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I. INTRODUCTION

In the study of protein structure in asqueous solution
difficulties have been encountered duve partly to the complex-
1ty of the structure and paertly to the absence of any direct
experimental method. In recent years, however, one experi-
mental approach is the study of complex formetion of proteins
with ions, which offers promise of yielding information on
protein configuration. Of particuler interest are the surface
active ions, which have exhibited markedly strong affinity for
proteins as compared with other orgenic ions. Rarely does any
simple lon produce so many diverse effects on proteins and
biological systems. These include protein denaturetion, dis-
persion and precipitation, complex formation, inhibition of
activation, bactericidal end 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 queali-
tative 1n nature, chiefly because of the lack of readily avail-
able, purified surface active compounds for research, which,
again 1s a reflection of the emphasis on their industrial
application.

It 1s 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 proteins and surface active
ions. Briefly, the purpose of this research was fourfold:

(1) A competitive study between proteins and surface
active ions wes attempted. Previous studies in the litera-
ture have indicated that the binding affinity of such ions
18 far superior to that of the simple orgenic ions. It is
not yet known whether different proteins will react differ-
ently toward the same surface active ion. In this labor-
atory the aqueous solution of sodium dodecylbenzenesulfonate
(SDR3) has been used as & dispersing agent for certain water-
insoluble proteins such as zein in corn nmeel (28). 4s a
first thought water-soluble proteins such as serumn albumin
and ovalbumin may compete with 2ein-SDBS complex. The study
of such competitive interaction waes therefore carried out.
As work progressed, it was further extended to a comparesble
study of albumin-SDBES complexes, |

(2) In the literature, adequate data are lacking for
the surface active cations, It was therefore desireble to
study the interaction betwsen 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 aebout the nature of the complex

formation between protein and surface active lons. Thus the
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third objactive of this dissertation wes 1o eonduvet a quan-
titative study of the binding process and aim at elerifying
such eonfusion. ‘

(4) Due to the limit of scope, snother important field
of lnterest was only briefly studied, that is, denaturation
of proteln with suvrface active ions., Further stuvdy along
this line will certainly shed more light on the nature of

protein-ion interection and consequently the protein structure

and configuration.
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I1I. NEVIZW OF LITHERATURE

Probably the oldest surface active sgent is soap: and,
In recent years, the best known are the so-celled detergents.
It is the ionic types of the latter whiech will form the main
subject matter of this review, due to the fact that all non-
ionie compounds so far investigated lack any affinity toward
proteins, a finding perhaps indicetive of the neture of the
interaction. The term detergent is discarded here, ani the
compounds are called surface active ions 1insteed, in distinc-
tion to the ill-defined terminologsy currently used in the
technical fileld.

Ae Chemistry of Surface pnctive Ions

Most surface actlive ions are characterized by a mole-
cular strueture which is essentlally linear, l.e. consider-
ably longexr than 1t 1ls wide. TUsuvelly the elongated nonpolar
portion, "tall", of the molecule comprises a hydrocarbon rad-
ical of lyophobic nature, whereas the small polar group,
"head", is of a lyophilic nature. Typicel anlonic types are
the salts of sulfurie, sulfonic, phosphonium and arsonium
Gerjvatives of slkyl or aromatic residues. The soaps, by con=-
trast, are the salts only of the higher fatty acids. Cationic
types are chiefly the higher alkyl queternary emmonium salts,
ineluvding the alkylpyridinium helides. O0f lesser importencs
are the ampholytic types. A typicsl exemple is cetylemino-



scetic acid.

l. Micelle formation

Physicochemical studles of solutions of surface sctive
ions, such as colligetive properties, ecuivslent conduetivity
and trensference nuvmbers, diffusion, viscosity, light scetter-
ing, and X-ray diffraction, heve indicated that the iones exist
both as simple ions end os eolloidal agpregates known es micelles
{66)s It is also well recognized that the nicelles are dis-
sociable electrolytes which are in equilibrium with simple
jons., Shift of the equilibrium depends on the critical micelle
ooncentration which is characteristic of the length and nature
of tho lydrocarbon chain and 1s affected by changes in temper-
ature, or the eddition of salts.

The faect that surface active ions in aqueous solution
can aggregate to form micelles may he explained in terms of
the forces involved (17, 18). WYork has to be done in order
to bring the lyophilic "heads" together becsuse of the
Coulomb repulsion. On the other hand the lyophobic "tails"
tend to segregate themselves from the water molecules and
lose energy when they reach the hydrocarbon surroundings.

Thus micelle structure reprasents en equllibrium between the
repulsive long-renge Coulomb forces among the "heads" and
the short-rangs atiructive van der 'aals forces among the

"tails", Addition of selts to the solution tends to diminish
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the electricel work, because of the shielding effect of the
lonic atmosphere. Thereby it will lower the critical micelle
concentration., Likewise, this same effect may explein the
cause of the Incresse 1n 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 sdded gegenions, instead of ionic strength of the
salts added (18). According to Debye, a calculation of the
potential at the micelle indicates that the ceoncentration

of ione of equal sign around the micelle will at least be

3 x 104 times smaller than in the bulk of the solution.
Thereby, it has little effect on the micelle formation.

2. Models of micelles

The struecture of the micelles has been a subjeect of
study for many yesrs. Different views are held by different
workers on the size and shape of the micelles. MNcBain (67,
68, 69) has proposed two models: The small, highly charged
spherical micelles of varying sizes and the largeweakly
ionized lamellsr micelles. Harkins (32) has supported a
eylindrical model on the basis of X-ray diffraction. Hartley
(53, 34), however, believes that only the spherical model
of uniform size is tenable and thinks the anomalous proper-
ties arise from & change in the degree of 1onizaﬁion of the

gegenions. Recently Corrin (16) and Brady (9) have questioned
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the velidity of the assumption of e quesi-crystaelline arrange-
ment of a micelle, and have concluded that the sphericsel model
is compatible with the X~-roy evidence., Nevertheless, ths
enouclous vlscosity, flow birefringence end light scattering
results do indicate the presence of elongated particles,

Debye and Anacker (19) observed that the micelles formed from
alkyl trimethyl ammonium bromide are elongeted, rod like siruec-
tures whose length increases with salt concentration. Debye
and Anacker (19) has further postulated that the hydrocerbon
tails project radiclly from the axis of the double-leyer
eylindrical micelle ending in the polar heads which make up
the surface of the particle. The effect of salt on the 3ize
and staebility of the micelle has been estimated by Hobbs (36)
in the case of dilute salt solutions, More recently, Scheraga
and Backus (&, 94) have supporied Debye's wmodel on the basis
of flow birefringence studles.

Confusing as different views wmay be, all the svidence now
available indicates that the surface active ions ney aggre-
gate or pack together in many different forms relatlng to
the steriec configuration of the ions theuselves and their
environmnent. Rarlier in an objective review, Ralston (85)
stated that no single theory suffices. Likewise, “insor (118)
has attempted to interpret the X-ray measurements on the basis
of an intermicellar equilibrium. Irom thermodynemic consid-

eration (98, 99), the change in free energy (A F) between
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spherical and rod~like or lamellar structures is comparz-
tively ocmall. Inergy factors (AH ) favor the lamellar model
rather than rods or spheres. On the other hand, entropy
factors (AS) tend to ovpose the nore ordered lamellar
arrangement. Consequently the aetuel configuration ta¥en up
is the resulting compromise, In dilute agueous solution, the
spherical micelles would be predominant. Vith inercasing
concentration or on addition of salts, the overall effect of
inerease in AM and decrouse in A S will favor the formation
of rod-like or plate-~like aggregates. Finally plstes, a more
ordered strveture than rods, may be formed; that is, salting-

out occurse.

3. 8ize of micelles

Since the micelles are in eguilibrium with single ions,
it seems rational to assune that there exists a distribution
of varying sizes which, in turn, depends upon the nature and
concentretion of the lons, the concentration of esdded salts,
temnperature, and other factors. Inde=d, Vold (114) hes
applied succesafully the lew of mass mction to the mggrege-
tion of such eolloildal electrolylas. Uswally, an optimum
glze of & micelle is considerad to heve 30 to 100 simple ions,.
FTrom molecular kinetic studies of sodium dodecyl sulphate
Hakala (1) obtained a molecular welght of about 25,000 and

Weurath and Putnam (73) estimated & symmetricel aggregate of
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gsome 75 anions. Lundgren and O'Conngll (63) reported a
molecular weight of approximestely 15,000 for sodium slkyl-
benzene sulfonaste. Recently, however, Debye and Anacker (19)
observed, by meens of light-scattering measurements, the mole-~
cular weight of a cationic detergeut 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 thet the state of micelles
relating to their forms and sizes need not govern their inter-
action in biologicael 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 1s 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 invesiigations on the intersctions
of proteins and ions have been published. It is well recog-
nized that many lons are bound by proteins with varying degree
of affinity. Some of the evidence comes from the measurements
of osmotic pressure (90), membrane equilibrium (92,93) 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 (47, 44, 45, 48, 75), equilibrium-dialysis (40, 49,
92, 93, 111, 112) and electrophoresis (3, 4, 57, 58, 62, 84,
G6)s Of the methods wentioned, the last two procedurss are

among the most satisfactory.

l. illectrophoresis

Electrophoretic analysis hasg e great advantage over the
other methods in its visuel ildentificstion., Tvidence for
complex forametion between proteins and ions consistvs in an
increase in the mobility together with the difference in the
patterns obtained from that of the nstive protein. The
patierns also reveal the nature of the interaction. 4 stat-
istical combination will result in & single spreading bound-
ary, sn "all-or-none" reaction in two well-deTined boundarias
(62). Turthermore, dissociation, if any, of the complex in
the eleoﬁyic Tield will be detectod by the dissyumetry of the
patterns., T¥®lectrophoretic analysis hes also been shown to be
applicable to the quantitative eveluution of protein-ion in-
teraction (5%, 58, 62, 84). |

Interpretation of the resﬁlts, however, 1s frequently
complicated by the poor resolution of the lndividual oconpone
ents and by the false boundary anonulles and, in sowme cases,
artifacts. They may be minimized or even suppressed by
choosing as supernatant a sultable buflfer, by increasing the

ionic strength of the medium or by deecreesing the protein



concentration (113). Completely normal boundary behavior
represents an ideal that 1s never reaslized in practice. The
moving boundary method, free from all asnomalies, is a contra-
diction in itself (104). Tor a proper understending of the
fundamental prineiples involved ss well as for a critical
evaluation of the results obtalned, references are made to
the pspers by Longsworth (54), Svensson (105, 106), Dole (20),
Moore (70) and the monograph by Abramson and co-authors (1).
As 8 rule the ascending boundaries exhibit a higher
mobility and e smaller erea than the corresponding boundaries
in the descending side. No general agreement has as yet been
reached as to which of these patterns should be used for the
computation of the experimental results. The somewhat better
resolution of the individual components end, in some cases,
the absence of false boundary anomalies on the ascending side
render it easier to evaluate. For velid theoretical reasons
Longsworth (54) prefers to compute data from the descending
pattern. TFrequently the values reported for the mobility and
percentage composition of the components represent the mean

average derived from both sides.

2. TBgquilibrium-dialysis

Quantitative results can be conveniently obtained by the
equilibrium-dialysis method. It 1is particularly veluable in

the case where very low concentrations of protein and ions



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 dialyzeble through the cellophane
membrane. Thus, it 1s noet applicable to the study of inter-
actions of proteins with other proteins, polyéaccharides, nuc-
leic acids or other large ions. 1In the case of surfece 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 1s thereby
somewhat slower than that for the other simple ions. Approp-
riate buffer concentration shouvld be used so as to be sufficient
enough to suppress Donnan correction within the range of protein
concentration studies. Caution has to be taken in many cases
where the blenk error from the dielysis bags and the adsorption
of ions on the bags may produce erroreous results.

Combination of the two method mentioned seems most desir-
eble 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 quentitative in-
formation concerning the interaction may be obtained by the
moving boundary method &£s by the dilalysis method of Klotz and
coworkers (49)., It is of interest to note thet 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-



methyl orange complex under the influence of the electrical

field, a finding indicative of weak binding affinity.
Ce Controversy on Complex Formation

.All 1investigators agree that long-chain alklsulphates and
alkyl aryl sulfonates are strongly bound to proteins in e
manner of complex formation. Disegreement, however, arises as
to the number of surface active ions bound and also the nature
of the binding process. Until recently, suech complex form-
ation has been considered to be of "all-or-none™ character.
The other view proposed instead thet a "gtatlstical™ reaction

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

ions,

l. "All-or-none'" reaction

In an extensive study Lundgren, Tlam and O'Connell (62)
first established the formetion of complexes between egg albu-
min and sodiun dodecylbenzenesulfonate (SDBS). Electropho-
retic patterns reveasled that in the region of protein excess,
a complex formed that possessed & constant ratio of protein
to SDBS (three to one by weight) and the free yprotein formed
a separate boundary. The well-defined complex boundery mi-
grated with a mobility intermediste between that character-
istic of the netive protein and of the SDBS. The amount of
uncombined albumin diminished with increase in enion~protein

mixing ration (I/P). Mixtures of albumin and SDBS in ebout
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equel proporticns gave a single boundary. In the region of
SDBS excess, two buundaries sagein appeared, the one with vary-
ing mobllity representing a complex whose composition depended
upon the mixing ratio and the other the free SDBS. The con-
stent composition of the complex with minimum binding retic
was also confirmed by nitrogen analysis of the salted cut
complex. On the other heand, howt-denatured slbumin no longer
possessed ‘the "all-or-none" charaecter and combined with SDBS
in 8ll proportions, & finding perheps indicetive of the wech-
anism of interaction,

Comparable conclisions were resched hy Putnam and Neursth
in thelir study of mixtures of horse serum albumin and sodium
dodecylsulphate (SDS), which has been reviewed in detail by
Putnam (82), From the electrophoretic enalysis, three com-
ponents could be identified: (1) free albumin: (2) a complex
having 0.22 grem of 3D per gram of albuming and (3) another
conplex having 0.42-0.,45 graas of &DT par gram of alburiin.

The compositlion of the latter approximately corresponded to
the total acid binding capacity of the protein. This was olso
confirmed from the study of precipitation of the complex in
the acid medium (see, Section D).

In the foregoing studies, it weas assuméd that &ll tho
surface active ions were bound to the proteins. This night
be erronegous, if the complex formation wes considered to be
reversible in itself. JIndeed, partiel removal of the bound

ions can be achieved by prolonged dialysis. Complete regener-
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ation of the proteluns cun be acconiplished by extraction of
" the bound inns with 60 acetone in the presence of electro-
lytecs (80, 63) or by precipitetion of the bound ions as the
bariwt sult (83). Thus, the binding process may be repre-
sented by the equilibre below:

P+ mD 2 FD (la)
in the cnee of alkylbenzene sulfonate, or

P4+nd Q ?Dn ’ I“Dn-i- np @ PDzn (1b)
in the case of alkyl sulphate, where m or 2n represents the
nusber of basic groups on the proteins. On the othexr hand,
the disruption of the protein structure mey not we Tully
reversible (83), as evidenéed from the detectable differences
betveen the regenerated end native proteins. FPerhaps equa=-
tion (1) actually involves two steps: first en irreversible
complex formation together with denaturstion end then, second,
a revereible equilibrium betvween the complex and the regener-
ated protein.

