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I. INTRODUCTION 

In the study of protein structure in aqueous solution 

difficulties have been encountered due partly to the complex­

ity of the structure and partly to the absence of any direct 

experimental method. In recent years, however, one experi­

mental approach is the study of complex formation of proteins 

with ions, which offers promise of yielding information on 

protein configuration. Of particular interest are the surface 

active ions, which have exhibited markedly strong affinity for 

proteins as compared with other organic ions. Rarely does any 

simple ion produce so many diverse effects on proteins and 

biological systems. Those include protein denaturation, dis­

persion and precipitation, complex formation, inhibition of 

activation, bactericidal and bacteriostatic action, hemolysis 

and splitting of natural complexes and conjugated proteins. 

The commercial availability of the surface active ions at the 

present time has further stimulated investigation in this field 

of chemistry. Most of the studies, however, have been quali­

tative in nature, chiefly because of the lack of readily avail­

able, purified surface active compounds for research, which, 

again is a reflection of the emphasis on their industrial 

application. 

It is not within the scope of this dissertation to attempt 

an investigation of the potent biological properties of surface 

active ions. Rather, the main interest will be limited to the 
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study of binding affinity between protolns and surface active 

ions. Briefly, the purpose of this research was fourfold: 

(1) A competitive study between proteins and surface 

active ions was attempted* Previous studies in the litera­

ture have indicated that the binding affinity of such ions 

is far superior to that of the simple organic ions. It is 

not yet known v?hether different proteins will react differ­

ently toward the same surface active lon« In this labor­

atory the aqueous solution of sodium dodecylbenzenesulfonate 

(SDBS) has been used as a dispersing agent for certain water-

insoluble proteins such as zein in corn me^l (28). As a 

first thought water-soluble proteins such as serum albumin 

and ovalbumin may compete with zein-SDBi: complex. The study 

of such competitive interaction was therefore carried out. 

As work progressed, it was further extended to a comparable 

study of albumln-SDBS complexes. 

(2) In the literature, adequate data are lacking for 

the surface active cations. It was therefore desirable to 

study the interaction between proteins and such cations, the 

results of which were expected to further confirm the nature 

of complex formation, 

(3) During the progress of research, there appeared an 

entirely conflicting opinion about the nature of the complex 

formation between protein and surface active ions. Thus the 
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thircl objective of this dissertation wes to conduct a oiinn-

tltative study of the binding process ond ajjn ot clarifying 

such confufjion. 

(4) Due to the limit of scope, another important field 

of interest WGS only briefly studied, that is, denatui'ation 

of protein with aurface active ions. Further study along 

this line will certainly shed more light on the nature of 

protein-ion interaction and consequently the protein structure 

and configuration. 
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II. rJlJVIISW OF LITfSRATTmE 

Probably the oldest surface active sgent is soap; and., 

in recent years, the best knov?n are the so-called detergents. 

It is the ionic types of the latter which will form the main 

subject matter of this review, due to the fact that all non-

ionic compounds so far investigated lack any affinity toward 

proteins, a finding perhaps indicative of the nature of the 

interaction. The term detergent is discarded here, and the 

compounds are called surface active ions instead, in distinc­

tion to the ill-defined terrainoloRy currently used in the 

technical field. 

A. Chemistry of Surface /ictive Ions 

Most surface active ions are characterized by a mole­

cular structure which is essentially linear, i.e. consider­

ably longer than it is wide, tfsually the elongated nonpolar 

portion, "tail", of the molecule comprises a hydrocarbon rad­

ical of lyophobic nature, whereas the small polar group, 

"head", is of a lyophilic nature. Typical anionic types are 

the salts of sulfuric, sulfonic, phosphonium and arsonium 

(ferivntives of alkyl or aromatic residues. The soaps, by con­

trast, are the salts only of the higher fatty acids. Cationic 

types ere chiefly the higher alkyl queternary ammonium salts, 

Including the alkylpyridinium halides. Of lesser importence 

are the ampholytic types. A typical example is cetylamino-
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&oetlo aold. 

1. Micelle formation 

Physioochemlcal atudlos of solutions of Durfnce active 

ions, ouch as colligetlve properties, equivalent conductivity 

and trsnsfex'ence numbers, diffusion, viscosity, light scatter­

ing, and X-ray diffraction, have indicated that the ions exist 

both as simple ions end os colloidal aggregates known as miceUfis 

(66). It is also well recognized that the micelles are dis­

sociable electrolytes which are in equllibrluni vjith simple 

ions. Shift of the equllibriurn depends on the critical micelle 

concentration which is characteristic of the length and nature 

of tho l^rdrocarbon chain and is affected by changes In temper­

ature, or the addition of salts. 

The fact that siu?face active ions In aqueous solution 

can aggregate to form micelles inay be explained In terms of 

the forces involved (17, 18). \\'ork has to be done in order 

to bring the lyophillc "heads" together because of the 

Coulomb repulsion. On the other hand the lyophoblc "tells" 

tend to segregate themselves from the water molecules and 

lose energy when they reach the hydrocarbon surroundings. 

Thus micelle structure represents an equilibrium between the 

repulsive long-range Coulomb forces among the "heads" and 

the short-range at-*;ruc)tlva van der '"aals forces among the 

"tails". Addition of salts to the solution tends to diminish 
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the electrical work, because of the shielding effect of the 

ionic atmosphere. Thereby it will lower the critical micelle 

concentration. Likewise, this same effect may explain the 

cause of the increase in size of the micelles as was observed 

by Debye (17, 18, 19). It may also account for the depend­

ence of the critical micelle concentration on the kind or 

valency of added gegenions, instead of ionic strength of the 

salts added (18). According to Debye, a calculation of the 

potential at the micelle indicates that the concentration 

of ions of equal sign ax-ound the micelle will at least be 

3 X lO""^ times smaller than in the bulk of the solution. 

Thereby, it has little effect on the micelle formation. 

2• ^fodels of micelles 

The structure of the micelles has been a subject of 

study for many years. Different views are held by different 

workers on the size and shape of the micelles. KcBain (67, 

68, 69) has proposed two models; The small, highly charged 

spherical micelles of varying sizes and the large weakly 

ionized lamellar micelles. Karkins (32) has supported a 

cylindrical model on the basis of X-ray diffraction. Hartley 

(55, 34), however, believes that only the spherical model 

of uniform size is tenable and thinks the anomalous proper­

ties arise from a change in the degree of ionization of the 

gegenions. Recently Corrin (16) and Brady (9) have questioned 
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the validity of the aBSumptlon of e quBBi-crystalline arrange-

laent of o micelle, end have concluded that the sphericel model 

is compatible with the X-xay evidence, Nevertheless, the 

anoiaalous viscosity, flow birefringence and light scattering 

I'esults do indicate the presence of elongated particles. 

Eebye nnd Anacker (19) observed that the micelle a formed from 

alkyl trimethyl ammonium bromide are elongated, rod like struc­

tures whose length increases vith salt concentration. Debye 

and Anackor (19) has further postulated that the hydrocarbon 

tails project radially from the axis of the double-layer 

cylindrical micelle ending in the polar heads which mate up 

the surface of the particle. The effect of salt on the aiie 

and stability of the micelle has been estimated by Hobbs (36) 

in the case of dilute salt solutions. More recently, Scheraga 

and Backus (6, 94) hove supported Debye's model on the basis 

of flov< birefringence studies. 

Confusing as different vievis may be, all the ovldence now 

available indicates that the surface active ions may aggre­

gate or pack together In many different forms relating to 

the steric configurotion of the ions themselves and their 

environment. Earlier in an objective review, Ralston (85) 

stated that no single theory suffices. Likewise, Vtinsor (118) 

has attempted to interpret the X-ray measurements on the basis 

of an intermlcellar equilibrium. From thermoclynQmic consid­

eration (98, 99), the change in free energy (A F) between 
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spherioal and rod-like or lamellnr ntructuirea Is corapfirs-

tively email. JP.nevgy factors (AH ) favor the lamellar model 

rathor than rods or spheres. On the other hand, entropjr 

factors ( AS ) tend to oppose the more ordered lamellar 

urrangoment. Consequently the actual configuration toVen up 

is the resultin^5 compromise. In dilute aqueous solution, the 

tspherical micelles \5)ould be predominant, '"ith increasing 

concentration or on addition of salts, the overall effect of 

increase in AH and decrease in A S will favor the foriaation 

of rod-like or plate-like aggregates. Finally pistes, a more 

ordered structure than rods, may be formed; that is, salting-

out occurs. 

3, Size of micelles 

Since the micelles are in equilibrium with single ions, 

it seems rational to assume that there exists a distribution 

of varying sises which, in turn, depends upon the nature and 

concentration of the ions, the) concentration of added salts, 

temperatui'e, end other factors. Indeed, Void (114) hes 

applied successfully the lev< of mass action to the aggrega­

tion of such colloidal electrolylas. Usoally, an optimum 

size of a micelle is considered to have 50 to 100 simple ions. 

From molecular kinetic studies of sodium dodecyl sulphate 

Hakala (31) obtained a molecular weight of about 25,000 and 

Neurath and Putnam (73) eistimated a syimTietrlcel aggregate of 
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some 75 anions. Lundgren and O'Connell (63) reported a 

Dioleoular weight of approximately 15,000 for sodium alkyl-

benzene sulfonate. Recently, however, Debye and Anacker (19) 

observed, by means of light-scattering measurements, the mole­

cular weight of a cationic detergent to be of the order of a 

million. This value seems surprisingly large. It is possible 

that partial crystallization might have occured in this case. 

It should be emphasized here that the state of micelles 

relating to their forms and sizes need not govern their inter­

action in biological systems, as will be further discussed 

latter. The concentration of surface active ions may affect 

its rate of reaction, but not the final results. It is con­

ceivable that dissociation of the micelles may occur if the 

single ions have greater affinity for some substrate than for 

each other. 

B. Evidence of Protein-ion Interaction 

In recent years, many investigations on the interactions 

of proteins and ions have been published. It is well recog­

nized that many ions are bound by proteins with varying degree 

of affinity. Some of the evidence comes from the measurements 

of osra.otic pressure (90), membrane equilibrium (92,92) elec­

tromotive force (92,93), pH displacement (2, 57, 91), polaro-

graphy (108, 109), ultrafiltration (7), partition analysis 

(39), polarization of fluoresence (51, 116, 117), absorption 
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spectra (4?,, 44, 45, 48, 75), equilibrium-oialysis (40, 49, 

9£, 95, ill, 112) and electrophoresis (2, 4, 57, 5B, C£, 84, 

96). Cf the methode tuenlioned, the laet two jroceduros are 

among the most satisfactory. 

1. lllleotrophoresia 

Electx'ophoretic analysis has a great advont&ge over the 

other methods in its visuel identification, "ilvidence fox-

complex foruiation between proteins and ions consists in an 

increase in the mobility together with the difference in the 

patterns obtained from th£.t of the native protein. The 

patterns also reveal the nature of the interaction. A stat­

istical combination will result in a single spreading bound­

ary, an "all-or-nono" reaction in two well-defined boundaries 

(62). Furthermore, dissociation, if any, of the coniple:;: in 

the electric field will be detected by the dissyiiimetry of the 

patterns. Bleotrophoretic analysis has also been shown to be 

applicable to the quantitative evaluation of protein-ion in­

teraction (57, 58, 62, 84). 

Interpretation of the results, however, is frequently 

complicated by the poor resolution of the individual compon­

ents and by the false boundary anomullea and, in some casoa, 

artifacts. They may be lainimized or even suppressed by 

choosing as supernatant a suitable buffer, by increasing the 

ionic strength of the mediura or by docreuslng the protein 
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conoentration (11J5), Completely normal boundary behavior 

represents an ideal that is never realized in practice. The 

moving boundary method, free from all anomalies, is a contra­

diction in itself (104), For a proper understanding of the 

fundamental principles involved a?T well as for a critical 

evaluation of the results obtained, references are made to 

the papers by Longsworth (54), Svensson (105, 106), Dole (20), 

Moore (70) and the monograph by Abrarason and co-authors (1), 

As a rule the ascending boundaries exhibit a higher 

mobility and a smaller area than the corresponding boundaries 

in the descending side. No general agreement has as yet been 

reached as to which of those patterns should be used for the 

computation of the experimental results. The somewhat better 

resolution of the individual components and, in some cases, 

the absence of false boundary anomalies on the ascending side 

render it easier to evaluate. For valid theoretical reasons 

Longsworth (54) prefers to compute data from the descending 

pattern. Frequently the values reported for the mobility and 

percentage composition of the components represent the mean 

average derived from.both sides. 

2. "Squillbrium-dialysis 

Quantitative results can be conveniently obtained by the 

equilibrium-dialysis method. It is particularly valuable in 

the case where very low concentrations of protein and ions 
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may be employed, provided that a sufficiently sensitive analy­

tical method can be developed. This method is, however, limit­

ed only to the ions which are dialyzsble through the cellophane 

membrane. Thus, it is not applicable to the study of inter­

actions of proteins with other proteins, polysaccharides, nuc­

leic acids or other large ions. In the case of surface active 

ions, the single ions can easily pass through the membrane, but 

not the micelles due to their bulky sizes. However, the equilib­

rium will be shifted in favor of the single ions when some of 

them are removed on dialysis. The rate of diffusion is thereby 

somewhat slower than that for the other simple ions. Approp­

riate buffer concentration should be used so as to be sufficiait 

enough to suppress Donnan correction within the range of protein 

concentration studies. Caution has to be taken in many cases 

where the blank error from the dialysis bags and the adsorption 

of ions on the bags may produce erroreous results. 

Combination of the two method mentioned seems most desir­

able for the study of protein-ion interaction. A typical ex­

ample is the binding of bovine serum albumin with methyl orange. 

Smith and Briggs (96) have shown that the same quantitative in­

formation concerning the interaction may be obtained by the 

moving boundary method as by the dialysis method of Klotz and 

coworkers (49). It is of interest to note that boundary spread­

ing was observed in this case, indicating the statistical 

character of the interaction. Dissymetry of the patterns on 

both sides was accounted for by the dissociation of albumin-



www.manaraa.com

-13-

methyl orange complex under the influence of the electrical 

field, a finding indicative of weak binding affinity. 

C. Controversy on Complex Formation 

All Investigators agree that long-chain alklsulphates and 

alkyl aryl sulfonates are strongly bound to proteins in a 

manner of complex form.ation. Disagreement, however, arises as 

to the number of surface active ions bound and also the nature 

of the binding process. Until recently, such complex form­

ation has been considered to be of "all-or-none" character. 

The other view proposed instead that a "statistical" reaction 

can be as well applied to surface active ions as to simple 

ions, 

!• "All-or-none" reaction 

In an extensive study Lundgren, Elam and O'Connell (62) 

first established the formation of complexes between egg albu­

min and sodium dodocylbenzenesulfonate (SDBS). Electropho-

retic patterns revealed that in the region of protein excess, 

a complex formed that possessed a convstant ratio of protein 

to SDBS (three to one by weight) and the free protein formed 

a separate boundary. The well-defined complex boundary mi­

grated with a mobility intermediate between that character­

istic of the native protein and of the SDBS, The amount of 

uncombined albumin diminished with increase in anion-protein 

mixing ration (l/P). Mixtures of albumin and SDBS in about 
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equal proportions govo a single boundary. In the reg;lon of 

SDBS excQBs, two boundaries again appeared, the one with vary­

ing mobility representing n complex whose composition depended 

upon the mixing ratio und the other the free SDBS. The con­

st ;:nt composition of the complex v.'ith minimum binding ratio 

was also confiinaBd by nitrogen analysis of the salted out 

complex. On tho other hand, hoot-denatured albumin no longer 

possessed the "all-or-none" charocter and combined with SDIiS 

in all proportions, a rinding perhaps indicative of the mech­

anism of interaction. 

Comparable concli sions ivere reached by Putnam and Heuroth 

in their study of mixtures of horse serum albumin and sodium 

dodecylsulphate (SDS), which has been reviewed in detail by 

Futnam (63), 5'rom the electrophoretie analysis, three com­

ponents could be identified: (1) free albumin; (S) q complex 

having 0,22 fjjram of SDS per g^^ara of albumin; and (S) another 

coraplex having 0.42-0,45 grams of 8D5 per gram of albumin. 

The composition of the latter approxiniately corresponded to 

the total acid binding capacity of the protein. This was oIbo 

confirmed from the study of precipitation of the complex in 

the acid mediiua (see. Section D). 

In the foregoing studies, it was assumed that ell tho 

surface active ions ;vere bound to the proteins. This might 

be erroneous, if the complex formation v.'es considered to be 

reversible in itself. Indeed, partial removal of the bound 

ions can be achieved by prolonged dialysis. Complete regener­
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ation of tile proteins cun be acooniplished by extraction of 

the tjound ions with 60i' acetone in the presence of electro­

lytes (60, OS) or by precipitation of the bound ions as the 

bariui'i suit (B3). Thus, the binding process may be repre­

sented by the eq.uilibra 'below: 

P+niDi^PD^^ (la) 

in the c.-ise of elkylbenzene sulfonate, or 

? + nD ̂  PD , ?D +nD ̂  PD„ (lb) 
^ n n ^ 2n 

in the case of alkyl sulphate, where ta or 2n repreaenta the 

nutuber of basic groups on the proteins. On the other hand, 

the disruption of the protein structure may not be fully 

reversible (83), as evidenced from the detectable differences 

between the regenerated and native proteins. Perhaps equa­

tion (1) actually involves two steps: first an irreversible 

complex foriaation together with dennturation and then, second, 

a reversible equilibrium between the complex and the regener-

ated protein. 

In the ranjie of oorabinotion studied by Lundgren and by 

Putnam, it is beyond any doubt that en "all-or-none" phenom­

enon has taken place. This, however, does not necessarily 

exclude the doiEination of statistical factors in the binding 

of the first few anions, irobably the bound ions are distri­

buted randotaly among the protein molecules and are also in 

equlibriuiu v.lth the free ions. AfteS this stage, free ions 

v?ill penetrate the intact protein moleciles and force the 

polypeptide chains to unfold. Thus, it brjngs about denatur-
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atlon, OS evidenced by molecular kinetic studies. Indeed, 

Duggan and Luck (21) have found that about eight molecules 

of SDS combine v?ith one molecule of bovine albumin to form 

a stable complex which prevents the normal viscosity rise 

of albumin in 6 M urea, but additional SDS will cause rapid 

increase in viscosity. Once, a few structural bonds are 

broken, the potential barrier is lowered and additional 

anions will be anchored only on those favored molecules. 

