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those of the other fractions, the solutions were combined
and were concentrated to 20 ml. The addition of 150 ml. of
distilled methanol resulted in the immediate crystallization
of the product. After the mixture had stood overnight,
the reddish-brown crystals mixed with a waxy-white, low-
melting solid were filtered off. The impurity, which was
soluble in chloroform, benzene, methanol and water, was
removed by washing the mixture repeatedly with hot water
and methanol. The yield of crystalline residue of pure
platinum(II) tetraphenylporphine was 52 mg. or 109 of the
theoretical amount.

Tetra-(p-methoxyphenyl)-porphinopalladium(Il) (X =
OCH;, M = Pd(II)).—This palladium(II) chelate was
prepared with the same procedure as the one described
above for tetraphenylporphinopalladium(II). All the metal
chlorin, chlorin ligand, unreacted porphine and other im-
purities were removed by chromatographing a chloroform
solution of this chelate on a talc column. Chloroform was
also used as the developing solvent. The lustrous light red
crystals weighed 0.263 g., which represents 589, of the
theoretical yield.

Tetra-(p - methoxyphenyl) - porphinoplatinum(Il) (X =
OCH;, M = Pt(I1I)).—A solution of the ligand in 200 ml. of
glacial acetic acid was heated to 100° and 1.45 g. of potas-
sium chloroplatinite dissolved in 4 ml. of water was added.
A yellow-green color developed and a fine green precipitate
appeared. Five grams of sodium acetate was then added
and the reaction mixture was stirred. A slight brown-
green color developed, but after the reaction mixture was
heated at 100° for 20 hours, the color changed to yellow-
green. The cooled solution was filtered on a Biichner funnel
and the filtrate was saved. The purple-black solid was
washed with water, dried at room temperature, dissolved
in trichloroethylene, and was chromatographed on a talc
column, the upper section of which contained oven-dried
tale. A mixture of chloroform and trichloroethylene, and
finally chloroform alone was used as the developing solvent.
The first 500 ml. of eluate contained pure platinum chelate
with absorption maxima at 540, 513, 475 and 407 mu in
benzene. Succeeding fractions, however, contained im-
purities with increased absorption at 540 mu. Adsorbed
in ascending order of the column were a section of gray-
brown material, some unreacted ligand, and some brown-
black deposits of platinum. The impure chloroform frac-
tions were rechromatographed on talc. All the orange-
colored solutions obtained were combined, concentrated and
crystallized by dilution with distilled methanol. Only 31
mg. or 69 of the theoretical yield of pure orange-red crystals
was obtained. Amnal. Caled. for CsH;;:O:N,Pt: C, 62.12;
H, 3.88; Pt, 21.05. Found: C, 62.10; H, 3.90; Pt,
20.60.

Concentration of the acetic acid filtrate from this main
reaction with 0.1 g. of additional potassium chloroplatinite
at 10-20 mm. pressure and 53° yielded an amorphous green
material which solidified from this solution as it was concen-
trated. The blue-black solid which formed when this
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material was dissolved in hot water was purified in a chloro-
form solution on a talc column. A 54-mg. sample of silvery-
red-violet crystals was obtained after crystallization of the
concentrated eluate with methanol.

Tetra-(p-chlorophenyl)-porphinopalladium(Il)) (X = Cl,
M = Pd(II)).—A chloroform solution of the ligand and a
mixture of 0.25 g. of palladium(II) chloride in 75 ml. of hot
methanol and 3 g. of sodium acetate was refluxed for 2 hours.
Further refluxing in this solvent media resulted in the forma-
tion of more metal chlorin, but did not appreciably improve
the yield of palladium porphyrin. After isolation of the
solid in the usual manner, it was again heated for 2 hours
with 250 ml. of glacial acetic acid, additional palladiuni
chloride, and sodium acetate. The color change from
green to red-brown in this acid medium indicated that addi-
tional chelate had formed. Three chromatograms in tri-
chloroethylene were necessary in order to obtain the palla-
dium porphyrin eluate in a pure form. The yield of lus-
trous, pink-orange crystals weighing 0.125 g, which repre-
sents 289, of the theoretical amount.

