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Abstract

An analysis of Schellman’s treatment of preferential interactions is presented, as viewed by a laboratory practitioner
of the art. Starting with an intuitive description of what binding is in terms of the distribution of molecules of water
and of a weakly interacting ligan@co-solven), Schellman proceeded to a rigorous thermodynamic definition in
which he showed that classical, dialysis equilibrium, binding is a purely thermodynamic quantity. Putting water and
the co-solvent on an equivalent footing, he showed that the classical binding treatment is inadequate for weakly
interacting systems, in which the replacement of water by ligand and exclusion of co-solvent are symmetrical
concepts. Analyzing specifically the simple model of a single independent site, Schellman demonstrated how a
positive binding constant can give rise to a measured negative binding stoichiometry. He showed that the origin of
the complicated binding isotherms is the non-idealities of water and co-solvent, and went further to analyze critically
the effect of site heterogeneity on the ligand concentration dependencies of site occupancy, preferential binding and
the thermodynamic quantities, enthalpy, entropy and Gibbs free energy. This exposition of the Schellman treatment is
accompanied by illustrations drawn from the experimental results obtained in this author’s laboratory.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction ous sucrose solutiond] led us to the realization
that the protective action of this sugar must be due
It is with particular pleasure that | welcome this to the fact that it must give even more negative
opportunity to participate in this issue dedicated pinding stoichiometries with unfolded protein.
to John Schellman. While our |ab0rat0ry has been Neverthe|eSS, the relation between the negative
reporting experimentally measured values of equi- pinding stoichiometries and binding equilibrium
librium binding, i.e. preferential binding, for close  constants escaped us until John Schellman in 1987
to three decades, we were initially puzzled by our 9] started publishing his theoretical papers in
finding that a number of protein stabilizing agents |\ hich he elegantly developed the pertinent multi-
resulted in measured negative stoichiometries of oo honent thermodynamics that gave a lucid
binding. The first such results obtained with aque- explanation of how it is that a positive equilibrium
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4] and how the variation of activity coefficients co-solvents. The requirement of a high concentra-
can modulate not only the value, but actually the tion excludes the formation of stable complexes at
sign of the measured bindinfB,4]. It is in the specific sites on the protein. Such a mechanism
light of this personal perspective that | shall would imply binding constants<l M~*, which
attempt to describe the logical development of contradicts stability of complexation. The meas-
Schellman’s concept of exchang2-4] and how ured binding must be, then, a consequence of the
it permitted to sharpen the focus in the analysis simultaneous weak interactions of many molecules
and the understanding of experimental observa- with diverse loci distributed over a broad area of
tions by laboratory practitioners such as this a protein surface.
author.

The interaction of proteins with weakly acting 2. The puzzle
ligands has been a subject of interest for a good
part of a century, in view of their use as protein
denaturants(e.g. urea, guanidine hydrochloride
stabilizers(e.g. sucrose, glycerplsalting out and
crystallizing agents(e.g. Na SQ , polyethylene
glycol, i.e. PEGQ. The way to the understanding
of the underlying mechanisms of interaction was
opened with the development some 50 years ago
of the theory of multicomponent solution thermo-
dynamics[5,6]. This made possible to submit the
interactions of three component systefpsotein—
water—co-solventto rigorous quantitative analysis
in terms of the preferentidlor selective interac-
tion parameter(dms/om,)r p,., Which Schellman
has identified as thermodynamic bindings,7].
This parameter is identical with the binding meas-

ured by dialysis equilibrium or similar techniques, i ing, while negative stoichiometries are defined
vin the Scatchard notatiof8], I';; in the Casassa 45 preferential exclusion. How to analyze such
and Eisenberg notatiof®] used by Schellman. results?

In contrast to strongly binding ligands, such as  cjassical binding theory states that forequiv-
enzyme effectors, which act at low concentration gjent sites, the binding isotherm [i5]:
(<107% M), it is characteristic of these weakly
acting ligands that, in order to exert their action, KyCs 1

Dialysis equilibrium measurements of the bind-
ing of these kinds of molecules to proteins have
resulted in complex patterns of the dependence of
stoichiometry on ligand concentration; both posi-
tive and negative values @f,; have been reported
([10] and references therginFor example, gua-
nidine hydrochloride gives predominantly positive
values of I',;, while sugars, polyols and amino
acids give negative values, and in the case of urea
the sign of I',; varies with protein[11,13 and
actually may change with an increase in urea
concentration. At 6 M concentration, the measured
binding of guanidine hydrochloride to a number
of unfolded proteins is zero or close to zero
[13,14. In three component analysis, positive
binding stoichiometries are defined as preferential

they must be used at high concentratigypically Ty KpCs

0.5-10 M. In fact, these ligands may occupy as nerek, = [PL]/[P][L] is the binding constant for
much as a 30—40% fraction of the solvent volume. the binding equilibrium, B-L = PL, andC; is the

