO 101 

236 65 
237 C 65 
2H .C 
239 C 
24U C 
241 C 

. 24l C 
243 C 
244 

PROGRAM SEGMENT TO EVALUATE AND WRITE OUT THE 
AMPLITUDE RATIO & LOGIAMPLITUDE RATIO) 

24~ 
246 
247 
24H 
249 
25U 
251 
252 

66 

67 
C840 
C 
C 

WRITEI6,314) 
DO 66 KK-l,NTRHS 
WRITEI6 , 316)AM~T(KK) 
WRITEI6,317) 
DO 67 KM-l,NTRMS 
WRITEI6,316)ARlGIKM) 
CONTI NUE 
GO TO 840 



70 

75 

Z5,S C 
Z54 C 
Z5) 
Z5b 
Z51 
Z5~ 
Z59 
Z60 
Z61 
Z6l 
ZO 
Z64 
Z6) 
Z6b 
Z6f 
Z6' 
Z6Y 
ZlO C 
Ul 
ZU C 
ZlJ 
Zl4 C 
Z7) 
Zlb 
Zll 
Z7~ 
Z7Y 
zoo 
Z01 
ZO~ 
ZoS C 
Z04 C 

.20) C 
286 C 
281 
280 
20Y 
2YU 
291 C 
29< 
29,S 
294 
29) 
2Yb C 
291 
29~ 

299 
30U 
301 C 
30< 
30S 
304 C 
30) C 
306 C 
301 C 
30~ 
3UY 
310 
311 
31' 
313 
314 

040 
. 80 

31 ) 
316 
317 
310 
31Y 
320 
321 
3U C 
3Z3 C 
324 C 
32) C· 
326 C 
327 
3Z0 C 

85 

90 
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PROGRAM SEGMENT TO REGENERATE C2(T) FROM 
V(~),U(N) & A(N),8(N) 

WRlTE(6,318) 
WRlTE(6.S19) 
WRITE(6.3Z7l 
WRITE(6.3Z8) 
WRITE(6,329) 
V(J,1) oV(J,1)IZ,O 
~NOB-2 * (M08S") 
DO 75 1- 1,KNOB 
TIMEoFLOAT(I - l)*DELTA 
TOTAL - O,U 
DO 70 NNol, NTRMS 
fREQ-FLOAT(NN ' 1)*PIITEE*TIME 
EfF oUIJ.NN)*SINlfReQ)+V( J ,NN)*COSIFREQ) 
TOTAL _TOT A L+ Ef f 
TOTAL _TOTAL*EXPIGNU(J)*TIME)/TEE 
CDI~f _ CS N KIJ.I)·TOTAL 
IfICSNKIJ,I),EQ,O)~O TO 75 
CREL-CDlffICSNKIJ,1)*100,O 
ENI - fLOAT(!) 
WRITEI6.330)I,CSNKIJ , 1).TOTAL,CDlff.CREL 
WRITEI6.S32)ENI.TOTAL 
CONTINUE 
V(J,1) a 2 , O*V<J , 1) 
CONTINUE 
CONTI NUE 
J. J + 1 
IF(J.LE . 2.AND,ITEST,EQ,O)OQ TO 5 
J- J- 1 

PROGRAM SEGMENT TO EVALUATE p.IN) & Q*CN)/ P*TOTAL 
AND Q*TOTAL 

IFIITEST,NE , O)J=1 
00 90 NN-" NTR MS 
DHM>AINN)*AINN)+B(NN) *.INN) 
IfINN.NE,1IGO TO 05 
V(J,NN):O,S.V(J,NN) 
QSTRINN)=VIJ.NN)I(B(1)*TEE*TEE) 
PPST-QSTRINN) 
QSTR(NN)=QSTR(NNI/2,U 
IFIJ,EQ ,1 ) GO TO 90 
V(J,NN) ~ O.5.V(J,NN) 
QTOT(NN)=fLW*PDSN(JII(Vl*TEE).V2*V(J,NN)/IV1*TeE*TEE) 
PPTT=QTO T(NN) 
OTOT(~N)'QTOT(NN)/2,U 

V(J,NN)=O.S*VtJ,NN) 
WRITEI6,330)NN,PP1T.PPST 
WRITE(6.330)NN,Vl.V2.EPS.fLW,TEE,CFX(J),J 
WRITEI6,330) NN.PTOTINN).PSTR(NN),QTOTINN),QSTR(NN) 

• ,V(J, NN),U(J,NN) 
WRITEI6 . 330)NN,PTOT(NN).QTOT(NN),V(1,NN),U(1,NN) 