In the range of combinstion studied by Lundgren snd by
Putnam,; 1t is beyond eny doubt thet en "gll-or-none" phenoum-
enon hes tuken place, This, however, does not necessarily
exclude the domination of statisticel fectors in the binding
of the first few anlons. irobebly the bound ions are disiri-
buted randomly among the protein molecules and are also in
equlibrium with the free lons. 4fteY this stoge, free ions

will penetrate the intaet protein moleciules and force the

polypeptide chains to unfold. Thus, 1t brings about denatur-
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ation, os evidenced by molecular kinetic studies. Indeed,
Duggan and Luck (21) have found thet about eight molecules

of SDS combine with 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
inerease in viscosity. Once, a few structural bonds are
broken, the potential barrier 1s lowered and additional
anions will be anchored only on these favored molecules.

The resultant is then en "all-or-none" reaction. It is not
necessary to postulate that statistiocally bound lons are
denuded 1in this stage, for a slight inecrsase 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 stetistically with extra
ions up to the maximum binding capacity, as has besn confirm-
ed from the electrophoretic asnsalysis. Sueh is proposed hy-

pothesis that will be put to a test in this dissertation,

2. Statistical resction

Recently, Karush and Sonenberg (40) questioned the gen-
eral validity of the "all-or-none" reaction. Instead, they
postulated a statistiocal binding process for protein and
alkyl sulphates, similar to that for simple ions.

a, Simple theory. The lew of mass asctlon has been

applied first by von Muralt (71) and simplified by Xlotz and
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coworkers (41, 49) to the case of multiple combination be=-
tween proteins (P) and ions (I). The successive proteine-
lon equilibria may be represented by a serles of equations

shown below:

1‘4
P+I = PI ! (2)
PI+1 @& PI, (PIp)  _x,

71 I

1)

PIj 1+ I @ PI, (PIz) _x
’ (Pli-l) (I)

PIp3+ 1@ PI (PIn) __%,

(PI ) (1

Mathematical analysis indicates that the averasge number of

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

ed by the equation:

N T N
n i 1 ()
1+ & (T KJ) (1)
1=l j=

If all the binding sites on the protein have the same intrin-
sic association constent, X, and, aside from the statistical
factor, the free energy of binding to any site is independent

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

to s linesr form.



where n is the average maximum number of sites per protein
molecule. Accordingly, a plot of 1/r ageinst 1/(I) will
give 8 straight line. From the.slope of this line &nd 1its
intercept with the ordinate, the values of n and X cen be
obtalned.

A similar conelusion has been reasched by Scatchard (89),

which is fundamentally equivelent to equation (4), but has
less uncertainty in the intercept from which n is calculated,
thus eliminating the disadvantage of concesling deviations
from the ideal laws. Turthermore, if the experimental points
do not fall on a straight line, 1t may be iInferred that the
intrinsic association constants are not equel 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 truve in many other ceses, where electrostatic

interaction and other factors can no longer be neglected.
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It should also be pointed out thst the value of n is
dependent on the structure of the ion. For example the max-
imun number of sites aveilable on serum albumin varied from
6 up to 40 (43). Doubt has been raised on the reliability
of the methods of extrapolation (40, 89). 1Indeed it is
8t1ll an open question to be clarified.

b. ZElectrostatiec intersction. Since the binding of

lons may cause a net change in the average charge of the
protein, it is necessary to introduce an eleetroststie 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 éimple
theory has been developed by Scatchard (89).

-(% @®W'T 2 nK - K, n>4 (6)

Here w' = (14 1/n)w and w is caleculsted from the Debye-

Huckel theory, i.e.

v _ € 2% /1 K
"= S (5 Tke )

in which € is the electronic charge, “ the valence of the
ion, D the dielectric constant of the medium, K Boltamann's

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

protein molecule, & the distance of closest approach, end H&
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has its usual significence in the Debye theory. It hus been
reported that such correction worked quite satisfactorily in

some cases (89).

¢. JDeterogeneity theory. One of the slmplest hetero-

genelty theories assumes that the binding can be desceribed
by only two different intrinsic associetion constants (92,
93). In this case, equation (4) is modified into

r - an1 +n2K2 (7)
(T 7 I#K (D) 7 WK, (T

where n = nl-f n,

This is adequately represented by the combination of human
gerum slbumin with chloride ion and with thiocyanate ion (92,
93) and also the binding of an azo-dye with bovine serum
albumin (37).

de Gaussian distribution theory. Although the bind-

ing of simple ions with proteins is statistical in nature, the
reaction between proteins and higher homologues of surface
active ions hes, until recently, been considered "all-or-
none". FKarush end 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 deseribed by a Gauss error
funtion. This formulation is similar to that used by Pauling,
Pressman and Grossberg to describe the heterogeneous binding
of hapten by entibody in competition with entigen (8l1). The
derivations finally led to equation (8) below.

n_ 1 (8)
r- 1 ~°f[(T)]
where
£ (). L [T o " &
1)) = e
Fle 2 [ et

in whiech Ko is an average binding constant, ;/ measures the

range of values of ¥, and
& = 1n (K/X,) [

The integrel can be evaluated numerically for the computa-
tion of f£(I) by trying various values of ¢ and using VWeddle's
rule (64).

By this method, 1t has been shown that the theoretical
curves it 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 muech higher
concentrations of alkyl sulphstes as micelles were employed.
Thus, the interpretation of the date was complicsted by
micelle Tormetlion snd, in meny cases, denaturation., Such
explenation however, seems not too convincing. Since the
micelles are in equilibrium with single ions, the protein
may take up tie ilons singly, if it hes greater aeffinlty 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 necesserily change the course of re-
actions. ¥Yarush and Sonenberg have also pointed out that
their data covered only a rather narrow renge of 1/r so that
the suitability of the distribution function is not put to
a severe test. Tspeclally it is very questionable that in
their plot of 1/r vs 1/(I), extrapolation to the higher con-
centration (i.e. 1/(I)—0) dld not involve too mueh risk.
Furthermore, their calculated thermodynsmic data seems rather
confusing. Recently, Goddard and Pethica (30) found it
difficult to reconcile such calculations with their direct
calorimetric measurements,

In the foregoling discussion, one importent thing has
thus far been neglected, that is, the adaptability of protein
toward ions. It seems conceivable that lateraction between

protein end surface active lons may not be limited to one

type of binding process. Statiatical reaction will probeably



not be ruled out at very low or very high concentrations of
ions, On the other hand, within certein renge of protein-
surface active ion ratio, "sll-or-none" reasction may predom-
inate. In this dissertation, it 1is sttempted to clarify part

of ‘the confusion as it exists.
D.. Diverse Effects of Surface Active Ions on Proteins

In addition to complex forma:ion, the action of surface
active ions on proteins may result in denaturatibn, precipita-
tion and dispersion, These phenocmena, in general, depend on

the conditions of study and perhaps follow the same mechanism,

1. Denaturation

an excellent review on prqxein denaturation has been
published by Neurath and coworkers (72). Anson (5) in 1939
first discovered thet 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~denaturingz potency than
other chemical reagents. DEven at very low concentrations,
they have the same effects as produced by very high concentra-
tions of such other denaturants as uree 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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Meny investigations indicate that surface sctive ions
produce a profound change in molecular structure of protein.
nuantitetive evidence of these changes comes from the measure-
ment of the sulfhydryl groups libereted, viscosity measure-~
ments, X-ray diffraction studies and meny others. More recently,
the study of flow birefringence looks very promising. Such
technique has already been applied to heat and urea denaturation
by Foster end coworkers (25, 26, 27, 88). The interpretion of
their results, however, was complicated by the formetion of
aggregates, Thus, confirmation of these studies by other

methods seems desirable.

2. Precipitation

Barlier study by Matsumura (65) indicated that horse serum
was precipitated with 0.01}, 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 Neuraeth (10) were the
first to report the precipitation of egg albumin by sodium
dodecylsulphaté (sDS) end the re=-dispersion by excess SDS.
Quantitative studles of surface active cations by Schmidt
(95) and anions by Putnam and Neursth (82, 83) have shown
that precipitation was influenced by the protein-ion weight
concentretion ratio, pH, temperature end 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 conclusion that the
surfece 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 shsence of salt of high concentira-
tions., The pH range of precipltation 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 intersction be-
tween serum albumin and SDS were observed (8%): (a) That of
protein~excess where the protein was incompletely precipita-~
ted, (b) the equivalence zone where complete precipitation
oocured, ond (c¢) that of surface sctive ion excess where par-
tial or canplete re~dispereion occurred. Significantly, the
minimum ghd maximum mixing ratio requisite for complete preci-
pitation corresponded respectively to one-helf and to the total
nunber of cstioniec groups in the protein, as has been confirmed
from the elsctrophoretic analysis. More recently, comparable
results were ealso 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

preparaticen of proteln-surface active anion complexes.

3. Dispersion

Surface active ions can be advantageously employed as

dispersing solvents for many proteins which aré extremely
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insoluble in nevtral solvents. Lundgren and coworkers (115)
found that chicken feather keretin forms in the presence of

a reducing agent a solible complex in neutral aqueous sodium
alkylbonzenesulfonate. An interesting application of surface
active ions in the menufacture of protein fibers has been fully
reviewed by Lundgren (61)

Alcohol=-soluble zein can elso be dispersed inesgueous sol-
ution of sodium dodecylbenzenesulfonate (SDBS) and the physi-
cal chemistry of such solutions has recently been studied by
Toster (24). In this laboratory substantially quantitative
extrection of the proteins of corn was attained using dilute
aqueous SDBS solution buffered at pH 10 containing in eddition
s small smount of reduecing agent such as sodium bilsulphite
(28). All these observations ag=in demonstrate the extra-
ordinarily strong affinlty of surface active ions for the

proteins.,
B« Competitive Interaction Between Proteins and Ions

Jons of different affinities for the proteins may compete
with each other for interaction with the same proteins. FKlotz
(42) found that addition of any carboxylate or sulfonate ions
to a solution of protein-dye complex reversed the effect of the
proteln on the speotrum of the dye, due to the fact that the

bound dyes were displaced from the complex by the anions of

higher binding capescity. This reversing ability decreased
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with increase in pH, owing to inereasing electrostatic repul-
sion of the anions at higher pH. The importance of this re-
pulsion in determining the relative attraction of two organie
anions to a protein will depend on van der “aals forces as
waell as electrostatic forces. The former would contribute
more to the stahbility of the protein-dye complex then thet of
the protein-acid complex. Thus, the competitive ability of
the acids was lessened at high pH,.

Competitive internctlon between fatty acids and serum
albumin methyl orange complex hag been investigated by Cogin
eand Davis (13). In the region of very small molar ratios of
added fatty acids to albumin there is slmost 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 1lncreased until
Aone fatty ecid molecule displaced.more than one dye ion. It
has been suggested that the binding of s long-chain alkyl
anion at one site caused steric hindrance at other sites. As
st1ll more fatty acid was added, & saturation limit was reach-
ed beyond which there was no further increase in conmpetition.
It was thought that the solubility ol the zeid determined this
limit. Thus, 1t can be seen that no‘single hypothesis is
sufficient to explain the entire competition curve.

As can be expected, competitive action between surface

gctlve ions end other ions should be much in favor of the
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former., This is true in the case of sodlum dodecylsulphste
(sug), Flotz and coworltors (46) found that at concentrations
of less than C,.001 '. SD5 was capable of displacing methyl
orange almost completely from its albumin complex, whereas
other lons sueh as selicylate required more then ten times
that concentration to do likewise. Comparable results were
ohtained by Karush (38) for the interaction betweon 3DS and
an azo dye wlth bovine slbumin. WHypotheses have been postu-
lated in terms of homogeneous sites by ¥lotz (46) and hetero-~
gencous sites by Xarush (38). L clear understandling seemg to
availt further investigetion.

As two ions will compete with each othar for the same
protein, so it seems logicsl that one protelan may displace
another protein from the protein-ion complex. No work, how-

ever, has bean reported on this sub ject.

F. Mechanism of Interaction

1. Complex formation

a. Blectrostetic forces., The unusuel affinity of pro-~

teins for ions has been the subject of much recent speculation,
Abundant evidence now avallaeable supports the view that electro-
static foreces pléy an essential role in the mechanism of bind-
ing. Indirect evidence comes from comparison of binding cap-
acity of compounds of practically identicel structure, one

being charge and the other uncharged. It has been reported.
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that certein cmides and esters have much less effect on the
proteins then the corresponding anions (8, 42). Likewise,

all nonionic surface motive compounds o Tar investipgeted

lacl: the cepacity for intereection with proteins, indiceting
the reguisite of cherged grovps on the ions (€0, €6). iLnother
Tact 1e thet rise in pf beyond & certain limit usually de-
prives the protein almost cowpletely of the bound ions, duz to
neutralization of the chorged loeil on the protein. llqually
convineing evidence is found in the studies of wodified pro-
teins,[ for methods of preparation, ses (G55, 74)]. Elimination
of the freg € - amino groups by acetyletion end of the quanid-
inum groups by formealdehyde treetment shows msrked changes in
the anionic binding (44, 110)}. Therefore, it seems reaconable
to conclude thet proteln-snion interaction would involve, for
the most pert, & salt linkage batween the positively charged
groups on the protein molecule, i.e. hictidine, lysine and
érginine, and the anions.

b. Van der Weals forces and hydrogen bonding. The pres-

ence of posltive groups In the protein is & necessary but not
sufficient condition for anionic binding. In addition, the
role of ven der Varls forces canrct be neglected, espacially
where nonpoler groups are also involved a&s in the case of
svrface active anlons, Tlectrophoretic analysis indicates

that no combination occurs betwesen ezg albumin and either

benzene sulfonate or naphthelene sulfonate as contrested



with long=-chaein alkylbenzenesulfonate (60). Increase in chain
length of aliphatic carboxylates increases their capacity to
stabilize serum albumin against thermal or urea denaturation
{(7)e These observations are in accord with Steinhardt's con-
clusions with regard to the increase in anion affinity with
inerease in chain length within en homologous series (102, 103).
The role of van der Vasls forces, however, is lessened in the
case of ions with side-chain poler groups such as dyes. Per-
haps this also explains why surface active ions have extra-
ordinarily stronger affinity for proteins than most simple ions.
Since van der Waals forces play an important role in the
binding of fatty acids, Luck (59) proposed the hypothesis that
the binding capacity of anlions with proteins is a dual function
of the large number of positively charged groups and the close
juxtaposition of scme of these to non-polar side chains of
certain amino acids, especially leucine, isoleuecine, valine,
and pheny}alanine. Klotz objected to this viewpoint on the
ground of thermodynamic considerations and steric configura-
tions (43, 47), Instead, Xlotz (43) proposed an internsl
hydrogen~bonding hypothesis, assuming that within the protein
molecule «0H groups form bﬁgas with -C00 groups preferen-
tially to bonds with = NH residues. This assumption seems
warranted by the grester energy of OH*+*+*0 bonds as compared
to Oe«+HN bonds (78). It, therefore, follows that the binding

capacity of & protein is a direct function of the number of
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positively charged groups and an inverse function of the
nunber of carboxyl and hydroxyl groups and the "binding index"
(£ (=wt)/[Z(-01) - £ (~C08) ]) will predict the relative
affinity of different proteins for the same anion. As such,
methyl orange is strongly bound by serum elbumin, weakly by
/G-lactqglobulin and virtually not at all be egg albumin.
Tanford (107), however, reported that egg elbumin binds much
more strongly with chloride ions than/?-lactoglobulin does.
In fact, the latter is incapable of binding st its isoionic
point at all. It therefore aprears that the "binding index"
does not have general validity.