As a consequence, they are being referred t0 as)iyanq concentratiotfor activity) in corresponding
; ) I LOITEspor
11n what follows we have adopted the Scatchard notation units. The free energy of bindindAG, is given

[8] that component 1 is water, component 2 is protein and by:

component 3 is co-solventy; is the molal concentration of 0_ _

componenti and p; is the chemical potential of component AGo nRT In(l +Kb[L]) (@)
Since all operations are performed at constant temperature and The desired parameterk, and n, are usually

pressure, we will drop the subscrigfsand P from the partial obtained by curve fitting, such as the classical
derivatives. Furthermore, it is to be understood that all that '

follows applies to single, isolated protein molecules, a state Scatchard p|Q{16]. . .
that can be attained generally by extrapolation of results to 1reatment in such manner of equilibrium bind-

zero protein concentration. ing data for weakly interacting co-solvents leads
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Fig. 1. Scatchard plots of preferential bindifif,;) of co-solventsPart a. The interaction of urea with lysozyme, pH. 7.7. Filled
circles (@): experimental results; squar€ésl): site occupancy calculated from the calorimetric titration of Makhatadze and Privalov
[37]; open circledO): preferential binding calculated from the calorimetric titration data. For details, see’text. Filled circles

(@): preferential binding of PEG-1000 f-lactoglobulin; open circle$O): preferential binding of MPD to ribonuclease A.

to puzzling results. Typical examples are shown in negative binding leads to the absurd conclusion
Fig. 1 in the form of Scatchard plots. Fig. 1la that there must be negative binding parameters.
depicts the binding of urea to lysozyme at pH 7.7 What, then, is the proper way of analyzing the
(Xie and Timasheff, submitted to Biophys. measured binding for such weakly interacting
Chem), whereT',; is positive at all urea concen- systems?

trations. The experimental data, plotted as filled

circles, give the weird pattern in which the plot 3. The Schellman paradox

reverses sense with increasing urea concentration.

On the other hand, plots of two systems with  The fundamentals of the problem have been
negative experimental values bf,; give reasona-  stated clearly in the Schellman paradox. Let us
ble straight lines. Their analysis, however, leads to follow Schellman’s reasoning2,7]. The problem
the bizarre results that the binding of 2-methyl- is presented schematically in Fig. 2, in which a

2,4-pentanedio[MPD) to RNase A[17] is char- protein molecule is immersed into a mixture of
acterized by a positive binding constakit,=24.4 two solvents, say water and a co-solvent. By
M~! and a negative number of sites=—3.7, definition, the protein is totally indifferent to
while that of PEG-1000 t@-lactoglobulin[18] is whether it is in contact with molecules of one or
characterized by a positive number of sitass the other solvent component. Therefore, at any site

11.3, but a negative binding constakt},= —0.23 on the protein surface, it interacts with identical
M~ In fact, von Hippel et al. in 197319] were free energy with water or co-solvent, so that the
the first to point out that classical treatment of probability of component 3 occupying any sixe
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hypothetical system discussed above. It is clear

The Schellman Paradox from Fig. 2 that, in agueous medium, the occupan-
/1 Surface Layer cy of a site by any ligand molecule requires the

° replacement of water. Now, the system being

defined as indifferent to whether contact is with
water or co-solvent, the departure of water from
the given site is accompanied by a free energy
change equal to and opposite in sign to that of its
occupancy by the replacing ligand. Hence, the
measurement ofAG2=0. These considerations
demonstrate that the classical binding equilibrium,
P+L=PL, is incomplete and that water must be
introduced explicitly into the stoichiometry:

Bulk
Solvent

Fig. 2. The Schellman paradox. Dialysis equilibrium of a pro-

tein molecule dissolved in water—co-solvent mixture, in which P-nH,O+L = PL+#nH,0O 3

it is indifferent to the component with which it makes contacts. o

Mixed solvent composition in the bagsurface layer of sol- Then, the binding constanky,, measured by
vent) and outside the bagulk solven); water molecule$O), dialysis equilibrium, is an exchange constakit,
co-solvent molecule$®). X marks any site, selected at ran-  [2—4,7:

dom, on the protein molecule, at which it makes contact with

solvent component molecules. For details, see text. Ko= K. /Kw= Ko 4

) . ) o where K, and K, are the binding constants of
is proportional to its volume fraction in the solvent. ligand (co-solvent and water, respectively, in the
This means that the solvent composition on the pypothetical equilibria of their binding to an empty
protein surface is identical with that of the bulk (dry sit9 on the protein in aqueous medium
solvent. Therefore, if we were to place a dialysis cjearly physically unattainable situations. Within

membrane around the protein and measure theihe exchange concept, the measured binding free
binding at equilibrium, we would obtain the result energy for a ligandAG, is [20]:

that the binding,I',3=0, because, operationally,

I'»s=[(conc 3 in bag— (conc 3 in bulk]/(Protein AGo= AG?—AG, (5)
cono. On the other hand, ligandco-solvenl  yhere AG?, and AGY, are the free energies of
molecules are making contact with the protein pinging for the hypothetical equilibria of the bind-
surface. This means interaction, i.e. sites on the jng of ligand and water to dry protein in an
protein surface are statistically occupied by the aqueous medium. Eq5) shows that the sign and

ligand, and this occupancy changes directly with magnitude of the measured free energy of binding,
solvent composition. Formal analysis in terms of AG?, is a function of the relative affinities of

the classical binding theor¢Eq. (1)) leads to @ jigand and water for the site on the protein.
non-vanishing binding constank,, and a finite Equality of AG?, and AGY, corresponds to the

free energy of binding(Eq. (2)) [7]. But this  neytral situation depicted in Fig. 2.
contradicts the dialysis equilibrium result which When AGP, is more negative thalGp, i.e.

shows no binding. Obviously, classical treatment K. > Ky, there is an excess of ligardo-solvenk
fails when the interactions are weak. What is the o the protein surface relative to its concentration

resolution of this problem? in the bulk solvent. This defines the term prefer-
o ential binding [9] of component 3(ligand). The
4. Binding is exchange opposite situation, an insufficiency of ligand,

defines the term preferential exclusif@ of com-

As shown by Schellman, the resolution of this ponent 3(negative values of',;). Insufficiency
paradox is found in the Principle of Exchanffe- of ligand means perforce excess of water, which
4,7. Let us consider again the premises of the defines the term preferential hydration. The epithet
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preferential, therefore, means that the protein has
higher affinity for that particular solvent compo-
nent than for the other one.

5. Preferential binding is a purely thermody-
namic quantity

Schellman, who refers to preferential binding
also as ‘selective binding’ states tH&] ‘selective
interaction is a purely thermodynamic measure of
the relative interaction of a solute and the principal
solvent with a third species. It can be measured
quantitatively with no assumptions about the
underlying molecular events. It is the quantity that
is the relevant quantity if one is interested in the
change in chemical potential of a macromolecule
which is induced by adding denaturants, stabiliz-
ers, substrates, etc. When the interaction is strong,
it is identical to the usual molecular definitions of
binding. When the interactions are weak or nega-
tive it can differ significantly form the molecular
description.” This leads to the identification of the
parametefdms/om,),, as thermodynamic binding
[3,7. A simple algebraic rearrangement of this
binding parameter gives:

(o).

o ) (o)

and application of the Euler criterion leads to:
Iz

F23=(]M3= B (aue,]mz

amz

It is clear, therefore, thal',; is a purely ther-
modynamic quantity: it is the mutual perturbation
of the chemical potentials of protein and co-
solvent, which means that ‘a molecule does not
have to be in contact with a macromolecule to be
bound to it and that binding can be positive or
negative’ [7]. On the molecular level, thermody-
namic binding,(dm3/dm,),,, represents the num-
ber of molecules of ligand which must be added
to a solution or subtracted from it to restore its
chemical potential when a molecule of protein
(macromolecule has been added to the binary
solvent (water—component )3[21]. Once again,
there is no requirement of molecular contact. The
total free energy of interactiom\w,, Which is

6m3

amy,

Is
amy,

Ips
oms

/ (6)

m3

(7
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the free energy of transfer of protein from water

into the binary solvent, is obtained by integration
of Eq. (6) [22]:

App = J’ (aM o/ 0m 3)m2dm 3
0

¥

6. Equivalence of solvent components

[(9ma/oms),, (9p.o/0m ), |dm 5

(8

The concept of exchange in terms of EH®)
and Eg.(5) has been long understod@qQ]. Its
significance in defining binding stoichiometry,
however, was first demonstrated by Schellman in
1987 [2]. In his analysis, Schellman started with
the realization that, when dealing with a co-
solvent, the two solvent components are equiva-
lent. He put them on equal footing by treating the
system in terms of mole fraction concentration
units [3,4]. This key intellectual development led
to the understanding that interactions with water
and co-solvent are symmetrical, i.e. binding and
exclusion are symmetrical concepts. Schellman
states[4]: ‘the selective interaction formalism is
completely symmetric with respect to components
1 and 3; the apparent asymmetry of the preferential
binding equations comes from the fact that we
have chosen component 1 as the principal solvent
component and are, therefore, studying the binding
of component 3 in this medium.” A corollary to
this is: had we chosen component 3 as the principal
solvent we would have been measuring the binding
of water to the protein in the same medium.

The principles of equivalence and symmetry
lead to the realization that, while preferential
binding of ligand means preferential exclusion of
water, equivalently preferential exclusion of ligand
means preferential binding of watel,,;. The
symmetry between the two is expressed @y
molal concentration uni)s

mylps=—mgl 5 (9)
7. Relation between exchange constant and
binding stoichiometry

The question of exchange has been treated by
Schellman in a series of important theoretical
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papers[2—4,7. Working within the framework of  model based on independent sites is not very
an independent single site binding model, Schell- realistic and is mainly used as a framework for
man derived the equations for the free energy and thinking about the solvation procesfr’]. Never-
stoichiometry of binding within the exchange con- theless, Eq(12) is very instructive, as it permits
cept. He used two approaches: first, a qualitative, us to understand how a positive binding
intuitive approach with the grand partition func- (exchange constant can lead to measured negative
tion, and, second, a rigorous thermodynamic deri- binding stoichiometriesl',s. This fact is not intu-

vation in terms of multicomponent theofg]. The itively evident and originally was a source of
two give identical results. For a single independent puzzlement to this author.
site, i, the free energy of binding is: The definitions of the practical equilibrium con-

; stants, K’ and K”, shows that they are not true
AGH=AGe, =~ RT IN(A1+Kod 9 10 Constants but vary with solver):t composition
where K.,=K /Ky andA; and A; are the water  because of non-ideality. The factof;/f, can

and co-solvent activities in mole fraction units. attain significant values because the concentrations
Introduction of the activity coefficients of water of component 3 are high. Furthermore, the depend-
and co-solvent in mole fraction unitg,; and f5, ence of f3/f, on co-solvent concentration can
and summation over all sites result in the transfer assume a variety of shapes, e.g. monotonic increase
free energy of the protein from water into the or decrease, maxima or minima; its numerical

mixed solvent[3,4]: value can be greater than or smaller than one.
Schellman[3,4] has calculated typical co-solvent

Y AGY,=—RTY {Infl qoncentration depe.ndencies of th_e.various_ i|_1terac—
- tion parameters using known activity coefficients.

All have been seen with real systems. For example,

+1In [1+(K;XE—1]X3H Reisler and Eisenberf23] have found that the
fa preferential interaction of unfolded serum albumin
=Apai 1D with guanidine hydrochloride extrapolates to zero

at 7 M and presumably becomes negative above
that concentration. The measured preferential bind-
ing of sorbitol to native ribonuclease A at 48,

where X; is the mole fraction of the co-sol-
vent.
The identity of this quantity with the transfer

free energy given by Eq8) permits the calcula- PH 5:5, i negative below approximately 1.5 m
tion of this quantity from experimental data. Set- sorbitol and becomes positive above that concen-

ting Kolfs/f)=K and Kolf4(f m)=K" tration [24]. This reflects a variation of the transfer

apparent(practica) equilibrium constants in mole ~ f€€ €nergyAu,,, which is increasingly positive
fraction and molal concentration units, respective- Until it reaches a maximal value at approximately

ly, gives the result that, for a single independent 1-> M co-solvent, above which it decreases and

site [2—4]: tends toward zero at 3.5 m. On the other hand, the
dependence of ,; on the concentration of MgGl
(K'=1)Xs  (K"—1/myms in its interaction with B-lactoglobulin [25] is
2= 1+(K'— 1)X3= 1+(K"ms3) (12) increasingly negative below 1 M Mggl , at which

) point it reverses the trend and becomes positive
~ Eq.(12) shows that, iik’=1, the thermodynam-  apove 2.5 M. The corresponding bell-shaped
ically measured bindingl’2;=0; whenk’>1, the  gependence akp,, is again increasingly positive
measured binding is positive; whek' <1, the  pejow 2.5 M MgC}, at which point it attains a
measured binding is negative. In developing this maximum and starts decreasing. These examples
model, Schellman has cautioned that ‘a solvation gemonstrate that measured zero binding does not