Tetra-(p-chlorophenyl)-porphinoplatinum(Il) (X = ClI,
M = Pt(II)).—To 0.200 g. of tetra~(p-chloropheny!)-por-
phine in 250 ml. of hot glacial acetic was added 0.3 g. of
potassium chloroplatinite and & g. of sodium acetate in 10
ml. of water. The resulting green-brown mixture was re-
fluxed for 24 hours. The solution was then concentrated
to 100 ml., the solid was filtered off, and the filtrate was
saved. The residue was washed with water and air-dried.
The green filtrate was further treated at 100° with excess
platinum chloroplatinite and sodium acetate for 15 hours.
This brown-green solution was concentrated, diluted with
water and the product was filtered off. The solid material
was dissolved 1n trichloroethylene together with the solid
in the first step, and this filtered solution was chromato-
graphed on a talc column, the upper section of which was
oven-dried. The orange eluate was free from any unre-
acted ligand, metal chlorin or other impurity. The eluate
was concentrated and was diluted to six times its voluine
with methanol. The lustrous, orange-brown crystals ob-
tained weighed 10 mg., which represents 49, of the theo-
retical value.

The absorption spectra were employed to characterize the
tetra-(p-chlorophenyl)-porphine platinum(II) chelate. The
characterization and purity of all other chelates were deter-
mined from elemental analysis, and the quality of the visible
and ultraviolet absorption spectral4; extinction coefficients
listed in Table IV are given as criteria of purity.

Infrared Spectra.—Infrared absorption measurements
were carried out with a Perkin—-Elmer model 21 double beam
spectrophotometer. Sodium chloride optics were used in
the region from 4000 to 650 cm. ™!, and an interchangeable
potassium bromide prism assembly was substituted in order
to make measurements in the 630 to 400 cm.™! region.
All spectra were determined on the solid form with potas-
sium bromide as a diluent.
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The binding of dyes by serum albumin has been found to increase in solutions to which glycine or 8-alanine has been added.
However, this effect is not due simply to the substantial increase in dielectric constant but reflects some specific interaction
of the added amino acid. These observations, as well as many other aspects of the formation of protein complexes, can be
interpreted in terms of a model which largely attributes the stability of such complexes to the cooperative formation of an

ice-like hydration lattice between the complexing species.

Introduction
The stability of protein complexes reflects
largely the character of the macromolecule and

(1) Predoctoral Fellow of the National Institutes of Health, United
States Public Health Service, 195419356,

small ligand, but it is also affected by the nature
of the environment. The energetics of binding,
however, are not generally explicitly expressed in
terms of these factors. Rather the free energy of
binding is usually apportioned between two terms,
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an intrinsic affinity and an electrostatic contri-
bution

Al = AFintrinsio + AFelectrontatio (1)

The details of the electrostatic term depend upon
geometric features and charges of the participants
in the complex as well as on the solvent, but in any
event, the term includes the dielectric constant D
as a factor. Thus, to a reasonable approximation
equation 1 can be restated as

AF = APFintrinste + q>/-D (2)

where & represents all remaining factors of AFeject.
(Actually the dielectric constant also appears twice
in the ionic strength term in @ but in such a way
that its contributions to @ tend to cancel out.)

It follows then that in an interaction where the
electrostatic effect contributes a positive term to the
free energy of combination, a decrease in dielectric
constant should increase the repulsion between
species and hence decrease the extent of complex
formation. Such a decrease in dielectric constant
can be obtained by the addition of an organic
solvent such as dioxane to the aqueous solution.
Binding experiments in dioxane-water solutions?
have in fact been carried out. However, the re-
sults are not amenable to simple electrostatic
interpretation, because uncharged organic mole-
cules, such as dioxane, can compete with organic
ions for attachment to the protein. This com-
petition alone could be responsible for the observed
large decreases in binding by the protein.

To avoid this difficulty we have used an amino
acid at a pH at which it is essentially all in its
isoionic form. Several investigations®* indicate
that glycine is not bound by serum albumin. A
two molar aqueous glycine solution has a dielectric
constant of over 120, compared to 80 for water.
Consequently the electrostatic factor in equation 2
should be decreased appreciably by added glycine.