That hydrogen-bonding plays an importent part in the
protein structure is without any docubt (79, 80). This is par-
ticularly clearx in the case of denaturation, where the breaking
of hydrogen bonds by physical or chemicael means contributes to
unfold the once highly coﬁdensed polypeptide chains. However,
it seems rather risky to minimize the role of van der Waals
forces in the binding process., TFuthermore, it 1s inconceiv-
able that the increase in affinity for larger ions is not
attributed fo such forces at all, although thermo-dynamically
it csn be explained by the incresse in entropy change due to
greater release of water molecules. To determine binding
affinlty, it 1s 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 structure of both proteins and ions
involved.

Another point is raised in the binding mechenism of
v Xxtra"™ anions to the proteins. It is well known that pro-
teins can bind an amount of surface active snions in excess
of the number of basic groups present in the protein moleculs.
Dirferent views are held with regard to the sites of adsorp-
tion of such extra ions. It has been proposed that the extre
enions combline electrostatically with the weskly positive
nitrogen atoms of the smide 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 1s improper to regard either as an acceptable explanation

of the faets.,

2. Denaturation

The mode of denaturation has been speculated on Sy
Neurath and coworkers (72) and also by Pauling end coworkers
(79, 80)s A clue 1s revealed by the high affinity of surface
active lons for the proteins. The penetration of the tightly
folded protein molecule by surface active lons will forece 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



of extra lons will contribute toc further disorientation of
the protein molecule. On the other hand, when at very low
concentrations only a few surface active lons are bound,
probably statistically, to the protein molecules, there is
no reason %o expect the unfolding of the protein molscules.
fuch of these speculstions, however, is still an open ques-

tion snd needs further studies.

[rd

¢ Ireecipitation end dispersion

The precipitating action of surface active ions on pro-
teins seems to follow the seme 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 ad justment, and at the same
time, by adding counter-ions which possess strong affinity for
the protein. Thus, heavy metal salts precipitete proteins
only in elkaline 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 1s not at a minimum at thelr isoelectris point, but
rather in the lonized form can also be understood on the basis
of zwitter~ion theory. At the isoelectrice 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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ionization of the carboxylic groups and thereby increases the
net positive cherges. The laetter, however, are reduced by
snionic binding and the residual hydretion of the proteins is
eliminated, Consequently, the stability of the protein sol-
ution is destroyed and preeipitation occurs., The effect of
neutral salt on the precipition can also be expleined as the
salting-~out of the protein-ion.complex. Probably the ioniz-
ation of the cumplex is depressed at the high concentration
of the electrolytes in the sdlution. The dispersing effect
of excess surface active lons, likewise, can be understood
by consldering the electric charge of the protein. Vhen
excess ilons are absorbed, the protein acquires increasing
electric charge of the same sign as the ions, its hydration
is increased and therefore the precipitate 1s redispersed.
This dispersing effect is characteristiec for the interaction
ol 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 intramolecular structure of proteins
by upsetting the balance of the electrostatic forces, van der
Vaal's forces and hydrogen bondings in the molecule. Denatur=-

ation, precipitation, dispersion and ameny other blochemical

effects are the wanifest results of this binding process.
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ITI. MATIRIALS AND MITHODS
A. Materilals
1., Proteins

Bovine serum albumin was obtained throvgh courtesy of
Armour and Compeny (Lot No. 69, substandard), and used with-
out further erystallizetion. Usually a 1-2% solutlion was
prepared and kept in the cold room (1-3°C.). For spectrophoto-
metric analysis, the protein solution was first dialyzed
agalnst repeatedly-changed buffer for several days.

Ovalbumin was prepared in the ocold room (1-39C.) from
fresh egez white accofding to S@renson's procedure (97). The
fresh eggs were obtained from the Collage Poultry Ferm. Crude
ovalbumin was recerystallized three times from ammonium sul-
phate at its isoelectric point (pH = 4.8), d¢islyzed free of
salt against distilled water, lyophlilized to dryness and fin-
ally kept in the cold room, ‘ |

Zein wes supplied by the Corn Products Refining Corpor-
ation and used without further purificeation.

All protein concentrations were determined by micro-

KJjeldsahl method, using the data listed in Teble I.

2, Surface active lons

Santomerse #3, principally sodium dodecylbenzenesulfon-

ate, wes supplisd by the Monsanto Chemical Compeny and further
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purified with 95% ethanol, The alcoholic solution was flltered
free of inorgenic salts, vacuum=distilled to remove ethanol,
d1luted with distilled water, lyophilized to dryness and kept
in an air-tight bottle. Its appasrent molecular weight was

354, as determined by Paar bomd sulfur analysia.

Table 1. Molecular welght and nitrogen contents of
some proteins

Proteins Molecular Veight Nitrogen Content
Bovine serum albumin 69,000 (15) 15.95% (2°)
Ovalbumin 44,000 (23) 15.8% (12,52)
Zein 40,000 (14 pp. 390, 16.0%

428)

Zephiran chloride solution was purchased from ¥inthrop
Chewleal Compeny, The prineciple constituent ves n-dodecyl
dimethyl benzyl ammonium chloride. Its molar concentration
wes determined by micro-¥Xjeldahl énelysis, on the basis of

one equivalent nitrogen per wmole zephiren chloride.
3. Bulffers

All buffers were nade up with reagent-grade chemicals,
The corresponding pH values were measured at room temperatire
with a Leeds and Northrup Universal pll assembly, oequipped with

a glass elactrode.



Teble 2., The compositions of some buffer solutions

PH Tonic

Composition measured Strengsth
Glycine 0.030 M 10.0 0.10
MaOl 0.020 ¥
NaCl 0.080 M
Svdium barbiturate (1) 0.024 M (2) 0.018 M (1) 8.5 0.10

(veroneal)

el 0.004 ¥ 0,002 M
NaCl 0.076 M 0.080 M (2) 8.9 0.10
Glyeine 0.09 M 3e3 0.10
1icl : 0.01 M
HaCl 0,09 M
KaHPO4 0.02%21 ¥ 7.6 0.20
YHal0g 0.0036 M
NaCl 0,100 ¥
Sodivm acetate 0.20 M 4.5 0.20
Acetie secid 0.30 M

Other buffers used will be mentioned in the sections

under experimental results,
B. Methods

l. ¥lectrophoresis

Blectrophoretic enalyses were carried out at 2.0°C. in
the Tiselius-type cell, purchaesed from the Klett Manufacturing
Company, with a modified Philpot-Svensson optical system. The
construction of the equipment has been adequately described by

Longsworth (53, 55, 56).



The protein concentrstions were adjusted to about 0.4%
eand clerified, if necessary, in the Sorvall $8-1 high-speed
angle centrifure. All electrophoretic runs were performed
at a constent field strength of 4.0 to 4.5 volts em~l, and
stopped just before the fastest boundary migrated out of the
visual fileld., In order to faclilitate comparison of the exper-
iments, pictures were also taken at definite intervels during
the run.

All celculations of mobilities snd percentage compositions
were made on enlarged tracings of the patterns in the customary
manner. In cases of incomplete resolution of protein compon-
ents, arbitrary separstion was made by drewing 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. TWquilibrfiun-dislysis

Visking cellophane cesings, 20/32 inches in diameter, were
used for routine analysis. The bogs were first dielyzed against
e large volume of phosphate buffer for ten days, fresh buffer
being used every two or three days. Portions (20ml) of buffered
protelin-ShBS solution contained in the air-tight bags were then
equilibrated against equal volumes of the buffer in test tubes.
Controls containing huffer only inside ithe bag were prepared

in the seme manner. The rubber stoppers were covered



with tin foill. The tubes were shaken gently in the c0ld room
for two days. The dialyzates were than diluted, if necessary,

and snalyzed spectrophotometrically.

3, Spectrophotometric analysis

SDBS concentrations were determined by meassurement of the
light absorption with the model DU Beckman spectrophotometer
at )\max 2234%/“ Both control buffer and SDBS solution were
first centrifuged at 13,000 r.p.m. in the Sorvall centrifusze

for 30 minutes.

4, Nitrogen determinetion

Nitrogen analysis was made by the micro-Kjeldahl method,
using selenium oxychloride as catalyst. The ammonia was
distilled into 4% boric acid and titrated with 0.01N HCl, using
as & mixed indicator methylene blue and methyl red in 95%

ethanol.
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Iv, ®BXPERIMENTAL RESULTS AND DISCUSSION

Part J. Conmpetitive Interaction Between I’roteins and Surface

Actlve Anions

Tilectrophoretic analysis has proved to be one of the few
useful methods for the investigation of protein-ion interaction.
Ividence comes from changes in the number of boundavries, the
relative arcas of the boundaries snd their corresponding mobil-
itiea. In Part I competitive interaction between three pro-
teins and & surface active anion, sodium dodecylbenzenesulfon-
ate {SDB3) was studied electrophoretically, the results of
which studies would reveal the relative binding affinity of
the snion by the proteins.

A. Competitive Interaction Between Zein-Sodium dodecylbenzene-

sulfonate (SDBS) Complex and Albumins

1. Preparation of zein-SDBS complex'

Zein 1s insoluble in water but cen be easily dispersed in
an aqueous solution of a surféce active anion such as SDBS. A
stable complex could be prepared by either of two methods:
(1) Dialysis method. A mixture of ebout 3 gm. zein and 100 ml
1% SDBS solution was shaken gently until the protein was com-
pletely dispersed. The clear solution was then dialyzed
against repeatedly-changed distilled weter until free of



loosely bound excess SHNS., (2) Solubility method. A mixture
of 6 or 7 gm. zein and 100 ml 1% SDBS was shaken gently for a
day or two and then centrifuged 1o remove the vxcess (undils-
persed) zein,

By electrophoretic analysis, the mobility of the complex
prepared by both wethods was found to be about -8,5 x 10-°
om> volt™! sec~! in veronal-NaCl buffer (pH = 8.9, ['/2 =0,10),
indicating that = welljdefined complex was formed. The dia-
lysis wmethod, however, had two disadvantages. Tirst, 1t was
tedious and time-~consuming. Secondly, the amount of SDBS
removed was not easily controlled. " Indeed, it was not known
whether the cumplex would loose some bound enion through pro-~
longed dialysis in addition to those loosely adsorbed. Thus,
the solubilitly method was preferred in the subsequenti exper-

iments.

2+ Cholce of electrophoretic huffer

In order to study interaction of proteins with SDBS it
was necessary to find a suitable buffer for electrophoretic
enalysis. For this purpose, & mixture of 2zein-~-SDBS and ovsl-
bumin-SDBS of known concentration was prepared by the dialysis
method. In a preliminary study, it was found thet both pro-
teins formed stable complexes with SDBS. 4mong the buffers
studied veronul-NaCl (pH= 8.5, £=0.10) and glyeine~NaCl
(pH = 10,0, I'/2 = 0,10) ﬁere the most satisfactory, yielding



quentitative resolution. For the sake of compsarison, both
buffers vere ewployed for subseuvent snalyses. In general,
the results were in good sgresment with each other, & fact

perhaps indicative of their relisbility.

3. Interaction between zeln-SDHDBS and ovalbumin

Vixtures of zein-$DBS (solubllity method) and ovalbumin
of various proportions were stored in the cold room (1-39C.)
for twvo days and then equilibrated sgainst either veronal-NaCl
or glycine-NaCl buffer for electrophoretic analysis. In ¥Fig-
ure 1 are shovwn some representative runs against veronal-NaCl
buffer. The corresponding electrophoretic data are listed in
Table T,

Since combination of a protein with anions would incresse
its net negotive churpe, the protein-stBS complax would move
much faster toward the anode in an electric field then the
protein itself. Prellminasry studies showed their mobilities
to lincrease in the order of ovalbunin, zein-SHBS and ovalbumin-
ShBSs.,

Definite interactlion was clearly revealed in the electro=~
phoretic pestterns. Yven in the low ovelbumin/zein-SDBS region,
there appeared a small fast boundary marked "0I", the mobility
of which corresponded closely to that of ovalbumin-3DBS complex,
but which was somewhnt 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 forwmed.
p
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Fig. 1. Electrophoretic analyses of mixtures
of zein=-SDBS (2I) and ovelbumin (0)
in veronal-NaCl buffer (pH = 8.9,
r‘/z - 0-10)0
1. 2/0 = 67/33. 2. 2/0 = 51/49.
3. z/0 = 34/66.



Table 3. Electrophoretic analyses of mixtures of zein-SDBS and ?vxilbumin at
29C in veronal-NaCl buffer (pH = 8.9, ['/2 = 0.10)\1

Relative Compn. Bound- Mobilities ' Relative Areal3)
ary
21(2) 0 0 21 oI 0 21 oI
4 % -pmx 105 em? volt~l sec-l
D 8.5
100 A 8.5 9.4 99 11
D 11.7 (14.8)(5) : :
100(4)  a 12.8 100 i
]
D 6.3 7.2
100 A 6.7 7.5 16 84
D 6.3 7.1 8.0 10.4
6%7 33 A 6.6 7.4 8.2 9.1 10.7 4 18 64 5 9
D 7.2 8.3 10.2
51 49 A 7.4 8.5 9.4 10.5 30 59 3 8
D 6.4 7.2 8.2 9.8
34 66 A 6.7 7.4 8.2 9.5 10.3 9 45 37 1 8

0 = ovalbumin, OI = ovalbumin-SDBS, ZI = zein-SDES.
Based on the protein concentratlons only.

Based on the ascending patterns.
Ovalbumin-SDBS complex, instead of native ovalbumin.

A fast boundary anomaly.