.,V(2,NN),U(Z,NN) 
GO TO 10'1 

GO TO 90 
CONTI NUE 
QSTR(~N)·IBINN)*V(J.NN)+A(NNI*UIJ,NN»/IDNM*TEE.TIEl 
PSTR(NN)oIB(NN).UtJ.NN)-A(NN)*V(J , NN»/(DNM*T!!.TI!) 
l 'IJ,E~,1) GO TO 90 
BEE . FLOATINN-l)*PI/TEE 
ESS oCMPLX(-GNU(J) , BEE) 
ANMT · CMPLXICfX(J)ITEE-fLW/V1 ·V(J,NN)/TEE,'L~/V1.U(J.NN)/TEE) 
ADNM- CMPLXI·V2/Vl*V(J,NN)/TEE,V2/Vl*U(J,NN)/T!E) 
ARTto oANMT/ESS+APNM 
QTOTINN) - REAL(ARTIO) 
PTOT(NN) o'AIMAG(ARTIU) 
PPTT-SQRT(PTOTINN)*PTOT(NN)+QTOT(NNI*QTOTINNl) 
PPST-SQRTIPSTR(NN)'PSTRINN)+QSTR(NNI*QSTRINN» 
WRITE(6.330)NN,PPTT.PPST 
WRITEI6,J30INN.PTOT(NNI,PSTR(NN),QTOT(NN),QSTR(NNl. 

*V(J,NN),U(J, NN) 
WR ItE 16. HO) NN, PTOT( NN) • QTOT< NN) , V( 1, NN) , U I 1, NN) , 

.V(2 , NN) ,U(2,NN) 
CONTIN UE 

GO TO 101 



32Y C 
33U C 
331 C 
33~ C 
333 C 
334 
33!> 
536 
531 
33H 
53Y 
340 
341 
34l 
343 
344 
34!> 
346 
347 
34H 
34Y 
350 
351 
35~ 
353 
354 
35!> 93 
356 
35/ 
350 
35Y 
360 
361 

94 

36l 
363 
364 
36!> 
366 
3.1 
36H 

440 
C 
C 
C 

36Y 
370 
371 
371 
37.1 
374 C 
37!> 
376 
377 
37M 
379 
380 
381 C 
38l C 

95 
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PROGRAM SEGMENT TO REGENERATE C1(T)-- IF TEST OPTION HAS 
BEEN SELECTED-- OR C1+(T) AND THE BINDING ISOTHERM V' 
IF THE TEST OPTION HAS NOT BEEN SELECTED, 

IF(ITEST,EQ,U) WRITE(6,32U) 
CNG(n·O , o 
CSMP(1 ) ' CFX(J) 
MI(-O 
DO 94 IK-1,2 
INL ·N TR MS- 15 
INU:i.:INL+10 
XRSM=-O,O 

.VRSM::IIO,O 
XRXR=O,O 
XRYR'O,O 
INOX-O 
DO 93 ILL ' INL,INU 
IND X' IND X+1 
XRN ' 1,O/(fLOAT(ILL» 
If(I K,EQ,1)YRN'PTOT(ILL) 
IF(IK,EQ,Z)YRN ' PSTR(ILL) 
XRSMcXRSM+XRN 
YRSMsYRSM+YRN 
XRXR~XRXR+XRN·XRN 

XRYR=XRYR+XRN·YR~ 

CONTINUE 
X'IDX'fLOAT(INDx) 
GEE(IK)=(XNDX+XRYR-XRSM+ YRSM) 
GEE(IX)=~EF.(IK)/(X N D X +XRXR-XRSM+XRSM) 

CONTIN UE 
WRlTE(6,440) 
WRITE(6,430)GEE 
WRITE(6 , 440) 
IORMAT (/ I) 

ESTABLISHMENT OF TIME FOR FOURIER SERIES 

DO 99 1=' ,NOBS 
TIME ' DELTA+FLOAT(I-') 
EXX·TIME+PIITEE 
FREE " O, O 
GHBR - O. O 
SMPL ' O,O 
TOll'O , O 
IF(ITEST,EQ,UJGO TO Y5 
IF(I . lT . 3.0R . MOO(I,Z'.EQ.O)GO TO 95 
X'liZ+1 
CNG(XJ,(CSNX(J,I - lJ+4,U+CSNX( J ,I-1J+CSNX(J,IJJ+DELTA/3,0 
CNG ( KJ'CNG(X)+CNG(K - 1J 
CSMP( X),CFX(JJ-(Vl+CSNX(J,IJ+FLW+CNG(XJJ/V' 
CONTI NUE 
GO TO 99 