2As shown above, a site need not represent a definite indicate an absence of interaction. In faﬂ23

physical locus on the protein surface, and the molecule in D€INg Fhe derivative o\, (Egs. (6) anq (8)),
question need not make contact with the protein. the point ofI",3=0 corresponds to a maximum or
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minimum in the ligand concentration dependence
of the free energy of interaction of the ligand with
the protein (maximal repulsion or attraction
Schellman cautions that single-point determina-
tions of preferential interaction cannot express the
effect of the interaction on a protein, because they

105

actual measurements performed on two systems.
The first is the dialysis equilibrium binding of
30% (5.81 m glycerol to B-lactoglobulin [26].

The measured preferential binding 1;;= —14.7
glycerol molecules per molecule of protein. Let us
calculate K" with Eq. (12). For this calculation,

cannot give the free energy change caused by thefor the sake of illustration, let us assign #o the

added co-solvent3]. Hence, the requirement of

total number of sites, the number of waters of

establishing complete concentration dependent hydration calculated by the n.m.r. method of Kuntz

isotherms.
8. Site occupancy and exchange

The above discussion of preferential binding, as

expressed by Eq.11) and Eq.(12), clearly indi-
cate that the two solvent components participate
on equal footing in the interaction procegs3.
Is there a way to determine unequivocally the
participation of each component in this process?
For a single independent site, the fractional occu-
pancy of the site by component &;, is given by

[3:
. K’Xg _ K”m3
X+ K'Xs 1+K'msg

As Schellman comments, while Eq13) is
identical in form with the classical binding iso-
therm (Eq. (1)), it is not a true binding isotherm:
K’ andK"” are not simple equilibrium constants for
the binding of component 3; they are exchange
constants with water. The fraction of the time that
the site is not occupied by component 3, it is
occupied by water, i.e9,=(1—63). If Eq. (12) is
split into two terms, we obtaifi3]:

63 (13

_ K'"mg mg/my
C14K'ms; 1+K'ms
For n identical independent sites this leads to

1—‘23

(14

@61]
mq
where n6; is number of sites occupied by co-
solvent andu6, of those occupied by water.

In order to show the magnitudes of the various
parameters involved in preferential binding, let us
subject to analysis in terms of the Schellman
illustrative model of identical independent sites

F23=n[63— (15)

[27]3, with the naive assumption that this repre-
sents the number of whole water molecules in
contact with the protein surface in pure agueous
medium. This gives:=300. Application of Eq.
(12) results inK"=0.0092 nT!, i.e. a positive
exchange constant. Bu¢K”—1/m;)= —0.0088
which explains the measured negative binding
stoichiometry, and reflects the positive free energy
change per site (Eq. (11), AGY,;=+27

cal mol~1. The site occupancy, calculated with Eq.
(13), gives03=0.051 andn6;=15.3. This shows
that protein—co-solvent contacts are made, even
though the measured preferential binding is nega-
tive and corresponds to a large preferential hydra-
tion, I';;=140 water molecules per molecule of
protein (Eq. (9)).

The second example will be drawn from the
system of Fig. 1a, lysozyme—urea. Let us take the
point at 5 M urea(6.44 m). The measured pref-
erential binding is 18.1 urea molecules per mole-
cule of protein. Let us again assignin the same
way, n=290. Combination of these values gives
K"=0.029 m?*, K"—(1/m,)=0.011, 65=0.157
andnb;=45.5. The free energy of binding per site
is negative and smallAG2 ;= —36 cal mol*.
Comparison of the two examples shows that in
both cases the free energy of interaction per site
is very small, so that the exchange constant is
small. But it is its value relative ton; ! that
determines whether the interaction will be one of
preferential binding or preferential exclusion
[2,3,7. In both cases, a significant number of co-
solvent molecules occupy sites on the protein. The
results of these calculations should not be taken
as representing the true molecular situation. Mind-
ful of the Schellman cavedt7], they can serve,

S Any other assigned values of would give different
numerical results without changing the conclusions.
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nevertheless, as illustrations of the kind of small 0 mg ) may
numbers that, through their accumulation, generate I'2s= ) [9’3— m—ﬂ’l] - m—B 1
the complex interaction patterns that we observe. i=1 . *
| =B3— " (BY+ B (17
9. General site occupancy my

10. Binding isotherms, exchange and site

The Schellman expressiof&gs.(12) and(13)) occupancy

describe the exchange between water and co-
solvent at a site. Experimental measurements of
preferential interactions have shown that, with
certain co-solvents, component 3 is essentially, if
not totally, excluded from protein. A striking exam-
ple is the interaction of aqueous glycine betaine
with bovine serum albumir28]. In such a case,
0;~0 and Eq.(13) becomes indeterminate. Eq.
(13) can be generalized in terms of solely occu-
pancies by co-solvent and water without reference
to exchangg29—-33. Then, if B, and B; are the
effective numbers of molecules of water and co-
solvent that occupy sites on the protein.