In this paper a variety of binding experiments
in such solutions of high dielectric constant are
described. They indicate that equation 2 is an
inadequate description of factors affecting the
stability of protein complexes and suggest instead
a profound effect of the molecular state of the
solvent. Consequently a general inquiry has
been made into many puzzling aspects of protein
binding and an interpretation has been developed
based on the viewpoint that the solvent generally
plays an important molecular role in these inter-
actions.

Experimental

Dialysis Experiments.—The extent of binding of azo com-
pounds by bovine serum albumin was measured by the
equilibrium-dialysis technique described previously s Unless
otherwise noted, all solutions contained 0.29%, protein, in
0.01 M NaCl to minimize any Donnan effects. Solutions
were adjusted to the desired pH by addition of hydrochloric
acid or sodium hydroxide. As has been customary, sepa-
rate experiments were carried out to establish the time neces-
sary for equilibration. Nine hours was found sufficient, the
period being slightly longer than that in the absence of gly-

(2) E. Fredericq, Arch. Intern. physiol., 62, 150 (1954).

(3) 1. M. Klotz and J. M. Urquhart, J. Phys. Chem., 53, 100 (1949).

(4) M. J. Hunter and S. L. Commerford, THIS JOURNAL, 77, 4857
(1955).

(5) T. R. Hughes and 1. M. Klotz in "Methods of Biochemical
Analysis,”” Vol. 111, edited by D. Glick, Interscience Publishers, Inc.,
New York, N, Y., 1956, pp. 265-299.
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cine. Tests of reversibility of binding showed that glycine
did not produce any difficulties.

Binding by the cellophane bags was especially high in
solutions containing glycine. It was essential i these
experiments, therefore, to obtain complete curves of bag-
binding as a function of dye concentration and to use these
for corrections of binding in the presence of protein.

Reagents.—All salts were reagent grade. Glycine and 8-
alanine were C.p. grade, the former having been purchased
from the H.M. Company, Ltd., Santa Monica, Cal., and
the latter from Mann Laboratories, New York. Crystal-
lized bovine serum albumin was a product of Armour and
Co. Methyl orange was a commercial sample of reagent
grade. p-Aminoazobenzene (Eastman Kodak Co. ‘‘white
label’’) was recrystallized three times from a methanol-
water mixture. Analysis by titanous chloride reduction of
the azo group indicated a purity of 96.39%,.

Results

To examine the applicability of equation 2, the
binding of methyl orange by bovine serum albumin
was studied in a series of solutions with glycine
concentrations ranging (in half-molar increments)
from 0-2.5 M. The results at one pH, 6.2, are
summarized in Fig. 1, in terms of #, the moles of
bound dye per mole protein, versus the logarithm
of (A4), the concentration of free dye in equilibrium
with the bound dye. It is immediately apparent
that the extent of binding increases with in-
creasing concentration of glycine and thus with
increasing dielectric constant. Such a trend is
qualitatively in agreement with equation 2 in-
sofar as the net charge on the protein at pH 6.2
is negative and anions are being bound.

For a more quantitative comparison, the binding
constant k, for the uptake of the first anion by the
protein was evaluated from

lim LA
Ao [ ] = m ®
by graphical methods described previously.® There-
after, the free energy change AF;° for the binding
of the first anion by bovine serum albumin was
computed from

AFlo = —RT I kl (4)

As expected from equation 2, AF;° ’s for solutions of
different glycine concentration vary approxiniately
linearly with 1/D (Fig. 2).

Binding experiments at pH 9.1 (Fig. 3) also il-
lustrate the ability of glycine to increase the ex-
tent of complex formation. Surprisingly, however,
the effect is not appreciably greater than at pH
6.2, The slope of the graph of AF\° versus 1/D
(Fig. 2) is not much greater® at pH 9.1 despite the
fact that the net negative charge on the protein
is larger by perhaps a factor of 3.