The resultant is then an "all-or-none" reaction. It is not 

necessary to postulate that statistically bound ions are 

denuded in this stage, for a slight increase In the mobility 

of the so-called uncombined protein is actually observed. 

In the final stage, the protein-ion complex behaves like 

denatured protein and again combines statistically with extra 

ions up to the maximum binding capacity, as has been confirm­

ed from the electrophoretic analysis. Such is proposed hy­

pothesis that will be put to o test in this dissertation. 

Statistical reaction 

Recently, Karush and Sonenberg (40) questioned the gen­

eral validity of the "all-or-none" reaction. Instead, they 

postulated a statistical binding process for protein and 

alkyl sulphates, airdllar to that for simple ions, 

a. Simple theory. The lew of mass action has been 

applied first by von Muralt (71) and simplified by Klotz and 
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coworkers (41, 49) to the case of multiple combination be­

tween proteins (P) and ions (1). The successive protein-

ion equilibria may be represented by a series of equations 

shown below: 

P  +  I  ^ P I  = %  (S)  

PI + I PI„ (Pig) _ Ko 
^ TTTl TTT" ^ 

PI^ 1+ I PI. _K. 
^ • ^^'Ii-l5 (1)" 

PI„ 1 + I PI,, _Kn 
(PIn-i) (I)*" 

Mathematical analysis indicates that the average number of 

bound ions per mole of total protein, r, can then be express­

ed by the equation: 

n 1 
£ K TT K.) (if 
Icl .1=1 J 

- jp" J 
1+ S ( TT K.) (I)^ 

i=l .]=1 ^ 

If all the binding sites on the protein have the same intrin­

sic association constant, K, and, aside from the statistical 

factor, the free energy of binding to fjny site is independent 

of binding to other sites, Equation (3) may then be reduced 

to ri linear form. 
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r- K n (I 
~ 1+ K(I 

( 4 )  

where n is the average maximum niwiber of sites per protein 

molecule. Accordingly, a plot of l/r against l/(I) will 

give a straight line. From the slope of this line and its 

intercept with the ordinate, the values of n and K can be 

obtained. 

A similar conclusion has been reached by Scatchard (89), 

and expressed in the form. 

which is fundamentally equivalent to equation (4), but has 

less uncertainty in the intercept from which n is calculated, 

thus eliminating the disadvantage of concealing deviations 

from the ideal laws. Furthermore, if the experimental points 

do not fall on a straight line, it may be inferred that the 

intrinsic association constants are not equal and/or there 

is interaction among the bound ions. The intercept on the r 

axis will still give the value of n. 

In some cases, the simple theory fits quite well with 

the experimental results (43, 110, 111, 112). This, how­

ever, is not true in many other cases, where electrostatic 

interaction and other factors can no longer be neglected. 

= Kn - Kr (5) 
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It should also bo pointed out that the value of n ia 

dependent on the structure of the ion. For example the max­

imum number of sites available on serum albumin varied from 

6 up to 40 (43), Doubt has been raised on the reliability 

of the methods of extrapolation (40, 89). Indeed it is 

still an open question to be clarified. 

b, Sleotrostatio interaction. Since the binding of 

ions may cause a net change in the average charge of the 

protein, it is necessary to introduce an electrostatic cor­

rection, analogous to the acid-base titration curves of 

soluble proteins and the effect of ionic strength on these 

curves (11, 14, p* 444). A modified form of the simple 

theory has been developed by Scatchard (89). 

^ nK - rK, 4 (6) 

Here w' - (1-f l/n)w and w is calculated from the Debye-

Huckel theory, i.e. 

- 2DkT ^ b ' 

in which 4c is the electronic charge, Z the valence of the 

ion, D the dielectric constant of the medium, K Boltamann's 

constant, T the absolute temperature, b the radius of the 

protein molecule, a the distance of closest approach, and 



www.manaraa.com

-19b-

has its usual signifioonoe in the Debye theory. It hfjs been 

reported that such correction vjorked quite satisfnctorily in 

some cases (89). 

0, Heterogeneity theory. One of the simplest hetero­

geneity theories assumes that the binding can be described 

by only two different intrinsic association constants (92, 

92), In this case, equation (4) is modified into 

^ . ^1^1 . ^2^8 (7) 
T T T "  I + K j T i ) +  U K g d )  

where n -- n n 

This is adequately represented by the oombination of human 

serum albumin with chloride ion and with thio(^nate ion (92, 

95) and also the binding of an azo-dye with bovine serum 

albumin (37). 

d. Gaussian distribution theory. Although the bind­

ing of simple ions vjith proteins is statistical in nature, the 

reaction between proteins and higher homologues of surface 

active ions has, until recently, been considered "all-or-

none", Karush and Sonenberg, however, though otherwise and 

attempted to prove the latter as a statistical process (40), 

Failure to apply the previous theories in the studies of 

bovine albumin and alkyl sulfates led them to introduce 

another heterogeneity theory. It was assumed that the 
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number and distribution of the intrinsic binding constants 

are such as to be adequately described by a Gauss error 

funtion. This formulation is similar to that used by Pauling 

rressman and Grossberg to describe the heterogeneous binding 

of hapten by antibody in competition with antigen (81). The 

derivations finally led to equation (8) below, 

£ - 1 (8) 
r - 1 - f f(I)J 

where 

in which is an average binding constant, qJ measures the 

range of values of K, and 

= In (K/KQ) /(T" 

The integral can be evaluated numerically for the computa­

tion of f(I) by trying various values of and using '."eddle* 

rule (64), 

By this method, it has been shown that the theoretical 

curves fit rather satisfactorily with the experimental data 

of the binding of serum albumin and alkyl sulphates. Such 

results are quite contrary to the earlier "all-or-none" con­
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cept. It was argued that in earlier studies much higher 

concentrations of alkyl sulphates as micelles were employed. 

Thus, the interpretation of the data vsas complicated by 

micelle formation and, in many coses, denaturation. Such 

explanation however, seems not too convincing. Since the 

micelles are in equilibrium with single ions, the protein 

may take up ti e ions singly, if it has greater affinity for 

the single ions than the ions for themselves. To be sure, 

higher concentration of the ions will accelerate the rate 

of reaction, but not necessarily change the course of re­

actions. Karush and Sonenberg have also pointed out that 

their data covered only a rather narrow range of l/r so that 

the suitability of the distribution function is not put to 

a severe test, Sspecially it is very questionable that in 

their plot of l/r vs 1/(1), extrapolation to the higher con­

centration (i.e. 1/('I)—>0) did not involve too much risk. 

Furthermore, their calculated thercaodynamic data seems rather 

confusing. Recently, Gtoddard and Pethlca (30) found it 

difficult to reconcile such calculations with their direct 

calorimetric measurements. 

In the foregoing discussion, one important thing has 

thus far been neglected, that is, the adaptability of protein 

toward ions. It seems conofeivable that interaction between 

protein and surface active ions may not be limited to one 

type of binding process. Statistical reaction will probably 
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not be ruled out at very low or very high concentrations of 

ions. On the other hand, within certain range of protein-

surface active ion ratio, "all-or-none" reaction may predom­

inate. In this dissertation, it is attempted to clarify part 

of the confusion as it exists. 

D., Diverse Effects of Surface Active Ions on l^roteins 

In addition to complex forma-ion, the action of surface 

active ions on proteins may result in denaturation, precipita­

tion and dispersion. These phenomena, in general, depend on 

the conditions of study and perhaps follow the same mechanism, 

1. Denaturation 

m excellent review on protein denaturation has been 

published by Neurath and coworkers (72), Anson (5) in 1939 

first discovered that surface active ions denature proteins 

such as hemoglobin and egg albumin, at their isoelectric point 

and keep the denatured protein in solution. Significantly, 

these ions have much higher protein-denaturing potency than 

other chemical reagents, Even at very low concentrations, 

they have the same effects as produced by very high concentra­

tions of such other denaturants as urea and guanidine hydro­

chloride (about 0.008 M versus about 8M). However, the amount 

of ions required is proportional to the amount of protein 

present, a fact indicative of complex formation. 
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Many Investigations indicate that surface active ions 

produce a profound change in molecular structure of protein. 

Quantitative evidence of these changes comes from the measure­

ment of the sulfhydryl groups liberated, viscosity measure­

ments, X-ray diffraction studies and many others. More recently, 

the study of flow birefringence looks very promising. Such 

technique has already been applied to heat and urea denaturation 

by Foster and coworkers (25, 26, 27, 88). The interpretion of 

their results, however, was complicated by the formation of 

agsregates. Thus, confirmation of these studies by other • 

methods seems desirable. 

Precipitation 

Earlier study by Matsumura (65) indicated that horse serum 

was precipitated with O.OIM. sodium oleate and was completely 

redissolved with 0.025 M. sodium oleate. The interpretation 

of this phenomenon was however obscured by the complication 

of hydrolysis of the soap. Bull and Neurath (10) were the 

first to report the precipitation of egg albumin by sodium 

dodecylsulphate (SDS) and the re-dispersion by excess SDS. 

Quantitative studies of surface active cations by Schmidt 

(95) and anions by Putnam and Neurath (82, 83) have shown 

that precipitation was influenced by the protein-ion weight 

concentration ratio, pH, temperature and ionic strength, the 

first two factors being most decisive. 

Kuhn and Bielig (50) found that proteins were precipitated 
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by surface active cations only if the former were present as 

anions. Putnam and Neurath extended the conoltjsion that the 

surface active ions will precipitate the proteins only when 

the two species bear an opposite sign of charge. This, how­

ever, is only true in the absence of salt of high concentra­

tions. The pH range of precipitation can be considerably 

shifted by addition of a neutral salt, whereas the protein 

and the ion may even possess the same sign of charge. 

In the optimum pH range, three regions of interaction be­

tween serum albumin and SDS were observed (83): (a) That of 

protein-excess where the protein was incompletely precipita­

ted, (b) the equivalence zone where complete precipitation 

occured, and (c) that of surface active ion excess where par­

tial or Gonplete re-dispereion occurred. Significantly, the 

minimum and maximum mixing ratio requisite for complete preci­

pitation corresponded respectively to one-half and to the total 

number of cationic groups in the protein, as has been confirmed 

from the electrophoretic analysis. More recently, comparable 

results were also obtained for the precipitation of lyzozyme 

by both surface active anions and cations (29). In this re­

search, advantage has been taken of this phenomenon for the 

preparation of protein-surface active anion complexes. 

3. Dispersion 

Surface active ions can be advantageously employed as 

dispersing solvents for many proteins which are extremely 
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insoluble in neutral solvents. Lundgren and coworkers (115) 

found that ohiclcen feather keratin forms in the presence of 

a reducing agent a solvble complex in neutral aqueous sodium 

alkylbonzenesulfonate. An interesting application of surface 

active ions in the manufacture of protein fibers has been fully 

reviewed by Lundgren (61) 

Alcohol-soluble zein can also be dispersed in aqueous sol­

ution of sodium dodecylbanzenesulfonate (SDBS) and the physi­

cal chemistry of such solutions has recently been studied by 

Foster (34), In this laboratory substantially quantitative 

extraction of the proteins of corn was attained using dilute 

aqueous SDBS solution buffered at pH 10 containing in addition 

a small amount of reducing agent such as sodium bisulphite 

(S0). A.11 these observations agsin demonstrate the extra­

ordinarily s trong affinity of surface active ions for the 

proteins. 

Competitive Interaction Between Proteins and Ions 

Ions of different affinities for the proteins may compete 

with each other for interaction with the same proteins, Klotz 

(42) found that addition of any carboxylate or sulfonate ions 

to a solution of protein-dy© complex reversed the effect of the 

protein on the spectrum of the dye, due to the fact that the 

bound dyes were displaced from the complex by the anions of 

higher binding capacity. This reversing ability decreased 
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with increase in pH, owing to incrensin;^ electrostatic repul­

sion of the anions at higlrier pH. The importance of this re­

pulsion in determining the relative attraction of two organic 

anions to a protein will depend on van der 'Taals forces as 

well as electrostatic forces. The former v<ould contribute 

more to the stability of the protein-dye oomplex then that of 

the protein-acid complex. Thus, the competitive ability of 

the acids was lessened at high pH. 

Competitive interGCtlon between fatty acids and servjm 

albumin methyl orange complex has been investigated by Cogin 

and Davis (13). In the region of very small molar ratios of 

added fatty acids to albumin there is almost no competition. 

This has been explained in terms of the existence of more than 

one set of binding sites. As more fatty acid was added to the 

solution of the complex, the displacing effect increased until 

one fatty acid molecule displaced more than one dye ion. It 

has been suggested that the binding of a long-chain alkyl 

anion at one site caused steric hindrance at other sites. As 

still more fatty acid was added, e saturation limit was reach­

ed beyond which there was no further increase in competition. 

It was thought that the solubility o." thtj sold determined" this 

limit. Thus, it can be seen that no single hypothesis is 

sufficient to explain the entire competition curve. 

As can be expected, competitive action between surface 

active ions and other ions should be much in favor of the 
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former. This Is true in tho case of sofliun clodecylsulphste 

(SDS), Klota and coworlroi^s (46) found that at oonoQntrations 

of less than C.OOl V. GDS ̂ •^as Cfapablo of displacing rr.ethyl 

ornni'5e almost c.-jinpletely fi'om its albumin complex, \vhereas 

other ions suoh ns aalicylrote reciuix-ed raoro then ten times 

that concentration to do likewise. Coaiperable results were 

obtained by Karush (38) for the interaction botweon vSDf- and 

an azo dye with bovine albumin. Hypotheses have been postu­

lated in terms of hoaiogeneous sites by Elota (46) and hetero­

geneous sites by Karush (B8), A clear understanding seemo to 

avjait fui'ther investigation. 

As two ions will compete with each other for the same 

protein, so it seems logical that one protein may displace 

another protein from tho protein-ion complax. No worlc, how­

ever, has bean reported on this subject. 

F. Mechanism of Interaction 

1. Complex formation 

a. Blectrostatic forces. The unusual affinity of pro­

teins for ions has been the subject of much recent speculation 

Abundant evidence now available supports the view that electro 

static forces play an essential role in the mechanism of bind­

ing, Indirect evidence coctses from comparison of binding cap­

acity of compounds of practically identical structure, one 

being charge and the other uncharged. It has been reported. 
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thot certoin Gmiclea and esterf? huvo niuc)) lesa effect on the 

proteins thon the corresponding anions (8, 42), Likewise, 

qII nonionio surf dog active cocipouuds so far investigated 

Iticl: the cepccity for interaction with proteins, indicating 

the requisite of ohergec! groups on the ions (EO, 66). /.nother 

feot is that rise in pIT beyond e certain limit usually de~ 

prives the protein almo&t completely of the bound ions, dus to 

neutrsliaation of the chorged loci on the protein, Equally 

convincing evidence is found in the studies of modified pro­

teins, [ for methods of preparation, see (55, 74)], Elimination 

of the frr;Q ̂  - amino groi-ps by acetylstion end of the quanid-

inum groups by formnldehyde treatment shows marked changes in 

the enionio binding (44, 110). Therefore, it seems reasonable 

to conclude thot protein-enion interaction would involve, for 

the most part, a salt linkage between the positively charged 

groups on the protein molecule, i.e. histidine, lysine and 

arginine, and the anions, 

b, Yan der Y'aals forces and hydrogen bonding. The pres­

ence of positive groups in the protein is a necessary but not 

sufficient condition for anionic binding. In addition, the 

role of van der Yiaals forces cannot be neglected, ©specially 

where nonpoler groups are also involved as in the case of 

SL'rface active anions. Eloctrophoretic analysis indicates 

that no combination occiur. "between egg albumin and either 

benzene sulfonate or naphthalene sulfonate as contrasted 
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with long-chain alkylhenzenosulfonate (60). Increase in chain 

length of aliphatic oarboxylates increases their capacity to 

stabilize seruni albumin against thermal or urea denaturation 

(7), These observations are in accord with Steinhardt's con­

clusions with regard to the increase in anion affinity with 

increase in chain length within an homologous series (102, 103). 

The role of van der V/aols forces, however, is lessened in the 

case of ions with side-chain polar groups such as dyes. Per­

haps this also explains v^hy surface active ions have extra­

ordinarily stronger affinity for proteins than most simple ions. 

Since van der V/aals forces play an important role in the 

binding of fatty acids^ Luck (59) proposed the hypothesis that 

the binding capacity of anions with proteins is a dual function 

of the large number of positively charged groups and the close 

juxtaposition of some of these to non-polar side chains of 

certain amino acids, especially leucine, isoleucine, valine, 

and phenylalanine. Klotz objected to this viewpoint on the 

ground of thermLOdynamic considerations and steric configura­

tions (43, 47). Instead, Iflotz (43) proposed an Internal 

hydrogen-bonding hypothesis, assuming that within the protein 

molecule -OH groups form boutla with -COO"" groups preferen­

tially to bonds with = NH residues. This assumption seems 

warranted by the greater energy of 0H***0 bonds as compared 

to 0*»«HN bonds (78). It, therefore, follows that the binding 

capacity of a protein is a direct function of the number of 
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posltively charged groups and an Inverse function of the 

number of carboxyl and hydroxyl groups and the "binding index" 

)]) will predict the relative 

affinity of different proteins for the same anion. As such, 

methyl orange is strongly bound by serum albumin, weakly by 

/3-lactoglobulin and virtually not at all be egg albumin. 

Tanford (107), however, reported that egg albumin binds much 

more strongly with chloride ions thany^-lactoglobulln does. 

In fact, the latter is incapable of binding at its Isoionic 

point at all. It therefore appears that the "binding index" 

does not have general validity. 