To analyze the interactions of proteins with the
denaturants, urea and guanidine hydrochloride,
Makhatadze and Privaloy37] in an important
study carried out careful calorimetric titration
measurements. In their analysis, they assumed that
the measured heat was proportional to the number
of denaturant molecules bound to the protein.
Scatchard plots of their data for unfolded proteins
resulted in straight lines from which they deduced
values of an equilibrium constark,,_», and of a
number of identical independent binding sites,
From this and denaturation data, they calculated
values ofn for native proteins. Their claim that
this approach afforded a better way of measuring
thermodynamic binding than dialysis equilibrium,

The parameter$;, and B; do not have a real  coupled with high precision densimetry, was in
physical meaning29] in the sense of being actual error. As Schellman and Gassi88] have pointed
whole molecules of components 1 and 3 in contact gut, the M and P treatment was in terms of
with protein, but they are only a summation of the classical binding theoryEq. (1)) and, therefore,
perturbations of the chemical potentials of solvent neglected exchange with water mandated by Eq.
component molecules by the protein whether they (3). By Eq. (13), we see that their pld87] which
make contact with it or nof7]. Conceptually,B, neglected water activity38] gave apparent values
and B; are the numbers of water and co-solvent of K, in molal activity units, and:, the apparent
molecules that are contained within a putative number of exchangeable sites. The binding stoi-
hydration layer with the composition of the bulk chiometry which they reported at any concentra-
solvent to which have been addéar from which tion was actually apparent site occupanay,, of
subtractegl the numbers of solvent component exchangeable sites, and not the thermodynamic
molecules involved in preferential interactidn,s binding, T',5 [38].

[33]. They are not thermodynamic quantitied. In Fig. 1a we have compared the results of this
Furthermore, since the only measurable quantity is analysis of the calorimetric measurements with the
I',5, Bz andB 4 pairs can assume an infinite number thermodynamic bindingl’,s, measured by dialysis
of values which can be fractional as long as they equilibrium. The straight line defined by the
satisfy Eq.(16) [29]. squares represent the Scatchard plot of the Mak-

Eqg. (16) can be expanded to encompass both hatadze and Privalo{37] data for the interaction
exchangeable sites, expressed by Eb5) and of urea with native lysozyme, using their assigned
non-exchangeable sites, i.e. sites at which~0 parameters, n=119 and K=0.06 (molal
[31-34. All occupancies by component 3 are activity) *. The expected values of',; were
considered to occur at exchangeable sites. Thencalculated with Eq(12) using the same parame-
[35,34: ters. The results of the calculation are presented in

F23=Bg_ @Bl (16)

ms
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the form of a Scatchard plot in Fig. 1@ ,4calc). situation. Schellman7] has cautioned that it is
Comparison with the experimental valuds,exp) only a framework for thinking about the solvation
shows a total lack of similarity between the two process. As such, it has been highly successful
plots. due to its simplicity and lucidity. Its exact appli-

A more extended analysis was carried out on cation to real systems meets with difficulties, as
the RNase A—urea system at pH 7.7 in which the demonstrated by the examples of Fig. 1 and Fig.
protein remains native below 5.5 M urea. A strik- 3, Schellman states that ‘there are assumptions in
ing feature of the dialysis equilibrium results is the model which are not in accord with reality.
that the experimental values df,; are negative  These are the assumptions of denumerable sites,
below 3.4 M urea and becomes positive above that which are independent, and on which a one-for-
co-solvent concentratiofPrakash et al., in prepa- one exchange of solvent species can take place’
ration). From their calorimetric measurements, [39]. First, the one-to-one replacement of Efj1)
Makhatadze and Pl’iV&lO{B?] have deduced the and Eq(12) contradicts the fact that most co-
parameterSn=122 total identical independent solvent molecules are |arger than Waté]' Sec-
binding sites andK.,=0.06 (molal activity)~*. ond, simple multiplication byz, the total number
Using these parameters, their site occupancy valuesef sjtes, assumes that the protein surface is homo-
(n63) were calculated and from this the expected geneous and that the sites are independent. In
thermodynamic binding at exchangeable sites, yeality, the protein surface is highly heterogeneous.
I'>sexch. Fig. 3 again shows total lack of agree- |t can pe described as a mosaic of chemically
ment with the measured values;exp. One pos- giyerse loci, polar, non-polar aromatic and aliphat-