Experiments were carried out, therefore, at pH’s
5.2 and 4.2, to extend the measurements into the
range where the net protein charge changes from
negative to positive, At both pH’s glycine in-
creased the extent of binding of negative ions just
as it did at higher pH’s, where the net protein
charge was negative. The slope of AF,® vs. 1/D
did not change sign at the more acid pH (Fig. 2).
We have thus additional indication that the effect
of glycine is not due simply to a change in dielectric
constant of the medium.

(6) However, some interference with this expected increase may arise

from the presence of substantial amounts of competing NH;CH:COO ~
anions in glycine solutions at pH 9.1,
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Fig. 1.—Effect of glycine at various concentrations on the
binding of methyl orange by 0.29%, bovine serum albumin in
0.01 M NaCl at pH 6.2 and 25°. Glycine concentrations:
(HO,0M; (2)®,1.0 M; (3)0,2.0 M; (4) ,2.5 . Bind-
ing data for some glycine concentrations have been omitted
for purposes of clarity.
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A similar conclusion was reached from further
experiments with still higher dielectric censtants
achieved by using B-alanine in place of glycine.
Some of these are summarized in Fig. 4A. In 5
M aqueous B-alanine, the dielectric constant is
approximately 250 as compared to 120 for 2 M
glycine. Despite the much higher dielectric con-
stant of the former solution, the effect on binding
by serum albumin is almost identical with that
of glycine solutions.

That the effect of glycine, and of B-alanine, is
due to more than a change in dielectric constant is
shown even more strikingly in experiments on the
binding of an uncharged molecule, p-aminoazo-
benzene, by serum albumin. Here, too, the addi-
tion of 2 M glycine produces a distinct increase in
uptake of the small (uncharged) molecule (Fig.
4B). Since the interaction is between protein and
a molecule without charge, the increased binding
cannot be attributed to an electrostatic effect

Discussion

The observed behavior of protein complexes in
the presence of high concentrations of glycine can
be interpreted in terms of some concepts of the
nature of the hydration of proteins.” A discussion
of binding in the presence of glycine can more
readily be understood, however, after some re-
marks on the effects of solutes on the structure of

(7) 1. M. Klotz, Science, 128, 815 (1858).
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Fig. 2—Dependence of free energy of binding on dielectric
constant in glycine solutions at 25°. @, pH 9.1, 0.01 M
NaCl; ©, pH 6.2, 0.01 M NaCl; 0, pH 5.2, 0.01 M NaCl;
O, pH 4.2, 0.11 M NaCl.
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water and a description of protein binding in
general in terms which take account explicitly of
the role played by solvent molecules.

A solute can affect the structure of water in its
neighborhood in various ways.!~'* An ion (e.g.,
K+ or Cl™) orients the water molecules of the
first hydration shell centrosymmetrically. Fur-
ther from the ion, however, the electric field is
usually not strong enough to effect the same orien-
tation but generally is sufficient to disrupt any
structure organized by coéperative effects in the
solvent itself. With a non-polar solute, on the
other hand, any disorientation due to the electric
field disappears and a lattice-ordering predomi-
nates, as seems evident from many physico-
chemical properties of non-polar solutes in
water.8~!* Non-polar side-chains in proteins might
be expected, likewise, to induce a crystalline, cage-
like, arrangement of hydration water, with the
added possibilities of long-range codperative ef-
fects due to the presence of many such side-
chains bound to the frame of the protein molecule.
It is in terms of the ice-like nature of this hydration
water that we can account for much of the puz-
zling behavior of protein complexes.

It has been found previously' that the binding
of a few detergent anions by serum albumin
changes the ionization properties of this protein in a
direction which can be explained by an increase
in the extent of the ‘‘frozen’” water of the protein.
This can be visualized as the result of adding non-

(8) H. S. Frank and M. W. Evans, J. Chem. Phys,, 18, 507 (1945).

(9) W. F, Claussen and M, F, Polglase, THIS JOURNAL, 74, 4817
(1952).

(10) H. R. Miiller and M. v, Stackelberg, Naturwissenschaften, 39,
20 (1952).

(11) W. L. Masterton, J. Chem. Phys., 22, 1830 (1954).

(12) F. S. Feates and D. J. G. lves, J. Chem. Soc., 2798 (1956).

