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The results of earlier investigations of interactions of serum atbumin with organic
anions and citions are revicwed bricfly and new studies with neutral molecules are described
Numerous observaticns indicate that this protein undergovs marked configurational
changes as the pH of the environment is altered. New data are also piesented for the
interaction of caseins with anions. These results together with published ebservaticns on

the effect of denaturation on binding are explained in terms of the content of polar
residucs in protein moiccules.

In its most general sense, a description of protein interactivons with organic
molecules should include specific interactions such as between enzymes and sub-
strates or between antibodies and haptens, as well as non-specific complexes of
which those of scrum albuniin form the outstanding cxamples.  This paper, how-
ever, will limit itself to some representative non-specitic interactions and an attempt
will be made te co-ordinate a variety of experamental facts in lerius of a reasonable
molecular picture
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trom a molecular viewpoint, an explianztion vl non-specilic interactions presents
problems which in many respects are more dillicult than those cgcmm{czc_d with
specitic complexes. With the latter, the lock and key concept. suitably rehined to
include modern ideas on molecular structure, senves weli to explain known pheno-
mena as well a8 to suggest new promising metaboelic imubitors or competitors 1
serological reacnons. A principle of complementarity in atself is 1nadequaice,
however, 10 account simultancously for the unusual atfimity of particular proteins
for small molecules as well as for the semarkable absence of discrimination with
respect to structure o the nmall molecule with which these proteins form
complexes.  An attempt to harmonize these scemingly divergent characteristies will
be made in connection with & iusicw of some well-known facts and a prescntation
of some new eaperimental &spects of non-specific protein interactions.

INTERACTIONS WITH ANIONS.—Anion complexes of serum albumin have been
investigated most extensively. A selection of scme typical binding data has been
asscmbled in tabic 1.

TABLE |.—FREE ENERGIES ® OF RINDING OF SOME ANIONS BY SERUM ALJIUMIN

. AG*

cal/mok reference

chlonde — 3660

thiocyanate — 5460

acetate -~ 3530 2
valerate ~ 4510 2
caprotle 4600 2
heptanoaie $270 2
caprylate 6100 2
oty sulphate 6490 }
decyl sulphate 7660 1
dodecyl sulphate - 87% R}
methyl orange - 6410 4
azosulphathuizole - 71%) 4

* For purposcs of compurison, MG , the {rec energy of binding of the finst 100 taken
up by albumin, has been bsted.

It is apparent that a wide varicty of anions can form complexes with albumin.
Morcover these i0ns may compete with cach other for attachment to this protein.
Nevertheless, it should be emphasized that the sites of binding show some sclectivity
for panicular structures. A small but detectable discrimination is apparent, for
example, from competition studies of Karush,S who showed from variations in
binding ability with concentration that onc group of sites on albumin preferred
dodecy! sulphate to certain azo dye anicns whiic a second set of sites preferred the
latter ions.  More direct demonstrations of such preferenee have been presented in
recent comparisons of interactions with isomers. Distinct differences have been
observed in the affinity of serum albumin for positional isomers ¢ in which
substituents have been changed from an ortho to a para position on a benzene ring.
Likewise, appreciable distinctions have been discovered in the attraction of albumin
for stereochemical isomers.?

The effects of cavironmental changes, such as pH or temperature, on anion
binding have been summarized in a recent review.3  For the present purpose it
seems desirable to draw attention primarily to the unanticipated increase in ability
of scrum albumin to bind anions at alkaline pH's. Witli increasing negative
charge on the protein, a substantial decrease in ability to attract anions might be
expected.  Actually a slight increase in anio~ uptake is observed. which seems to
be duc to the uncovering of new sites on the protein molecuie.  Thus 8 change in
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availability of tyrosine -—~OH groups has been demonstrated in human albumin.9
Delinite changes in configuration of the protein molecule occur at pH’s above 7
and these seem to arise {rom a reversible swelling or unfolding produced by the
strong internal clectrostatic repulsions.®

) INTERACTIONS WITH CATIONS.—Recent studies indicate that protein interactions
with cations show some similaritics to those with anions as well us some major
differences.  Thus long-chain cationic detergents form complexes with serum
albumin,0. 11 cpg albumin,’2 wool 13 and other proteins,}417 just as anionic de-
tergents do.  On the other hand, anions precipitate serum albumin at pH's slightly
below the isoclectric point (i.c. as soon as the protein has a small net positive charge)
whereas cations will not precipitate this protcin until the pH is more than 3 units
above the isoclectric point (i.c. only afier the protein has acquired a substantial
negative charge). Here we have an indication that with ions of equal sizc anions
combine more strongly with albumin than do cations. Quantitative comparisons
of binding ability '8 by the equilibrium dialysis method show unequivocally that
such a conclusion is valid, not only for serum albumin but also for y-glooulin or
trypsin.