38j C 
3ij4 C 
3ij) 
3H6 
Hf 
3ijO 
389 
39U 
391 
3U 
39 j 
394 
39 ) 
396 
39 f C 
390 C 
39Y 
40U 
401 
40, 
403 
404 
40) 
4Ub 

96 

97 

98 

430 
99 

40 f 
40_ 
40Y 
41 U 
411 C 
41, C 
41j 
414 
41) 
416 C 
417 
410 
41Y C 
4lu C 
4,1 C 
4« 
4<3 C 
4Z4 C 
4Z~ C 
416 
4U 
4Zij 
4ZY 
43U 
431 
432 
433 
434 
43~ 
436 
437 
43ij 
43Y 
44U 

100 
101 

C 

249 

SUMMATION Of THE fOURIER SERIES 

DO 97 NN-', NTRMS 
N-NN-1 
fLN·fLOAT(NI 
RHO'fLN+PI/TEE 
PHI-RHO*TIME 
ZIN.SIN(PHIl 
COZ'COS(PHIl 
EKS'PSTR(NNI+ZIN+QSTR(NNI+COZ 
If(J,EQ.1IGO TO 96 
ZEO<PTOT(NNI+ZIN+QTOT(NNI+COZ 
WHY·(PTOT(NN)·PSTR(N~»*ZJ~ 
WHY,WHY+(QTOT(NNI-QSTR(NNII+COZ 
PEE·V(J,~N)*COZ.U(J,~N)*ZJN 

TOTL'TOlL+PEE 
SMPL=SMPL+ZEO 
GNBRzGNBlh\.lHY 
If(N,EQ.OIGO TO Y6 
SMPL"SMPL_GEE(11+ZIN/fLN 
GNBR'GNBR-(GEE(11-GEE(ZII+ZIN/fLN 
CONTINUE 
fREPFREE+EKS 
IF(N,EQ.OIGO TO Y7 
fREE=fREE.GEE(II+ZIN/FLN 
CONTINUE 
RAMP'(PI"EXXI/2.0 
XXX=EXP(GNU(JI+TIMEI 
VHY-SMOOTHFOURIER(99,QTOT,PTOT,EXX) 
YHY;aYHY*XXX 
IF(J,EQ.11 GO TO Y~ 

CTOT=(SMPL+GEE(11+RAMPI+XXX 
GNBR=(GNBR+(GEE(11·GEE(ZII+RAMPI+XXX 
TOTL=TOTL+XXX/TEE 
CFRE(II=(FREE+GEt(21+RAMPI+XXX 
IF(J,EQ.1,ANO,ITEST.NE.OIGO TO 9Y 
CfRE(II=CFRE(II/EPS 
VBAR=GNBR/(PTN+EPSI 
WRITE(6,321ICfRE(II,VBAR 
IF(MUD(I,2).~EIJ)MK=MK+' 
IF(HOO(I,Z).NE,OIWRITE(6,3301 

+1,CSNK(2,1),TOTL,CSHP(MKI,CTOT,CFRE(I) 
IF(HOO(I,2l,NE,O)WRITE(6,430ICSHP(MKI,CTOT,TIME 
IF(HOO(I,Zl,EQ,OIGO TO 99 
WRITE(6,430ICSHP(MKI,CTOT 
FORHAT(2(3X,Ell,~ll 

CONTINUE 
IF(J,NE.1,ANO,ITEST,EQ,0IGO TO 101 
WRITE(6,322) 
WRITE(6,3231 
WRITE(6,3Z41 
NTWO-HOBS/2 
00 100 l-l,NTWO 
K-Z*1-1 

- WRITE(6,321)CSNK(J,KI,CSHP(II,CFRE(I) 
CONTINUE 
STOP 



441 C 
44~ C 
443 200 
444 201 
44) 202 
446 300 
447 301 
44" 303 
449 302 
450 
451 
45l 
453 304 
454 305 
4)) 
4)6 306 
4)( 307 
45" 
45Y 
460 308 
461 309 
46<-
46.1 310 
464 203 
46) 3 , ., 
466 312 
467 313 
468 
46Y 314 
470 315 
471 316 
47<. 317 
475 318 
474 320 
47> 
470 321 
477 322 
470 323 
479 .124 
480 325 
401 326 
48< 319 
485 
464 327 
4~) 
486 328 
487 
488 329 
489 330 
49U 331 
491 
49~ 332 
493 
494 

2 50 

FORMAT STATEMENTS FOLLOW 

FORMATI10A8) 
FORMAT(310) 
FORMAT(3GO,O) 
FORMAT(1Hl,1I10A81) 
FORMATI5X,' BINOING OF '4A8,/5X, ' TO ',4A8/) 
FORMATI5X,'EXPERIMENT PARAMETERS'I) 
FORMATI5X,'ELUTION DIALYSIS · CARRIED OUT AT ',Fo,l, 