That hydrogen-bonding plays an important part in the 

protein structure is without any doubt (79, 80). This is par­

ticularly clear in the case of denaturation, where the breaking 

of hydrogen bonds by physical or chemical means contributes to 

unfold the once highly condensed polypeptide chains. However, 

it seems rather risky to minimize the role of van der V.'aals 

forces in the binding process. Futhermore, it is inconceiv­

able that the increase in affinity for larger ions is not 

attributed to such forces at all, although theriao-dynamically 

it can be explained by the increase In entropy change due to 

greater release of water molecules. To determine binding 

affinity, it is necessary to consider the contribution of all 

forces Involved. The Insufficient evidence now available pre­

cludes any acceptable conclusion. It therefore must await 
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further study of the struotuTe of both proteins and ions 

involved. 

Another point is raised in the binding mechanism of 

• ; xtrn" anions to the proteins. It is vsell known that pro­

teins can bind an amount of surface active anions in excess 

of the number of basic ftroups present in the protein molecule. 

Different views are held vdth regard to the sites of adsorp­

tion of such extra ions. It has been proposed that the extra 

anions combine electrostatically with the weakly positive 

nitrogen atoms of the aniide and peptide groups (76, 77, 100, 

101), or attach by weak nonpolar forces to those already 

electrostatically bound (60), In the absence of any evidence, 

it is improper to regard either as an acceptable explanation 

of the facts, 

2» Denaturatlon 

The mode of denaturation has been speculated on by 

Neurath and coworkers (72) and also by Pauling and coworkers 

(79, 80), A clue is revealed by the high affinity of surface 

active ions for the proteins. The penetration of the tightly 

folded protein molecule by surface active ions will force the 

polypeptide chain to unfold, thus reducing the potential bar­

rier to the entrance of more ions and consequently breaking 

all internal linkages. In this process, an "all-or-none" 

reaction will be favored. Once it is unfolded, the binding 
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of oztra ions will contribute to further disorientation of 

the protein molecule. On the other hand, when at very low 

oonoentrations only a few surface active ions are bound, 

probably statistically, to the protein molecules, there is 

no reason to expect the unfolding of the protein molecules. 

Much of these speculations, however, is still an open ques­

tion and needs further studies. 

3• Irecipitation and dispersion 

The precipitating action of surface active ions on pro­

teins seems to follow the same mechanism as other protein-

precipitants. It can be attributed to the elimination of the 

free charge of highly ionized protein through interaction with 

counter-ions. Accordingly, these reactions are carried out by 

altering the net charge through pH adjustmsnt, and at the same 

time, by adding counter-ions which possess strong affinity for 

the protein. Thus, heavy metal salts precipitate proteins 

only in alkaline solution, and complex acids, acid dyes, fer-

rocyanides and picrates in acid medium. The same is true for 

surface active anions or cations. That the stability of the 

proteins is not at a minimum at their isoelectric point, but 

rather in the ionised form can also be understood on the basis 

of 2witter-ion theory. At the isoelectric point, the proteins 

retain a sufficient amount of both positive and negative 

charges to effect hydration. Lowering in pH suppresses the 
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lonization of the oarboxylio groups and thereby increases the 

net positive charges. The latter, hovjever, are reduced by 

anionic binding and the residual hydration of the proteins is 

eliminated. Consequently, the stability of the protein sol­

ution is destroyed and precipitation occurs. The effect of 

neutral salt on the precipition can also bo explained as the 

salting-out of the protein-ion•complex* Probably the ioniz­

ation of the complex is depressed at the high concentration 

of the electrolytes in the solution. The dispersing effect 

of excess surface active ions, likewise, can be understood 

by considering the electric charge of the protein. v;hen 

excess ions are absorbed, the protein acquires increasing 

electric charge of the same sign as the ions, its hydration 

is increased and therefore the precipitate is redispersed. 

This dispersing effect is characteristic for the interaction 

of the proteins with surface active ions, due probably to 

their high affinity for each other as well as for the proteins. 

In conclusion, surface active ions possess remarkably 

strong intrinsic affinity for proteins and therefore readily 

form complexes with them. This combination causes disturbance 

of the intermolecular and intramoleoular structure of proteins 

by upsetting the balance of the electrostatic forces, van der 

Y/'aal's forces and hydrogen bondings in the molecule. Denatur-

ation, precipitation, dispersion and many other biochemical 

effects are the manifest results of this binding process. 
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III. IAAT3RI/.LS AlW Iv':^TnODS 

A. Materials 

1. Proteina 

Bovine soruni albumin wslB obtained through courtesy of 

Armour and Compcny (Lot No. 69, substandard), and used isith-

out further crystallization. Usually a 1-25^) solution was 

prepared and kept in the cold room. (1-30C.)» For spectrophoto-

metric analysis, the protein solution was first dialyzed 

against repeatedly-changed buffer for several days. 

Ovalbumin was prepared in the cold room (l-S^C.) from 

fresh egg white according to S;zfrenson's procedure (97). The 

fresh eggs were obtained from the Collage Poultry Farm. Crude 

ovalbumin was recrystallized three times from ammonium sul­

phate at its isoelectric point (pE = 4,8), dialyzed free of 

salt against distilled water, lyophilized to dryness and fin­

ally kept in the cold room. 

Zein was supplied by the Corn Products Refining Corpor­

ation and used without further purification. 

All protein concentrations were determined by micro-

ICjeldahl aiethod, using the data listed in Table I. 

2. Surface active ions 

Santomerse #3, principally sodium dodecylbenzenesulfon-

ate, was supplied by the ^'onsanto Chemical Company and further 
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purified with 95/^ ethanol. The alcoholic solution ̂ ^as filtered 

free of inorgtinic salts, vacuum-distilled to remove ethanol, 

diluted vsith distilled water, lyophilized to dryness and kept 

in an air-tight bottle. Its apparent molecular weight was 

S54, as determined by Paar bomb sulfur analysis. 

Table 1. I'olecular weight and nitrogen contents of 
some proteins 

Proteins 

Bovine serum albumin 

Ovalbumin 

Zein 

Molecular v.eifjht 

69,000 (15) 

44,000 (23) 

40,000 (14 pp. ?j90, 
428) 

Nitrogen Content 

ll5.95fo (2P,) 

15,8^ (18,52) 

16.05^ 

Zephiran chloride solution was purchased from v'-inthrop 

Chemical Company, The principle constituent wes n-dodecyl 

dimethyl benzyl ammonium chloride. Its molar concentration 

vias determined by micro-Kjeldahl analysis, on the basis of 

one eqi.ivalent nitrogen per mole zephiran chloride. 

5. Buffers 

All buffers were made up v^ith reagent-grade chemicals. 

Th© corresponding pH values were measxixed at room temperature 

with a Leads and Korthrup "Universal pH assembly, equipped with 

a glass electrode. 
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Table 2, The compositions of some buffer solutions 

ComPOBttlon meaSred sSength 

Glycine 0.030 M 10.0 0.10 
MsOH 0.020 U 
Na 01 0.080 M 

Sodium barbiturate (1) 0.024 M (2) 0.018 M (1) 8.5 0.10 
(veronal) 

IICl 0.004 M 0.002 M 
Mod 0.076 M 0.080 M (2) 8.9 0.10 

Glycine 0.09 M 3.3 0.10 
HCl 0.01 M 
KaCl 0.09 K 

KslTPO^ 0.0321 H 7.6 0.20 
ni?P04 0.0036 M 
NaCl 0.100 M 

Sodium acetate 0.20 M 4.5 0.20 
Acetic acid 0.30 M 

Other buffers used will be mentioned in the sections 

under experimental results, 

B. Methods 

1. Electrophoresis 

Electrophoretic analyses were carried out at 2.0°C. in 

the Tiselius-type cell, purchased from the Klett Manufacturing 

Company, with a modified Philpot-Svensson optical system. The 

construction of the equipment has been adequately described by 

Longsvjorth (53, 55, 56). 
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The protein oonoentrntiona were adjusted to about 0.4% 

and clarified, if necessary, in the Sorvall SS-1 high-speed 

angle centrifuge. All electrophoretic runs were performed 

at a constant field strength of 4,0 to 4.5 volts cm~^, and 

stopped just before the fastest boundary migrated out of the 

visual field. In order to facilitate comparison of the exper­

iments, pictures were also taken at definite intervals during 

the run. 

All calculations of mobilities end percentage compositions 

were made on enlarged tracings of the patterns In the customary 

manner. In oases of incomplete resolution of protein compon­

ents, arbitrary separation was made by drawing a vertical line 

from the minimum between the peaks. No correction was attempt­

ed for the dilution effect at the ^ -boundary, nor for the 

conductivity of the solution on the descending side. 

2. TCquilibfium-dialysis 

Visking cellophane casings, 20/S2 inches in diameter, were 

used for routine analysis. The bags were first dialyzed against 

a large volume of phosphate buffer for ten days, fresh buffer 

being used every two or three days. Portions (20ml) of buffered 

protein-SDBS solution contained in the air-tight bags were then 

equilibrated against equal volumes of the buffer in test tubes. 

Controls containing buffer only inside the bag were prepared 

in the same manner. The rubber stoppers were covered 
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with tin foil. The tubes were shaken gently in the cold room 

for two days. The dialyzates were than diluted, if necessary, 

and analysed spectrophotometrioally, 

^• Bpectrophotometrio analysis 

SDBS concentrations were determined by nieasureraent of the 

light absorption with the model DU Beokraan spectrophotometer 

at Ai^max 2834fiy^. Both control buffer and SDBS solution were 

first centrifuged at 13,000 r.p.m. in the Sorvell centrifuge 

for SO minutes. 

Nitrogen determination 

Nitrogen analysis was made by the micro-K.jeldahl method, 

using selenium oxychloride as catalyst. The ammonia was 

distilled into 4^^ boric acid and titrated with O.OIN HCl, using 

as a mixed indicator methylene blue and methyl red in 95fo 

ethanol. 
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IV. iSXP:3RIMH:NTAL RESULTS AND DISCUSSION 

Part I. Competitive Interaction Between Proteins and Surface 

Active Anions 

Eleotrophoretio analysis has proved to be one of the few 

useful methods for the investigation of protein-ion interaction. 

Evidence comes from ohangos in the number of boundaries, the 

relative aroas of the boundaries and their corresponding mobil­

ities. In Part I cocipetitive interaction between three pro­

teins and a surface active anion, sodium dodecylbenzenesulfon-

ate {SDB3) was studied eloctrophoretically, the results of 

which studies would reveal the relative binding affinity of 

the anion by the proteins. 

A. Competitive Interaction Between Zein-Sodium dodecylbenzene-

sulfonate (SDBS) Complex and Albumins 

1. Preparation of zein-SDBS coniplea: 

Sein is insoluble in water but can be easily dispersed in 

an aqueous solution of a surface active anion such as SDBS. A 

stable complex could be prepared by either of two methods: 

(1) Dialysis method. A mixture of about 3 gm. zein and 100 ml 

Ifo SDBS solution was shalcen gently imtil the protein was com­

pletely dispersed. The clear solution was then dialyzed 

against repeatedly-changed distilled water until free of 
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looaely bounc'. excess GDJ3S, (S) Solubility method. A mixture 

of 6 or 7 gm, zeln and 100 ml 1^ S'DBS TSQS shaken gently for a 

day or two and then contrifuged to reraove the oxcess (undls-

persed) zein. 

By eleotrophorotic analysis, the mobility of the complGX 

prepared by both i.iethods vjas found to be about -8.5 x 10~^ 

oin^ volt"^ aec"^ in voronal-NaCl buffer (pH s= 8.9, p/SacO.lO), 

indicating that a well-dafined complex vias foi'wed. The dia­

lysis method, however, had two disadvantages. First, it was 

tedious and tiine-consi^ming. Secondly, the amount of SDBS 

removed \'!'as not easily controlled. ' Indeed, it was not known 

whether the ccxaplex would loose some bound anion through pro­

longed dialysis in addition to those loosely adsorbed. Thus, 

the solubility method was preferred in the subsequent exper­

iments. 

2. Choice of electrophoretic buffer 

In order to study interaction of proteins with SDBS it 

was necessary to find a suitable buffer for electrophoretic 

analysis. For this purpose, a mixture of zein-SDBS and ovsl-

bumin-SDBS of known concentration was prepared by the dialysis 

method. In a preliminary study, it was found that both pro­

teins formed stable complexes with SDBS. Among the buffers 

studied veronal-HaCl (pH= 8.5, p/fesO.lO) and slycine-NaCl 

(pH =: 10,0, r/2 = 0.10) were the most satisfactory, yielding 



www.manaraa.com

41-

quontltative rosolution. For the soke of compsrison, both 

buffers were et-iployed for subsecnient analyses. In general, 

the results were in good agreement with each other, a fact 

perhaps Indicative of their reliability. 

^• Interaction between zeln-SDBS and ovalbumin 

t'ixtures of zein-fiDHS (solubility method) and ovalbumin 

of various proportions were stored in the cold room (1-3°C,) 

for tv;o days and then equilibrated against either veronal-MsCl 

or glycino-NaCl buffer for eleotrophoretic analysis. In Fig­

ure 1 are shown some representative runs against veronal-MaCl 

buffer. The corresponding eleotrophoretic data are listed in 

Table 

Since cora.binetion of e protein v.>ith anions would incret'se 

its net negative churge, the protein-SDBJ-' complex would move 

much faster to^vard the anode in an electric field than the 

protein itself. Preliminary studies showed their mobilities 

to increase in the order of ovalbumin, zein-SDBS and ovalbumin-

SDBS. 

Definite interaction v^as clearly revealed in the eleotro­

phoretic patterns, ^ven in the low ovalbumin/zein-SDBS region, 

there appeared a small fast boundary marked "01", the mobility 

of which corresponded closely to that of ovalbumin-SDRS complex, 

but which was somowh^t slower than the latter. Thus, it was 

suggested that part of the anion was taken away from the zein-

SDBS complex and an ovalbumin-SDBS complex formed. 
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Fig. 1. Electrophoretic analyses of mixtures 
of zein-SDBS (ZI) and ovalbumin (0) 
in veronal-NaCl buffer (pH = 8.9, 
r/2 = 0.10). 
1. Z/O = 67/53. 2. Z/O = 51/49. 
3. Z/O z 34/66. 
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Table S. ElectrophoretIc analyses of mixtures of zein-SDBS and ovalbumin at 
2®C in veronal-NaCl buffer (pH z 8.9, f/B s 0.10)tl' 

Relative Compn. Bound- Mobilities Relative AreatS) 

ZI^2) 0 0 ZI 01 0 ZI 01 

% % 

100 

100(4) 

100 

67 33 

51 49 

34 66 

-/IX 10® cm^ volt"^ sec"^ 

D 
A 

8.5 
8.5 9.4 99 11 

D 
A 

11.7 
12.8 

(14.8)^5) 
100 

D 
A 

6.3 7.2 
6.7 7.5 16 84 

D 
A 

6.3 7.1 
6.6 7.4 

8.0 
8.2 9.1 

10.4 
10.7 4 18 64 5 9 

D 
A 

7.2 
7.4 

8.3 
8.5 9.4 

10.2 
10.5 30 59 3 8 

D 
A 

6.4 7.2 
6.7 7.4 

8.2 
8.2 9.5 

9.8 
10.3 9 45 37 1 8 

0 « ovalbiuain> 01 • ovalbumin-SDBS, ZI » zein-SDBS. 
Based on the protein concentrations only. 

p: Based on the ascending patterns. 
Ovalbumin-SDBS complex, instead of native ovalbumin. 
A fast boundary anomaly. 
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This displiacomorit reaction seoraed to ret^ch o certain limit. 

Thus, Qs the relative conccjntr&tion of ovelbumin increased a 

separate boundary, presvimably uncombined ovalbumin, began to 

increase in proportion. 

Nitrogen analysis of the mixture did not show any loss 

of insoluble zein. That zain lost some of its bound anion to 

native ovalbutn'tn but still remained in solution was rather un­

expected, Presumably, the zein-SDBS complex retained enoufch 

anion to be ke^jt in solution. Since the niimber of anions 

bound was much in excess of the basic groups in the protein, 

it is suspected that some weakly bound anions were displeced 

by native ovalbiunin. 

With veronal-NaCl buffer (pH= e .9) as electrolyte fast 

boundary anoaialy usually appeared on the descending pattern. 

Increase of the ionic strength to 0.20 by addition of salt 

destroyed the anomaly. However, at this concentration of 

salt, part of the zein ivas salted out. In the case of ,f!:lycine-

MaCl buffer (pH=10) no anomaly has been observed, but the 

resolution between zein-SDBS and ovalbumin boundaries was not 

as good as in veronal-NaCl buffer, di;e to the f,-ct that the 

mobility of ovalbumin was close to that of zein-SDBS complex 

and the boundaries were thereby overlapped with each other, 

• Interaction between zeln-SDB3 and bovine albU'Jiln 

Mixtures of zein-SDBS (solubility method) and bovine al­

bumin wore studied electrophoretically (Table 4) in a manner 
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similfir to nocti.on 2. In Figure 2. are fihown some represent­

ative patterns i sinf; glycine~KeCl buffer. There appeared 

virt; ally only two boundaries, the mobilities of vihich corres­

ponded to zein-8Dr3S and bovine albiirnin (Teble 4). No fpstor 

alburnin-SDlBG boi^ndory wats detected in any patterns. Further-

moi'0, the relative oreas vjere nearly equol to the original 

composition. To be sui-e, the actual percentage of aein should 

be small.er than its relative area ovjing to the presence of SDBS. 

Such correction however was not very larca. Fi'oin these facts, 

it might be inferred that no competitive interaction between 

zein-SDBS and bovine olbi.TOin occurred. 

It is interesting^ to note that bovine albumin migrated 

even more rapidly than zein-f.DBS at pTi 10. The reverse was 

triie VJith veronal-NaCl buffer at pH 8.5. Coruparable results 

were also obtjjiried in the latter case. However, the boundaries 

were not resolved too well, probably due to their close mobil­

ities. 