Lo XX ¥ N
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This displucement reaction secmed to resch a certain liwmit.
Thus, as the relative concentration of ovelbumin inereased a
seperate boundary, presumebly wicombined ovalbumin, begsn to
increase 1In proportion,

Nitrogen analysis.of the mixture did not show any loss
of insoluble zein, That zein lost soue of its bound anion to
native ovelbumin but still remained in solution was rather un-
expected. Presumably, the 2zein~SDRS coumplex retaeined enough
anion to be kept in solution. Since the nvwber of snions
bound was much In excess of the baslie groups in the protein,
it 1s suspected that some woeakly bound snions were displeced
by native ovalbumin. |

With veronal-NaCl buffer (pH=8.9) as electrolyte fast
boundary anomanly usuelly appcared on the descending pattern.
Increase of the lonic strength tov 0.20 by addition of salt
destroyed the anomaly. However, at this concentration of
salt, part of the zeln was salted ovt. In the case of glycine-

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

resolution between zeliln-8SDRS and ovelbumin boundaries was not

as good as in veronal-NeCl buffer, duve to the f:uet that the
mobility of ovalbumin was close to thet of zeln-SDBS complex

and the boundaries were thereby overlapped with each other.

4, Intoeraction between zein-SDLS and bovine albumnin

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

bumin were studied electrophoretically (Teble 4) in & manner



similar to scetion 3. In Tigure 2. are shown some represent-
ative patterns vsing glyeine-NaCl buffer. There appesred
virtially only tvo boundaries, the mobilities of whieh corres-
ponded to zeln-SDBE and bovine albumin (Teble 4). Wo faster
albunin-<DBE boundary was detected in any patterns. Furthef—
mora, the relstive sreus were nearly equel to the original
compogition.s To be svre, the actusl percentege of =ein should
be smaller than its relatlve area owing to the presence of SDBS,
Such correetion however wes not very larpe. From these facis,
it might be inferred that no competitive Iintersction between
zein-SNBS and bovine alhumin occurred.

It is interesting to note that bovine albumin migroted
even more rapidly then zelin-oDRS at pH 10, The revarse was
true with veronal-NaCl buffer at pH 8.5. Comparable results
were also obteined in the lotter caese. liowever, the boundaries
were not resolved too well, probably due to their close mobil-
ities.

Comparison of the foregoinz results seems to indicate thot
ovalbumin has a higher affinity for SIS then zein, whereas
bovine albumin does not cowpete with zein-8SDBS couplex., If this
is trve, it would be of interest to compare the binding effine-
ities to the two slbumins. In section B, it will be shown that

ovalbumin does bhind SORES wore strongly then bovine albumin,
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Fig. 2 . Electrophoretic analyses of mixture of
zein-oDBS (zI) and bovine albumin (A)
n glycine-NaCl buffer (pH =z 10.0,
r/z = 0.10).
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3. 36/64.
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Table 4. flectrophoretic analysis of wmixtures of zein-SHES

and bovine albumin at 2°C. in gl
buffer (pH = 10.0, /2 = 0.10)

¥g§ne—Nacl

Relative Relative
Composition Bound- Wobilitices area
(2 ary

AL 71 A /I A

4 % "/“x 10° em? volt~l sec-l
D 8.6

100 A 8.6 100
D 8,7

100 A 9.0 100

D 7.8 9.4

69 31 A 8.0 9.1 69 3l
D 77 9,3

53 47 A 7.7 9.0 49 51
n 7.4 9.4

86 64 A 77 9.6 36 64

(1)
(2)

A = bovine albumin, ZI = zein-SDBS,.

Based on protein concentration only.
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B. Coumpetitive Interaction Between Ovulbumin end Bovine

Albumin with SDBS

l. Choice of electrophoretic buffer

Mixtures of ovalbumin and bovine albumin of known composi-
tion were studled elsctrophoreatically against several buffers.
Among them, phosphate-NaCl (pH = 7.6,/2 = 0.20) and acetats-
NaCl (pd = 5.6, '/2=0.20) weras found unsuitable for routine
analysis, yielding extremely diffuse and unsymwmetric patterns
on both desesnding and ascendling sides. OCn the other hand,
with glyecine-NaCl and veronal-NaCl buffers, as used previously,
the mixture was quantitatively well-rasolved. Variation of
ionile strength from 0.10 to 0.20 by addition of salt also did
not affect the resolution in either buffer system. Thus 0.10

lonic strength was used for subsequent analysesz.

2. Prepsretion of albumin-SDBS complexes

Albunin-SDBS couplexes of minimum binding ratio could be
prepared by several methods: (1) extraetion with 60% acetone,
(2) selting out, (3) prolonged dieslysis and (4) acid precipi-
tation. The last two procedures were erployed in this research,
In the dlalysis method, a mixture of albumin and excess SDBS
was stored for two days in the cold room (1-3°C.) Removal of

excess anion was achleved through prolonged dialysis asgainst

a large volume of repeatedly-changed distlilled water for

several days. For ovalbumin, a stable complex was formsd with



an electrophoretic mobility of about =11 to =12 x 10795 cm®
volt ~1 see~l in glycine-NaCl or veroncl-ioCl buffer. In the
case of bovine albumin, the electrophoretic boundesries tended
to split into two of neerly equal size after prolonged dlaly-
sls. 'The effect of dlalysls time on the removal of SLIS is

shown in Table 5.

Table 5. "Wffect of dialeis time on bovine albumin-SDBS complex
from elecetrophoretic measuvrements

2)
_ (1) Relative |
Diiixgis Boundary Mobilities area
1 2 1 2
Days -A* X 105cm®volt~lsec~l
4 D 11.0 (13.9)
A 11l.2 12.2 trace 100
Vi D 10,3 (13.8)
A 10,7 11.5 54 40
15 D 10.1 (15.8)
A 10.5 11.6 53 47

(1)A fast boundary anomaly in veronal-NaCl buffer
(pP= 8.5, ['/2=0.10) as indicated by brackets ( ).

(2)
Based on ascending patterns.



=50 -

It wight be essumed that part of the bound enion could be
taken sway tiroush dialysis,

In the acid precipitation method, ovalbumin and SDBS
gsolutions ware mixed in a protein/ion (P/I) ratio of 3 to 1,
and bovine albumin ond &DBE solution in a P/I ratio of 2.5
to 1. The complexes were precipiteted by edding an equal
volume of acetate buffer (pH= 4.5, /2=0.20). <whe precipi-
tate Waé centrifuged down and re-dispersed in an alkaline
buffer (veronal-NaCl or plycine-NuCl in this resesrch). In
this mauner, stable complexos c¢could be prepsred as evidenced
from electrophoretic mobilities in Teble ¢, which corres-
ponded closely to those prepared by tlhie dielysis method.

Table 6, #lectrophoretie mobilities of albumnin-SDES complexes
by acid precipitation method at 2°C,

r—

Solution Buffer - Boundary trobilities(1)

- M X loscmzvolt"lsec"1

Ovelbumin-SNBS  Veronal-NaCl D 11.7 (14.8)
o pli= 8.9,[/2 =0.10 A 12.8
tlycine-iaCl D 11.5
phi= 10.0,['/2 = 0. 10 A 12,0

Bovine albumin- Veronal-NaCl D 11.3 (14.5)
SDBS ) pli=8.5, N/2=0.10 A 11.9
Glycine-NaCl D 11.6

pH=10.0, /2=0.10 A 10.9(trace)ll.9

(l)The figures in brackets ( ) indicated fast boundary
anomalies.,
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In a preliminary study, excess protein or excess SDBS failed
to precipltate the complex. This is in good asagreement with
the observetion by Futnam (83). Thus, the complex precipita-
ted only in a narvow P/I range. "This method was preferred to
the dlalysis method Iin thet it is easier to control the amount
5f bound SDRE end is much less time.consuming. It is salso
Interesting to note that the eleetrophoretic pattern of hovine
albumin=-5053 corresponded closely to that from 4~day dialyzed
comples. Presumably, dissociation wouvld take place during

prolonged dialysis,

%. "All-or-none'" reaction

Blectrophoretic analyses were performed for mixtures of
albumin snd &D13. The results vwere in good agreement with the
findings of Lundgren (62) and others. In the P/I range studied,
an "all-or-none” reaction has taken place. This will be dis-

cussed in detail in Part III.

4, Interaction between bovine albumin-SDRS and ovalbumin

Mixtures of bovine albumin-SDBS (acid precipitetion method)
and ovslbumin were studied electrophoretically in the same
manner as described previouvsly. Definite interaction between
native ovaelbumin and bovine albumin-SDES was clearly revealed
in electronhoretic analysis (Table 7). Some of the representa-

tive patterns are shown in Yigure &. The relstive composition
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of the observed ovalbumin voundary wee much emeller thon thet
present in the originel mixture, whereas a new boundery mark-
ad "A" appeared with a mobility corresponding to bovine albu-
mine I? 1s therefore assumed thet some of the bovine elbumin
was dlispleced from its SDLS complex, wheress pert of the ovale
buwnln formed a couplex with the shPs. It seems also thet there
exlsted a limit Tor such dlsplacement reaction. Tor .reasons
unexplained, the albumin-silil bounderies were split into two,
or even three in one case. Il 1z suspected that the bound-
aries of ovelbuwlin-uhBS and bovine elbunmin-SDBS could be sone-~
whet resolved although thelr wobilities were very close to
each other. uite posalbly the split was siuply due to a

false boundery, as sonetimes occured.

5. Interaction between ovalbumin-SDBS and bovine slbumin

Similer experiments were performued for mixbures of oval-
bunin-sNBS (acld precipltated) and bovine albumin. In Table 8
are listed electrophoretic analyses. Some representative
patterns are shown in Figure 4. Vith glycine-laCl buffer,
only two voundaries verc observed, with mobilities close to
thes e of bovine albumin and evalbumin-3SDBT complex. TFurther-
more, the relative areca wss close to the relative composition
in the original mixture. These results therefore clearly
indicated thot there wos no interaciion between bovine-albumin

and ovalovalbuain-3D35, In other words, bovine albumin could
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Fig. 3. Electrophoretlc analyses of mixtures of
bovine albumin-SDBS (AI) and obalbumin
(0). 1 and 2 in glycine-NaCl buffer
(pH = 10.0, I'/2 = 0.10). 3 and 4 in
veronal-NaCl buffer (pH = 8.5, /2 =
0.10). 1l and 3. A/0 = 66/34. 2 and 4.
A/0 = 49/51. :



Table 7.

Electrophoretic anaslyses of mixtures o
ovalbumin at 2°C.

£, jovine albumin-SDBS( 1) ang

Relative Compn. Bound- Mobilities Relative Area
ary
0 21(3) 0 A PI 0 A PI
4 g -z 10° em? volt=l sec~l 4 % %
Glycine-NaCl buffer
pH = 10-0, P/z - 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 ] 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 . 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 huffer(4)
pﬂ - 805, r'/2 -3 0010
54 66 D 8 -4 9 -6 10 -4 ( 14 04) - - -
A 8.9 10.0 11.3 10 23 66
51 49 D 8.6 10.1 11.1 12.4 (16.6) - - -
A g.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

e’ Nt s

o g, G gy,
T Y

Prepared by acld precipitation and re-dispersion in alkaline buffer.

0 = ovalbumin, O0I = ovalbumin-SDBS, AI = bovine albumin-SDBS,

PI = protein-SDBS.
Based on protein concentration cnly.
A fast boundary anomaly appeared on the discending side as indicated by

brackets(

).
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Electrophoretic analyses of mixtures of
ovalbumin-SDBS (0I) and bovine albumin
(A). 1 and 2 in glycine-NaCl buffer

(pH = 10.0, /2 = 0.10). 3 and 4 in
veronal-NaCl buffer (pH = 8.5, ['/2 =0.10).
1 end 3. O/A = 66/34. 2 and 4. O/A =

48/52. "F" - false boundary anomaly.



Tabhle 8., Eleo?{?phoretic analyeis of mixtures of ovalbunin-
SUHS and bovine slbuuin at 20¢,(2)

Relative
Composition Round- Tobllities Selrtive ares
(3) ary
A 01 A 0T A 0T
“ & ~M x 10°%em®volt=lsec-1 it o
glycine~NaCl buffer
pIl = 10.0, ['/2 = 0.10

34 66 D l0.2 1l.6 33 67

A 10,6 1l.7 29 71
52 48 D 9.8 11.0 48 52

A 9,7 10.9 45 55
68 32 D 9,3 -~ - -

A 9.7 10.4 69 31

Veronal=liaCl buffer(4)
PH= 8.5, p/2=000

34 66 D 8.7 10.4 {(14.8) == -

A 9.1 10,5 11.2 30 36 34
52 48 D 8.4 9,9 (1%.8) <=~ -

A 8.7 9.8 l0.5 46 32 22
68 an D Q.38 10.5 (14,9) =~ -

A 9.6 0,6 10,3 67 17 16

(1)Propared by acid precipitation end re-dispersion in
alkaline buffer.

(2)4 = bovine albumin, OI = ovalbumin-SDRS.
(Z)Based on protein concentration only.

(4) fast boundary unomaly sppeared on the deseending side
as indicated by brackets ( Yo
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not compete For the onion and displace ovelburin from its SDBS
complex., ‘fnaslorous rosvlts were obtrined with veronal-lacCl
buffer, wvhere, however, the ovalbumin-SNBS boundery was agnin
split into two. This wisht also be a false boundary, siviler
to that observed in sectlon 4.

Comparison of the Toregoing results led to the following
conclusion. The binding affinity of ovalbumin with SDRS is
much stronger than that of bovine alburin with SDB3. This
would 8lso be in agreement with the previsus results that
avelbumiln ecould displmce the anion from zeln-8D3S complex

Hut bovine albumin ocouwld not.
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Part II. Interaction Between Proteins and Surface Active

Cations

Quantitative studies of the intersction between proteins
and surface active cations are so far lacking in the litera-
ture. In Part II it was therefore attempied to conduct an
alectrophoretic anaslysis of protein surface active cation mix-
tures. An alkyl dimethylbenzyl emmonium chloride, known com-

mercially as Zephiran, was used for this purpose.
As Choice of Hlectrophoretic Buffer

Sinee surface active cations would precipitate proteins
on the alkaline side of the isoelectric point, 1t wes necessary
to study the complex formation only when the proteins were in
the anionic form. Thus, electrophoretic buffers were so select-
ed that their pH values were lower then 4.6 %o 4.8. Among the
buffers studied, only glycine-NaCl ylelded good quantitative
resolution for a mixture of bovine serum albuuin and ovalbumin.

Hence 1t was used for all routine analyses.

B. TRlectrophoretic Analysis of Complex Formation

1. Ovelbumin-zephiran complex

Mixtures ol constent 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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were allowed to stond two days in the cold room (1-3°C.).
Dialysls of the mixtures was omitted in order to prevent
loss of zephiren through diffusion. Some of the representa-
tive electrophoretic patterns are shown in Figure 5. The
corresponding date on the cationic mobility and reletive
compbsition are glven In Table 9.

The "all=-or-none" character of complex forustion was
cleariy indlicated by the migration of excess natiﬁe ovalbumin
as a separate component at the boundary marked "6". At con-
stant protein concentration, the amount of uncombined ovel-
bunin (0) diminished with increasing zephiran (I) concentra-
tion. TFinselly all ovalbumin was changed into the complex
(01) form. Mixtures of ovalbumin and zephirah at high I1/0
ratio usually became very turbid on standing, thus meking
electrophoretic hnalysis impossible.