.' DEGREES CENTIGRADE 'I 
*SX,'CONSISTING OF ',14,' DATA ENTR.IESI, 
*5X,'RECORDED AT ',F6,2,' SECOND INTERVALS'/) 

FORMAT(5X,4Ad,'CONCENTRATION ',G12,7,1 MM/ML.'/) 
FORMATI5X,'ABSORBANCE MEASUREMENTS RECORDED AT ',F5,1, 

.' NM, '/5X,'EXTINCTION COEFFICIENT IS ',E12.6/) 
FORMATI5X, ' ELUTION BUFFER FLOW RATE IS ',Gl',5,' MLS/SEC'/) 
FORMATI5X,'~O, OF TERMS USED IN FOURIER SERIES. ',141 

*5X,'LIMIT OF INTEGRATION a ',F5.2,' TIMES THE " 
.,5X,'DURATION OF THE D~ALYSIS 'I) 

FORMAT(1Hl ,lIlOX·,' CONTROL'/l 
FORMATI5X,'EXPONENTIAL DECAY PARAMETER FOR ELUTION PROFILE" 

*SX,e11.5,' ISEC '/~JX,ICONVERGENCE PARAMETER. ',E11.5,'/SEC'/) 
FORMATI20x,'ELUTION PROFILE ~ITH PROTEIN'II) 
FORMATI8GO,O) 
FORMATllHl,115X,'PRELIMINARY TEST OPTION SELECTED'II) 
FORMATII15X,'COMPARISON OF U(N) & V(N) VALUES WITH VIO)'II) 
FORMAT(7X,'N',7x,'U(N)',9X,'U(N)/V(O>',9X,'V(N)', 

.9 X, 1 V (r~) I V (0) , I) 
FORMATllHl,II)X,'AMPLITUDE RATIOS'II) 
FORMAT(4X,' ELUTION BUFFER ',2X,10AS) 
FORMAT(5X,E14,7> 
FORMATI1Hl,1125X,'LOG(AMPLITUDE RATIOS)'II) 
FORMATllHl.115X , 'REGENERATED ELUTION PROFILF.'II) 
FORMAT(1H1,115X,'FREE L.IGANO CONC,'10X,'BOUNO LIGANO',5X, 

·'MML.LJGANO/MML.PROTEI~'/) 
FORMAT(5X,G'4,7,)X,G14,7,~X,G14.7) 

FORMATI1"',1125X.'SAMPLE COMPAR TMENT LIGAND CONCENTRATION'/) 
FORMAT(10x,'GENEKATED BY',20X,' GENERATED BY') 
FORMAT(10X, 'MASS-BALANCE' ,20X, 'TRANSFER FUNr:TION'/) 
FOR MAT(5X,'VOLUME OF SAMPLE USED ' .,F6,3,' MLS,') 
FORMAT(5 X 'SIN~ CUMARTMENT VOLUME ',F6,3,' MLS.'/) 
FO~ MAT(5 X ,'ORIGINAl ',5X,'REGENERATED ',5X,' ·D1FFERENCE I, 

*SX,'PERCENTAGE I) 

FORMAT(5X,'ElUTION ',6X,'ELUTION ',6X,'BETW!EN " 
*5)(,'ERROR ON') 

FORMAT(5X,'PROFIlE ',5X,'PROFILE ',6X,'OAJGINAl I ., 
*5X, 'ORIGINAL') 

FORMATI37x,'GENERATED ','X,'PROFILE'/38X,'PROfILf') 
FORMATI2X,13,O(3X,!10,4),lX,13) 
FORMAT(/5X,'SCALING FACTOR FOR EXPONENTIAL DECAy eXPRESSION', 

• 15X,E14,71) 
FORMAT(5(2X,E12,5» 
END 
FINISH 



1 C 
2 C 
5 C 
4 C 
) C 
b C 
7 C 
6 C 
Y C 

10 C 
-" C 
12 C 
U 
14 
1) 
1b 

" 16 
19 
20 
21 C 
U C 
23 C 
24 C 
2~ 
2b C 
27 C 
26 C 
29 C 
50 C 
31 C 
32 C 
33 C 
34 C 
3; C 
3b C 
51 C 
36 C 
3Y C 
40 C 
41 C 
42 C 
43 C 
44 C 
45 C 
46 C 
41 C 
4ij C 
4Y C 
;0 C 
;1 C 
;~ C 
;3 C 
;4 C 
;) C 
5. C 