We have rcached similar conclusions recently in studics of albumin interactions
with molccules comparable in size to the protein.  Thus cven at pH’s above the
isoclectric point anionic albumin forms complexes with anionic nucleic acids or
polysaccharides. 921 On the other hand, our binding studics indicate that this
protein is unable to combine significantly with cationic lysosyme even at pli Y
where albumin carries a negative charge 22 of about 30. Likewise Haurowitz 23
found that protamine does not precipitaie native serum albumin at pH 7. It s
apparent that anionic sites on albumin which should be suitable for binding of
cations are blocked in some fashion. A suggestion as to the nature of this in-
accessibility will be described shortly.

INTERACTIONS WITH NEUTRAL MO1ECULES.—To augment the information avail-
able from studies with charged molecules. we have recently carried out a nuiuber of
investigations of the binding of neutral organic molecules by albumin.  Amino-
azobenzenc (1) was used as the typical small molecule since

HN—-C  SeN=N—/ D TS Ne=N—Z S N(CHy),

R s . ——

0] | an

(CH)N—,  S—N=N—{ 5-50;
(i

it is closely related to the catien (11) and anion (111) which have served as reference
ions in carlier work.

Aminovazobenzene is definitely bound by bevine or by human serum albumin,
as is cvident from fig. 1. The affinicy of albumin for this ncutral molecule near
pH 7 is somewhat less, however, than that for anionic methyl orange (111).  Anions.
furthermore. may compete with neutral molecules for common uites on the protein,
Thus 0-1 M sodium thiocyanate reduces the uptake of aminoazobenzene signifi-
cantly “*. 1), Oun the other hand, sodiumchioride does not produce an appreciable
effect, « behaviour consistent with the much smaller affinity of albumin for this
anion.

Since anions compete with aminocazobenzene, cationic groups of the protcin
can be assumed to be involved in interactions with neutral molecules.  Corrobora-
tion of this view has been obtained fromi a study with acetylated aibumin,  This
modified protein, in which cationic groups of lysine have beon Blesked, shows n
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reduced affinity for aminoazobenzene (fig. 2).  In contrast to studies with ani0n§.
the interpretation of this reduction in binding s not complicated by clectrostatic
cffects due to the increased negative charge on the protein.
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Fic. 1.—B:adinz of nminoazohenzene by bovine serum albumin at 25 C and pll 63
dye alone, T ; dyc in presence of O-1 M NaCl, @ i1 dyc i presence of 0-1 M NaSCN, =

Morc detailed investigations show that additional types of side chain arc aiso
involved in the binding of neutral molecules. First it has been found that 0-1 M
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i16. 2.—Binding of aminoazobenzenc by proteins at 25° C and pH 9-2; bovine scrum
alburmin, O acetylated bovine serum albumin, @ ; iodinated bovine scrum albumin, @.
rotein concentration 0-2 °, in cach case.

thiocyanate ion displaces neutral aminoazobenzere much less readilv than it Jdoes
the anion methyl orange. More directly, it has also been observed (fig. 2} that

-~
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iodinated albumin, in which the diiodotyresine phenolic group becomes ionized
at pH 9, shows an even greater loss of affinity for neutral molecules than does
acctylated albumin, Clearly tyrosine groups are also involved in the interactions
of albumin with aminoazobenzene, the small molecule evidently acting as the
acceptor cnd of a hydrogen bond.

[t has been particularly interesting to tind that the binding of neutral mole-
cules by scrum albumin incrcases substantially as the pH is raised. This trend can
be seen over the pH range of 7 to 9 with aminoazobenzene in a comparison of the
top curve in fig. | and tig. 2, respectively. More extensive studies over an even
wider pH range (4 to 9) with chrysoidine (1V)

HoN -7 NN D

R .

NH,
(1v)

give essentially the saume results. At pH 9, chrysoidine is taken up by albumin with
an allinity comparable to that of the anion methyl orange (111).  As the pH s
lowered, binding decreases until at pH 4 no significant complex formation is ob-
served.  (Complete abaotition of binding at pH 4 muy be fucilitatzd in part by the
conversion of chrysoidine to a singly- or doubly-charged cation at this acidity.)