sible explanation could be the presence of jo ' hositively and negatively charged, exposed
non-exchangeable sites on the protein mOIeCUIeSpeptide groups, each of which has its affinity

il yvou:d rr:qt be ge';ectedl dby |f|te conte;_ct pattern for any co-solvent. At any solvent compo-
measuring techniques, but would make a Negalive giiq, - ¢o-solvent molecules will be facing loci to

contribution tol',5 [23,34,33. These are given by which they are attracted, from which they are

aiNex=1I";exp—1I ;exch. The results, plotted in repelled, or toward which they are indifferent

Fig. 3, show that this parameter attains significant (A negative. positive or zedo Such a pattern
negative values of the same order of magnitude as How NEY ' P P .
I',sexch, which suggest that the small experimental OT Interactions of urea a_md some osmqutes with
values of the thermodynamic binding are the result different amino acid residues and peptide groups
has been well documentdd0-43. A measure-

of cancellation betweenl',s.exch and I' ;Nex. . ) )
Combination of the measureH,; with the n6, ment of I';5 gives an overall interaction summed
values calculated with the parameters M+ P over all the sites and its analysis in terms of
gives, by Eq(16), the expected values & The  tractable sites is naivi8g]. A similar insufficiency
results of this calculation were that the number of arises from the assignment of independence to
contributing water molecules decreases from 545 Sites. As pointed out by Schellmd@,38,39, it is
in 1 M urea to 200 in 5 M ureaSuch a variation  much more likely that there is a continuum of
in interacting water molecules appears most unreal- Sites, that nearest ligands interact with each other,
istic. What are the reasons for these discrepancies?hat water molecules form clusters, and the
arrangement of solvent components around a given
11. Heterogeneity, non-ideality, cooper ativity protein molecule fluctuates with time and varies
from one protein molecule to another at any instant
A critical analysis of the current status of pref- in time [39]. Furthermore, assignment of the total
erential interaction theory and practice has been number of sitesy, requires assumptions, for exam-
given by Schellman in two important papers ple the identification ofz as the effective number
[38,39. The model used in the development of of waters of hydration measured by an auxiliary
the understanding of weak interactions of solvent technique or an analysis of site occupancy detected
components with proteins is far from the real by, say, calorimetric titration. Schellmd89] states
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30 | Native RNase, pH 7.0
n63
20 |
dé I 23 exch
=
1S
& L
= 10 T3 exp

(6m;/5my)

210

Urea Concentration (Molar)

Fig. 3. Interactions of urea with ribonuclease A at pH 7.0. Open cirgles experimentally measured preferential bindidgs.
ns: site occupancy calculated from the calorimetric titration data of Makhatadze and Pr{8&|oV ,;exch: expected preferential
binding calculated from the calorimetric data with Ed2). I',5Nex: difference between the experimental data Eggtxch, which
is assigned to non-exchangeable sites. For details, see text.

that ‘the occupancy number cannot normally be Privalov[37] have reported that the directly meas-
measured experimentally’. ured enthalpy changes are much larger than those
With all of the above cautions in mind, an obtained from binding measurements: calorimetric
obvious question is: why did the calorimetric enthalpy is related to site occupaney;; equilib-
titration measurements give excellent Scatchard rium binding experiments measure preferential
plots defined by single values af and K? Since binding, I'»5, which, by definition, is much smaller
the assumptions were the same as those made byhan occupancyEg. (15)). Development of the
Schellman in his development of the exchange site occupancy relation for a heterogeneous system
equilibrium it would seem at first that this vindi- led Schellman[39] to the result that the ‘binding
cates the practical use of the simple model. The isotherm’ reduced to the form of E§13), i.e. its
answers were given by Schellmd88,39 who form is identical with that of a single site or of a
analyzed the relation between enthalpy and binding number of identical sites. The obtained parameters
and the effect of heterogeneity on the shape of the n and K, however, are only apparent valueg,,
binding isotherm. being smaller than the actual number of sites,
Analysis of the enthalpy of binding gave the andK,,, being greater than the average values of
result that the ‘the relative enthalpy of interaction the binding constant§39]. Under such circum-
of a macromolecule with a co-solvent depends stances, ‘what is obtained are the parameters for
directly on occupancy, rather than on net prefer- an identical-site system which behaves like the
ence’[39]. Consistently with this, Makhatadze and system under consideratiof88]. It is ‘a represen-
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tation of the data and not a model for the system’ molecules (water and co-solvehtin a general
[39]. Schellman carried out simulation calculations hypothetical internal(local) domain within an