57 C 
56 C 
59 C 
60 C 
61 C 
62 C 
65 C 
64 C 
65 C 
-66 C 
67 C 
66 C 
69 C 
7Q C 
71 C 
72 C 
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Appendix VIII 

PROGRAM ZElA 

THE PROGRAM ZETA IS USED IN CONJUNCTION WIH THE PROGRAM 
STEPIT ( BY J.P.CHA~OLER 19b5 ) TO OBTAIN BINDING 
PARAMETERS BY FITTING THE OBSERVED BINDING ISOTHfRM TO AN 
APPROPRIATE BINDING MODEL, WHICH INCORPORATES TH! 
BINDING PARAMETERS. THE PROGRAM ENABLES THE DATA TO IE 'ITTID 
TO A GENERALIZED BINDING MODEL (EQUATION 3.8.7), WHICH 
CONTAINS BOTH REAL AND COMPLEX BINDING PARAMETIRS, 
THE PROGRAM PERMITS FIXED VALUES TO BE ASSIGNED TO 
S-ELE.CTEO PARAMETERS 

MASTER PARAMETERS 
DIMENSION X(20),XMAX(20),XMIN(20),DELTX(20),OELMN(ZO) 
DIMENSION ERR(ZO,Z1),MASK(ZO) 
DIMENSION A(2;0),B(Z50),TITLE(10) 
COMMON ICSTEPI x,XMAX,XMIN,pELTX,DELMN, 

• !RR,FOeJ,NV,NTRAC,MATRX,MASK, 
* NFMAX,NfLAT,IVARY,~XTRA,KFLAG,NOREP,KERFL'KW 

COMMON 10TSTI A,B IPRMTRSI IP 

THE PARAMETERS IN THE COMMON DATA BLOCK ICSTEPI 
ARE UTIIZED By THE SUBROUTINE STE~IT 

EXTERNAL FUNK 

INPUT QUANTITIES, ••• • FUNK,NV,NTRAC,MATRX,MASK,X,XMAX,XMIN, 
OELTX,DELMN,NfMAX,NFLAT,KW 

OUTPUT QUANTITIES • • •• X,fOBJ,ERR, KfLAG,NOREP,KERFL 

fUNK 

NV 
NTRAC 

MATRX 

fOBJ 
MASK(J) 
X (J) 
XMAX(I) 
XMIN(J) 
DELTX(J) 
DELMN(J) 

ERR(J,K) 

NF"AX 
NfLAT 

JVARY 

NXlRA 
<FLAG 

NOREP 

KERFl 

KW 

.-

.-

--.' 
--

.-.-

.-

.-

THE NAME Of THE SUBROOTINE THAT COMPUTES 'OBJ 
_IVEN x(1),x(2) •• , . ,X(NV) (EACH SUCH 
SUBROUTINE MUST BE NAMED IN AN EXTERNAL 
STATEMENT IN THE CALLINr, PRO GRAM) 

THE NUMBEN Of PARAMETERS, X 
.0 fOR NORMAL OUTPUT, '.1 fOR TRACE OUT PUT, 

=~1 FOR NO OUTPUT 
.0 FOR NO ERROR CALCULATION, '100+M fOR ERROR 

CALCULATION USING STEPS 10**M TIMES LARGER 
THAN THE LAST STEPS USED IN THE MINIMIZATION 

THE VALUE Of THE fUNCTION TO BE MINIMIZED 
,ONZENO If X(J) IS TO BE HELO fIxED 
T~E I-TH PARAMETER 
THE UPPE~ LIMIT ON X(I) 
THE LUWER LIMIT ON X(J) 
THE INITIAL STEP SIZE fO~ X(J) 
THE LOWER LIMIT (CONVERGENCE TOLERANCE) ON THE 

STEP SItE FOR X(J) 
RETURNS T~E ERROR MATRIX IF -MATRX· IS NONZERO 

(ERR IS ALSO USED fOR SCRATCH STORAGE) 
THE MAXIMUM NUMBER OF f UNCTION COMPUTATIONS 
NONZERO If THE SEARCH IS TO TERMINATE WHEN ALL 

TRIAL STEPS GIVE IDENTICAL FUNCTION VALUES 
STEPIT SETS IVARY NONZERO If X(IVARY) IS THE ONLY 

X(I) THAT HA S CHANGED SINCE THE LAST CALL TO 
fUNK (THIS CAN BE USED TO SpEED UP FUNK) 