Analysis of the relstive areas was somewhat.camplicated
by the lack of well-defined bounderies on both the descending
end ascending patterns. As the mixing rsotic (I/0) increasad,
the ascending nouwidaries bpesawe tov sharp to resolve and
usually appeosred as an open peak. On the other hond, the
descending boundaries vere freguwenily rether diffuse, indicst-
ing the presence of several poorly resolved components. is a
first eprroximetion, assuning that (1) &ll zephiran vas bound
to the protein in the complex, and (£) the two components of
ovelbumin combined wit! zephiren ldenticslly, end neglecting

the correctinn for refractive~-index increoments, a minimum
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Fig. 5. Electrophoretic analyses of mixtures

of ovalbumin (0) and zephiran (I) in
glycine-NaCl buffer (pH = 3.3, JV2 =
0.10). Protein concentration = 0.40%.
Zephliran concentrations: 1.

2. 0.054% and 3. 0.108%.

0%,



I _ - , o

~59C-
Table 9. Tlectrophoretic analyses of ovalbumin-zephiran mix-
tures at 2°C. in glycine-NaCl buffer.
(pH= 3.3, [/2=0.10)(1
Solution Bound- Mobilities Kelative Area
0 I ary 0 oI 0 01
% % —pﬁ‘xlo5cm3volt‘lsec'1
0.40 D 5.6 100
A 5.8 . ~100 .
0,40 0.0%54 D 5.1 5.8 7.6 63 37
A 8.2 7.3 .77 23
0.40 0.108 D 4.8 7.5 16 84
| A 4.5 7.2 - -
‘ : (1)0=ovalbumin, I = zephiren, 0 =ovalbumin-sephiran.

Table 10. Rlectrophoretic anslyses of bovine albumin-zephiran
mixtures at 29C. in glycine-Na?i buffer
(pH = 3.3, [/2=0,10) (L)

Solution Bound~ Mobilities Rela tive Ares

A I ary A AT A AI

% 4 t/*:xloscmzvoit‘lsec'l % %
D.42 D 7.5 100
:\ 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 1Q0

0.42 0.162 D 9.1 100

A 9.4 100

(1) A= vovine albunin, I= zephiren, AI=bovine albumin-
zephiran. '
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binding ratio (I/P) in the complex wes estimnted to bhe 40~

60 moles zephiran per mole of ovalbumin. Such estimetion
might involve appreciable errors for the following reussons.
(L) The weigzht percentage of the zephiran solution was
determined by nitrogen analysis, ascuming one equivnlent
nitrogen per wole zephiren. The presence of nitrogencous
substance other then zephlrsn would certainly yield & too0
high concentration by weight. The purchased zephirsn solu-
tion wes supposed to contain 12.8% zephirsn, but the nitrogen
determinetion gave a value of L6.9%. Direct determinstion of
dry weilght feiled because of decomposition on wsrming. (2)
The 2lkyl group of zepbirsn is principally a dodecyl carbon
ciisin. It was therefore assumed that one equivalent nitrogen
corresponded to an apirarent moleculsor weight of 340. There
wis no way to determine accurately the wmovnt of zephiran
bound by veight. ‘ven so, the estimated minimum binding ratio
seemed to correspond with tho acidic groups of the protein.
The titrstion curve of ovelbumin indiceted the presence of
about 51 titratable acid groups and the chemical analysis
yielded a total free carboxyl content of about 45 groups per
molecule ovalbuuin (23). 72his, it secemed to agree reasonsbly
vell with the hypothssis that stoichiometric combination
exists betveen the acldic groups of the protein and surface
active cation, similer to that between the basic groups and

surfoce active snions (see, Part III).
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2. Bovine slbuuin-zephiren mixtures

inslogous experiments were conducted for mixtures of
bovine zlbumin and zephiran. In Figure 6 the #bsence of sn
"nll-or-none"” reaction is clearly shown in the electrophor-
etic petterns, where only & single boundary is observed ot
various nixing ratios. 48 the amouvnt of zZephlran incressed,
the mobility of the boundery also increcsed slightly (Teble
10). It wight be inferred that the surfsce active cations
were loosely adsorbed on the protein wolecwles and thereby
both migsroated together in the electric field. 1In the presence
of a large amount of zephirsn the boundariss were completely
blurred, probably due to the fact thet a negative density

gcradlent wos developed in the cell.,
C. Preparstion of Irotein-’ephiran Complexes

1. Ovalbumin-zephiren complex

Both dlalysis and precipitaetion wethods were tried with-
out success. Teroval of excess zephiren in sn ovalbumin-
zephliran mixture by prolonged dialysis ageingt distilled wvoter
was interrupted by the formation of & gel after abouvt two days
Use of glycine-NaCl buffers (pH = 3.3 or £.3) instesd of water
gave the same results. However, the gel appeared wore slowly
at pH (2.3) than at higher pPF (%.3). After centrifuging off
the precipitste, only a smell fraction of the protein was

left in the supernatsnt soluvtion. VFrom 1ts electrophoretic
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Fig. 6. Electrophoretic analyses of mixtures of
bovine albumin (A) and zephiran (I) in
glycine-NaCl buffer (pH =z 3.3, I"'/2 =
0.10). Protein concentration = 0.42%. '
Zephiran concentrations: 1. 0%, 2. 0.054%,

3. 0.108% and 4. 0.162%.



mobllity, the remaining protein wes ldentifiecd as ragenerated
ovalbumin rather than a protein-zephiren complex.

As expected, mixtures of ovalbumin and zephiren vere
insolible in the ¢lycine-liaCl buffer (pll = 10.0) alkaline to
the isvelectric point of the protein where the net charges of
the protein snd zephir:n were opposite to each other., The
precipitate, however, could not be redispersed in acidic
glyeine-ltaCl buffer (pliz 2.3 or 3.3). This might be dve to
the faet that the pll of the buffer was 1oo cluse to the iso-
electric point. No lower pH ( { 2) was tried since it would
be complicated by further denaturation or even decomposition
gf the protein. 4nother possibility was thst drastic denatur-
ation, followed by oarregation misht make the precipitate
insoluble. In view of the gel formation mentioned previously,
structural chenge within the protein molecules should have
taken place to a grent extent. In this lsboratory, flow bire-
fringence study by Mr. G. F. Hanna seemed also to support this
viewpoint, UMixtures of ovalbumin and zephiren gave strong

double refraction, & Tect perhaps indicative of protein dena-

turation,

2. Bovine albumin-zephiran mixture

Mixtures of bovine albimin and zephiran remeined perfectly
clear after prolonged dialysis ageinst dilstilled water. Tlec-

trophoretic patterns spain exhibited only & single boundaery,
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the mobility of which was almost identical with thot of native
albunin. TNecollings that no "alleor-none" reactlon wes observed
for the ixture, 1t 1s postuleted that bovine albumin binds
loosely with zephiran in a stetlstleal process., It is suspect-
ed thot the eation 1s sdsorbed on the surface of the nrotein
moleeuvle without any signifilcant change of the protein struc-
ture. This secems to agree with the resuvlts of flow birefrin-
ganee study. ixture of bovine albumin ond zephiran aid not
exhibit snisotropy of flow, as contrssted with mixture of
ovalbumin and zephilran, 7This seems to indicote that the
adsorption of the cetion did nol disrupt the protein struc-
ture to any sicnificant extent, thus causing dencturation,
Bovine elbuwin was slso preclipitated by zephiran in the
elkaline buffer (pH= 10). The precipitate couvld not be re-
dispersed in acidic bulfers (pH= 2.3 or &.3). Probably, the

protein was denatvred during drastic precipitation.

3. Zein-zephiran mixture

Preparation ol zeln-zephiran complex was also unsuccess-
ful by the following two methods. In the first method, excess
zein was suspended in zephiran so that the latter would be used
up, leaving only the complex in the solution and the excess
zein undisrorseds In tha second meihod, excess zephir:n was
used in an effort to disperse the protein into the solution.

In both cases, a loyer of guw, probobly den:tured zein, wes

found on the wall of the contalner. On dialysis of the super-
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n:tent solution &geinet distilled water or ecidice vufler, a
white precipitete immedistely apypesred, thus making electro-
phoretic anglysls impossible.

Tailure to prepare prolein-zephirsn complexes precludes

the possiblility of study of cunpetitive interaction.
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bart 111. Luantitotive Otudy of Interocetion vetween irctizin

end Surfece isciive rnion

Controversy on the binding process of proteins with sur-
Tace active ions proupted the detelled re-investigation of
the nature of ecomplex foruwsti-n, 1In Part I{I, a quantitetive
study of the interactlion between bovine serum albumin and
sodium dodecylbenzenesuifonate (sDBs) was conducted at 1-3°C.
in an effort to cleril'y some of the confusion. /L1so included
were a few comparable studles of ovalbumin and SDES for the
sake of comparison. Both electrophoretic analysis and equili-

brium~dialysis teehniques were used as cxperimentsl tools,
Ae Spectrophotonetric Analysils

l. Calibration curve

In order to study the mass relsatlon between the protein,
proteln-ID21 complex and free SDPS, it is necessary to anslyze
quentitatively the concentrations of the reosetents. The awount
of protein in sulution can be dastermined by the conventionsl
micro~I jeldahl method, the SDIS by the Parr bomb method on the
basis of its sulphur content. The latter however proves not
only tedisus and time-consuming for routine anslysis, but also
insensitive ot very low concentrstions. This, a speetrophoto-
metric method of ennlysis was developed., In FTigure 7 is shown
the ultraviolet absorption spectrum of acueous SDBE solution

of a selected concentration in phosphgte-NaCl buffer
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Fig. 7. Ultraviolet absorption spectrum of SDBS in
phosphate-NaCl buffer (pH = 7.6, I'/2 = 0.20).
Anion concentration = 1.38 x 10~4M.
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(pH= 7.6, /2 =0.20). A maximum absorption was observed

at a wave length of aasnyﬂ. To test the epplicability of
Beer's law, the opticel densities at max., ol a ssries of
dilute SDBS solutions are plotted against their concentra-
tions in Tigure 8, Within tho ranges studied (up to 1.8 x
10’4M.), a stralght line passing through the origin showed

the law to he obayed. The corresponding molar extinetion
coaffiolent, ¢ , was about 11,300, Dve to the uncertainty ol
he readings at optical density below 0-.1., 5DBS concentrations
lower than 10=9M. could not be read accurately from thils cal-
ibration eurve. On the other haend, a preliminsry study indicat-
ed that the ionlc strength of tlhe solutions did not effect the

readings wlthiln experimental error.

2, Difficulties in analysls and their remedies

Random errors were observed in the second decimal of the
optleal readin:;s. Frequeﬁtly, the densities would vary from
0.01 to 0.02 units, and sometlimes even much higher. This was
not too serious for the high 3DES concentrations, but it would
introduce appreciably large percentage error for the low con-
centrations of SDBE. Thus, at least duplicate semplss were
used for all snalyses.

Use of plastic centrifuge tubes would introduce inter-
fering substances, provebly the plasticizers, thus yielding
erroneous results. Hence, stalnless steel tubes were used

for centrifugstion.



N
2.0

’51 -

rol -

05

o s /0 /5
SOBS concentration , (r)x 10 M )

Fig. 8. Calibration curve of SDBS in phosphate-NaCl buffer
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Rubber stoppere covld not be used in dlrect contsct
with the solvtions. They were covered with tin foll or sub-
stituted with gless stoppers.

The most serious error came from the dialysis bags,.
During eqilibrium dlalysis of 20 ml solution sgoinst an
equel voluzme of buffer, the blank error could be as high as
0.2 to 0.3 in optical density. Indeed, it was so large that
the results were very unrelisble. Two methods were developed
to minimize this error. In the first method, which was used
in this research, the cellophane bags were first dialyzed
egainst a large volume of phosphate buffer Ffor about ten dsys,
fresh buffer being changed every two or three dayvs. .tnother
method was to boil the bags three times for 1% hours and rinse
thoroughly with distilled water after each boiling. liven with
such pretreatment, © hlank error of about 0.05 in optical
density was frequently obtained. Thus, control runs were often
made to minimize such error.

Adsorption of SDBS on the wall of the cellophzne tubing
was of little significance. Hence no correction was made for

such error.
B. Bquilibrium-Dialysils

Among the methods now developed, the equilibriuvm dialysis
technique has been wost satisfuctorily spplied for the separa-

tion of free ions from their protein complexes, thus enabling



the former to be snslyzed quantitatively. 1In the literature
this was frequently done by equilibrating the protein solu-
tion inside the cellophuane bag against the outside ions
studied., Iowever, in the case of SDBY, the amount necessary
for intersction was limited by 1ts low solubility at low
temperature in the presence of phosphate buffer (pH= 7.6,

['/2 =0.20). Consequently a large volume of the dialyzate

at low molar concentration was required to cover the whole
range of interaction. At such low concentration, the reac-
tion rete was so low that an equilibrium could not be resched
even after one month. 4 typlcal example is shown in Figure
9, where the SDBS was taken up by bovine albumin very slowly.
In Figure 10, & few ropresentative electrophoretic patterns
clearly revealed the chenge of relative composition between
albumin and its SDBS complex. Thus, e somewhat modified pro-
cedure was employed here. To portions of albumin solution
in phosphate buffer, various amounte of SNBSS were added; the
mixtures were stored in the cold room (1-3°C.) for at least
two days, snd then dlalyzed against equal volumes of the

same buffer. The amount of free <SDBS was Tinally determined
in the dialyzaste. The Donnen correction was made naegligible
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 renge of SDBS concentration due to the

fact that most of the anion waes already bound to the protein
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Fig. 9. Equillibration of bovine albumin (4.80 x 107°N.) against SDBS (8.10 x
10™°M.) in phosphate-NaGl buffer.
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Fig. 10. Electrophoretic analyses of some bovine
albumin-SDBS mixtures as represented in
Fig. 9. ' S ‘
1. 4 days, 2. 10 days, 3. 20 days and
4, 30 days.
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Teble 1ll. Bquilibriuzr dislysie of bovine albunin-SDES
at 1-3°C. in phosphate-NaCl buffer

v Dlalysis Concentration of
Solution time free SDBS
e _ Day X105m
Albumin 6.56x107“M 1 4,58
4 4.60
SDBS 5.57x10™n 7 4,70
10 4,60

and (2), and equilibrium was reached after one-day diaslysis,
probably due to the initial high SDBS concentration, A repre~

sentative experiment 1s shown in Table 1l.

Ce Binding Curve

The effect of SDBS/albumin mixing retio on the binding
capacity i1s illustrated in Table 12. In TFigure 11, the average
number of moles SDBS bound per mole albumin, r, is plotted
against the conceentration of free SDBS. The initial anion
concentration covered a wide range, varying from 1x10-4M. to
5x10'2M., whereas the albumin concentretion‘ﬁas kept consten?d
at 5.87x10-M. 7The upper limit of the curve was determined in
the following way. Portions of protein solution were mixed
with verious amounts of SDBS concentration until precipitate
of excess free SDBS occurred in the cold room (1-39C.). The

supernatant solution was equilibrated ageinst and equsal volume
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of phosphate~NaCl buffer. The free SDBS concentration in the
dialyzate was teken as the limit of the curve. Hence, the
emount of free SDBS preossnt In the originel solution would ove
expected to be much higher that that indicated in the curve.