Corapariaon of the foregoing results seems to indicate tliot 

ovalbiuiiin har, a higher affinity for SDBS than zein^ whereas 

bovine albumin does not coaipete with zein-SDBS complex. If this 

is true, it would be of interest to compare the binding affin­

ities to the two albumins. In section 33, it will be shown that 

ovalbumin does bind SDES caoi^e strongly than bovine albumin. 
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e cT 
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ZI 

aa  ̂ ot 

ZI 

Pig. 2 . Electrophoretic analyses of mixture of 
zeln-SDBS (ZI) and bovine albumin (A) 
In glycine-NaCl buffer (pH = 10.0, 
r/2 S 0.10). 
1. Z/A = 69/31. 2 . Z/A = 53/47. 
3. Z/A s 36/64. 
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Table 4. fOlectrophoretic analysis of rriixtures of zein-SDES 
and bovine albumin at 2^C, in glycine-KaCl 
buffer (pH = 10.0, f/S s 0.10)(1) 

Relative 
Composition Bound­ Mobilities 

Relative 
area 

A 
ary 

ZI A ZI A 

<•% -^x 10^ cm^ volt""^ sec""^ 

100 
D 
A 

0.6 
8.6 100 

100 
D 
A 

8.7 
9.0 100 

69 31 
D 
A 

7.8 
8.0 

9.4 
9.1 69 31 

53 47 
D 
A 

7.7 
7.7 

9.0 
9.0 49 51 

S6 64 
D 
A 

7.4 
7.7 

9.4 
9.6 S6 64 

A = bovine Qlbuniin, ZI = zein-SDBS. 

(2) 
^ ' Based on protein concentrntion only. 
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B. Competitive Interaction Betvfeen Ovalbiamin and Bovine 

Alburtiin with SDBS 

1. Choice of electrophoretio buffer 

Mixtures of ovalbumin and bovine albumin of known coniposii-

tion were studied electrophorotioally against several buffers, 

Aoiong them, phosphate-NaCl (pH = 7.0,T/S =0.20) and acetate-

NaCl (pH= 5.6, r/2 = 0.S0) were found unsuitable for routine 

analysis, yielding extreiiely diffuse and unsymmotrio patterns 

on both descending and aoconding aider.. On the other hand, 

vsith glycine-NaCl and verenal-]!laCl buffers, as used previously, 

the mixture vias quantitatively vjell-resolved. Variation of 

ionic strength from 0.10 to 0.20 by addition of salt also did 

not affect the resolution in either buffer system. Thus 0.10 

ionic strength was used for subsequent analyses. 

2. Preparation of albumln-SDBS complexes 

Albumin-SDBS complexes of minimum binding ratio could be 

prepared by several methods: (1) extraction vtith 6O5S acetone, 

(2) salting out, (3) prolonged dialysis and (4) acid precipi­

tation. The last two procedures were einployed in this research. 

In the dialysis method, a mixture of albumin and excess SDBS 

was stored for tvio days in the cold room (I-3OC.) Removal of 

excess anion was achieved through prolonged dialysis against 

a large volume of repeatedly-changed distilled water for 

several days. For ovalbumin, a stable complex was formed with 
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an electrophoretlc mobility of about -11 to -12 x 10" ̂ ClTl^ 

volt sec""^ in f^lyoine-N'QCl or veroncl-I'IaCl buffer. In the 

case of bovine elbuniin, the electrophoretic boundaries tended 

to split into tvijo of nearly equfil size after prolon.'Tsd dialy­

sis, The effect of dialysis time on the removal of SDBS is 

shown in Table 5. 

Table 5. Effect of dialysis time on bovine albuniin-SDBS complex 
from electrophoretic measureraents 

Dialysis 
time 

boundary sy Mobilities (1)2 Relative 
area 

Days XloScm^volt "^sec"^ 

4 D 11.0 (13.9) 
A 11.2 12.2 trace 100 

7 D 10.3 (13.8) 
A 10.7 11.5 54 4C 

15 D 10.1 (13.8) 
A 10.5 11.6 53 47 

( 1 )  A fast boundary anomaly in veronal-NaCl buffer 
(p?Js 8.5, r/2= 0.10) as indicated by brackets ( ). 

( 2 )  Based on ascending patterns. 
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It might be Gssiimscl that part of the bound onion could be 

tfiicen owciy t';roi.r;'n dialj/fr.is. 

In the acid precipitation method, ovalbumin nnd SDES 

solution3 vere ruixed in a protain/ion (P/l) ratio of 3 to 1, 

and bovine albumin ond SDB£" solution in a P/l ratio of 2.5 

to 1, The covTiplexes ivore preoipitetod by adding on eciual 

voluiiie of acetate buffer (pH= 4,E5,/^/S s 0.20) . rhe precipi­

tate 'WGs centrifuged down and re-dispersed in an alkaline 

buffer (veronal-MoCl or {^lycine-NKCl in this resesrch). In 

this manner, stable complexes could be prepared as evidenced 

from electrophoretic mobilities in Table 6, which corres­

ponded closely to those prepared by t!ie dialysis method. 

Table 6. 'Sleotrophoretic mobilitioB of alburain-SDBS complexes 
by acid precipitation method at 2^C. 

Solution Buffer • Boundary T.'obilities^^^ 

-^x 10^cm^volt~^Bec'"^ 

Ovalbuniin-BTJ.BS Veronal-NaCl D 11,7 (14.8) 
pH= 8.9, r/2 =0.10 A in.a 

aiycine-WaCl D 11.5 
pH= 10.0,r/2=: 0.10 A IS.O 

Bovine albumin- Yeronal-WaCl D 11.5 (14.5) 
SDBS ) pH= 8.5, r/2=0.10 A 11.9 

Crlycino-NaOl D 11.6 
pH=10.0, r/2 = 0.10 A ]D.9(trace)11.9 

^^^The figures in brackets ( ) indicated fast boundary 
anomalies. 
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In a iJi-Gllmlnoi-y study, excess protein or excess SD"="S foiled 

to precipitnte the complex. This is in f^ood agreement with 

the observation by Putnam (8S), Thos, the co:nplex precipita­

ted only in a narvov? P/l rpnge. This method was preferred to 

the dialysis method in that it is easier to control the amount 

of bound S'DRJ: and is cauch leas time consuminr;. It is also 

interesting to note that the oloctrophoretic pattern of bovine 

Olbumin-SOBS corresponded closely to that from 4-day dialyzed 

comples. Presumably, dissociation '^ould take place during 

prolonged dialysis, 

^• "All-or-none" reaction 

Electrophoretic analyses were performed for mixtures of 

albumin and SDB?. The results were in good agreement with the 

findingn of Lundgron (62) and others. In the P/l range studied, 

an "all-or-none" reaction has taken place. This will be dis­

cussed in detail in Part III. 

4• Interaction bet\veen bovine albumin-SDBS and ovalbumin 

Mixtures of bovine albumin-SDBS (acid precipitation method) 

and ovalburain were studied electrophoretically in the same 

manner as described previously. Definite interaction between 

native ovalbumin and bovine albumin-SDBS was clearly revealed 

in electronboretic analysis (Table 7). Some of the representa­

tive patterns are shof.n in Figure S, The relative composition 
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of the observed ovcilbiiriiin boundary vwe much !?iv.al]r;r thou that 

present in the original rai^cture, v.'herees a new boundery mark-

od "A" appeared v/ith n mobility corresponding to bovine olbu-

rain.' It is therefore assumed that come of the bovine albumin 

was dlspleeed frora its complex, ̂ 'shoreos i^ert of the ovnl-

burain forsiod a coiriplox with the SDPf,'. It seems also that there 

existed a limit for such displr.ceaient reaction. For reaBons 

unexplained, the albuinin-.'-Dl^l. boundaries were split into two, 

or even three in one ease. It is suspected that the bound­

aries of ovalbu!;. ln-i::rjB53 and bovine olburain-SDBS could be sonie-

vvhat resolved althourch their Mobilities vjere very close to 

each other, 'aiite posnibly the split v;as sinply due to a 

false boundary, ns soraetimes occurod. 

5« Interaction betxveen ovalbujuin-SDBS and bovine albufaln 

Sitailsr experiraentB ;vore performed for mixtures of oval-

buioin-SDBS (acid precipitated) and bovine alburain. In Table 8 

are listed electrophoretic analyses. Some representative 

patterns are shown in Figure 4. V'ith glycine-IIaCl buffer, 

only tTJO boundaries viero observed, with mobilitios close to 

thai e of bovine albumin and ovalbumin-SDO:;:' complex. Further-

mo i-e, the relative area was close to the relative composition 

in the original mixture. These results therefore clearly 

indicated that there way no interaction bet\^een bovine-albumin 

and ovalovalbU!aln-3I)'3n, In other words, bovine albumin could 
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D /I 

PI 

cT 

PI 

Pl 
PI 

A O e oT ° ̂ 

Pig. 3. Electrophoretic analyses of mixtures of 
bovine albumin-SDBS (AX) and obalbumin 
(0). 1 and 2: in glycine-NaCl buffer 
(pH = 10.0, r/2 = 0.10). 3 and 4 in 
veronal-NaCl buffer (pH r 8.5, p/2 s 
0.10). 1 and 3. A/O = 66/34. 2 and 4. 
A/O = 49/51. 
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Table 7. Electrophoretic analyses of mixtures of bovine albumln-SDBS^and 
ovalbumin at 2®C.'2) 

Relative Compn. Bound- Mobilities Relative Area 

0 AI<3) 
ary 

0 A PI 0 A PI 

% % -yUx 10® cm^ volt"^ sec"^ % % % 

Chlycine-HaCl buffer 
pH s 10.0, P/2 s 0.10 

34 66 D 7.7 9.0 10.0 11.1 7 11 18 64 
A 8.3 9.6 10.5 11.5 4 9 18 69 

51 49 D 7.4 8.8 9.6 10.7 15 22 20 43 
A 7.6 9.2 9.8 10.9 17 20 18 45 

65 35 D 7.9 9.3 10.3 11.3 31 11 20 38 
A 8.3 9.6 10.4 11.2 31 8 10 51 

Veronal-NaCl touffer^^^ 
pH s 8.5, r/2 s 0.10 

34 66 0 8.4 9.6 10.4 (14.4) 
A 8.9 10.0 11.3 10 23 66 

51 49 D 8.6 10.1 11.1 12.4 (16.6) — — — 

A 9.1 10.5 11.4 12.7 13.3 11 25 21 23 20 
67 33 D 7.9 9.5 11.0 (13.9) — — 

A 8.2 9.6 11.0 11.5 32 31 22 25 

(1) Prepared by acid precipitation and re-dispersion in alkaline buffer. 
(2) 0 s ovalbumin, 01 s ovalbumin-SDBS, AI = bovine albumin-SDBS, 

PI m protein-SDBS. 
(5) Based on protein concentration only. 
(4) A fast boundGa>y anojnaly appeared on tlie discending side as indicated by 

brackets( ). 
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ox 
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Fig. 4. Electrophoretlc analyses of mixtures of 
ovalbumin-SDBS (01) and bovine albumin 
(A). 1 and 2 in glycine-NaCl buffer 
(pH = 10.0, P/2 s 0.10). 3 and 4 in 
veronal-NaCl buffer (pH = 8.5, P/2 =0.10). 
1 and 3. O/A • 66/34. 2 and 4. o/A = 
48/52. "P" = false boundary anomaly. 
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Table 8, Slectrophoretlc analysis of mixtures of ovalbumin-
and bovine olbuiiin at 20C.('-) 

Relative 
Composition }3ound- T'obilitios Kel: tive area 

A 01^®^ 
ary 

A 01 A 01 

r' y.) /J -yUx 10®cnx^volt~^sec""l cf 

glycine-HaCI 
pll = 10.0, 

buffer 
r/2 = 0.10 

24 66 D 
A 

10.2 
10.5 

11.6 
11.7 

S3 
29 

67 
71 

52 48 D 
A 

9.8 
9.7 

11.0 
10.9 

48 
45 

52 
55 

68 32 D 
k 

9.3 
9.7 10.4 69 31 

Veronal-UaCl buffer 
pH= 8.5, p/2=:0JD 

E4 66 D 
A 

8.7 
9.1 

10.4 (3-4.S) 
10.5 11.2 30 36 34 

52 48 D 
A 

8.4 
8.7 

9.9 {13.8) 
9.8 10.5 46 32 22 

68 3S D 
A 

9.3 
9.G 

10.5 (14.9) 
9.6 10.5 67 17 16 

(DPrepared by ocid preoipxtation end ro-dispersion in 
alkaline buffer. 

ss bovine albumin, 01 =: ovalbuiriin-SDBS. 

Based on protein concentrntion only. 

fast boundary anomaly appeared on the descending side 
as indicated by brackets ( ). 
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.not oon-'pete for the anion displace ovelhvu.-.in from itr? SDBG 

complex. /•nfil'j/'-ouB rasnlts were obtained v;lth veronsl-IIaCl 

buffer, v^ioro, however, the ovolbumin-Sl^BS boundary vos agoin 

split into two. Thio reight also be o false boundary, similsr 

to thot observed in section 4. 

Comparison of the foregoing results led to the following 

conclusion. The bindinf^ affinity of ovalbumin \7ith SDJ-S is 

much stron,3er than thnt of bovine albumin with SDBS. This 

would also be in a^^reeraent vdth the previous results that 

ovRlburiin could displace the anion from aein-SlXiS complex 

but bovine nlbmin could not. 
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Part II. Interoctiori Between Proteins and Surface Active 

Cations 

Quantitative studies of the interaction between proteins 

and surface active cetiona are so far lacking in the litera­

ture, In Part II it was therefore attempted to conduct an 

Qlectrophoretic analysis of protein surface active cation mix­

tures. An alkyl diraethylbenzyl anirnonium chloride, knovvn com­

mercially as Zephiran, was used for this purpose. 

A. Choice of Slectrophoretic Buffer 

Since surface active cations vould precipitate proteins 

on the alkaline side of the isoelectric point, it was necessary 

to study the complex formation only when the proteins were in 

the anionic form. Thus, electrophoretic buffers were so select­

ed that their pll values were lower than 4.6 to 4.8. Among the 

buffers studied, only ̂ ^lycine-WaCl yielded good quantitative 

X'esolution for a mixture of bovine serum albumin and ovalbumin. 

Hence it was used for all routine analyses. 

B. TClectrophoretic Analysis of Complex Formation 

Ovalbumin-zephiran complex 

Mixtures of constant protein concentration (about 0.40^) 

and varying zephiran concentration were prepared by mixing the 

stock solution and diluting with glycine-NaCl buffer to a 

known volume. To insure complete interaction, the solutions 
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viex'0 allowed to stond two days in the cold room (1-3°C.)« 

Dialysis of the mixtures vias omitted in order to prevent 

lose of zephirnn through diffusion. Some of the representa­

tive electrophoretic patterns are shown in Figure 5. The 

corresponding data on the cationic mobility and relative 

composition are given in Table 9, 

The "all-or-none" character of complex foraietion was 

clearly indicated by the migration of excess native ovalbumin 

as a separate component at the boundary marked "0". At con­

stant protein concentration, the amount of uncombined oval­

bumin (O) diminished with increasing zephiran (I) concentra­

tion. Finally all ovalbumin was changed into the complex 

(01) form. Mixtures of ovalbumin and zephiran at high l/O 

ratio usually became very turbid on standing, thus making 

electrophoretic analysis impossible. 

Analysis of the relfstive areas was somewhat complicated 

by the lack of v.ell-defined boundaries on both the descending 

and ascending patterns. As the mixing ratio (l/o) increased, 

the ascendinr T)oiJidarlos b0^^me too sharp to resolve and 

usually appeared as an open peak. On the other hf;nd, the 

desceiuling boundaries v-ore freqix-mlly rather diffuse, indicat­

ing the presence of peveral poorly renolved components.. As a 

first apyroximfition, asruniing that (1) oil zephiran v.es bound 

lio the protein in the complex, and (S) the two components of 

ovalbumin combined wit." zephiran identically, and neglecting 

the correction for refractive-index increments, a minimum 
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ol 

A 

Ol 

J A 
Pig, 5. Electrophoretic analyses of mixtures 

of ovalbumin (0) and zephiran (I) in 
glycine-NaCl buffer (pH r 5.5, P/S = 
0.10). Protein concentration = 0.40^. 
Zephiran concentrations; 1. 0%, 
2. 0.05^% and 5. 0.108%. 
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Table 9. "iilleotrophoretic analyses of ovalbuaiin-zephlran mix­
tures at 2°C. in glycine-NaCl buffer. 

(pH = 3.3, r/2 = 0.10) (1) 

Solution 
_ Bound 

Mobilities Relative Area 

0 I 
ary 

0 01 0 01 

% -1^ xlO^om^volt' -1 -1 •^seo 

0.40 D 5.6 100 
A 5.8 100 

0.40 0.054 D 5.1 5.8 7.6 63 37 
A 5.S 7.3 77 23 

0.40 0.108 D 4,8 7.5 16 84 
A 4.5 7.2 — — 

^^^0 = ovalbumin, Iszephiran, 01 =ovalbumin-sephiran. 

Table 10. Slectroptioretlc analyses of bovine albumin-zephiran 
mixtures at 2^0. In glycine-NaCl.buffer 

(pH = 3.3, P/2 = 0.10) 

Solut ion Bound 
ary 

Mobilities Rein tive Area 

A I 

Bound 
ary 

A AI A AI 

n) •/i) xlO^om^volt~ls0C~^ 1o 1o 

0.42 D 7.5 100 
A 7.8 100 

0.42 0,054 D 8.2 100 
A 8.1 100 

0.42 0.108 D 8.4 100 
A 8.4 100 

0.42 0.162 D 9.1 100 
A. 9.4 100 

bovine albumin, 1= zephiran, Alsbovine albumin-
zephiran. 
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binding ratio (l/l') in tho complex wes eetininted to be 40-

60 lEoles zephirnn per mole of ovalbumin. Such esti:iiation 

might involve appreciable errors for the following reosons, 

(1) The weight percentage of the zephiran sol\;tion was 

determined by nitrop,en analysis, iissuminfj; ona eqnivnlent 

nitrogen y.)er ;,iole zephiren. The presence of nitrogenaous 

substHnce other thon zephir; n would certainly yield s too 

high concentration by '-weight. The purchased zephirsn solu­

tion vKiB supposed to contain zephiran, but the nitro.r^en 

determineti on gave a value of 1G,9>S. Direct determinotion of 

dry weight failed because of decomposition on werming. (2) 

The Dlkyl group of zephiron is principally a. dodecyl carbon 

chain. It was therefore assuaed that one equivalent nitrogen 

corresponded to an apparent inoleculor v'jeight of 340. There 

n'os no vvoy to determine acciirately the nmount of zephiren 

bound by neii^ht. -liven so, the estimated •riinitnuni binding ratio 

seemed to correspond with the acidic groups of the protein. 