USED BY SUBROUTINE SIMPLEX BUT NoT BY ST£PIT 
RETURNED ,GT. ZERO fOR A NORMAL EXIT, 

RETURNED .LT. ZERO FOR AN ABNORMAL lilT 
RETURNED ,GT. ZERO If THE FUNCTION WAS NOT 

REPRODUCIBLE 
RETURNED ,LT. ZERO If SUBROUTINE STERR 

TERMINATED ABNORMALLY 
THE LOGICAL UNIT NUMBER Of THE PRINTIR 

THE PARAMETERS IN THE COMMON DATA BLOCK IDTSTI ARE, 
A ARRAY Of fREE LIGAND CONCENTRATIONS 
B ARRAY Of QUATITIES OF LIGAND BOUND 

PER MOL OF PROTEIN. 
IP IS THE NUMBER Of COMPLEX VARIABLES 
USED IN THE BINDING MODEL 



74 C 
n C 
76 
77 100 
7~ 
7Y 
80 
81 
8Z 
83 
84 110 
8~ 
86 
87 lZ0 
88 
8Y 130 
90 
91 
9Z 10 
9.1 140 
94 
95 
96 
97 
98 
9Y C 

100 C 
101 C 
10l C 
103 C 
104 CI 
105 
106 
101 
108 
109 
110 
1 I I 
lH 
1 I 3 
114 
11) 10 
11. 
11 , ZO 
118 
119 
120 
IZI 30 
HZ 
123 40 
124 
12S SO 
126 
127 

252 

TITLE IS ALOCATED FOR AN ALPHANUMERIC TITL" 180 CHARACTI.') 

READCS,IOO)TITLE 
· FORMAT<10A8) 
WRIT~6,100)TITLE 
READC5,Il0)CXCJ),J'1,4) 
READCS,IIO)CXMAXCJ),J.l,4) 
READCS,1'0)CXMINCJ),J.l,4) 
READC5,Il0) CDELTXCJ) ,J.l ,4) 
READCS,110) CDELHNCJ) ,J'1 ,4) 
FORHATC4GO,O) 
READC5,1Z0)CMASKCJ),J",4) 
READC5,1Z0)N8S,NTRAC,HATRX,KW 
FORMAT(410) 
READCS,130)NV,NFMAX,NFLAT,IP 
fORMAT(410) 
DO 10 X'1 , NBS 
READC5,140)ACX),eCK) 
CONTINUE 
FORHAT<ZGO,O) 
CALL FUNK 
CALL STEPT CFUNK) 
STOP 
END 
SUBROUTINE fUNK 

THIS SUBROUTINE EVALUATES THE SUM OF THE SQUARES 
OF THE RESIDUALS BETWEEN THE OBSERVED BAND YeAR, THE 
QUANTITY OF LIGAND BOUND TO THE PROTEIN, CALCULATED 

ON THE BASIS OF THE MATHEMATICAL HODEL 

COMMON I CSTEPI XClO),XMAXCZO),XMINCZO),DELTXCZO),D!LHNCZO), 
• ERR(ZU,21),FOBJ,NV,NTRAC,MATRX,MASK, 
• NFMAX,NFlAT,JVARY,NXTRA,KFLAG,NORiP,KERFl,KW 

COMMON IDTSTI ACl50),BCZ50) I PRMTRS I IP 
TOll"O,O 
DO 40 J.l,NOBS 
CF ' ACJ) 
PHI:::IO.O 
IFCIP,Q,O)GO TO 2U 
DO 10 t.', I P 
PHI_PHI+CF*(X{Z*I - 1)+Z.O*CF*X(Z*I)! 

• (X<Z*I)*CF*CF+l,O*X(Z*I-1)*CF+' . O) 
I Pz_z*p . 
MH'CNV-IPZ)/z 
)FCMM,EQ,O)GO TO '0 
DO 30 1'1,MK 
PHloPHI+XCIPZ+Z.I-I)·CF/CCF-XCIP2tl» 
DFSQ·CBCI)-PHI).·Z 
TOTL'TOll+DFSQ 
FOeJ ' TOlL 
RETURN 
END 
SueROUTINE STEPT CFUNK) 



C 
C 

253 

Appendi x 1)( 

PROGRAM ETA 

MASTER DIFF 

C PROGRAM TO PERFORM A STEP BY STEP INTEGRATION OF 
C THE DIFFERENTIAL EQUATIONS WHICH DESCRIBE THE DIALYSIS OF 
C A PROTEIN LIGAND SYSTEM FOR ONE OR TWO SIT! BINDING 
C MODELS 
C DIMENSION Y(]),YP(]),XX(Z01),YY(ZOl),ZZ(ZOl) 