In order to determine the nature of the binding process,
electrophoretic analyses were also csrried out for the various
ecuilibrivie~dialyzed protein-SDBS solutions as shown in the
binding curve, Some of the.representativa eleotrophoretio
patterns are glven in Flgure ld., The corresponding date cover-
ing the whole range of the binding curve are listed in Table
léfﬁ Inspection of the patterns elearly revealed that the bind-
ing process followed thrae different stages, which were arhi-
trarily labelled as regions A, B and C and separated by the
two indicated errows in Figure 1ll. In region A, only a single
bouundary marked"AI& was observed, the mobility of which was
close to that of natlve albumin. 1%, therefore, might be
suggested thet only a few moles of GDBS have veen bound statis-
tically tb the protein wmolecule. In reglion B, a faster albu-
ain-SHES complex imlgrated as a separate component at the
boundary warked "AIn" in eddition to the AL, boundary. This
seoond complex was presumed bto contaln aore anions than AIm
complex as 1t had a higher anodle mbbility, reprasenting an
increcse in the net negative chargs. At constant protein

concentration, the amount of "AI " diminished, with inoreasing

GDBS concentration, whereas that of "AI," increased, as was
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Table 12, Combinrtion of bovine albumin with sodium dodecyl
benzene sulfonate at 1=-39C. in phosphate-NaCl buffer
(pH = 7.6, ['/2 = 0.20)
Protein concentration = 5,87 x 10-5u

ke . Concn. Av, moles
Total ‘ Concen. of snion bound
concen. of of bound per
anlon free anion anion mole protein
X 10°M x 10%m x 105 T
16.7 0.18 1G.3 2.78
20.9 - - hadii o -
3043 0.44 29.4 5,01
4.8 0.97 39,9 6.80
H5.8 De00 49.9 8.51
83.6 5.23 7561 12.5
104.4 7.90 82,6 15,1
125.4 10.5 104 17.8
209 17.1 175 29.9
293 20.1 241 41,2
418 3446 349 59.5
502 45,3 , 411 70.1
649 58.0 533 Y140
735 68,3 598 102
882 BT .7 , 715 122
1044 95.5 853 145
207 108.5 1006 171
1457 187 .4 18202 204
1871 158.5 1554 264

2050 176.0 1690 289
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Fig. 12. Electrophoretlc analyses of some bovine
albunin~SDBS mlxtures in phosphate-NaCl
buffer. Figures between patterns re-
present experiment numbers in Table 13.
Time of electrophoresis, 150 min. at 4=~
45 volts em~Ll, except No. 15, 140 min.,
and No. 20, 120 nmin. :
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Table 13. Electrophoretic analyses of some bovine albumin-SDBS mixtures at

20C in phosphate-NaCl buffer (pH = 7.6, '/2 = 0.20).
Protein concentration = 5.87 x 10-°M.

Expt. Av. moles anion Bound- Mobilities(1) Relative Area(2)
bound per mole ary
No. protein A Aly, Al, AIgy A Ay AI, Alpeg
r :/(xloscmavolt’lsec‘l % ;4 % 4
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 ) ) 7.2 100
A 7.2
5 8.51 D 7.2 100
A 7.5

(1) 4 z bovine albumin, AIp = bovine albumin-SDBS (first statistical

(2)

complex), Al = bovine albumin-SDBS ("all-or-none" complex),
AIpix = bovine albumin-SDBS (second statistical complex).

Based on the descending patterns.

_08-



Table 13. (Continued)

Expt. Av. moles anion Bound- Mobilitles Relative Area
bound per mole ary
No. protein A Alnp Alpn Alpgx, A AIp AIp  Alpgs
r 7l(x1050m2v01t‘18ec'1 g % % %
6 12.5 D 7.2 100
A 7.3 8.67
7 15.1 D 7.3 9.3 87.9 12.1
A 7.5 9.0 :
'CB
8 17.8 D 7.2 9.2 71.6 28.4 i
A 7.5 9.2
9 . 29.9 D 7.1 9.0 44,7 55.3
A 7.8 8.9 9.7
10 41 .2 D 7.8 9.9 15.8 84.2
A 8.2 10.1
11 59.5 D 9.4 100
A 10.2
12 70.1 D 11.2 | 100
A 10.9
13 91.0 D 11.4 100
A 11.8



Table 13.

(Cont inued)

Expt. Av. moles anion Bound-

Mobilities

Relative Area

bound per mole ary
r -/(4x105cmzvo 1t~1lgee-1 % % % %

14 102 D 11.7 100
A 11.7

15 122 D 12.5 100
A 12.5

16 145 D 12.3 100
A 12.5

17 171 D 12.7 100
A 12.5

18 204 D 12.6 100
A 13.5

19 264 D 13.1 100
A 13.6

20 289 D 13.3 100
A 14.1

- 88—
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seen in the electrophoretic pstterns numbered 6 to 9. From
these facts 1t might be inferred that the reaction in this
region was of the "sll-or-none" charscter., In region C,
agelin, there sppeared only a single boundsry, the composition
of which varied with the SDBS/albumin mixing ratio, as evi-
denced by the increasing mobilities. Thus, it indicated the

exlstence of a statistical distribution,
l. Region A

To test the applicability of the stetisticel theory in
region A, the values 1/r were plotted against 1/(I) in Figure
13, Afccording to the equations:

Hi-
IH
=3

!
n Tt

el

this would represent a straight line, as indeed illustrated in
Figure 13. The rociprocal of the intercept on the axis l/r
gave a value of about 10, which represented & maximum number
of sites, n, 1in region A. Thus the reactions in region A

might be postulated as

Ay I 2 AIl
AIl+ Ia A12

Mgt I RAL

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

some errors, dus to the fact that at very low free SDES



concentration, the apectrophotometric snalysis wreeched its
limit of accuracy.

It 1s interssting to note that a similar conclusion was
obtained by Duggan snd Luek (21) from their viscosity measure-
ments of mixtures of bovine albuwin ond soditm dodecyl sul-
rhate (©°D3). about eight or nine molec:iles of D3 combined
with one molecule =f bovine albumin to form & stable complox
which prevented the normal viscoslty risze of aldbumin in 6 ¥
urea. Farther addition of SDBS resvlted in a ropld increcce
in viscosity. Therafore, 1t misht be suggested thet in recion
A vhere statlstical pinding was predominant no densturation
has taken pleoce.

Assunning that a astatistical ocombination existed in region
A, the intrinsic equllibrium constant ¥ could be estinated
from the slope in TFigure 13, which is equal to 1/%n. For
n = 10, Fn wes in the order of 2.2 x 108. Accordingly, the
equilibdrium association constant Ey of the equation: |

K
A+I &= Al
is equal to nk (41l), thus glving a value of 2.2 x 1095,

It should be cautioned that the estimated velies might
involve appreciable errors for the follow ing reasons., TFirst,
at very low ODRS concentrations, the percentage experimasntal

arror became alarmingly large owing to tho limlt of speetro-

photometric anelysls. GSeocondly, the blank error from the
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Fig. 13. The extent of binding of SDBS by bovine albumin in region A

of the binding curve (see Fig. 11).
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diaslysis bags was quite uncontrollsble, often varying from
bag to bag. This became a serious matter at low SDBS concen-
trations. As would be seen frém Tigure 13, a slight varia-
tion in the amount of free SDBS would not change the 1l/r very
much but the 1/(I) would shift eppreciably. Indeed, in some
runs, the optieal dens;ty of the dialyzate was even lower
than that of the blank. An over-correction of blenk error
would decrease the slope appreciably and consequently increase
the equilibrium constant XK.

The last point in region A deviated from the lineer func-
tion (Figure 13). It could not be explained on the basis of
electrostatic repulsion, since it deviated below the straight
lins. Tlectrophoretically, this point still exhibited only
a single boundary. AY first it was thought thet 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 qulck estimation of the supposed second complex would
glve a new boundary of about 6 or 7 % of the relative area.
Thus it seemed unlikely this was tiie explanation., It is also
interesting to note thaet 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 statistiocal
combination, This question needs further investigation. More

experimental data have to be collected.



2. Region B

Analysis of the relative sreas under the well-defined
boundaries indicated that the composition of the complexes
AIm and AIn was nearly constant and that the distribution be-
tween the components depended on the mixing retio (Table 14).
Assuming the first complex Al retalned ten SDBS molecules
bound per molecule bovine albumin and also, as e first approx-
imatlion, negleeting the slight difference in refrsctive in-
_qrement between the protein end SDBS, the average number of
ﬁihding sites for the AI  complex was estimoted to be about
forty-eight to fifty.

Table 14, ¥inimum binding ratio of the sescond bovine aldbumin-
SDBS complex from electrophoretic measurements

Av, moles anion Moles anion
bound per mole Relative area bound per
proteinil) AT, AT, mole
' proteln
T % % n
15.1 87.9 1z2.1 63
17.8 71.6 28.4 -4l
29.9 44,7 55.7 46
41.2 15.8 84.2 50
Average 50

(1)The figures referred to those in the binding curve
(Figure 1ll).
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srrors involved in such estimotion might be briefly
stated os follows: (1) & positive error in the value T
would result in a higher number of n, and & negetive error
a lower number of n. (2) The refractive increment,An/ Ac,
of the snion (C,001€l at) = 5780 8) was slightly smeller
than that of the protein (0.00185 st \= 5780%). Hence the
agsumption mede above would give a higher value of n then
it should have been. (3) The error due to the boundary
anomaly was minimized by Qsing the descendlng pstterns,
(4) Theoretically, the faster boundary would tend to appesr
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 a smell AL, boundary, where a
slight error in measurement of area would chenge the value of
n appreciably. Thus, in Table 14, the first two vslues were
much less reliable than the other two. (6) The assumption
‘thtt m wes equal to ten in the first complex AIm would intro-
duce some error. This again was more serious in the case
whors only a small second complex AT occurred. (7) The heter-
ogeneity of the anions (see, section D) would affeet the bind-
ing retio (I/A) by weight. If the higher homologues bind more
strongly with the protein, the caslculated value of n would be

gomewhet smaller than it éppeared here. (8} The protein might

not be homogenesus. Indeed, some small humps were observed
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in the electrophoretic patterns. At present this complicstion
was too involved to consider. For practicel purpose, 8 value
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 AIlO mole-
cule by additional SDBS molecules would force the polypeptide
chain to unfold, Their combination might be strengthened by
a staebilization energy due to van der Yaals interasction, 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 postulsted as:

*
A Ilo-f I — A I11 slow
* *
A Ill+ I — A 112 fast

o o o000 000

A¥* * t
A I4g.+ I = A 150 fas

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 seetion F, a kinetic study of

denaturation is to be described.

3. Regilon C

In Figure 14 is plotted the values 1l/r* against 1/I, where

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



per mole of protein. Evidently the simple statistical theory
could not be applied in this region. The negative extra-
polated intercept on the axis 1/r*, as indicated by the dotted
line, is certainly meaningless. On the other hand, the curva-
ture fits quelitatively with the hypothesis that the electro-
static interaction between bound SDBS molecules became pre-~
dominant and thereby leés ions were bound than should have been,
dve to Coulomb repulsion., The reciprocal of the intercept on
the 1/r* exis gave as the maximum number of sites, n, more
then 500, Although this velue is not reliable, it neverthe-
less indicates that the protein molecule could bind appreciable
aniount of SDBS in excess of its basic groups. Thus, in region
C, van der “Waals forces and other factors would become more
importent than in region A and B.

In Figure 15 is plotted the velues r/(I) against r, covering
the whole range of the binding curve. According to Scatchard's

equation for statisticel combination,

-(%-=nK - rK

The intercept on the r axis for region A again gave a value of
ten as obtained in TFigure 13. It is Interesting to note that
there appeared another straight line in between region A and
B and 81l of region ¢, 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 virtuvally a linear



~91-

o./0

1/r*

0us

Reciprocal of free SDBS concentration, %1;"/0-3/&//

Fig. 14. The extent of binding of SDBS by bovine
albumin in regilon C of the. binding
curve (see Fig. 1ll).
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function of the free GDES concentration. It 1s not yet known
whether this has certein significant explanation,

Questions wight be ruired with regard to the walidity of
the binding curve for the following reasons., First, the bind-
ing curve was plotted agelnst the total concentration of free
SDBS. This is probebly not justifieble in regions B snd C
where micelles are expected to appear. Thus, 1if it were
possible to plot a:c » funotion of concentration of single lons
the curve might be shifted to the left and the value of
would increase much more sharply than it appesred here. Sec-
ondly, the non-homogenelty of the anions (see next section)
would also favor the leftward shift, The lower homologues of
the enions werc expected to have less affinity for the protein
than the higher ones, thus leaving more free anions in the
solutions. This would hecome more significant at higher SDBS
concentrations. Consequently, 1t would reduce the sharpness
of the rising curve. In region B where the "gll-~or-none"
reaction was postulated to be irreversible, the curve was
expected to rise vertically in & manner similar to an ideal
titration eurve. yuite possibly the presence of inhomogeneous
anions caused such devistion from the theoretical deduction.

Despite these objections, 1t seems safe to postulate
that the binding process between albumin and SDEE 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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described above.

D. Solubility of Sodium Dodecylbenzenesulfonate (SDBS) end

its Neterogenelty

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. Spectrophotometric analysis of the dialyzate gave a
saturated concentration of 7.5 x 107*M., Direct determination
of the supernatant solution was avoided for the reason that
rise in temperasture during centrifugation would incresse the
solubility of some SDBS. This was evidenced from the turbid
appearance of the supernatant solution on standing.

Quantitative study of 1nteract16n between proteins and
SDBRS was complicated by the non-~-homogeneity of the latter.

In this research, no attempt was masde to separate the homolog-
ous alkyl compounds. Consequently, some inconsistent results
were obtainsed. This was well illustrated from the binding
curve and the solubility data. In Tigure 11, the amount of
free anions present could be wall above 7.5 x 10'4M and yet
not precipitate was found in the dielyzate. 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 Iz ft in the solution in greater



proportion and the solubility of the anions was thereby in-
creased on the molar basis. In thils research it was assumed
that the molar extinetion coefficients were the ssme for the

homologues, This is expected to be not too far from the fact.
Be Concentration Dependence of Binding.