The titration curve of ovi^lbumin indicated the presence of 

about 51 titratable acid groups and the chemical analysis 

yielded a total free carboxyl content of about 45 groups per 

molecule ovalbumin (215), This, it seemed to ogree reasonably 

well with the hypothesis that stoichiometric corribination 

exists between the acidic groups of the protein and surface 

active cation, similar to that bot\Meon the basic groups and 

surface active anions (see, Part III). 
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^• Bovine alburuin-y.fiphlran mixtures 

Anslo.'TOufi experiments were conducted for mixtiires of 

bovine elbumin and Kephirc;n. In I-le-^ure 5 the fibnenoe of sn 

"nll-or-none" refjotion in clearly shown in the electrophor-

etic pf'tterns, where only o single boundary is observed ot 

various mixing ratios. As the amount of z.ephir<in IncreDced, 

the mobility of the boundary also iricrecsed slightlji- (Table 

10). It [night be inferred that the surface active cations 

were loosely adsorbed on the protein molecj-iles and thereby 

both rnip:rotod together In the electric field. In the presence 

of 0 large amount of zephiron the boundaries were completely 

blurred, probably due to the fact thot a negative density 

Gradient was developed in the cell. 

C. Preparfjtion of ] rotein-Zephiran Complexes 

^• Ovolbumin-zephiron complex 

Both dialysis and precipitation Methods were tried vdth-

out success. Po'-.ovnl of excess zephiren in an ovalbumin-

zephiran mixture by prolonged dialysis against distilled water 

was interrupted by the forniation of a ^^el after about two days. 

Tse of glycine-KaCl buffers (pH = 2.3 or P.,5) instead of water 

Rave the same results. However, the gel appeared !i;ore slowly 

at pH (2.3) than ot higher pE (3.3). After centrifuging off 

the precipitate, only a small fraction of the protein was 

left in the supernatsnt solution. From its electrophoretic 
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Pig. 6. Electrophoretic analyses of mixtures of 
bovine albumin (A) and zephiran (I) in 
glycine-NaCl buffer (pH = 3.3, P/S = 
0.10). Protein concentration = 0.42^. 
Zephiran concentrations; 1. 0%, 2. 0.054^, 
3. 0.108^ and 4. 0.162^. 
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mobility, the reiriainirifr^^ protein VJHS identified AS ra^^enerotod 

ovalbumin rather than a protein-zephiren complex. 

As expected, mixturen of ovalbumin and zephirf:>n were 

insolvble in the .".lycine-MoCl buffer (pTJ = 10.0) alkaline to 

the Isoelectric point of the protein where the net charges of 

the protein and sephircn were opposite to each other. The 

precipitate, however, could not be redispersed in acidic 

glyoine-riaCl buffer (pTI= S.3 or 5.2). This -fjight be due to 

the fact that the pH of the buffer was too close to the iso­

electric point. No lovier pH ( ̂  s) wbb tried since it would 

be complicated by further denaturation or even decomposition 

of the protein. Another possibility was thst drastic denatur-

ation, fo].lov.;ed by ng/;::regotion mifvht make the precipitate 

insoliible. In view of the gel formation mentioned previously, 

structural change within the protein molecules should have 

taken place to a gre!:t extent. In this laboratory, flow bire­

fringence study by I'(:r. G-, F. Hnnna seemed also to si^pport this 

viewpoint. Mixtures of ovalbumin and zephiran gave strong 

double refraction, a fact perhaps indicative of protein dena-

turation. 

^• Bovine albumin-zephiran mixture 

Mixtures of bovine albimin and zephiran remained perfectly 

clear after prolonged dialysis against distilled water. TClec-

trophoretic patterns again exhibited only a single boundary, 
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tho mobility of which wao fi].mqGt idontical with thr.t of native 

albuiuin. T^ecollin/r that no "all-or-none" roaction VVQB observed 

for tho :'l>:t.re, it is pootul.-jted thfit bovine albumin binds 

loosely with zephirnn In o statistical process. It is suspect­

ed thot tho cation i.s adsorbed on the surface of tho protein 

molecule v,'ithout nny sif^nlficant chan,<je of the protein struc­

ture. This seems to agree with the results of flow birefrin­

gence study, ''ixture of bovine albimin and zephiran did not 

exhibit snisotropy of rio\u, bs controKted with mixture of 

ovalbumin ond zephiron. This seems to indicate thnt th-^ 

fidsorption of the cetion did not disrupt the protein struc­

ture to any si'.!;nificant extent, thus causing deniiturotion. 

Bovine tJlburnin whs also precipitated by zephiron in the 

alkaline biffer (pHa; 10), The precipitate coulfi not be re-

dispersed in acidic buffers (pH s 2.3 or f;,3) . Probably, the 

protein was denatured di-rint'^ drastic precipitation, 

3• Zeln-zephiran mixture 

Preparation of zeln-aephiran complex was also unsuccess­

ful by the folloulnR two methods. In tho first method, excess 

'/.Gin vjas svispended in zephiron so that the latter vjould bo used 

up, leaving only the copjplex in the solution and the excess 

zein undiscorsed. In tha second method, excess zephir'n VJSS 

used in an effort to disperse the protein into the solution. 

In both cases, a layer of gum, probably den?.ti;red s:ein, vJes 

found on the wall of the container. On dialysis of the super-
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nctant aol'jtion a^^iciript distilled v-atei' or acidic buffer, o 

white precipitote imtvisdlately apj.-eared, thus niaking electro-

phorotic analyaia irapossible, 

Failure to prepare protein-zephiron coraplexes precludes 

the possibility of f.tudy of cojipetitive interaction. 
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•J'urt III. „uant,il.ct;.i vo Gtudy of Interaction "i.etvi'etin i'rotain 

ancl Surftice j\ctive /,nion 

Controversy on the binding procosa of proteins with sur­

face active ions projipted the dotoiled re-investigation of 

the nature of cmuplex forajation. In Port III, a quantitative 

study of the interaction between bovine serum, albumin and 

sodium dodecylbenzenesulfonate (CDBS) was conducted at 1-3°C. 

in an effort to clarify some of the confusion. Also included 

were a few comparable studies of ovalbumin and SDBS for the 

sake of comparison. Both electrophoretic analysis and equili­

brium-dialysis techniques were used as oxperimental tools, 

A. Spectrophotometric Analysis 

^• Callbrat.Ujn curve 

In order to study the DISSS relation botv^een the protein, 

protein-:'])??,'; cotaplex and free SDBvS, it is necessary to analyze 

quantitatively the concentrations of the ro:>ctants. The amount 

of protein in solution can bu determined by the conventional 

micro-irjelclahl method, the SOBS by the Parr bomb method on the 

basis of its sulphur content. The latter however proves not 

only tedious and time-oonsuinlng for routine analysis, but also 

insensiti-ve at very low concentrations. This, a spectrophoto-

metric method of analysis was developed. In Figure 7 is shown 

the ultraviolet absorption spectrum of aqueous SDBS solution 

of a selected concentration in phosphate-MaCl buffer 
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Ultraviolet absorption spectrum of SDBS in 
phosphate-KaCl buffer (pH = 7.6, P/S = 0.20). 
Anion concentration = 1.38 x 10"%. 

ess 
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(pH= 7,6, f/J5=0.n0). A maximuin absorption ^jaa observod 

at a wave length of To test the applicability of 

Beer's ]aw, the optical densities at max. of a series of 

dilute SDBS solutions are plotted against their concentra­

tions in figure 3, vjithin tho ranges studied (up to 1,3 x 

10""^M.), a straight lino passinfj bhrough tlio origin showed 

tho lav? to be obeyed. The corresponding molar extinction 

cooffioient,^ , was about 11,000. Due to the uncertainty of 

tho readings at optical density below 0.1, SD3o concentrations 

lo'.oer than 10~5m. could not bo read accurately froin this cal­

ibration curve. On the other hand, a preliminary study indicat­

ed that the ionic strength, of the solutions did not effect the 

readings within experimental error. 

2* Difficulties in analysis end their remedies 

Random errors were observed in the second decioal of the 

optical readineTS. Frequently, the densities would vary from 

0,01 to 0.02 units, and sometimes even much higher. This was 

not too serious for the high cSDBS concentrations, hut it would 

introduce appreciably large percentage error for the low con­

centrations of SDBE, Thus, at least duplicate samples ?;ere 

used for all analyses. 

Use of plastic centrifuge tubes would introduce inter­

fering substances, provebly the plasticizers, thus yielding 

erroneous results. Hence, stainless steel tubes were used 

for centrifugation. 
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SDBS concenhration . (i)xio M 

Pig. 8. Calibration curve of SDBS in phosphate-NaCl buffer 
at max s 223ry4. 
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T^ubtier stoppers could not be used in direct contoct 

with the solrtions. They were covered with tin foil or sub­

stituted with glass stoppers. 

The most serious error cotne from the dialysis bogs» 

During ecp ilibriura dialysis of 20 ml solution agninst an 

equiil voliiffiG of buffer, the blank error could bo as high as 

0,2 to O.S in optical density. Indeed, it WQS so Inrge that 

the results were very unreliable. Two methods were developed 

to minitTiiiie this error. In the first method, Tvhich was used 

in this research, the cellophane bags were first dialy^.ed 

against o large volume of phosphate buffer for about ten days, 

fresh buffer being changed every two or three days. .Another 

method was to boil the bags three times for Ij-. hours and rinse 

thoroughly with distilled water after each boiling. iCven with 

such pretreatment, o blank error of about 0.05 in optical 

density was frequently obtained. Thus, control runs were often 

made to minimize such error. 

.\dsorption of Fji3!^S on the wall of the cellophane tubing 

was of little significance. Hence no correction was made for 

such error. 

B. Bquilibriur;).-Dialysis 

Among the itiethods now developed, the equilibrium dialysis 

technique has been most satisfactorily applied for the separa­

tion of free ions from their protein complexes, thus enabling 
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the former to be analyzed quantitatively, In the literature 

this WBS frequently done by equilibrating the protein solu­

tion inside the cellophane bag against the outside ions 

studied. Ilov/ever, in the cone of SDBS, the amount necessary 

for interaction was limited by its low solubility at low 

temperature in the presence of phosphate buffer (pHis 7.6, 

P/SsO.SO). Consequently a large volume of the dialyzote 

at low molar concentration was required to cover the whole 

range of Interaction, At such low concentration, the reac­

tion rate was so low that an equilibrium could not be reached 

even after one month, A typical example is shown in Figure 

9, where the SDBS was token up by bovine albumin very slowly. 

In Figure 10, a few representative electrophoretic patterns 

clearly revealed the change of relative composition between 

albumin and its ST)B8 complex. Thus, a somewhat modified pro­

cedure was eifiployed here. To portions of albumin solution 

in phosphate buffer, various amounts of sn}3s were added; the 

mixtures were stored in the cold room (l-SOC.) for at least 

two days, and then dialyzed against equal volumes of the 

same buffer. The amount of free SDBS was finally determined 

in the dialyzate. The Donnan correction was rnade negligible 

by the presence of high salt concentration. This modifica­

tion had two advantages over the old method in that, (1) it 

covered a much wider range of SDBS concentration due to the 

fact that most of the anion was already bound to the protein 
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5 /O /S 20 30 

Time ̂ days 
Fig. 9. Equilibration of bovine albumin (4.30 x lO'^M.) against SDBS (S.IO x 

10"^M.) in phosphate-KaCl buffer. 
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Pig. 10. Eleotrophoretic analyses of some bovine 
albumiri-SDBS mixtures as represented in 
Pig. 9. 
1. 4 days, 2. 10 days, 3. 20 days and 
4. 30 days. 
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Tobla 11. EquilibriuiL dialysis of bovine albumin-SDES 
at 1-3°C« in phosphate-NaCl buffer 

Solution Halysis 
time 

Concentration of 
free =SDBS 

Albumin 6.56x10"''^^ 
Bay 
1 

no^M 
4.58 

4 4.60 

SDBS 5,57xlO~"M 7 4.70 

10 4.60 

and (2), and equilibrium was reached after one-day dialysis, 

probably due to the initial high SDBS concentration. A repre­

sentative experiment is shovnn in Table 11. 

The effect of SDES/albumin mixing ratio on the binding 

capacity is illustrated in Table 12. In Figure 11, the average 

number of moles SDBS bound per mole albumin, r, is plotted 

against the concentration of free SDBS, The initial anion 

concentration covered a wide range, varying from 1x10"%. to 

mmP 
5x10 M., whereas the albumin concentration was kept constant 

at 5.87xl0~%. The upper limit of the curve was determined in 

the following way. Portions of protein solution were mixed 

with various amounts of SDBS concentration until precipitate 

of excess free SDBS occurred in the cold room (l-S^C.). The 

supernatant solution was equilibrated against and equal volume 

0. Binding Curve 
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of phoaphate-NaCl buffer. The free SDBS concentration in the 

dialyzate was taken as the limit of the curve. Hence, the 

amount of free SDBG present in the original solution would ba 

expected to be much higher that that indicated in the curve. 

In order to detoroiine the nature of the binding process, 

electrophoretic analyses were also carried out for the various 

eciuilibriuifi-dialyzod pro teln-SDBo solutions us shown in the 

binding ciirve. Some of the representative electrophoretic 

patterns are given in Figure 12, The corresponding datti cover­

ing the whole range of the binding curve are listed in Table 

13y Inspection of the patterns clearly revealed that the bind­

ing process follovecl three different stages, which were arbi­

trarily labelled as regions A, B and C and separated by the 

two indicated arrows in Figure 11, In region A, only a single 

boundary marked"AI^^ was observed, the aiobility of which was 

close to that of native albuaiin. It, therefore, might be 

suggested that only a fev. moles of oDBS have been bound statis­

tically to the protein molecule. In region- B, a faster albu-

aiin-SDES complex migrated as a separate component at the 

boundary isarked in addition to the boundary. This 

second complex was presumed to contain aore anions than 

complex as it had a higher anodic luobllity, representing an 

incre&se in the net negative charge. .At constant protein 

concentration, the amount of "AIjj^" diminished, with increasing 

SDBG concentration, whereas that of "AIji^" increased, as was 
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Table 12. Combination of bovine alburain with sodiaoi dorTecyl 
benzene sulfonate at l-S'^C. in phosphate-NaCl buffer 

(pH = 7.6, p/2 = O.SO) 
Protein concentration « 5.87 x IO-^m 

Total 
concn. of 
anion 

Concn. 
of 

free anion 

Concni 
of 

bound 
anion 

moles 
onion bound 

per 
mole protein 

X 10 

1G.7 
20.9 
30.3 
4-1.8 
D5.8 

X lo'^M 

0.18 

0.44 
0.97 
3.00 

X 10^1 

lb . 3 

29.4 
39.9 
49.9 

2.78 

5.01 
6.80 
8.51 

83.6 
104.4 
125.4 
209 
S93 

5.23 
7.90 
10.5 
17.1 

73.1 
86.6 
104 
175 
241 

12.5 
15.1 
17.8 
29.9 
41.2 

418 
502 
649 
735 
882 

34.6 
45.2 
58.0 
68.3 
83.7 

349 
411 
533 
598 
715 

59.5 
70.1 
y i . o  

102 
122 

1044 
-I o '"T. J. -V 

1457 
1871 
2050 

95.5 
108.5 
127.4 
158.5 
176.0 

853 
1006 
1202 
1554 
1690 

145 
171 
204 
264 
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Average moles 3DBS bound per mole bovine albumin, y 
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www.manaraa.com



www.manaraa.com

loo 

so 

Region A 

250 loo O.IS o.s /o 

Free SDBS concefr/rohon. (IJ^iO M 

Fltt. 11. Oomblnfttlon of bovine albumin with sodium dodeeylben*enesulfo^te 
(SDBS) In phosphate-HaCl buffer at 1-3®C. For a discussion of 
the curves see text. 
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D A 

12. Electrophoretic analyses of some bovine 
albumiii-SDBS mixtures in phosphate-NaCl 
buffer. Figures between patterns re­
present experiment numbers in Table 13. 
Time of electrophoresis, 150 min. at 4-
4i5 volts cm"^, except No. 15, 140 min., 
and No. 20, 120 min. 
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Pig. 12. (Continued). 
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Table 13. Electrophoretic analyses of some bovine albumin-SDBS mixtures at 
2®C In phosphate-NaC 1 buffer (pH s 7.6, P/S = 0.20). 

Protein concentration = 5.87 x 10"%. 

Expt. Av. moles anion Bound- Mobilities^ Relative Area(2) 
bound per mole ary 

No. protein A ^^n ^ •^^m •^^n •^^n+x 

r -^xlO^cm^volflseci % % % % 

0 0 D 6.7 100 
A 6 .4 

1 2.78 D 6.7 100 
A 6.9 

3 5.01 D 7.1 100 
A 7.1 

4 6.80 E 7.2 100 
A 7.2 

5 8.51 D 7.2 100 
A 7.5 

As bovine albumin, AI]q s bovine albumin-SDBS (first statistical 
complex), AIn = bovine albumin-SDBS ("all-or-none" complex), 
Aln-f-x " bovine albumin-SDBS (second statistical complex). 

Based on the descending patterns. 
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Table 13. (Continued) 

Expt. Av. moles anion Bound- Mobilities Relative Area 
bound per mole ary 

Ho. protein A Aim A Aim AIn AIq^^ 

r ^xlO^cm^volt -Isec"! % % % % 
6 12.5 D 

A 
7.2 
7.3 8.6? 