This variation in binding of ncutral prolecules by serum albumin with change
in i offers an explanation for the scemingly divergent results reported by Karush 24
and by Klotz and Urquhart 23 in their investigations of the etfect of pH on inter-
actions with anions. In the former's experiments binding of methyl orange was
found to decrease somewhat as the pH was increased from 7:5 to 9, in contrast
the latter investigators found an increcase over the sume pH runge.  The aqueous
anion-protein solution was cquilibrated by Karush with an immiscible organic
phase containing hexanol, which, as he pointed out,24 competes with the anion.
The present experiments show, furthermore, that neutral molecules are bound
more strongly as the pH is increased.  If ncutral moleculcs and anions continue
1o compete for some common sites, it is clear that the anions should be more
cffectively displaced as the protein acquires a more negative charge. This in-
creasingly effective competition of the neutral hexanol thus makes it appear that
the binding of the anionic dve is decreasing.  On the other hand, the experiments 23
in the absence of hexanol, stitably corrected 6 for buffer effects, show that binding
of anions actually increases with increasing pH.

Thus the behaviour of serum albumin toward neutral molecules confirms the
conclusions reached earlier in studics with anions that the configuration of this
protein changes with pH and that new binding sites become available. With both
anions and neutral molecuies, furthermore, the loss in binding pruperties ac-
companyins iodination of aibumin 9 points clearly toward tyrosine groups being
among the sites becoming accessible as the pH is increased.

For reasons described previously ¢ it scems likely that the change in configura-
tion of albumin with pH is not due to the dissociation of any spucific side chains,
such as histidine, but rather to a swelling or unfolding indu:ccd by the strong internal
electrostatic repulsions developed in the protcin molecule as its negative charge
increases. Such internal repulsions would also be produced even at pH's only
slightly above the isoelectric point as more and more anions are bound by albumin.
It seems likely, therefore, that the very act of complex formation between albumin
and anions makes more sites available for further binding.  As has been suggested
carlier,26 such a mechanism could account for the continued fa:lure of all avtemipts 8
io find an actual plateau in graphs of the number of ions bound against the (ree
ion cencentration.
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COMPARISON OF PROTEINS.-—In interactions with small inicns serum albumin
is far more cllective than any other native protein. A smaii uflinity for anions
has been found with B-luctoglobulin.  With relatively large anions, such as de-
tergents, many other proteins also form complexes.  in addition, at pH's acid to
the isoclectric point, a few proteins such as ovalbumin also interact with small
anions,

An explanation of the special affinity of albumin suggested in previous papers 26
places much stress on the relatively low content of hydroxy amino acids in this
protcin as compared to a non-binding protcin such as y-globulin. The basic
assumption in this cxplanation is that —OH side chains form hydrogen bonds
with other side chains containing —COO- or ==NH" groups. When the content
of hydroxy amino acids is very high, cross links may be formed with practically
all —COO - and :=NH' groups. A relatively rigid <triciuie would thus be ob-
tained in which =" NH* groups would Le * bound " intcriaily, bence they would
be unavailable to smull anions.  On the cther hand, in a protcin such as albumin,
fewer —-OH groups arc present and must be shared among a larger number of
—CO0 and =NH" sid¢ chains. For reasons mentioned before,28 it seems likely
that an —OH . . . OOC— bond would be formed preferentially. The presence
of fewer —OH groups would tend to make albumin a less rigid structure and in
particular would permit many more =NH* groups to remain in a relatively opcn
position available for anion binding. Furthermore, being relatively unrestricted
in their motion, cationic side chains could move into a position adjacent to a
lipophilic residuc and in this way make available a source of van der Waals' at-
traction in juxtaposition to the clectrostatic centre.

In view of this emphasis on the role of hydroxy amino acids, it has scemed
desirable to examine other proteins with faw —OH side chains rclative to anionic
side chains. Rccent analyses of a- and of S-casein 26¢ indicate that these proteins
fai. in this category. It was therefore of interest to find that these proteins also
bind methyl orange (fig. 3), although with an affinity substantially less than that of
serum albumin.

The behaviour of albumin toward organic cations also fits the assumption that
—-OH groups interact preferentially with —COO™ side chains. Because of this
internal bonding an organic cetion must have a much stronger interaction cnergy
to be bound at a —COQO- site than an organic anion requires to be bound at an
=NH* site. Among molecules of similar size and structure, the anions are there-
fore bound much morc strongly than cations.