COMMON CFZ,PTN,NSTS 
READ(5,100)NSTS,IEQN 

C 
C •••••••••••••••••••••••••• * ••••••••• * ••••••••••••• * ••••• *. 
C 
C 
C 
C 
C 
C 
C 
C 

NSTS • NO, OF DIFFERENT CLASSES OF BINDING SITES 

lEoN' OPTION PARAMETER TO SELECT EULER OR RUNGE KUTTA M!THOD 

lEON <. 0 FOR EULER METHOD 
IEQN > 0 FOR RNGE KUTTA METHOD 

C •• * ••• * •• * •• *** ••• * ••• ~ •• ** ••• * •• *** ••• * •••• * •••• **. 
105 FORMAT(ZIO) 

READ(5,I01)TSTS,TFNL,DELT 
C 
c·.······ •• *·.·***·· ••••••• · •• *··· ..... ** •• ••••••••• 
C 
C TSTS • INITIAL TIME VALUE 
C TFNL • FINAL TIME VALUE 
C DELT • TIME INCREMENT OR SAMPLING TIME INTERVAL 
C 

C······**·**··****···.· •• ·•· •.. ·** ••••••••• ••••••••• 
C 

READ(5,10Z)CFZ,PTN 
C 
C ••••••••••••••••••••••••••• ** •••••••••• ** •••••••••• 
C 
C CFZ • INITIAL TOTAL LIGAND CUNCENTRATION 
C 
C PTN • PROTEIN CONCENTRATIUN, 
C 
C •••••••••••••••••••••••••••••••••••• * •••• * •••••••• * 
C 

Mal 
Y(\)aTSTS 
Y(Z).CFZ 
V().O,O 
XX(\)aY(\) 
YY(\)·Y(Z) 
ZZ(\)'Y(]) 
TRNG.(TFNL·TSTS)/DELT 
IRNG·IFIX(TRNG) 
IF(IRNG,GT,200)GO TO 40 
DO 30 ~.2,IRNG 
XX(N)aTSTS*FLOAT(N)*DELT 
IF<IEON)IO,10,20 

1U CAll tULER(Y,YP,F,IRNG,DELTJ 
GO TO 25 

ZO CALL RKG(y,YP,F,IRNG,DELT) 
Z5 YY(N)'Y(Z) 

ZZ<N)'Y(3 ) 
30 CONTINUE 

DO 35 lKa" I RNG 
WRITE(6,300)XX(IK),YY(IK),ZZ(IK) 

35 CONTINUE 
300 FORMAT(](5X,FI4,5» 

GO TO 45 
40 WRITE(6,ZOO) 

101 FORMAT(3GO,O) 
102 FORMAT(2GO,O) 
200 FORMAT(5X, 'TOO MANY POINTS 0) 

45 CONTINUE 
STOP 
END 
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SUBROUTINE EULER (Y,VP,F,N,H,M) 

C ADVANCES INTEGRATION OF N FIRST ORDER AUTONOMOUS DIFFERENTIAL 
C EQUATIONS Y'(J)'F(J) BY ONE STEP USING THE EULER 
C PROCESS, AN AUXILIARY ROUTINE DYBYDY (y,F,N) MUST ~E PROVIDED 
C TO EVALUATE F(J) FOR EACH EQUATION USING THE CURRENT VALUES OF 
C y(J) AND F(J), OTHER PARAMETERS MUST BE HANDLED BY 'COMMON' 
C BLOCKS, IF THE EQUATIONS ARE NOT AUTONOMOUS, THE PROCEDURE IS 
C TO ADO AN EXTRA TRIVIAL EQUATION AT THE START OF THE SET, NAMELY 
C F(1).1.0, AND TO TREAT Y(1) AS THE INDEPENDENT VARIA"LE, 
C FOR EXAMPLE TO SOLVE THE EQUATION Y"X-Zo, ~E WOULD DEFINE 
C V(n.X F(1l'1.0 
C Y(2).' F(2)'Y(1)-2,OoY(2) 
C N IS THE NUMBER OF EQUATIONS. H IS THE STEP SIZE, 
C "'1 ON FIRST ENTRV, ".0 OTHERWISE, BUT TO 'RESTART' AT ANY OTHER 
C pOINT WITH, E,G. ANOTHER STEP SIZE, M IS RESET TO 1 IN THE CALLING 
C .OUTINE. YP IS AN ARRAY CONTAINING THE RESULTS OF THE 'PREDICTOR 1 ST!, 

DIMENSION V(N),F(N),YP(N) 
CALL DVBVDV (V,F,N) 
00101 - 1,N 
Y(J)-YCIH·H.F(I) 

10 YP(I)'V(I) 
RETURN 
END 

SUBROUTINe RKG (Y,YP,F,N,H,M) 