100 

7 15.1 D 
A 

7.3 
7.5 

9.3 
9.0 

87.9 12.1 

8 17.8 D 
A 

7.2 
7.5 

9.2 
9.2 

71.6 28.4 

9 29.9 D 
A 

7.1 
7.8 8.9 

9.0 
9.7 

44.7 55 .3 

10 41.2 D 
A 

7.8 
8.2 

9.9 
10.1 

15.8 84.2 

11 59.5 D 
A 

9.4 
10.2 

100 

12 70.1 D 
A 

11.2 
10.9 

100 

13 91.0 D 
A • 

11.4 
11.8 

100 
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Table 13. (Cont inued) 

Expt. Av. moles anion Bound- Mobilities Relative Area 
bound per mole ary 

Ho. protein A AI^ AI^ Al^fx ^ -^^m •'^^n -^^n+x 

r xlO^cm^vo It ~^sec"^ % % 5 e % 

14 102 D 
A 

xlO^cm^vo It 

11.7 
11.7 

100 

15 122 D 
A 

12.5 
12.5 

100 

16 145 D 
A 

12.3 
12.5 

100 

17 171 D 
A 

12.7 
12.5 

100 

18 204 D 
A 

12.6 
13.5 

100 

19 264 D 
A 

13.1 
13.6 

100 

20 289 D 
A 

13.3 
14.1 

100 
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seen in the electrophoretic patterns numbered 6 to 9. From 

these facts It might be inferred that the reaction in this 

region was of the "all-or-none" character. In region C, 

again, there appeared only a single boundary, the oomposition 

of which varied with the SDBS/albumin mixing ratio, as evi­

denced by the increasing taoblllties. Thus, it Indicated the 

existence of a statistical distribution. 

1. Region A. 

To test the applicability of the statistical theory in 

region A, the values l/r were plotted against 1/(1) in Figure 

IS. According to the equations: 

1 _ . 1 . 1 
r - Kn TiT ̂  n 

this would represent a straight line, as Indeed illustrated in 

Figure 13, The rociprooal of the intercept on the axis l/r 

gave a value of about 10, which represented a maximum number 

of sites, n, in region A. Thus the reactions in region A 

might be postulated as 

A 4- I - AIj^ 

AI]_+ I ̂  Alg 

AI I Al 
9 ^ 10 

It should be emphasized that the value 10 might be subject to 

some errors, due to the fact that at very low free SDBS 
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concentration, the npectrophotometric analysis roGchGcl its 

limit of accuracy. 

It is intoresting to note that a similar concluGion vms 

obtained by Duggan and Luck (21) from their viscosity raoasuro-

mento of .Tiixtures of bovine albumin nni sodivai dodocyl :nil-

phote (r-DS). About oight or nine molec.jles of "03 corablnod 

witli one molecule of bovina olbuinin to form f? stabla conplox 

which prevented the normal vlacoalty .Tit?e of nlbur.iln in 6 I' 

urea. Fiirther addition of 3DBf5 resulted in a rapid irnorcron 

in viscositjr. Therefore, it might be nuog'^stod that in rof^ion 

A v'here statistical binding '.ran predominant no denaturntion 

has talr.en ploce, 

Asauirins thst n atatisticnl combination existed in rej^ion 

A, the intrinsic oquilibriiim oonBtant K could be estimated 

from the slope in Figure 12, vshich is equal to 1/Y.n, For 

n = 10, Kn Tvas in the order of S,2 x 10®. Accordingly, the 

equilibrium association constant of the equetion; 

% 
A+I ^ AI 

is eq.ueil to nK (41), thus giving a value of S.S x 10^. 

It should be cautioned that the estimfsted vplves might 

involve appreciable errors for the following reasons. First, 

at very low 3DES concentrations, the percentage ezperiniental 

error became alarmingly large owing to tho limit of spectro-

photometric analysis. Eaoondly, the blank error from the 
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n = /o 

Region B 

Reciprocal of free SDBS conceni-roh'on, ̂r) ̂ 10 

Pig. 13. Tlie extent of binding of SDBS by bovine albvimin in region A 
of the binding curve (see Fig. 11). 
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dlelysis bags was quite uncontrollable, often varying from 

bag to bag. This became a serious matter at low SDBS concen­

trations. As would be seen from Figure 13, a slight varia­

tion in the amount of free SDBS would not change the 1/r very 

much but the 1/(1) would shift appreciably. Indeed, in some 

runs, the optical density of the dialyzate was even lower 

than that of the blank. An over-correction of blank error 

would decrease the slope appreciably and consequently increase 

the equilibriuni constant K. 

The last point in region A deviated from the linear func­

tion (Figure 13). It could not be explained on the basis of 

electrostatic repulsion, since it deviated below the straight 

line, miectrophoretically, this point still exhibited only 

a single boundary. At first it was thought that this point 

might belong to region B. Due to the limit of resolution 

it might not be separated into two complex boundaries. How­

ever, a quick estimation of the supposed second complex would 

give a new boundary of about 6 or 7 % of the relative area. 

Thus it seemed unlikely this was tlie explanation. It is also 

interesting to note that in Figure 13 (see also Figure 15) 

there seemed to exist another straight line in between region 

A and B. Possibly there would be a second stage of statistical 

combination. This question needs further investigation. More 

experimental data have to be collected. 
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'Re.gjlon B 

Analysis of the relative areas under the well-defined 

boundaries indicated that the composition of the complexes 

AI and AI was nearly constant and that the distribution be-
m n 

tween the components depended on the mixing ratio (Table 14). 

Assuming the first complex AIjjj retained ten SDBS molecules 

bound per molecule bovine albumin and also, as a first approx­

imation, neglecting the slight difference in refractive in­

crement between the protein and SDBS, the average number of 

binding sites for the AI^^^ complex was estimated to be aboit 

forty-eight to fifty. 

Table 14. ¥inimimi binding ratio of the second bovine albumin-
SDBS complex from electrophoretic measurements 

Av, moles anion 
bound per mole 
protein^l^ 

Relative 
Aim 

area 
AIn 

Moles anion 
bound per 
mole 
protein 

r % 'h n 

15,1 87,9 12,1 63 

17,8 71,6 28,4 41 

29,9 44,7 55,7 46 

41,2 15,8 84,2 50 

Average 50 

^^^The figures referred to those in the binding curve 
(Figure 11), 
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.yrrors involved in such eatimotion might "be briefly-

stated as follows; (1) A positive error in the value r 

would result in a higher number of n, end a negative error 

a lower number of n. (2) The refractive increment,An/Ac, 

of the anion (O.OOlGl at^— 5700 8) was slightly smaller 

than that of the protein (0,00105 at^ss 578o5?). Hence the 

assumption made above would give a higher value of n than 

it should have been. (3) The error due to the boundary 

anomaly was minimized by using the descending patterns, 

(4) Theoretically, the faster boundary would tend to appear 

larger, the slower one smaller* Thus, it would give a neg­

ative deviation of n» (5) Personal error would be involved 

in the enlarging and tracing of the electrophoretic patterns. 

This was more serious for e small boundary, where a 

slight error in measurement of area would change the value of 

n appreciably. Thus, in Table 14, the first two values were 

much less reliable than the other two. (6) The assumption 

thtt m was equal to ten in the first complex AI^ would intro­

duce some error. This again was more serious in the case 

V5hor& only a small second complex occurred. (7) The heter­

ogeneity of the anions (see, section D) would affect the bind­

ing ratio (I/a) by weight. If the higher homologues bind more 

strongly with the protein, the calculated value of n would be 

somewhat smaller than it appeared here. (8) The protein might 

not be homogeneous. Indeed, some small humps were observed 
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ag­

in the electrophoretic patterns. At present this complication 

was too involved to consider. For practical purpose, a volte 

of 50 will therefore be employed for subsequent calculations. 

The mechanism of interaction in region B is probably re­

lated to protein denaturation. The penetration of mole­

cule by additional SDBS molecules would force the polypeptide 

chain to unfold. Their combination might be strengthened by 

a stabilization energy due to van der Waals interaction, thus 

reducing the potential barrier to the entrance of more SDBS 

ions. Consequently, in region B protein denaturation would 

be involved in the "all-or-none" reaction. The reaction 

mechanism might be postulated as: 

where the asterisk * represents denatured protein. If this is 

true, it would be of interest to determine the rate of denatur­

ation in the first step. Under section F, a kinetic study of 

denaturation is to be described. 

3. Region C 

In Figure 14 is plotted the values l/r* against l/l, where 

r* is the number of SDBS moles bound in excess of 50 groups 

A ^ slow 

A»li^ + I = fast 

+1 A*I 49 T -t—- 50 
fast 
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per mole of protein. Evidently the simple statistical theory 

could not he applied in this region. The negative extra­

polated intercept on the axis l/r*, as indicated by the dotted 

line, is certainly meaningless. On the other hand, the curva­

ture fits qualitatively with the hypothesis that the electro­

static interaction betTseen bound SDDS molecules became pre­

dominant and thereby less ions were bound than should have been, 

due to Coulomb repulsion. The reciprocal of the intercept on 

the l/r* axis gave as the maximum number of sites, n, more 

than 500. Although this value is not reliable, it neverthe­

less indicates that the protein molecule could bind appreciable 

amount of SDBS In excess of its basic groups. Thus, in region 

C, van der Waals forces and other factors would become more 

Important than in region A and B. 

In Figure 15 is plotted the values r/(I) against r, covering 

the whole range of the binding curve. According to Scatchard's 

equation for statistical combination, 

= nK - rK 

The Intercept on the r axis for region A again gave a value of 

ten as obtained in Figure 13. It Is Interesting to note that 

there appeared another straight line in between region A and 

B and all of region C, the value of r/(I) was almost independ­

ent of the value of r. In other words, the number of moles 

SDBS bound per mole bovine albumin was virtually a linear 
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Reciprocal of free SDBS conceniro'i'ion, '/(!>'' 

Pig. 14. The extent of binding of SDBS by bovine 
albumin in region G of the binding 
curve (see Fig. 11). 
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functlon of the free 5DR8 concentration. It Is not yet known 

whether this has oertoln significant explanation. 

Questions nii,'5ht be ral'^ed v»ith regard to the validity of 

the binding curve for tha following reasons. First, the bind­

ing curve was plotted against the total concentration of free 

SDBS. This is probably not justifiable in regions B and C 

where micelles are expected to appear. Thus, if it were 

possible to plot at n function of concentration of single ions 

the curve might be shifted to the left and the value of r 

would increase rauch moro sharply than it appeared here. Sec­

ondly, the non-homogeneity of the anions (see next section) 

would also favor the leftward shift. The lower homologues of 

the anions wero expected to have less affinity for the protein 

than the higher ones, thus leaving more free anions in the 

solutions. This would becotae wore significant at higher SDBS 

concentrations. Consequently, it would reduce the sharpness 

of the rising curve. In region B where the "all-or-none" 

reaction was postulated to be irreversible, the curve was 

expected to rise vertically in a manner similar to an ideal 

titration curvo. .^>ulte possibly the presence of inhomogeneous 

anions caused suoh devistion from the theoretical deduction. 

Despite these objections, it seems safe to postulate 

that the binding process between albumin and SDBS proceeds 

through three stages. It is also expected that the general 

shape of the curve would not be too different from the one 
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Fig. 15. The extent of binding of SDBS by bovine albumin 
(see Fig. 11). 
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descrlbed above. 

D. Solubility of Sodium Dodeoylbenzenesulfonate (SDBS) and 

its Heterogeneity 

The solubility of SDBS at low temperatures is limited by 

the amount of salt present (salting-out-effect). This could 

be determined experimentally in the following manner. A 0,2% 

SDBS solution in phosphate buffer was cooled down to 1-3°C, 

The saturated suspension was then equilibrated against the 

buffer. Speotrophotometrio analysis of the dialyzate gave a 

saturated concentration of 7,5 x 10"%, Direct determination 

of the supernatant solution was avoided for the reason that 

rise in temperature during centrifugation would increase the 

solubility of some SDBS, This was evidenced from the turbid 

appearance of the supernatant solution on standing, 

Quantitative study of interaction between proteins and 

SDBS was complicated by the non-homogeneity of the latter. 

In this research, no attempt was made to separate the homolog­

ous alkyl compounds. Consequently, some inconsistent results 

were obtained. This was well illustrated from the binding 

curve and the solubility data. In Figure 11, the amount of 

free anions present could be well above 7.5 x 10"% and yet 

not precipitate was found in the dialyzate. Owing to their 

greater affinity, the higher homologues of the anions would 

be bound to the proteins in preference to the lower ones. 

Consequently, the latter were le ft in the solution in greater 
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proportion and the so lub i l i t y  of the anions was thereby in­

creased on the molar basis. In thle research it was assumed 

that the uiolar extinction coefficients vjere the same for the 

homologues. This is expected to bo not too far from the fact. 

E. Concentration Dependence of Binding 

In Figure 16 are plotted two binding curves; (1) the 

dotted line reproduces part of Figure 11 at constant protein 

concentration of 5.87 x and (2) the solid line represents 

the binding ratios at constant protein concentration of 3,83 x 

10"^*!. Comparison of the two curves clearly revealed the con­

centration dependence of the binding affinity. At the same free 

SDBS concentration the value of r was greater at lower protein 

concentration than at higher protein concentration. When the 

protein solution becomes more concentrated it is not unlikely 

that the extent of binding might be somewhat affected by change 

in properties of the mediuia. To be sure, the difference was not 

too great. Part of this discrepancy might also be due to the 

heterogeneity of the anions. For the seme r value the total 

amount of the anions bound would be greater at higher protein 

concentration. Accordingly the amount of unbound lower homo­

logues would also be greater and the binding curve tend to shift 

to the right. This discrepancy would become larger at higher 

concentration of free SDBS where the deviation due to the inhomo-

geneity of the anions would be much moro slgnigicant, as indeed 

illustrated in the two curves in Figure 16, 
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Pig. 16. Concentration dependence of the extent of 
binding of SDBS by bovine albumin. 



www.manaraa.com

-97 

F. Kinetic Study of Interaction 

As mentioned earlier, the rate of interaction between 

pro to ins and SDBS was slow when they were separated by cello­

phane bags.and dialyzed against each other. It was therefore 

desirable to conduct a kinetic study of interaction, the results 

of which might reveal the mod© of denaturation which has been 

postulated for region B. Buring equilibrium dialysis it was 

impossible to keep constant the total amount of SDBS inside 

the bags, thus coraplioeting the calculations. The other alter­

native was to maintain a constant activity of free SDBS and 

thereby follow the rate of change of the protein. Advantage 

was thus taken of tho low solubility of CDBS in buffer solu­

tion at low temperature. Portions of bovine albumin (0.4%) 

were dialyzed against an equal volunie of SDBS suspension 

{0,2%) at 1~3°C. Electrophoretic analyses were made at defi­

nite intervals (Table 15). Since it took some time for SDBS 

ions to reach an Initial equilibriuffi through diffusion and 

also for the formation of statistical complex AIJ^Q, the amount 

of albumin as AI,^after one day dialysis was taken as the 
10 

initial concentration. In Figure 17, was plotted the percent­

age of unchanged albumin as AI^^ against the time. A straight 

line indicated a first order of reaction with respect to the 

albumin at constant activity of SDBS. According to the 

equations 
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k 

-dAl^Q 
at = ic(ai^q) (i)"= icMAi^g) 

the reaction constant k was expected to be very large, since 

the concentration of SDBS was in order of 10~%5, 

It should also be pointed out thet the concentration of 

free SDBS in the above experiment was within the range of 

region C in the binding curve. Thus it was evident that the 

first step in region C was also an irreversible reaction, 

followed by a statistical combination when enough SDBS was 

present to form more than the AI^q complex. 

Another experiment was carried out at lower SDBS concen­

tration, where a large volume of dialyzate was used so that 

the activity of SDBS was kept virtually unchanged. The re­

sults are also shown in Table 15 and Figure 17. Inspection 

of the straight line indicated that the rate of reaction was 

nearly independent of the SDBS concentration. At the first 

thought, this strange phenomenon was difficult to explain. 

However, since the single ions were in equilibrium with their 

micelles, that is, 

T ^ 
® -r- Ini 

(K)^ . (I)® 
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Table 15, Kinetic study of bovine albumin-SDBS complex form­
ation at constant anion concentration at 1-3°C. 

from electrophoretic measurements 

Concn. Time 
Relative Area^l^ Calcd. corapn^^^ A/Ao 

of anions Time 
AIjji AIn ^^m as Aim 

XIO^M days % 1o 1o /O 

1 86.0 14.0 88.0 12.0 100 

4 55.6 44.4 59.8 40.2 68.2 

75.3 
7 

10 

39.5 

23.7 

60.5 

76.3 

43.8 

27.1 

56.2 

72.9 

50.2 

30.7 

14 17.9 82.1 21.0 79.0 23.9 

21 9.0 91.0 10.7 89.3 12.2 

30 4.0 96.0 95.1 5.6 5.6 

2 100 0 100 0 100 

5 73.1 26.9 76.5 23.5 76.5 

20.8 9 46.7 53.3 51.3 48.7 51.3 

14 22.2 77.8 25.7 24.3 25.7 

20^2^ 0 100 0 100 0 

{l)Based on the descending patterns. 

Assuming M =r 10 and n= 50. 

(3)Appreciable amount of the protein precipitated. 
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Pig. 17. Kinetic study of combination of bovine albumin 
with SDBS at constant anion concentration 
at I-30C. 
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a several-fold varintlon in SDBS conoentration would hardly 

affect the amount of free single ions owing to the large 

value of ra. Therefore, in the foregoing results, the order 

of reaction, n, with respect to free 8DBS could not be deter­

mined. 

In the second experiment the electrophoretic pattern 

still exhibited only a single boundary after two-days dial­

ysis, Since the SDEG concentration was much lower than that 

in the first experiment, it would take a longer time to reach 

the second stage of the "all-or-none" reaction. Thus some 

error might be introduced in the calculation in Table 15, where 

the ratio a/Aq was taken as 100^ at two-days dialysis. It was 

not known exactly whether the second reaction began at that 

time or later. Accordingly, the solid points in Figure 17 

might be expected to shift slightly to the left. Such changes, 

however, would be rather small as could be shown in Figure 17. 