In Figure 16 are plotted two binding curves: (1) the
dotted line reproduces part of Figure 11 at constant protein
coneentration of 5.87 x 10~9M and (2) the solid line represents
the binding ratios at constant protein concentration of 3.83 x
10~%u, Comparison of the two curves cleerly revealed the con-
centration dependence of the binding affinity. At the same free
SDBEE concentration the value of r was greater at lowsr protein
concentration than &t higher protein concentration. When the
proteln solution becomes more concentrated it is not unlikely
that the extent of binding might be somewhet affected by change
in propérties of~tha medium. 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 vglue 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 dlscreprncy would become larger at higher
concentration of free SDBS where the deviation duwe to the inhomo-
geneity of the anions would be much mors signigloant, as indeed

illustrated in the two curves in Figure 16,
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F, Kinetiec Study of Interaction

As montioned earlier, the rate of intersction between
proteins and SDE3 was slow when they were separated by cello-
phane bags.and dislyzed sgainst each other. It was therefore
desirable to conduct a kinetic study of interaction, the results
of which might reveal the mode of denaturation which has been
postulated for region B. During equilibrium dialysis it was
impossible to keep constent the total smount of SDBS inside
the bags, thus complicszting 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. Adventage
was thus taken of tho low solubility of ¢DBS in buffer solu-
tion at low temperature. Portions of bovine albumin (0.4%)
were dislyzed sgalnst an equal voluime of SDBS suspension
(0.2%) at 1-3°0., Llectrophoretic anealyses were made at defi-
nite intervels (Table 15). Since it took some tiwe for SDBS
ions to reach an initial equilibrium through diffusion and
also for the formation of statistical complex AI,,, the amount
of albumin as AIloaftar one day dlalysls was taken as the
initial concentration., In Figure 17, was plotted the percent-

age of unchanged albuvmin as AT ageinst the time. A straight

10
line indicated & first order of resction with respect to the
elbumin at constant activity of SDBS. Aeccording to the

equations
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k
AL, o+ BI—ALy L9,

—at - = k(aLy) (D)% = k(A1)

10

the reaction constant k was expected to be very large, since
the concentration of SDBS was in order of 10™4m,

It should also be pointed out thet the concentrastion 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 statisticsl combinetion when enough SDBS was
present to form more than the Algg complex,

Another experiment wses ocarried out at lower SDBS concen-
tration, where a large volume of dialyzate was used so that
the activity of SDRS 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, thls strange phenomenon was difficult to explain.
However, since the single lons were in equilibrium with their

micelles, that is,

X
mnl & Im

1 1
Iy= (K)7 « (DT



Table

«0Qw

15, Kinetice study of bovine albumin-SDBS complex form-

ation at constent snion concentration st 1-3°C,
from electrophoretic measurements

Conen., Time Relstive Areall)  caled. compn(®)  a/ag
of anions Ay AL, AL, ALy as Alp
X10°4 days % % % % %

1l 86.0 14,0 88.0 12.0 100
4 55.6 44 .4 59.8 40.2 68.2
7 39.5 605 43.8 56.2 50.2
75.3
10 23.7 7643 27.1 72.9 30.7
14 17.9 82.1 21.0 79.0 23.9
21 2.0 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 TSel 26.9 765 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 23.7
20(8) o 100 0 100 0

(1)Based on the descending patterns.

(2) Assuming M = 10 and n = 50.

(3)Appreciable amount of the protein precipiteted.
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e several-fold variation in SDBS concentration would hardly
affect the amount of free single lons owling to the large
velue of m. Therefore, in the foregoing results, the order
of reaction, n, with respect to free SDBS could not be deter-
mined.

In the second experiment the electrophoretic pattern
still exhibited only a single boundary after two-days diagl-
ysis., Since the SDBE concentrstion was much lower than that
in the first experiment, it would take & 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/A, was taken as 100% at two-days dialysis. It was
not known exactly whether the second reaction begon 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 rether small as could be shown in Figure 17,

After prolonged dialysis the protein solution inside the
cellophane bag begen to turn turbid, probadbly 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., Thus, the ratio A/Ao could no longer be
determined at this point.

The dialyzate became slightly turbid on standing at 1-3°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 emount of sodium chloride in the phosphate-
NaCl buffer to give an ionic strength of 0.18 and 0.282 instesad
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/Ao) against time was slightly curved.
Thus a definite coneclusion ¢annot be glven at the pressat
moment.

Mixtures of bovine albumin and SDBS were also studied
kineticelly in region A. The solution containing 5.87 x 10-5M
protein eand 37.5 x 10-5 ¥ anions was stored in the cold room.
Tortions were taken at 1, 4, 7 and 10 days and equilibrium-
-dlalyzed against the phosphate buffer. Virtuslly no change
in the optical density of the dialyzate was observed. To be
sure, some errors might have been introduced as the anelytic
method reachad the limit of aceuracy. However, it is interest-
ing to note that the initiasl concentration of the free anions
was in the range of region Bs In a short time, most of them
were bound statistically to the proteln, thus lsaving the
free anions in region A. Therefore, it might be postulated

that the statistiocal equilibxium is a Tast reaction.
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G. Reversibility of Binding Process

In order to justify the correlation between the binding
affinity and denaturation of the albumin it was necessary to
ascertain whether the binding process was & 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 1ll) into
an equal volume of fresh buffer and determining the new equi-~
librivm valuves of r end I. The results obtained are shown by
curve II in Figure 1l1l. The corresponding points between the
two curves are connected with broken lines. This second
curve involved a further removal of anion from the albumin-
SDBS complex. It clearly indicated that the binding process
was not completely revercible otherwise the two curves would
be sxpected 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 appreciaeble errors might
be introduced at sueh low concentration of the enions. Since
" the value r was very small in region A, slight devistion from
the curve might not be detected. The discrepancy due to the
heterogeneity of the anlions however was not serious in this
region for the fact fhat the emount of total free SDBS was

very low ltself.
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In regions B and C, deviation from reversibility became
significant as revealed from the two binding curves, I and
IT. If the reaction was completely irreversible, the velue
r was expected to be unchanged during further dialysis. The
binding curve I should also be neerly vertical and independent
of the free anion., This was certainly not true as evidenced
from the results obtained. Indeed, the amount of free snion
in the second equilibrium-dialysis was more than one half of
that in the first une, indicating that some, though wery little,
of the bound anion was token away Irom the complex. From these
findings, it might be Inferred that the interaction was some-
what reversible, but muech in favor of the associstion 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 equilibrium than the second one. This was also in
agreement wlth the experimental resulis where difference be-
tween the two curves was more significant at higher SDBS con-
centrations.,

To further test the irreversibility of the biading process,
portions of a mixture of aelbumin and SDBS in region C were
equilibrated for one week against different voluvmes of phos=-

phate buffer, varying from 20 ml. to 10 l. The results are
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plotted as curve III in Tigure 1ll. %¥vidently not all SDES
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-~IDBS complex could be
prepared through prolonged dialysis. Electrophoretic enaly-
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 thaﬁiaoeounted for by the basic groups
of the protein was termed as extra, loosely bound, anions.
This seecmed &also true in curve III.

Complete reversel of the binding process was also
attempted by other methods. Use of snion exchange resin in
the dialyzate did not improve the removsl of bound anionse.
Addition of an excess of barium chloride to the miXture of
albumin precipiteted 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 anlions as a complex as shown by the electrophoretic
patterns. Another method involving extraction with 60% ace-
tone might remove the bound anions., It would, however, not
be possible to distinguish whether the regenerated protein
had been denstureted by the acetone or by the anion. Ewven
though the bound anions could be removed by using barium

salts or 60% acetone, the question whether the disruption
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of the protein structure initiated by combinstion with sur-
foce active ions is fully 1eversible is entirely enother
matter. As has been postulated, region 4 of the binding

curve involved no protein denaturation, end region B an
"all-or~none* reection, 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 € in a statistical
wanner. Indeed, Lundgren aund coworkers (88) confirred from
the electrophioretic enalysis thet hest-denatured ovalbumin
combired statistically with 3D=S in all proportions. The
loosely~folded regeneruted protein molecule.would also be
expected to be penetrated by the anious wore easlly than the
native protein molecule. Thus, the binding curve in Flgure 1l
might be shifted upward. In other words, at the same free
8DBE concentration the averoge number of anions bound per wole
protein, r, would be higher for the regenerated protein than

for the native protein.
H. Binding Capacity of Ovalbumin with SDBS

Yor the sske of comparison of hinding affinity between
protein and surface aotive lons, the binding affinity of SDBS
by ovalbumin is listed in Table 16 and plotted in Figure 18,

gimilar to that of bovine serum albumin and SDBS. Comparabdble
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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,
/2 = 0.20) Protein concentration=19,25 x 10-SM,

Total Condn. Conen. Average moles
concn. of freo of bound anion bound
of anion anion anion per_ uwole protein
10°%u 109 109y T
10.55% 1.38 7.7 0.83
20,9% 2.25 16.4 1.77
41.8% €675 28,3 3.06
83.6 10.8 62.0 .70
125;4 14.4 96,6 10.4

167 17.8 132 14.%

209 20.8 187 18.1

251 25.8 | 199 21.6

334 3246 269 29.1

418 39.0 340 36.8

627 57.5. 812 58.3

836 7545 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
equilibriun-dialysis.
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results were again obtained; that 1s, the number of SDBS moles
per mole of ovalbumin, r, at first increased slowly and then
rapidly bent upwerd, as the smount of free ions increased.
However, some striking faots were revealed in the eleoctropho=-

retic analysis (Figure 19 and Table 17),

1. Regilon A

There was virtually no region A present where statistical
reaction was supposed to be predominant. Iven at r less than
two, the "all~-or~none" reaction appeasred and thereby began the
region B. At very low SDBS concentrations, the ocalculated
value r was further complicated by the precipitation of oval-
bumin during equilibration, This again indicated that small
amounts of SDBS could not stabllize the denatured ovalbumin
(probably due to surface deneturation). In other words, the
nunber 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 more easily denatured
thean bovine serum albumin, the region B was expected to occur

much sooney in this case.

2+ Region B

In Figure 19 the "all-or-none" charascter of complex form-

ation was electrophoretically indicsted by the migrstion of
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Table 17%.

Electrophoretic analyses of some ovalbumin-SDBS mixtures at 2°C in
phosphate-NaCl buffer (pH = 7.6, [V/2

2-8.20).

Protein concentration = 9.25 x 10 . »

Expt. Av. moles anion Bound- Mobilities(1) Relative Areal2)
bound per mole ary j
No. protein o oI, OIn4x 0 oI, OInex ;
r -/«xloscmzvo 1t-lgec-1 A % g - |
0 - D 6.6 100
A 6.4
1 0.83 D 6.8 100 !
A 6.9 b
' ]
2 1.77 D 6.5 8.1 94.0 6.0
A 6.5 8.1
3 3.06 D 6.6 9.7 90.0 10.0
A 6.6 9.9
4 6.70 D 6.8 7.8 9.9 10.4 82.2 17.8
A 6.8 9.9
5 10.4 D 6.9 10.5 67.1 32 .9
A 6.9 10.1

(1)
Oln¢x =
(2)

Based on the descending patterns.

0 = ovalbumin, 0I; = ovalbumin-SDBS ("all-or-none" complex),
ovalbumin-SDBS (statistical complex).



Table 17. (Continued)

Expt. Av. moles anlon Bound- Mobllitles Relative Area
bound per mole ary
No. protein 0 oI, OInt+x o oI, 0I,;x
r :/qx105cm2volt'1sec‘l % % %
6 14.3 D 6.3 7.5 10.1 59.3 40.7
A 6.4 g.8
7 18.1 D 6.3 7.4 10.5 52.6 47 .4
A 6.6 10.3
8 21.6 D 7.0 8.1 10.8 43.5 56 .5
A 7.1 10.6
9 29.1 D 6.7 7.6 10.7 28.8 71.2
A 7.2 10.5
10 36 .8 D 6.5 10.6 17.3 82.7
A 7.2 10.5
11 55 .3 D 11.3 100
A 11.5
12 74 .3 D 12.2 100
' A 12.2

-BGTT~




Table 17. (Continued)

Expt. Av. moles anlon Bound- Mobillities Relative Area
bound per mole ary
No. protein 0 oI, OInex o oI, OIn+x
r - /l(xloscmzvo 1t=lsec-1 £ 4 %
13 91.3 D 12.5 100
A 12.6
14 111 D 12.7 100
A 12.8
15 137 D 12.9 100
A 13.3
16 197 D 13.0 100
A 14.0

~qgT1-
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excess notive ovelbumin as ¢ separate component at the boundary
marked "O"., 1In Table 18, anaolysis of the relative area under
the stable boundaries were made on the following essumptions:
(1) no shB3 ilons were hound to the excess ovalbumin and (2),
the elight difference in refractive inorcment of ovalbumin snd
SDBS was neglected. Within experimentel errors the components
wes @ linear function of the amount of SDBS bound. It is in-
teresting to note that an aversge vaslue, T, 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 liwits of sccuracy in elesctro-
phoretic snelysis, such an agreement seems very striking. It
elso indicates the importance of the role which the electro-
static forces play in the mechanism of interaetion. If this

1s true questions might be raised with regard to bovinexserum
albumin, where the value of r in region B corresponded to

only about one half of the basie groups in the protein. The
difference in behavior beiween 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 1s 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 messiurements

Av. moles lMoles anion
anion bound Relative Area bound
per mole 0 01, per mole
protein* protein
r % % n
0.83 - - - - - -
1.77 94.0 6.0 57.1
3.06 90.0 10.0 39 .4
6.70 82.2 17.8 47.0
10.4 | 67.1 32.9 38.4
14,3 59.3 40,7 42.3
18.1 52.6 47 .4 45,3
21.6 43,5 56.5 44,2
29.1 28.8 71.2 45,3
36.8 17.3 82.7 47.5
Average 43

Baslc group 40-41
of ovalbumin

*Phe figures referred to those in the binding curve
(Figure 18),
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S« Region C

In region C, stetistical reaction was predominent again,
ae evidenced from the slectrophoretic patterns. Here, the
numbar of SDBS molecules bound was fer in excess of the basic
broups of the ovelbumin. Thus, van der Wasals forces and other
factors must be important.

In Figure 20 are plotted the velue :/(I) against r. The
first three points were quite scattered, probably dve to the
complication of precipitation during equilibrium dialysis.

In region B the curve inocressed slightly with inorease in the
valve r, as contrasted with that for bovine albumin. In
region C the value r/(I) was agein virtually independent of
r as has been found for bovine albumin.

Comparable resul ts were also obtsined with regard to
the reversibility of the binding process similar to that for
mixtures of hovine elbumin and SDRS., This is shown.by another
two curves in FTlgure 18. In curve II the mixture of oval-
bumin and SDRS was dialyzed ageinst varying portions of the
buffer (R0 ml. to 10 l.). It is evident that the binding
process wés not completely reversible. Arguments similar to
thet for bovine albumin-SDBS complexes could also be applied

hers.
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Part IV. ©Some Flow Birefringence 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
desceribed in Part IV, in an effort to correlste the nature

of complex formation with the protein denaturetion by the ions.

A. Bovine Albumin - Sodium Dodecylbenzenesulfonste (SDBS)

Complex

A protein-SDBS solution of desired concentration was
prepared by the precipitation method as has been described
in Part I, i.e. precipitetion in acetate buffer (pH= 4.5),
followed by redispersion in glyeine-NaCl buffer (pH= 10.0).
The mixture was clarified throuvgh fine sintered-glass filter
under pressure. A 1lOml, portion of the filtrate was then
mixed with 53.3gm. 95% glycerol. The final concentration o€
the albumin was about 0.6%. The viscosity of the solvent
wes essumed to be the same as that of 80% glycerol, i.e. 45.9
centipose at 25°C.