(13) A. M. Buswell and W. H. Rodebush, Sci. Amer., 194, No. 4, 77
(1958).

(14) H. S. Frank and W.-Y. Wen, Disc, Faraday Soc., 24, 133

(1957).
(15) 1. M. Klotz and J, Ayers, THIS JOURNAL, 79, 4078 (1957).
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Fig. 3.—Effect of glycine on the binding of methyl orange
by 0.29, bovine serum albumin in 0.01 M NaCl at pH 9.1
and 25°: O, no glycine; @, 3.15 M glycine.

polar side-chains when the organic anions come into
juxtaposition with the macromolecule and the
consequent extension of the framework for the
building of a water lattice (Fig. 5). Some contri-
bution to the stabilization of the ice lattice may
also be made by the removal of the disturbing
influence of cationic side-chains of the protein when
compensating anionic charges from the small
molecule are present.

In terms of these concepts we would view the
binding of all types of organic molecules by serum
albumin as a consequence of the potential ability
of this protein to form much more extended ice
lattices when holding small molecules. The bound
molecule and the protein side-chains coperatively
build a more extended iceberg, From this
viewpoint the small molecule becomes attached
to the protein not because of any strong direct
attraction by the macromolecule but rather because
of the energetic stabilization accompanying the
formation of a bigger hydration lattice.

Interpretation of the Effect of Glycine on Bind-
ing.—Thus the influence of glycine may be under-
stood in terms of what this amino acid can do to the
solvent rather than to the protein. Small organic
molecules, charged or uncharged, in simple aqueous
solution can be expected to have some frozen water
of hydration. Upon the addition of zwitterionic
glycine, a water-structure breaker,®.!7 a perturb-
ing influence on this water is introduced. Conse-
quently the organic molecule turns more readily
to the more hospitable environment of the protein
envelope, where with the assistance of water-
structure-making side-chains a codperative stabili-

(16) L. S. Mason, P. M. Kampmeyer and A, L. Robinson, THis
JournaLr, 74, 1287 (1952).

(17) W.-Y. Wen, Ph.D. Dissertation, University of Pittsburgh,
1957,
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Fig. 4. -(A) Comparison of effects of 5 M B-alanine and of
2 M glycine on the binding of methy! orauge by 0.29; bovine
serum albumin in 0.06 37 phosphate buffer, pH 6.7 = 0.2,
25°. @, in buffer only; O, buffer 4+ 5 3 B-alanine; ©,
buffer 4 2 M glycine. (B) effect of 2 M glycine on the bind-
ing of p-aminoazobenzene by bovine serum albumin in
0.06 M phosphate buffer pH 6.7 == 0.2; lower curve, without
glvcine, upper curve with.

zation of the water lattice may ensue (Fig. 3).
On this basis one can see that glycine should affect
the binding of uncharged organic molecules as well
as of anions. Likewise one can understand in-
creased binding, in the presence of glycine, with
serum albumin throughout the pH range of 4.2 to
9.1, for the net charge on the protein, or small
molecule, is not a critical feature, insofar as the
effect of glycine is concerned. Similarly one can
understand why B-alanine is less effective than
glycine in increasing binding, for B-alanine has
much less of a structure-breaking effect on the
solvent than has glycine. %%

Interpretation of other Binding Phenomena.—
In terms of theidea of anice-like hydration lattice,
we can also develop a plausible interpretation of
numerous other puzzling aspects of protein bind-
ing. For example, although organic anions evi-
dently combine at cationic loci such as lysine side-
chains in serum albumin, free cationic amino acids
have not been found to form corresponding com-
plexes. In terms of our model, binding occurs in
the protein because various side-chains, particu-
larly uncharged ones, provide a basis for a coupling
of hydration sheaths with the sheath of the smnall
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molecule and consequently a cooperative stabili-
zation occurs. In the free amino acid, where only
one side-chain is available, cooperative effects are
much less likely. Furthermore, even after combi-
nation with an organic anion, the free amino acid
would still contain nearby charged a-amino and
carboxyl groups, influences which tend to disrupt
the ice lattice.