After prolonged dialysis the protein solution inside the 

cellophane bag began to turn turbid, probably due to surface 

denaturation on exposure to the air during dialysis. Conse­

quently, almost no native protein was left at the end of twenty-

five days dialysis. Thvs, the ratio A/a could no longer be 
0 

determined at this point. 

The dialyzate became slightly turbid on standing at 1-2°C., 

even though the SDBS concentration was well below its average 

solubility. This was again a reflection of heterogeneity of 
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the anions. 

Two series of experiments were also carried out at 

different SDBS concentrations of constant activity. This was 

done by varying the amount of sodium chloride in the phosphate-

NaCl buffer to give an ionic strength of 0.18 and 0.2S instead 

of 0.20. Similar calculations were made from the electro-

phoretic analyses. The results however turned out somewhat 

inconsistent with those mentioned above. Instead of a straight 

line, the plot of log (a/AQ) against time was slightly curved. 

Thus a definite conclusion cannot be given at the present 

moment. 

Mixtures of bovine albumin and SDBS were also studied 

kinetically in region A. The solution containing 5.87 x 10"% 

protein and 57.5 x 10"^ anions was stored in the cold room. 

Portions were taken at 1, 4, 7 and 10 days and equilibrium-

dialyzed against the phosphate buffer. Virtually no change 

in the optical density of the dialyzate was observed. To be 

sure, some errors might have been introduced as the analytic 

method reached the liniit of accuracy. However, it is interest­

ing to note that the initial concentration of the free anions 

was in the range of region B. In a short time, most of them 

were bound statistioslly to the protein, thus leaving the 

free anions in region A. Therefore, it might be postulated 

that the statistical equilibrium is a fast reaction. 



www.manaraa.com

-103-

Tr. Reversibility of Binding Process 

In order to justify the correlation between the binding 

affinity and denaturation of the albuniin it was necessary to 

ascertain whether the binding process was a reversible one. 

This was done experimentally by immersing dialysis bags con­

taining protein-SDBS mixture which had previously been equi­

librated against phosphate buffer (Curve I, Figure 11) into 

an equal volume of fresh buffer and determining the new equi­

librium values of r and I. The results obtained are shown by 

curve II in Figure 11, The corresponding points between the 

two curves are connected with broken lines. This second 

curve involved a further removal of anion from the alburain-

SDBS complex. It clearly indicated that the binding process 

was not completely reversiblei otherwise the two curves would 

be expected to coincide with each other. 

In region A, there seemed to exist complete equilibrium. 

This was in good agreement with the statistical theory. How­

ever, it should be emphasized that appreciable errors might 

be introduced at such low concentration of the mions. Since 

the value r was very small in region A, slight deviation from 

the curve might not be detected. The discrepancy due to the 

heterogeneity of the anions however was not serious in this 

region for the fact that the amount of total free SDBS was 

very low itself. 
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In regions B and C, deviation from rovorsibility became 

significant as revealed from the two binding curves, I and 

II. If the reaction was completely irreversible, the value 

r was expected to be unchanged during further dialysis. The 

binding curve I should also be nearly vertical and independent 

of the free anion. This was certainly not true as evidenced 

from the results obtained. Indeed, the amount of free anion 

in the second eqi-llibrium-dialysls was more than one half of 

that in the first one, indicating that some, though very little, 

of the bound anion was token away from the complex. From these 

findings, it might be inferred that the interaction was some­

what reversible, but much in favor of the association due to 

mutual strong affinity between the protein and the anions. 

Heterogeneity of the anions might again enhance the discrep­

ancy for the following reason: The lower homologues having 

less affinity for the protein remained mostly as free anion. 

Consequently, the amount of free anions was much greater in 

the first eqv5ilibrium than the second one . This was also in 

agreement with the experimental results where difference be­

tween the two curves was more significant at higher SDBS con­

centrations. 

To further test the irreversibility of the binding process, 

portions of a mixture of albumin and SDBS in region C were 

equilibrated for one week against different volumes of phos­

phate buffer, varying from SO ml, to 10 1, The results are 
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plotted as curve III in Figure 11. Evidently not all SD3S 

bound was removed even with 10 1. diolyzate. The lowest 

point in curve III still retained more than 100 moles of the 

anion per mole of protein. This agreed with the results 

described in part I, where protein-SDBS complex could be 

prepared through prolonged dialysis. Electrophoretic analy­

sis of the corresponding solutions in curve III also exhib­

ited only a single boundary. In the literature, the amount 

of anions in excess of that accounted for by the basic groups 

of the protein was termed as extra, loosely bound, anions. 

This seemed also true in curve III, 

Complete reversal of the binding process was also 

attempted by other methods. Use of anion exchange resin in 

the dialyzate did not improve the removal of bound anions. 

Addition of an excess of barium chloride to the mixture of 

albumin precipitated not only most of the bound anion, but 

also an appreciable amount of the regenerated protein. The 

remaining protein in the solution, however, still retained 

the anions as a complex as shown by the electrophoretic 

patterns. Another method involving extraction with 60'/o ace­

tone might remove the bound anions. It would, however, not 

be possible to distinguish whether the regenerated protein 

had been denatureted by the acetone or by the anion. Even 

though the bound anions could be removed by using barium 

salts or 60?S acetone, the question whether the disruption 
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of tlio protein structure initiated by combinetion with aur-

faoQ Qotivo ions is fully reversible is entirely another 

matter. As has been postulated, region A of the binding 

curve involved no protein denaturation, and region B an 

"all-or-non©"' reaction, causing the unfolding of the protein 

molecule. For regenerated (denatured) protein these two 

regions might be expected to be absent. The binding process 

would probably begin directly with region C in a statistical 

manner. Indeed, Lundgren and coworkers {S8) confirir.od from 

the electrophoretic analysis thet heet-denntured ovalbur/iin 

combined statistically v}ith oD3S in all proportions. The 

loosely-folded regenerated protein molecule would also be 

expected to bo penetrated by the anions ruore easily than the 

native protein molecule. Thus, the binding curve in Figure 11 

might be shifted upward. In other words, at the same free 

3DBS concentration the average number of anions bound per mole 

protein, r, would be higher for the regenerated protein than 

for the native protein. 

H. Binding Capacity of Ovalbumin with SDBS 

Sbr the sake of corapariaon of binding affinity between 

protein and surface active ions, the binding affinity of SDBS 

by ovalbumin is listed in Table 16 and plotted in Figure 18, 

atrnilar to that of bovine seruQi albumin and SDBS. Comparable 
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Table 16, Combination of ovalbumin with sodium dodecyl benzene 
sulfonate at 1-3°C, in phosphate-NaCl buffer (pH = 7.6, 

p/2 = O.SO) Protein concentration=9,S5 x 10~5m, 

Total 
concn. 
of anion 

Concn. 
of freo 
anion 

Concn. 
of bound 
anion 

Average moles 
anion bound 

per mole protein 

10% 10% 10% r 

10.55* 1.38 7.7 0.83 

SO.9* 2.25 16.4 1.77 

41.8* 6.75 28.3 3.06 

83.6 10.8 62.0 6.70 

125.4 14.4 96.6 10.4 

167 17.6 132 14.3 

209 20.8 167 18.1 

251 25.8 199 21.6 

334 32.6 269 29.1 

418 39.0 340 36.8 

627 57.5 512 55.3 

836 75.5 685 74.0 

1044 94.8 854 91.3 

1276 112 1052 110 

1580 141 1298 137 

2210 194 1822 197 

*In these runs, part of the ovalbumin precipitated during 
equilibrium-dialysis. 
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Pig. 18. Combination of ovalbumin with, sodium dodecylbenzenesulfonate (SDBS) 
in phosphate-KaCl buffer at 1-3°C. For a discussion of the curves 
see text. 
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results were again obtained; that is, the number of SDBS moles 

per mole of ovalbumin, r, at first increased slowly and then 

rapidly bent upward, as the amount of free ions Increased. 

However, some striking facts were revealed in the eleotropho-

retic analynis (Figure 19 and Table 17)* 

1. Region A 

There was virtually no region A present where statistical 

reaction was supposed to be predominant. Even at r less than 

two, the "all-or-none" reaction appeared and thereby began the 

region B. At very low SDBS concentrations, the calculated 

value r was fui'ther complicated by the precipitation of oval­

bumin during equilibration. This again indicated that small 

amounts of SDBS could not stabilize the denatured ovalbumin 

(probably due to surface denaturation). In other words, the 

number of SDBS molecules bound was not sufficient enough to 

keep the protein in solution. The absence of region A seemed 

to be in good agreement with the susceptibility of ovalbumin 

to denaturation. Since ovalbumin is mora easily denatxired 

than bovine serum albumin, the region B was expected to occur 

much sooner in this case. 

S. Region B 

In Figure 19 the "all-or-none" character of complex form­

ation was electrophoretically indicated by the migration of 
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Pig. 19. Electrophoretic analyses of some 
ovalbumin-SDBS mixtures in piiosphate-
NaCl buffer. Figures between patterns 
represent experiment numbers in Table 
17. Time of electrophoresis, 150 min. 
at 4-4.5 volt cm"^, except No. 14, 133 
min., and No. 16, 131 min. 
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Table 17. Electrophoretlc analyses of some ovalbumin-SDBS mixtures at 2°C in 
phoaphate-NaCl buffer (pH s 7.6, P/2 s p.20). 

Protein concentration s 9.25 x 10"%. 

Expt. Av. moles anion Bound- Mobilities^ Relative Area^^) 
bound per mole ary 

No. protein 0 01^ OIq+x 0 O^n ®^n+x 

r xlO^cm^vo It ~^s ec % % 
0 0 D 

A 
6.6 
6.4 

100 

1 0.83 D 
A 

6.8 
6.9 

100 

2 1.77 D 
A 

6.5 
6.5 

8.1 
8.1 

94.0 6 .0 

5 3.06 D 
A 

6 .6 
6.6 

9.7 
9.9 

90.0 10.0 

4 6.70 D 
A 

6.8 
6.8 

7.8 9.9 10.4 
9.9 

82.2 17.8 

5 10.4 D 
A 

6.9 
6.9 

10.5 
10.1 

67.1 32.9 

0 » ovalbumin, OIn s ovalbumin-SDBS ("all-or-none" complex), 
OIn+x = ovalbumin-SDBS (statistical complex). 

Based on the descending patterns. 
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Table 17. (Continued) 

Expt. Av. moles anion Bound-
bound per mole ary 

No. protein 

r 

6 14.S D 
A 

7 18.1 D 
A 

8 21.6 D 
A 

9 29.1 D 
A 

10 56.8 D 
A 

11 55.3 D 
A 

12 74.3 D 
A 

Mobilities Relative Area 

OIn OIntx 0 01^ 01 n-fx 

^xlO^cm^ volf^sec'l % % 

6.3 7.5 10.1 59.3 40.7 
6 .4 9.8 

6.3 7.4 10.5 52.6 47.4 
6.6 10.3 

7.0 8.1 10.8 43.5 56.5 
7.1 10.6 

6.7 7.6 10.7 28.8 71.2 
7.2 10.5 

6.5 10.6 17.3 82.7 
7.2 10.5 

11.3 100 
11.5 

12.2 100 
12.2 
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Table 17. (Continued) 

Expt. Av. moles anion Bound- Mobilities Relative Area 
bound per mole ai»y 

No. protein 0 01^ 0 01^ 0^n« 

r X lO^cm^ vo It" ec ~ 1 % % % 

13 91.3 D 
A 

12.5 
12.6 

100 

14 111 D 
A 

12.7 
12.8 

100 

15 137 D 
A 

12.9 
13.3 

100 

16 197 D 
A 

13.0 
14.0 

100 
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excess native ovolburain as 8 separate component at the •boundary-

marked "0". In Table 18, anolysis of the relative area under 

the stable boundaries were made on the following assumptions: 

(1) no SDBS ions were bound to the excess ovalbumin and (2), 

the slight difference in refractive increment of ovalbumin and 

SDBS was neglected. Within experimental errors the components 

was a linear function of the amount of SDBS bound. It is in­

teresting to note that an average value, r, of 43 was obtained 

for ovalbumin which corresponded closely to the total number 

of basic groups in the protein (40 to 41). Considering the 

assumptions mentioned and the lituits of accuracy in electro-

phoretic analysis, such an agreement seems very striking. It 

also indicates the importance of the role \^hich the electro­

static forces play in the meohanism of interaction. If this 

is true questions might be raised with regard to bovine serum 

albumin, whore the value of r in region B corresponded to 

only about one half of the basic groups in the protein. The 

difference in behavior between the two proteins might be 

explained on the basis of the difference in accesibility of 

foreign ions either as a result of steric arrangement or of 

side chain bonding. This is also compatible with the fact that 

bovine albumin is less easily denatured and thus less penetrat­

ed by SDBS ions than ovalbumin. 
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Table 18. Minimum binding ratio of ovalbumin-SDBS complex 
from electrophoretic meesi<rements 

Av. moles 
anion bound 
per mole 
protein* 

Relative j^jreo 
0 01 n 

r 

0.83 

1,77 

3.06 

6.70 

10.4 

14.2 

18.1 

21.6 

29.1 

S6.8 

94.0 

90.0 

82.2 

67.1 

59.3 

52.6 

43.5 

28.8 

17.3 

Molos onion 
bound 

per mole 
protein 

n 

6.0 57.1 

10.0 39.4 

17.8 47.0 

32.9 38.4 

40.7 42.3 

47.4 45.3 

56.5 44.2 

71.2 45.3 

82.7 47.5 

Average 43 
Basic group 40-41 
of ovalbumin 

*The figures referred to those in the binding curve 
(Figure 18). 



www.manaraa.com

I 

so foo /so ^oo 

Average moles SOBS bound per mofe oi/o! bumin, jT 

Fig. 20. The extent of binding of SDBS by ovalbumin (see Fig. 18). 
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3. Eey.lon C 

In region C, etetlstical reaction was predominant again, 

as evidenced from the eleotrophoretic patterns. Here, the 

number of SDBS molecules bound was far in excess of the basic 

broups of the ovalbumin. Thus, van der Waals forces and other 

factors must be important. 

In Figure SO are plotted the value r/(I) against r. The 

first three points were quite scattered, probably due to the 

complication of precipitation during equilibrium dialysis. 

In region B the curve increased slightly with increase in the 

value r, as contrasted with that for bovine albumin. In 

region C the value r/(I) was again virtually independent of 

r as has been found for bovine albwmin. 

Comparable results were also obtained with regard to 

the reversibility of the binding process similar to that for 

mixtures of bovine albumin and SDBS. This is shown by another 

two curves in Figure 18. In curve II the mixture of oval-

bmin and SDBS was dialyzed against varying portions of the 

buffer (SO ml. to 10 1.). It is evident that the binding 

process was not completely reversible. Arguments similsr to 

that for bovine albumin-SDBS complexes could also be applied 

here. 
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Part IV, Some Flow Birefrlngenoe Studies of Protein-Surface 

Active Anion Complexes 

Flow birefringence study affords one of the most useful 

techniques for the investigation of protein-denaturation. 

Some preliminary results on protein-surface ion mixtures are 

described in Part IV, in an effort to correlate the nature 

of complex formatjon with the protein denaturation by the ions. 

A. Bovine Albumin - Sodium Dodecylbenzenesulfonete (SDBS) 

Complex 

A protein-SDBS solution of desired concentration was 

prepared by the precipitation method as has been described 

in Part I, i.e. precipitation in acetate buffer (pH- 4.5), 

followed by redispersion in glycine-NaCl buffer (pH=10.0), 

The mixture was clarified through fine sintered-glass filter 

under pressure, A lOml, portion of the filtrate was then 

mixed with 53,3gm, 95^ glycerol. The final concentration of 

the albumin was about O.&fo* The viscosity of the solvent 

was assumed to be the same as that of 80% glycerol, i.e. 45,9 

centipose at 25°C. 

In Figure 21 are plotted the calculated lengths against 

G^/T. The methods of calculation as well as the operation of 

the equipment has already been discussed by Dr, Samsa (87), 

formerly of this laboratory. Three runs were made under 
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^oo Bovine albumin 0.6°/o 

I  I  I  ^  1  ^ ^  L _  
15 3.0 45 6.0 75 9.0 /O.S tZ.O 

Gt^/T 

Fig. 21. Plow birefringence studies of bovine 
albumin-SDBS mixtures. 
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almost identical conditions. In run 1, the length varied 
0 o 

from 540A atG VT = 3,02 to 510A at 18,14. On the other hand, 
^ o 0 

in Run 2, it was 490A at 3,02 and only 330A at 9,06, The 

solution foamed badly at higher speed, A third solution 

(Run 3) was theil prepared, 3ven after filtration, the solu­

tion was very turbid, as observed under direct flash light. 

Consequently, the calculated lengths were much longer, vary-
o 0 

ing from 780A at 3,02 to 650A at 12,14, That these results 

were not reproducible was rather disappointing. Probably 

the slow rate of dispersion of the precipitated complex might 

be responsible for such inconsistent data. For instance, to 

prepare a 1% solution, it toolc about two days to dissolve the 

precipitate, but to make a 3% solution, ten or more days. 

During such a long period, aggregation or other structural 

changes would be expected to occur. Among the three runs, the 

first one (Run 1) gave a fairly constant length at varying 

speeds, a fact indicative of less polydispersity than in the 
o 

other two. Therefore, the valve of 540A was probably most 

reliable. This was also in good agreement with the results 

obtained from heat or urea denaturation. 

To test the state of aggregation of the denatured pro­

tein, a dilution series of the albumin-SDBS complex (Run 1) 

was studied by light-scattering measurements. An apparent 

weight-average molecular weight of about 119,000 was obtain­

ed on the basis of protein only. Thus, it seems that no 
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serlous aggregation has taken place in Run 1, 

Contrary to the acia-precipltated albiamin-SDBS complex, 

aqueous solution of albumin and 5DBS at stoichiometric mixing 

ratio gave no double refraction ( A ) all. 3ven in twice 

concentrated solution (about 1^ protein in glycerol), the A 

value was too weak to be reliable. Another experiment was 

conducted under the same conditions as that used for the pre­

paration of acid-precipitated complex, except the omission of 

precipitation. Use of glycine-NaCl buffer (pH t 10) together 

with ll-days standing also did not improve the birefringence. 