In Figure 21 are plotted the calculeted leungths 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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almost 1dentical conditions, In run 1, the length varied
from 540A at G?’T = .J.oz to 5104 at 12.14. On the other hand,
in Run 2, it was 490A at 3.02 and only SSOA at 9.06, The
solution foamed badly at higher speed. A third solution

(Run 3) was then prepared. 32Zven after filtration, the solu-
tion was very turbid, as observed under direct flash light.
Consequently, the calculated lengths were much longer, vary-
ing r;om 7803 at 3.02 to 6503 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 took about two days to dissolve the
precipitate, but to meke a 3% solution, ten or more days.
During such a long period, aggregation or other structural
chsnges 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 le ss polydispersity than in the
other two. Therefore, the valve of 5402 was probably most
rellable, This was also in good agreement with the results
obtained from heat or urea densturation.

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-ave rage molecular weight of about 119,000 was obtain-

ed on the basis of protein only. Thus, it seems that no
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serious aggregetion has teken place in Run 1,

Contrary to the acid-precipitated albumin-SDBS complex,
agueous solution of albumin and SDBS at stoichiometric mixing
ratio gave no double refraction ( A ) at 2ll, Zven in twice
concentrated solution (about 1% protein in glycerol), the &
valiuse was too weak to be relisble. Another experiment was
conducted under the same conditions as that used for the pre-
paraetion of acid-precipitated complex, except the omission of
precipitation. Use of glyoine-NaCl buffer (pH = 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 (I/P) studied, the protein molecules were not
unfolded to a great extent, execept under drastic condition
such as acid precipitetion. It was, however, not known whether
the unfolding oceurred during precipitation or the low pH(= 4.5)
acidic to the isoelectric point was responsible for suech struc-
tural change. It was also possiblé that the surface active

anion in the acid medium caused such changes,
Be Ovalbumin-SDBS Complex

Analogous experiments were conducted for the scid-precip-
itated ovalbumin-SDBS ceomplex. The filtrete through sintered
glass was still tooturbid to give reliable results, This in-
dicated that denaturation, followed by aggregation had taken

place to a great extent. Further filtratlion through a filter
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pad with the aid of celite, however, caused too much loss of
the protein, thus making it impossible to meke flow bire-

fringence studies. Results must await further investigation
so that an optimum condition can be found where the complicé-

tion of aggregation might be prevented.
Ce Zeln-SDBS Complex

The solution of zein-3DBS complex was conveniently pre-
pared by shaking excess zein with 1% SDES in the cold room
(1-3°C.). A 1% solution in 80% glyeerol was used for the
flow birefringence study, as shown in Figure 22, Run 1. It
gave strong double refraction and a length of 9502 at 1.82
to 9403 at 9.08, This was in good agreement with the results
obtained from other surifece 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 caslculated length was much longer, varying from 16108 at
180 RFM to 1400% at 900 RFMM. Here again, the result was
complicated by the state of aggresation. For the sake of
comparison, a solution of zecin in propylens glycol wes pre=-
pared (Run 3). It gave length of about 400%, which was in
good agreement with the literature value (24).

A comparison of the above resulis revealed scme interest-

ing facts, First, stoichiomeiric mixtures of either bovine
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albumin or ovalbumin and surface sctive ions did not exhibit
anisotropy of flow unless they were exposed to drastie treat-
ment such as precipitation., On the other hand, zein-surface
active ion complex gave strong double refraction. A clue to
the mode of deﬁaturation might be revealed by the fact that
the amount of ions bound to zein was in excess of stoichio-~
metic combination (ebout three times the besic groups of the
protein). Owing to its insolubilization in water, zein could
be dispersed oniy when it bound with e large amount of ions
and thereby the complex was polar enough to dissolve., It
might be inferred that the penetration of the protein mole-
culs by the excess bound lons would foree 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 subjécted to physicel or chemical
denaturants, Theoretically bovine serum albumin would have a
length of over 20003 and-ovalbumin about 1400 2, when com-
pletely stretched., All results now available were however in
the range of 500 to 6002. It 1s also interesting to note that
ovalbumin was more easily denatpred than serum albumin, a fact
perhaps in agreecment with the competitive study‘as deserived
in Part I.
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V. GIENTRAL DISCUSSION

Controversy on the binding process of proteins with
surface active snions is at least pertly clarified in this
resoarch., Three stages of binding between bovine elbumin and
sodium dodecylbenzenesulfonate EDBS) have been deseribed in
Part III of the experimental results. Neither of the so-
called "all-or-none” and statistical rsactions 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 (I/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 1/r against
1/(I) closely resembles Karush's experimental data. At the
end of this region the curve deviates from its linearity as
predicated by the statisticel theory, duve to the fact that
the second stage of binding stsrts. It seems rationsl to
explain this on the basis of structural adaptation of the
protein molecule rather than on the hypothesis of hetero-
genelty as advocated by Karush. To be sure, the binding sites
on the protein molecule are by no means all equivelent. 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 logical thet owing to their
strong binding affinity for the proteins the SDBS 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 comes from the
electrophoretic enaelysis where in region B two boundaries
appear lnstead of one statistical boundery. 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 funetion would fit our data covering all
three regions. Unfortunately his solutions were not subject—
ed to eleetrophoretic anslysis. 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 1l1).

In rezions B and C our results are in gocd agreement
Qith 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 1ll), as evidenced
from the elecetrophoretic analyses., Stoichiometric complex
Tformation corresponding to the total number of the basiec
groups of the proteln.was observed for the mixture of oval-
bumin and SDBS, as has been reported by Lundgren. According
to Putnam, horse serum albumin binds with sodlium dodecylsul-
phate to form two complexes, the so-called ADn and ADan’ in

which the number of the anions bound corresponds respectively
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to one half and to the total nunmber of the basic groups of the
protein. Our work on bovine albumin and SDRS did not conform
with such a stoichiometric relation. Instead only about fifty
moles of SDRS were bound per mole of the protein, correspond-
ing to about one holf of the scid-binding cepacity. Lundgren
and Putnam's data were calculated on the assumption that all
enions were bound to the protein. Since there also exist some
free anions, their results might involve some, though very
snall, errors,

Objection was ralsed by Karush in thet the "all-or-none"
- reaction might be attributed 1o the formation of anioniec mi-
celles and, in many cases,denaturation. The first point seems
not very convineing. It seems unlikely that the micelle for-
matlon will change the nature of binding. Rather, it is the
rate of reaetion that will be affacted by the presence of
tiloelles., 8ince the micelles are in equilibrium with single
ions, it 1s simply a umatter of affinity between protein and
simple ions and ions themselves. (uilte conceivably, the
equilibrium of the anions would be shifted in favor of single
ions, provided the latter hesve greatsr affinity for the pro-
tein. TFurther evidence comes from the kinetic study as
described in Part III. On equilibreting the protein solu-~
tion against cunstant SDBS concentration (2.08 x 10'4M.), tte
reaction was first stetistical in nature, then followed by an

"all-or-none" reaction. At such low concentretion, presumably
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below coritical miocelle concentretion, still e Gaussian distri-
bution could not be applied.

The second point resised by Karush is protein denatura-
tion. This 1s just the hypothesis we tried to prove in this
research. The nature of the binding process is a funetion of
the relative ion/protein (I/P) ratio. At low I/P ratios o
statistical combination involving no structural changes is
predominant, After about ten or so binding sites are occupied,
further combination with the anions would force the protein
molecule to unfold. Thus begins an irreversible step of de-
naturetion. Once the folded peptide chains are loosened, the
protein molecule will easily bind more enions than the native
protein, The result is an "all-or-none" resction. 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
end can be removed through prolonged dialysls or other chem-
icel methods. An exception to the ebove postulation is ovel-
bumin, for which the first statistical binding is absent
probably due to 1ts strong binding affinity with the surface
active anions.

In order to Justify the hypothesis mentioned above, many
questlions still have to be clarified. Some of the short-
comings in thig work and suggestions for future investigation

can be listed as Tollows:
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(1) It is necessary to synthesize pure SDBS free of its
homologues for quantitative studies. This will certainly
minimize inconsistent results and yleld more accurate dats
than those described in this work.

(2) Concentration dependence needs further investigations.
According to Xlotz (43), binding of methyl orange with albu-
mins depends to some extent upon the concentration of the pro-
tein solution used, but Kerush (40) found no difference for
mixtures of albumin and alkyl sulphetes., With pure SDBES it
may be possible to ascertain whether 1t is concentration-
dependent as reported in this research. Another point that
can be clerified from such study is the complication of micelle
formation. With varylng protein concentrations but constant
protein/ion mixing ratios, the comparable binding curves may
test the effect of micelles on tle binding process.

(3) Influence of buffer and effects of pH and ioniec
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 <i ilhe strong
affinity between protein and surface active ions.

(4) Quantitative studies of protein-~-ion interaction at
temperatures other then 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.
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(5) Some inconsistent results have been observed from
the kilnetlec studies., Therefore it is necessary to repeat
such experiments. V1ith pure SDBS it should be possible to
determine accurately the resction rate constant. 4 method
of determining the anion activity should be developed so as
to minimize the complication of micelle formation and there-
by determine the order of reaction,

(6) To test the reversibility of complex formation, it
is necessaory to regenerate the protein from its complex with
3DBS. Comparison of the binding of SDBS with regenerated and
native protelns vill certainly shed more light on the nature
of the binding process. Together with kinetic study it will
give a better understanding of protein denaturation.

Since competitive interaction between proteins and SDBS
was studied before the development 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 calculatlons very unrelisble. Furthermore, it
was not definitely known how much SDBS was bound to the pro-
tein and how much was left as free anions during the prepara-
tion of protein~-SDBS complexes by dlalysis or acid-precipita-
tion method. It seems highly desireble to apply the equilib-
rium-dialysis technique end spectrophotometric analysis to

the study of such interactions. This will certainly yield
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more accurate quantitative data. Another serious objection
is that direet 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 unmistaltably the various boundaries in the
patterns. Owing to their peculiar properties the protein-
SDBS complexes could not be separasted from the other proteins
by methods such as precipitation and pH adjucstment. Presence
of other proteins or sdjustwent of pH to the interisoioniec
zone would render only partial separation of the various com-
ponents, PYroperative 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 seperation in identifying the different components.

In the literature little has been reported on the inter-
actlion between proteins and surface active cations. The ex=-
perimental results described in Part II are fasr from complete.
Quantitative anslysis was further complicaeted by the inhomo=-
geneity of the dationic zophiran. Neverthelsss, the strik-
ingly different behavior of bovine albumin and ovalbumin for
the cation deserves further attention. It seecms desirable to
conduet quantitative studies of the binding process similar
to those described in Part IIT, ©Pure surface active cation
should be synthesized. A spestrophotometric method of analy-
sis can be developsd for the determination of the cation

concentrations.
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Denaturation of proteins by surface active ions has only
been briefly studied in this work. Tlow 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 three proteins studled in this work, zein is an
atypical one which may have already undergone certain sfruc-
tural changes during its commercial preparatiqn. 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, combinaﬁion of bovine albumin with SDBS
proceeds through three stages, whereas with ovalbumin the
first statistical binding is sbsent. This seems to infer thet
ovelbumin 1s more susceptible to structural change than bovine
albumin. (3) In the "all-or-none" reaction ovalbumin binds

stoichiometrically with SDBS, the number of ions bound corres-
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ponding to the total number of hasic groups of the protein,
whereas with bovine albumln thils relation does not exist,

a finding perhaps indiceative of the difference in their
accessibllity to foreign ions. (4) In the case of surface
active cations, again ovalbumin binds strongly with zephiran,
vherees bovine albumin only sdsorbs the cations very loosely,
as ovidenced from the results described in Part II. (5) Avail-
able evidence in this laboratory seems to point to the coneclu-
slon that oveldbumin 1s more essily denstured than bovine albu=-
min, TFrom these facts it may be inferred that there exists a
close relation hetween structurul 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 lons than bovine albumin. Aceordingly, the former
has much stronger binding affinity for the lions than the latter.
Correletion of protelin denaturstion with the nature of hinding
thus offers one of the most promising sources of informstion

on the protein structure. It is therefore suggested that future
approaches on this subject should follow these two lines.

From the theoretical point of view 1t is also pertinent to
determine thermodynamic quantities for the interaction between

proteins and surface active ions.,.
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VI. SUKLARY AND CCNCLUSIONS

1, Preparation of stable complexes of ovalbumin-sodium-
dodecylbenzenesulfonete (SDRS) and bovine albumin-~-SDBS was
accomplished by two methods: (1) prolonged dialysis of mix-
tures of protein and excess SDBS against distilled water, or
(2) acid precipitation of protein-SDBS mixture, follcwed by
redispersion in slkeline solution. Preparation of zein~SDBS
complex was made by extracting the protein in excess with
SDBS solution.

2., Competitive interaction of proteins with SDBS was
studled electrophoretically. Definite interaction betweén
zein-SDRS and ovalbumin was observed with the appearance of
an ovelbumin-SHBS boundary. No displacement reaction occurred
with mixtures of zein-~SDBS and bovine elbumin, 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 between binding effinity and
competitive interaction was postulated. Limitetions of elec-
trophoretic analysis were discussed.

3. TBlectrophoretic studies of mixtures of albumins and
zephiran, a surfsce active cation, were performed in & manner
similer to those of proteins and surface active anions. Mix-
tures of ovalbumin and zephiran exhibited en all-or-none
character, whereas bovine albumin edsorbed the cation very

loosely. Preparation of stable complexes of zephiran with
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albumins or zein falled. An explanation wos given on the basis
of binding affinity. Correlation between interactiocn and de-
naturation was discussed.

4, A spectrophotometric method of analysis was developed
for the determination of SNDBS concentrations. Difficulties in
snalysis and thelr remedies were 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 moles anion bound per mole protein,
(2) all-or-none reaction yisclding 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 1-39C. Contro-
versy in the literature was thus partly elerified. Different
views held by the two schools were criticized,

6. A hypothesls was suggested for the binding process.

It was postulated that tie first stege involved no struectural
change of the protein molecule, but the second and third stages
were closely related to protein denaturation.

7 A kinetie study of tie all-or-none reaction was
attempted. Complete reversal of the second end third stages
was not achieved.

8. Quantitative study of interaction was complicated by
the inhomogeneity of the surface active compounds. Fubure

possible improvemsnts were pointed out.



9. Comparable resulis of interaction between ovalbumin
and 3DBS were included. Tlectrophoretic enslysis revealed
the aboence of statistical combinetion in the first stage.
The minimum binding ratio in the stable complex oorresponded‘
to the total acid-binding capacity of the protein. The differ-
ent behavior of bovine albumin and ovalbumin was discussed on the
besis 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 measuremsnts. Future

methodes of approrch were outlined.
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