Complexes with ncutral molecuies scem to follow a pattern similar to that with
anions in so far as comparisons among different proteins are concerned. Serum
y-globulin, for exampie, docs not bind aminoazobenzene. Thus it seems again
that the content of hydroxy amino acids is a critical factor, probably again because
they make the protein molecule relatively rigid in configuration and hence unable
to place suitable side chains in juxtaposition.

A most puzzling problem: in connection with the unique properties of serum
albumin that still remains essentially untouched is that of the effect of denaturation.
It is not difficult to understand that prolonged exposure to alkali should aboiish
the binding ability of the protcin, for the basc hydrolyzes the polypeptide and hence
separates the amino acid residues. The effect of heat, however, is perplesing.
There is no doubt that cxposure of albumin to temperatures in ihe ncighbourhood
of 100° C eliminates its affinity for anions.?7-2%  Quite in contyast, however, heat
generates binding properties in egg albumin, chymotrypsin and other proteins
whicn skow no binding in the native state.29-*3 Similarly, denaturation by aicohol
destroys the affinity of serum albumin 28 whereas denaturation by acid produces
binding ability in ovalbumin 4

With denatured ovalbumin at least, cationic side chains secm still to be involved
in anion binding, for deamination reduces the affinity of the protein for methyl
orange.3?  The cilect of denaturation <an thus be reconciled readily with current
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molecular interpretations of the denaturation process. Presumably, the effect of
heat, for example, is to break up the compact, rigid structure of ovalbumin and to
pive sin extended open structure i which cationic sites ire exposed and sufficiently
mobile to be able to move into juxtaposition with a lipophilic residuc and thereby
provide the clectrostatic and van der Waals forces ta attract organic, as well as
inorganic, iens. The unfolding action of the denaturant would ajso facilitate
aggregation of molecules of ovalbumin, again beciuse of exposed side chains,
Denaturation of scrum albumin, on the other hand, clearly must involve some
other mechanism.  Major diferences in the course of urea denaturation of serum
albumin and of ovalbumin, as judged from changes in optical rotation and in
viscosity, have also been observed by Kauzmann and his co-workers.3 A possible
explanation of these cffects may lic again in the relatively low proportion of hydroxy
amino acds n serum albumin. - With refatively few inernal — Ol cross bonds,
many side chaws are free. Consequently the first effect of heat may be to produce
ageregation of serum albumin molecules even in their folded state through side-
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F16. 3. —Binding of 1methy! orange by protcins at 0’ C in phosphate buffer at pH 69
povine scrum albumin (0-2 %), @ ; x~cascin (1 %), & ; B~ascin (1 %), O.

chuin interactions of separatc molecules. In contrast, in rigid ovalbumin moic-
cules with many internal -—OH cross bonds such interactions could not occur
until the protein molecule is at least partially unfolded to give access to side chains
from other ovalbumin molecules. [ serum albumin molecules can be aggregated
even in their folded state, binding ol anions should be decreased, for many sites
that would normally be used binding would new be involved in inter-protein cross
links.

This explanation of the difference in the cffect of dengturation on binding can
account also for the relative 2ase of reversal of denaturation of serum albumin as
contrasted to ovalbumin®S  With the former protein aggregates involve mole-
cules which may still be folded, and hence under suitavic corditions which permit
disaggregation, at least some native folded moiccules are released,  In contrast,
with ovalbumin disapgrezation would release molecules which are still highly
unfolded and disoriented and it would be highly unlikely that the original native
configuration could be regained.
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Thus a varicty of aspects of non-specific protein inleractions can be correlated
in terrus of a single assumption, that hydroxy amino acid side chains are the critical
factor in determining the behaviour of the protein melecule toward small mole-
cules. It scems worthwhile, therefore, to continue to usc this picture as a basis
for selection of proteins which may show non-specific aflinity toward small mole-
cules. It must Se realized, nevertheless, that this viewpoint can cxplain only
gross features of such interactions.  As more precise information is oblained about
molecules for which proteins such as scrum albumin show preferential affinitics,
greater detail on configurational relationships among side chains will be obtained.

These investigations have been suppusied by grants-in-aid from the Office of
Naval Rescarch, United States Department of the Navy, and frem the Rockefeller
Foundation,
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