From these facts it might be deduced that in the range of 

mixing ratio (l/l^) studied, the protein molecules were not 

unfolded to a great extent, except under drastic condition 

such as acid precipitation. It was, however, not known whether 

the unfolding occurred during precipitation or the low pH(a4.5) 

acidic to the isoelectric point was responsible for such struc­

tural change. It was also possible that the surface active 

anion in the acid medium caused such changes, 

B, Ovalbumin-SDBS Complex 

Analogous experiments were conducted for the acid-precip-

itated ovalbumln-SDBS complex. The filtrate through sintered 

glass was still too turbid to give reliable results. This in­

dicated that denaturation, followed by aggregation had taken 

place to a great extent. Further filtration through a filter 
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the protein, thus making it impossible to make flow bire­

fringence studies. Results must await further investigation 

so that on optimum oondition can be found where the complica­

tion of aggregation might be prevented. 

C. Zein-SDBS Complex 

The solution of zein-SDBS complex was conveniently pre­

pared by shaking excess zeln with 1% SDBS in the cold room 

(1-3°C.). A 1% solution in 80^ glycerol was used for the 

flow birefringence study, as shown in Figure 22, Run 1. It 

gave strong double refraction and a length of 95oS at 1.82 
o 

to 940A at 9.06. This was in good agreement with the results 

obtained from other surface active ions such as sodium dode-

cylsulphate. In another experiment (Rune 2), the protein con­

centration was reduced to one half by using 0.5^ SDBS. It 

turned out that the filtrate was very turbid and, consequently, 

the calculated length was much longer, varying from 161o2 at 

180 RPM to 1400S at 900 RM, Here again, the result was 

complicated by the state of aggregation. For the aake of 

comparison, a solution of zoin in propylene glycol was pre­

pared (Run S). It gave length of about 400i, which was in 

good agreement with the literature value (24). 

A comparison of the above results revealed some interest­

ing facts. First, stoiohiometric mixtures of either bovine 
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1600 

O 

O Zein - SDB5 

-O Z 0.50% 

1200 

c" 

?> 
QJ 

800 

1.0% 

400 xl -O 3 
Zeii m 
S.O% 

O 1.5 3.0 <f-.5 6.0 7.5 

Gfj / T 

9.0 lO.S /ZO 

Pig. 22. Flow birefringence studies of zein 
and of zein-SDBS mixtures. 
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albumin or ovalbumin and eurfaoe active iona did not exhibit 

anisotropy of flow unless they were exposed to drastic treat­

ment such as precipitation. On the other hand, zein-surface 

active ion complex gave strong double refraction. A clue to 

the mode of denaturation might be revealed by the fact that 

the anount of ions bound to zein v?as in excess of stoichio-

metic combination (about three times the basic groups of the 

protein). Owing to its insolubilization in water, zein could 

be dispersed only when it bound with a large amount of ions 

and thereby the complex was polar enough to dissolve. It 

might be inferred that the penetration of the protein mole­

cule by the excess bound ions would force the polypeptide 

chains further apart, thus causing the unfolding of the pro­

tein. 

Secondly, the albumin molecules were not completely un­

folded even when they were subjected to physical or chemical 

denaturants. Theoretically bovine serum albumin would have a 
o 0 

length of over 2000A and^-avalbumin about 1400 -i, when com­

pletely stretched. All results now av&ilable were however in 
o 

the range of 500 to 600A, It is also interesting to note that 

ovalbumin was more easily denatured than serum albuiain, a fact 

perhaps in agreement with the "competitive study as described 

in Part I. 



www.manaraa.com

"124 

V. ajiNTDRAL DISCUSSION 

Controversy on the binding process of proteins with 

surface active anions is at least partly clarified in this 

research. Three stages of binding between bovine albumin and 

sodium dodecylbenzenesulfonate $DBS) have been described in 

Part III of the experimental results. Neither of the so-

called "all-or-none" axid statistical reactions can cover the 

whole range of the binding process. Rather, it depends upon 

the relative concentretions of the protein to the anions. At 

very low anion/protein (l/P) ratios a statistical combination 

is predominant. This is in agreement with Karush's work (40). 

In region A of the binding curve, the plot of l/r against 

1/(1) closely resembles Karush's experimental data. At the 

end of this region the curve deviates frora its linearity as 

predicated by the statistical theory, dtB to the fact that 

the second stage of binding starts. It seems rational to 

explain this on the basis of structural adaptation of the 

protein molecule rather than on the hypothesis of hetero­

geneity as advocated by Karush. To be sure, the binding sites 

on the protein molecule are by no means all equivalent. This 

might explain why only about ten sites bind ions statistically 

in the first stage, Karush's data also extrapolated to a 

value of about ten. It seems loRlca} that owing to their 

strong binding affinity for the proteins the SDB.S ions would 

penetrate the tightly folded protein molecule and strive for 
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the less accessible binding sites after the first ten or so 

are occupied. Accordingly, structural changes would be as­

sumed to take place, thus causing the second stage of the 

"all-or-none" reaction. Definite evidence ccxnes from the 

.electrophoretic analysis where in region B two boundaries 

appear instead of one statistical boundary. It seems mean­

ingless to apply a Gaussian distribution of binding sites to 

this region as Karush did. Indeed, it is very doubtful that 

such a distribution function would fit our data covering all 

three regions. Unfortunately his solutions were not subject­

ed to electrophoretic analysis. It is suspected that his 

points which deviated from his binding curve would also show 

an "all-or-none" character, as has been found in our work 

(region B, Figure 11). 

In regions B and C our results are in good agreement 

with those of Lundgren and coworkers (62) and Putnam and 

Neurath (84). It is beyond any doubt that an "all-or-none" 

reaction exists in the region B (Figure 11), as evidenced 

from the electrophoretic analyses. Stoichiometric complex 

formation corresponding to the total number of the basic 

groups of the protein.was observed for the mixture of oval­

bumin and SDBS, as has been reported by Lundgren. According 

to Putnam, horse serum albumin binds with sodium dodecylsul-

phate to form two complexes, the so-called AD^ and ADg^^, in 

which the number of the anions bound corresponds respectively 
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to one half and to the totnl number of the basic groups of the 

protein. Our work on bovine olbuniin and SDBS did not conform 

with such a stoichiometric relMtion. Instead only about fifty 

moles of SDBS were bound per caole of the protein, correspond­

ing to about one half of the acid-binding capacity. Lundgren 

and Putnam's data were calculated on the assumption that all 

anions,were bound to the protein. Since there also exist some 

free onions, their results might involve some, though very 

small, errors. 

Objection was raised by Karush in that the "all-or-none" 

reaction might be attributed to the formation of anionic mi­

celles and, in many oases,denaturation. The first point seems 

not very convincing. It seems i;nlllcely that the micelle for­

mation will change the nature of binding. Rather, It is the 

rate of reaction that will be affooted by the presence of 

uilcelles. Since the micelles are in equilibrium with single 

ions, It is simply a matter of affinity between protein and 

simple Ions and ions themselves. Quite conceivably, the 

equilibrium of the anions would be shifted in favor of single 

ions, provided the latter have greater affinity for the pro­

tein. Further evidence comes from the kinetic study as 

described in Part III. On equilibrating the protein solu-

, _4, , 
tlon against constant SDBS concentration (2.08 x 10 M.), t!:ie 

reaction was first statistical in nature, then followed by an 

"all-or-none" reaction. At such low concentration, presumably 
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belov) critical micelle concentration, still a Gaussian distri­

bution could not be applied. 

The second point raised by Karush is protein denatura-

tion. This is Just the hypothesis we tried to prove in this 

research. The nature of the binding process is a function of 

the relative ion/protein (l/P) ratio. At low l/P ratios o 

statistical combination involving no structural changes is 

predominant, After about ten or so binding sites are occupied, 

further combination viith the anions would force the protein 

molecule to unfold., Thus begins an irreversible step of de-

naturation. Once the folded peptide chains are loosened, the 

protein molecule will easily bind more anions than the native 

protein. The result is an "all-or-none" reaction. The number 

of anions bound in this stage, however, is limited by the 

accessibility of different proteins. After the second stage 

a statistical reaction follows by further adsorption of the 

anions which are comparatively loosely bound to the protein 

and can be removed through prolonged dialysis or other chem­

ical methods. An exception to the above postulation is oval­

bumin, for which the first statistical binding is absent 

probably due to its strong binding affinity with the surface 

active anions. 

In order to Justify the hypothesis mentioned above, many 

questions still have to be clarified. Some of the short­

comings in this work and suggestions for future investigation 

can be listed as follows; 



www.manaraa.com

••1S8-

(1) It is necessary to synthesize pure SDBS free of its 

horaologues for quantitative studies. This will certainly 

minimize inconsistent results and yield more accurate data 

than those described in this work. 

(2) Concentration dependence needs further investigations. 

According to Klotz (43), binding of methyl orange with albu­

mins depends to some extent upon the concentration of the pro­

tein solution used, but Karush (40) found no difference for 

mixtures of albumin and alkyl sulphates, With pure SDBS it 

may be possible to ascertain whether it is concentration-

dependent as reported in this research. Another point that 

can be clarified from such study is the complication of micelle 

formation. With varying protein concentrations but constant 

protein/ion mixing ratios, the ccniparable binding curves may 

test the effect of micelles on t)e binding process, 

(3) Influence of buffer and effects of pH and ionic 

strength on the binding capacity have not been studied in this 

work, A study of binding affinity with the above variants 

as parameters may determine the importance of such effects, 

which probably are not very significant because of Ihe strong 

affinity between protein and surface active ions, 

(4) Quantitative studies of protein-ion interaction at 

temperatures other than 1-3°C, will permit the determination 

of the effect of temperature on the extent of binding, thus 

enabling one to cover a much wider range than at low tempera­

ture. 



www.manaraa.com

1S9-. 

(5) Some inconsistent results have been observed from 

the kinetic studies. Therefore it is necessary to repeat 

such experiments, V.ith pure SD3S it should be possible to 

deterraino accurately the reaction rate constant, k method 

of determining the anion activity should be developed so as 

to minimize the complication of micelle formation and tiere-

by determine the order of reaction, 

(6) To test the reversibility of complex formation, it 

is necessary to regenerate the protein from its complex with 

SDBS, Comparison of tho binding of SDBS v/ith regenerated and 

native proteins rill certainly shed more light on the nature 

of the binding process. Together with kinetic study it v?ill 

give a better understanding of protein denaturation. 

Since competitive interaction betvseen proteins and SDBS 

was studied before the d8velopm.ent of spectrophotometric 

analysis of SDBS, the experimental results as described in 

Part I have shown some serious shortcomings, Electrophoretic 

analysis alone has its limitations. In many cases poor reso­

lution of boundaries or appearance of boundary anomalies made 

quantitative calculations very unreliable. Furthermore, it 

was not definitely knovin hovj much SDBS \9as bound to the pro­

tein and how much was left as free anions during the prepara­

tion of protein-SDBS complexes by dialysis or acid-precipita­

tion method. It seems highly desirable to apply the equilib­

rium-dialysis technique and spectrophotometric analysis to 

the study of such interactions. This will certainly yield 
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more accurnte quantitativo data. Another serious objection 

is that direct evidence of competitive interaction is still 

lacking. Although the electrophoretic analyses in this re­

search seemed very convincing, there is no way to identify 

directly and unmistakably the various boundaries in the 

patterns. Owing to their peculiar properties the protein-

SDBS complexes could not be separated from the other proteins 

by methods si.ch as precipitation and pH adju?ptment. Presence 

of other proteins or adjustiuent of pH to the interisoionic 

zone would render only partial separation of the various com­

ponents, Preparntive electrophoresis could not achieve the 

objective in our cases either. Probably one promising approach 

will be the use of radioactive technique together with electro­

phoretic separation in identifying the different components. 

In the literature little has been reported on the inter­

action between proteins and surface active cations. The ex­

perimental results described in Part II are far from complete. 

Quantitative analysis was further complicated by the inhomo-

genoity of the cationic zephiran. Nevertheless, the strik­

ingly different behavior of bovine albumin and ovalbumin for 

the cation deserves further attention. It seems desirable to 

conduct quantitative studies of the binding process similar 

to those described in Part III, Pure surface active cation 

should be synthesized. A speotrophotometric method of analy­

sis can be developed for the determination of the cation 

concentrations. 



www.manaraa.com

-131 

Denaturation of proteins by surface active ions has only 

been briefly studied in this work. Flow birefringence proves 

to be a useful technique in determining the extent of struc-

ural change. However, the results were so far complicated 

by the state of aggregation. It is therefore necessary to 

develop optimum conditions so that little or no aggregation 

will interfere with the experimental data. By double refrac­

tion alone it may not be possible to detect small structural 

change. It seems also desirable to conduct other physico-

chemical studies such as viscosity measurements. 

Among the throe proteins studied in this work, zein is en 

atypical one which may have already undergone certain struc­

tural changes during its commercial preparation. Accordingly, 

conclusions drawn therefrom may not be applicable to the other 

proteins. Among the two albumins studied, some striking 

differences in behavior toward surface active ions are worth 

mentioning. (1) Evidence from their competitive interaction in 

Part I seems to indicate that ovalbumin has much stronger af­

finity for SDBS than bovine albumin. (2) From the binding 

curves in Part III, combination of bovine albumin with SDBS 

proceeds through three stages, whereas with ovalbumin the 

first statistical binding is absent. This seems to infer that 

ovalbumin is more susceptible to structural change than bovine 

albumin. (3) In the "all-or-none" reaction ovalbumin binds 

stoichiometrically with SDBwS, the number of ions bound corres­
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ponding to the total number of basic groups of the protein, 

vjhereas with bovine albumin this relation does not exist, 

a finding perhaps indicative of the difference in their 

accessibility to foreign ions, (4) In the case of surface 

active cations, again ovnlburain binds strongly with zephiran, 

v/horeas bovine albumin only adsorbs the cations very loosely, 

as evidenced from the results described in Part II. (5) Avail­

able evidence in this laboratory seems to point to the conclu­

sion that ovelbuciln is more easily denatured than bovine albu-

min^ From these facts it may be Inferred that there exists a 

close relation between structural changes of the proteins and 

their binding affinities for surface active ions. In other 

words ovalbumin is more susceptible to the penetration of sur­

face active ions than bovine albumin. Accordingly, the former 

hns much stronger binding affinity for the ions than the latter. 

C orrelation of protein denaturatlon with the nature of binding 

thus offers one of the most promising sources of Information 

on the protein structure. It la therefore suggested that future 

approaches on this subject should follow these two lines, 

From the theoretical point of view it is also pertinent to 

determine thermodynamic quantities for the interaction between 

proteins and surface active ions. 
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VI. SmiABY AND CONCLUSIONS 

1, Preparation of stable complexes of ovalbuiuin-sodium-

dodeoylbenzenesulfonate (SDES) and bovine albumin-SDBS was 

accomplished by tiRO methods: (1) prolonged dialysis of mix­

tures of protein and excess SDBS against distilled water, or 

(2) acid precipitation of protein-SDBS mixture, followed by 

redispersion in alkaline solution. Preparation of zein-SDBS 

complex was made by extracting the protein in excess with 

SDBS solution. 

S. Competitive interaction of proteins with SDBS was 

studied electrophoretically. Definite interaction between 

zein-SDBS and ovalburain was observed with the appearance of 

an ovalbumin-SDBS boundary. No displacement reaction occurred 

with mixtures of zein-SDBS and bovine albumin. Likewise, oval­

bumin removed the anion from bovine albumin-SDBS complex but 

no interaction was detected for mixtures of ovalbumin-SDBS and 

bovine albumin. Correlation betv/een binding affinity and 

competitive interaction was postulated. Limitations of elec-

trophoretic analysis were discussed. 

3. 131ectrophoretic studies of mixtures of alb\.imins and 

zephiran, a surface active cation, were performed in a manner 

similar to those of proteins and surface active anions. Mix­

tures of ovalbumin and zephiran exhibited an all-or-none 

character, whereas bovine albumin adsorbed the cation very 

loosely. Preparation of stable conplexes of zephiran with 
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albuxnins or zeln failed. An explanation was given on the basis 

of binding affinity. Correlation betv^een interaction and de-

natui'ation was discussed, 

4, A spectrophotometric method of analysis was developed 

for the determination of GHTiS concentrations. Difficulties in 

analysis and their remedies viere described. 

5, The nature of binding between bovine albumin and SDBS 

was studied quantitatively, using electrophoretic analysis and 

equilibrium dialysis technique as experimental tools. The 

binding process proceeded through three stages; (1) statistical 

combination up to about ten molos anion bound per mole protein, 

(S) all-or-none reaction yielding a stable complex of about one 

mole protein to fifty moles anion, and (3) statistical binding 

up to the solubility limit of free anion at 1-3°C. Contro­

versy in the literature was thus partly clarified. Different 

views held by the two schools were criticized, 

6, A hypothesis was suggested for the binding process. 

It was postulated that t);e first stage involved no structural 

change of the protein molecule, but the second and third stages 

were closely related to protein denaturatlon, 

7, A kinetic study of tie all-or-none reaction was 

attempted. Complete reversal of the second and third stages 

was not achieved, 

8, Quantitative study of interaction was complicated by 

the inhomogeneity of the surface active compounds. Future 

possible improveraents were pointed out. 
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9« Comparable x'eaults of interaction beti^een ovalbumin 

and 3DBS were included, lllectrophoretic analysis revealed 

the absence of statistical combination in the first stage. 

The ruiniraura binding ratio in the stable complex corresponded 

to the total acid-binding capacity of the protein. The differ­

ent behavior of bovine albumin and ovalbumin was discussed on the 

basis of accessibility of the proteins. Correlation of denatur-

ation and binding affinity with regard to competitive inter­

action between proteins and anions was also suggested. 

10. Denaturation of protein-SDBS complexes was briefly 

investigated with flow birefringence measurements. Future 

methods of approach were outlined. 
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