of occupancy for a heterogeneous systi€ in ‘accessibility contour’ where a macromolecule can
which the actual binding constants varied by a influence solvent component molecules and com-
factor of 10. He compared the exact isotherm with paring the resulting solvent composition with that
one in which the constant is the proper average of of the bulk solvent which is not influenced by the
the actual constants. The two calculations gave macromolecule. The excess of molecules of com-
essentially identical isotherms. This demonstrated ponent 3(ligand) within the internal domain was
that conformity of an isotherm to a homogeneous defined as the binding. This corresponds to the
multisite system may, in fact, conceal a high degree experimental approach. He then used the fluctua-

of heterogeneity. The calculated binding parame-
ters, then, are only apparent values.
As reminded above, a protein presents a highly

chemically heterogeneous surface to a solvent.

tion theory [5,6] to calculate the excess of com-
ponent 3 in the neighborhood of a macromolecule
without recourse to any model, which led directly
to the thermodynamic definition of binding,

Therefore, the measurement of identical sites may expressed by Ed.7), and permitted to encompass

be surprising. The Schellman analysis may well
give an explanation for the experimentally meas-
ured homogeneous isothernt37]. The values of
the reported parametersandK, are only descrip-
tions of the data, but do not represent the real

into the concept of binding ligand molecules which
interact with protein molecules at a distance
through long range effectf21]. This thermody-
namic definition of binding provided a resolution
of the puzzle that denaturation by urea or guani-

situation. Nevertheless, such procedures are usefuldine hydrochloride is typically characterized by

in that they permit at least qualitative thinking
about the process. The conclusion thatind K
are not real physical entities explains also the total

divergence between the preferential interaction cal-

culated with these parameteis;sexch of Fig. 3,

and the experimentally measured values. Schell-

man [38] showed that, contrary to site occupancy,

transition curves that correspond to a change in
binding of the denaturant of~10-15 additional
molecules ‘bound’ during the course of the unfold-
ing. From the accompanying free energy change
of ~—10 kcal mol!, one would have expected
the transition to occur at approximately 1 M
denaturant. Yet, it requires 6—8 M denaturant for

the use of average parameter leads to a preferentialunfolding to occur. Schellman’s definition that the

binding isotherm that diverges from the one cal-

measured change is in preferential bindidd; ,s,

culated for the heterogeneous system. The expect-and not in occupancy21] solved this dilemma,

ed difference, however, is much smaller than that
observed(Fig. 3). The causes for this must be
sought in some of the other factors referred to

above, such as cooperativity between sites or

clustering of ligand molecules.
12. Conclusions

While John Schellman’s interest in protein dena-
turation by solvents goes back almost 50 years,
with the publication of his early fundamental
treatment43], he turned his interest to the concept
of preferential interactions some 20 years later
[21,23. In 1978, Schellmar21] started his anal-
ysis by establishing a definition of binding. First,
he defined binding by an intuitive process which
consists in the counting of the number of solvent

because the actual number of denaturant molecules
involved (change in occupangynay be more than
one order of magnitude greater thAfh',5.

In 1987, Schellmar(2] introduced specifically
the concept of exchange into the treatment of
binding. As described in the preceding text, this
led to the explanation of how positive binding
constants can generate negative binding stoichi-
ometries and to the demonstration of the origin of
the complex shapes of binding isotherms as resid-
ing in the variation of solvent component activity
coefficients. As Schellman has stated on several
occasions: these are only beginnings and the devel-
opment of more advanced models and more
detailed theory must await the accumulation of
new knowledge. Such progress is being made. One
may cite the work of Bolen et a[42,44 who are
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generating data on the transfer free energies of
amino acid residues into various osmolyte systems
as part of their studies of osmophobicity, i.e. the
basis on which nature selects agents to stabilize
cellular integrity and function. On the other hand,
Record et al. have extended the analysis of the
preferential binding of electrolyte§33] and are
probing more complex models of interaction and
ligand clustering [28,32,33,4h Developments
such as these are welcome, because they should
permit to extend the edifice for which Schellman
has laid much of the foundation.
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