Essentially the same explanation can be given
for the ability of serum albumin to -bind simple
inorganic ions, such as chloride, even though simple
amines, in their cationic form, give no evidence of
ion-pair formation with inorganic anions. In the
protein, combination of a cationic side-chain with
an anion such as Cl~ removes the net charge of the
side-chain and 1ts disrupting influence on the water
lattice of the macromolecule. Consequently the
now uncharged side-chain can participate in a
coupling of its ice lattice with those of other non-
polar groups of the protein and thereby produce an
extension and stabilization of the water lattice.
Such a cooperative interaction would be lacking in
a solution of a simple cationic amine.

Other features of anion binding by bovine al-
bumin are also more readily interpretable. It is
known that very low concentrations of bound or-
ganic anions, such as sodium dodecyl sulfate, sta-
bilize serum albumin. This effect is often attributed
to increased van der Waals forces which then
hold the macromolecule together more strongly.
It has also been observed, however, that when the
number of bound detergent ions exceeds 10-12,
binding suddenly increases,’!'? in a cooperative
manner; this effect has been attributed to an un-
folding of the protein by the bound anions. It
may very well be that a stabilizing effect 1s con-
verted into a disruptive effect over a small range of
anion concentration. The following alternative
interpretation, however, seems more reasonable.
Binding of the initial 1-10 anions is associated
with an extension and stabilization of the ice-like
lattice, as pictured in Fig. 5. At a certain stage
in binding when the number of bound anions be-
comes appreciable, cooperative stabilization of the
water lattice can occur not only between anion and
protein but also between mneighboring anions
on the protein. As a result the uptake of more
detergent ions 1s favored.

In terms of the model being presented, the dif-
ference in binding abilities of serum albumin as
contrasted to ovalbumin may be attributed to dif-
ferences in potential for forming extended ice lat-
tices. For molecular reasons outlined previously,*
the cationic side-chains of serum albumin may be
relatively unrestricted in orientation. This free-
dom, in addition to their charge, keeps them from
coupling with the hydration lattice formed by non-
polar side-chains. In other words, in this protein
there are areas, around lysine residues for example,
where water is essentially non-frozen (except for

+
those molecules in the first shell around the —-NH;
charge). Consequently the binding of an organic
anion will create conditions, as described above,

(18) J. T. Yang and J. F. Foster, TH1s JoUurxNaL, T8, 5560 (1953).
(19) M. J. Pallansch and D. R. Briggs, ibid., 76, 1396 (1954).
(20) 1. M. Klotz and J. M. Urquhart, ibid., T1, 1597 (1919),
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Fig. 5.—Schematic representation of codperative hydra-
tion of protein, P (top), when it forms a complex PA (bot-
tom).

favorable for the extension and stabilization of the
water lattice. In contrast the cationic residues of
ovalbumin may be restricted in orientation due to
hydrogen-bonding to hydroxy amino acid residues.
Also the disturbing influence of the charge may be
compensated for by the stabilizing influence of the
same hydrogen bonds. Thus in ovalbumin, hy-
dration lattices could be essentially complete at the
outset. Consequently, added small molecule li-
gands would have little to contribute toward fur-
ther stabilization of the hydration sheath.

Such a view of the difference between serum al-
bumin and ovalbumin is in line with observations
on the ionization behavior of groups covalently
attached to these two proteins.”.'® In titrations
from the isoelectric pH downward, serum albumin
acts as if the ice lattice is incomplete until the pH
drops below about 3.5, whereas ovalbumin be-
haves as a “‘masked” protein throughout the acid
pH range.

This viewpoint can also account for the observa-
tions that after heating, ovalbumin?!' and +y-glob-
ulin®® acquire the ability to bind organic ions;
heat presumably would disrupt the hydration
lattice and thus provide a situation in which an
added organic molecule could contribute to a re-
establishment and restabilization of the hydration
sheath in certain regions of these perturbed protein
molecules.

Finally, as mentioned above, titration curves of
conjugates of serum albumin indicate that this
protein acquires an extensive rigid lattice at pH’s

(21) G. Oster, J. chim. phys., 48, 217 (1951).