C ADVANCES INTEGRATION OF N FIRST ORDER AUTONOMOUS DIFFERENTIAL 
C EQUATIONS Y'(J)'F(J) BV ONE STEP USING THE RUNGE KUTTA GILL 
C PROCESS. AN AUXILIARY ROUTINE DYBYDV (y,F,N) MUST ~E PROVIDED 
C TO EVALUATE F(J) FOR EACH EQUATION USING THE CURRENT VALUES OF 
C Y(J) AND F(J), OTHER PA.AMETERS MUST BE HANDLED BY 'COMMON' 
C BLOCKS. IF THE EQUATIONS ARE NOT AUTONOMOUS, THE PROCEDURE IS 
C TO ADO AN EXTRA TRIVIAL EQUATIUN AT THE START OF THE SET, NAMELY 
C F(1).1.0, AN~ TO TREAT Y(1) AS THE INDEPENDENT VARIARLE. 
C FOR EXAMPLE TO SOLVE THE EQUATION Y"X-ZoY WE WOULD OEFINE 
C Y(1).X F(1).',O 
C YCZ).y F(Z).Y(1)-Z.O*Y(Z) 
C N IS THE NUMBER OF EQUATIONS, H IS THE STEP SIZE, 
e Ma, ON FIRST ENTRY. MaO OTHERWISE, BUT TO 'RESTART' AT A~Y OTHER 
C POINT WITH, E,G. ANOTHER STEP SIZE, M IS RESET TO 1 IN THE CALLING 
C ROUTINE. YP IS AN ARRAY CONTAINING THE RESULTS OF THE 'PREDICTOR' STEP 

DIMENSION V(N),F(N),YP(N),Q(20) 
IF (M,EQ.O) GO TO 20 
0010I-',N 

10 Q(ll·O.O 
H. O 

20 00 90 Ja',4 
CALL DVBVDV (Y,F,N) 
DO 90 I-',N 
A.V (l) 

SaH*F(I) 
C'O (l) 
GO TO (30,40,60,70), J 

](1 0-.5 
eaO*B-C 
GO TO 80 

40 0',29289321881 
50 Eaoo(B_C) 

GO TO 80 
60 Da1. 70710678119 

GO TO 50 
70 0-.5 

E·.1666666666670(s-c-C) 
80 e- E+A-A 

Y(J)aA+E 
90 Q(I)'3.00E-DoB+C 

00 100 1-1,N 
100 'P(I)'V(I) 

RETURN 
END 
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SUBROUTINE DYBYDY(Y,F,N,NSTSl 
DIMENSION Y(3l,F(ll 
COMMO_ CFZ,PTN,NSTS 
N1·0 
NZ'O 
1(1-0,0 
KZ'O,O 
F(1)a'.O 
TERM-',O 
REAo(S,103)V1,V2,D,F 

C •••• *** ••••••• ** ••• **** •••••••• *** •• ** ••• * •••• 
C 
C 
C 
e 
c 

C 
C 

V1 • SAMPLE COMPARTMENT VOLUME 
VZ • SINK COMPARTMENT VOLUME 
o • PERMEATION CO_STANT, 
F • ELUTION BUFFER FLOW RATE,Z 

IF(NSTS,EQ,OlGO TO 30 
READO.,S1lN' ,K, 

C *** •••••••••• * •••••••• ** •••••• * •••••••• ***.* ••• 
C 
C N, • NO, OF BNDG SITES IN FIRST CLASS OF BINDINC, SiTES, 

C K' • BINDING CONSTANT FOR FIRST CLASS OF BINDINC, SITES. 
C 
C •••••••••• * ••••• * ••••••••• * •••••• ****.* •••••••• 
C 

C 

TERMaPTN*(N1*K1) * (1.0-1(1 *'1.,1 (1,0+1(1 *x> I (1 IO+K1*X) 
IF(NSTS,EQ,,'GO TO 30 
READ(S,'S',NZ,KZ 

C •••• ** ••••••••••• * •••• **.** ••••••••••••••••••••• 
C 
C NZ • NO, OF SNDG SITES IN SECOND CLASS OF BINDING SITES, 
C 
C 
C KZ • BINDING CONSTANT FOR SECOND CLASS OF BINDING SITES, 
C 
C *** •••••• * •••••• **** ••••••• *** ••••••••••• * •••••••••• 

SCND.PTN+NZ*KZ+(',O-KZ+X/(1,0+KZ+X)l/I',O+KZ+Xl 
TERH.TERM+seND 

30 F(Zl.D+(Y-X)/IV'+TERMl 
F (3l 'D'{X-Y)-F LW+Yl/VZ 
RETURN 
END 
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