(22) T. Kusunoki, J. Biochem. (Japan), 40, 277 (1953).



5124

appreciably below the isoelectric point. It can
therefore be expected that acid albumin would
have a decreased affinity for anions as compared
to isoelectric serum albumin. There are definite
indications that such is the case in the binding
of chloride ion? as well as of dodecyl sulfate,?4

Specific Interactions of Biological Macromole~
cules.—The closely related problem of specificities
in complexes such as between enzyme and substrate,
or antigen and antibody, is generally visualized
in terms of a spatial complementariness between
the shape of the substrate molecule (or haptenic
group) and aun invaginated receptor area of the
protein. As an alternative to such a faithful
transposition of the macroscopic lock and key
mechanism to a scale of dimensions some 107
times smaller, we might profitably consider an in-
terpretation based on the iceberg viewpoint out-
lined above.

As with non-specific protein complexes, the for-
mation of specific protein complexes with organic
ions and molecules can be viewed as involving
formation of a water lattice between functionally
complementary parts of the macromolecule and
substrate (analogous to that shown in Fig. B5)
A specific arrangement of side-chains, especially
with one or more exposed charged groups in a
particular region of a protein, could produce a
framework not conducive to the formation of an
ice-like lattice, The approach of a substrate of
a suitable shape and particularly with a substituent
of charge opposite to that of the protein side-
chain could provide conditions for the cotperative
formation of an ice lattice linking ligand to macro-
molecule, Thus again the stability of the enzyie—
substrate complex may be viewed as not necessarily
due to any strong attraction between macromole-
cule and small molecule but rather as the conse-
quence of the energetic stabilization accompanying
the formation of a more extended hydration lattice.
An essentially similar picture would be drawn for
hapten—antibody interactions.

The essential difference between proteins such
as enzymes or antibodies capable of specific com-
plex formation with a limited number of substrate
or hapten molecules, and serum albumin, which
is able to bind non-specifically a wide variety and
large number of small molecules, is the magnitude
of the open regions of the macromolecules. In
serum albumin, which is exceptional, the compo-
sition of amino acids may be such that over wide
regions of tlie macromolecule, water is not organ-
ized into an extended lattice structure. Couse-

(23) G. Scatchard, J. S. Coleman and A. L. Shen, TH1S JOURNAL,

79, 12 (1957).
(24) J. F. Foster and K. Aoki, 7bid., 80, 5215 (1958).
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quently many organic ions can approach the surface
and find many regions where co6perative stabili-
zation and extension of the lattice can be effected;
hence many of the small molecules may be bound.
In contrast, the composition of amino acids of most
proteins may be such that each macromolecule is
almost entirely covered by an ice-like sheath and only
one or a few limited regions are open. Only one or
a few small molecules can thus combine with one of
these biologically specific proteins, the specificity
arising, as elaborated above, from the ability of
the hydration layers of the small molecule and the
macromolecule to mesh and form an extended lat-
tice.

With this deviation from the conventional view-
point as to the basis of configurational specificity,
other aspects of enizyme behavior can also be readily
interpreted. For example, competitive inhibition
by molecules structurally analogous te the sub-
strate would be attributed to the likelihood of the
analog forming a codperative lattice in the same
region of the enzyme as that available to the sub-
strate. Enzvme inactivation, particularly when
reversible, by substances such as urea, may be
viewed as a consequence of the dissociation of the
ice-like structure bonding substrate and macro-
molecule together, due to hydrogen-bond forma-
tion between urea and the water molecules of this
lattice. Removal of urea would permit re-forma-
tion of the lattice between enzyme and substrate,
if the urea has not also perturbed the framework
of the protein molecule itself. In this way one can
understand reversibility of enzvme denaturation.
Activation effects of substances such as metals or
alcohol may be a consequence of their structure-
making or structure-breaking influences on the
hydration lattice. Through the medium of the
hydration lattice one can also understand various
long range intramolecular and intermolecular ef-
fects.®

It would seem worthwhile, therefore, to re-ex-
amine other features of specific interactions from
the point of view that the solvent may play a central
role in stabilizing protein complexes.
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