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The question of protein hydration, i.e., the interaction of = The determination of this change in hydration does not
protein molecules with water, and of the involvement of lend itself to straightforward approachlesnd is nearly
water molecules in protein reactions has been a focus ofimpossible in pure water. Attempts have been made to
attention for the good part of a century. Yet the number of approach this problem by perturbing the proteivater

water molecules that interact with one protein molecwlg, ~ System via the addition of a third component at high
(waters of hydration), has been an elusive quantity, notwith- concentration (a posolvent). The number qf water molecules
standing measurements by transpdit Z) and NMR Q) measured by this approach, however, is not the sought

techniques. The reason for this lies in the essence of theduantityn = AWy, but it is the change in the number of
physical phenomenon of protein hydration. The fact is that Waters of preferential hydratio®Wey. Protein hydration,
there is no rigid shell of water around a protein molecule, Wk @nd protein preferential hydratiodey, are two inde-

but rather there is a fluctuating cloud of water molecules R€ndent concepts, and the two quantities are not related

that are thermodynamically affected more or less strongly directly. Let us show this by examining the system protein

by the protein molecule. Nevertheless, the description of thewater—_cosolvent In_terms of a simple thermodynamic
. . analysis based on multicomponent theddy8).

overall effect in terms of an effective number of whole water . ) .

molecules\Wi, has been a useful concept, analogous to the . A) Wa(;e_r of Hydrat:;)_n, Vi” \/(\j/he_n a proftem rr;)olecule IS

electrostatic double layer representation of the ionic distribu- Immersed in water (dissolved), its surface y necessity

tion in the cloud around a central ion in the Debyeiickel interacts with water moleculésWater of hydration is a

theory @), or the surface of shear used in the analysis of manifestation of the sum of all the thermodynamic perturba-

transport phenomena (sedimentation, electrophoresis diffu—tionS of water molecules by a protein molecule. Two basic
portp ' P ' rules apply: (1) The entire protein surface must make contact

sion) ©)- with water molecules (there is no vacuum); (2) the protein
It is characteristic of protein reactions that, during the surface can be regarded as a mosaic of highly diverse loci
course of the reaction, the total surface area of the proteineach of which interacts with water molecules by a mechanism
in contact with water changes. This must be accompanieddefined by its chemical nature and with its particular free
by a change in the number of water molecules with which it energy,dg.. These interactions may be attractions or repul-
interacts, i.e., its extent of hydratioAWy = Wi(product) sions of various strengths (free energies) which range from
— Wy(reactant). This is true of allosteric transitions, protein strong affinity with complex formation to simple van der
associations, and the binding of ligands. In general, if a Waals contacts, to actually unfavorable contacts that induce
reaction is accompanied by a change in hydrationnby
effective molecules of waten(= AW,), we may write the 1This, of course, does not apply to strongly complexed water

reaction as molecules.
2 All the analyses that follow will be for a single isolated protein
molecule, which permits one to neglect all interprotein interactions.
. — p* — . ! . q ; .
P nHzo P* + nHzo (n AWH) 1) This can be achieved by extrapolation to zero protein concentration.
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be negative or positive. Some water molecules are not
A C affected, which means thermodynamic indifferenég &
@ 0). As shown in Figure 1C, these interactions lead to
%)5 perturbations of the freedoms of translational and rotational
motions of the individual water molecules which are

é % €> @% restricted to different extents dictated by the value®gf

c At any instant, each category of proteiwater interaction

o }E will contribute an increment of “molecules associated with

T ° the protein” when the thermodynamic perturbations are
= @ E translated into molecules of hydration. This becomes clear

o when we look at the phenomenon through the transport

@E experiment depicted in Figure 1D. Each arrow on a water

g J/ (@ AN E) molecule represents the time average of its net nonrand.om

(I g’ifs‘f:m extent of motion in the same direction as that of the protein.
This is determined by the strength of its attraction by the
protein and, hence, by the ratio of the time that it is
& “attached” to the protein to the time that it is free, in the

D hypothetical equilibrium W, == W The fractional con-
O tribution to hydration of any water molecule is equal to the
ratio of its vector of motion to that of the protein. The sum
of the contributions of all the water molecules whose motion
@ is momentarily (and nonrandomly) oriented into the same
é direction as that of the protein molecule is the measured
protein hydration. It is the mass of water that, at any instant,
/ O migrates together with the proteim)( When divided by the
molecular weight of water, this results in the “number” of
/ 6 water moleculesyWy, that interact with the protein. Hence,

W, is an effective number. It is NOT the number of whole
K ) (@ water molecules that interact with the protein, as would be

Protein
—0) O
O
Protein

in the formation of a shell.

Let us examine the same situation through a descriptive
FiGURE 1: Interaction of water molecules with a protein surface theérmodynamic argument. Each water moleeydeotein
within a solvent domafmthermodynamically affected by the protein.  interaction is characterized by a free energy of interaction,
(A) Free water. (B) An introduced protein molecule causes water g, as depicted in Figure 1B. These add up to the total free
molecules to interact with it with different free energies, represented energy of hydration AGy = Ydg. Each individual dg;

by the vertical bars; downward pointing bars are for nega@ e ;
(attraction), positive bars for positivAG (repulsion); no bars corresponds to the probabilit, that a given water molecule

indicate indifference. (C) Corresponding changes in the freedom Will be “on the protein” at any instant in time; = tor/(ton
of translational and rotational motions of the water molecules. Water + tofr), Which can be equated heuristically to a fraction of a

moleculea is repelled from the protein; molecule fluctuates water molecule of hydrationy. For example, a molecule
f’rztn";e%rr‘t St;gggsgttr?ﬁg°|gragdvg§§)°:°{)':{ t(r?g C%Tgﬁ]q‘frfé‘iggtsegogt Zthat makes contact with protein 50% of the time will make
motio% ind[L)Jced by the appligd field (gravitationgl in sedimentation, 2 contribution of 0.5 molecule _Of hydratlomvi(= 0.5). A .
electrokinetic in electrophoresis, chemical potential gradient in Molecule whose freedom of motion is perturbed momentarily
diffusion). Molecules with no vector are neutral thermodynamically by the protein will have a finite value & (even though no
and are indifferent to the transport of the protein molecule. Molecule contact is made). This may be very smd| & 0.1, 0.01,
a, being repelled by the protein, is not transported; moletule  y 'pt it contributes a fraction of a molecule of hydration.
migrates at a low rate due to its fluctuation between being attracted ! _ . .
and free. Therefore, total hydratioWy = Y wi, is an effective number

of water molecules that interact with the protein. Water of
the dynamic water clusters to enter into the least unfavorablehydration must be regarded, then, not as a rigid shell of water
configurations 9, 10). As a consequence, some water around the protein molecules, but as a fluctuating “cloud”
molecules are immobilized most of the time, and others retain of waters that interacts more or less strongly (even unfavor-
various degrees of freedom of motion and fluctuate betweenably) with the protein surface. Therefore, any analysis based
transient contact with protein and being part of bulk water. on the concept that a rigid shell exists is in error. On the
Finally, there are water molecules that do not make contactother hand, a model that contains a hypothetical shell of water
with the protein, but whose translational and/or rotational around the protein molecules may be useful in calculations,
motions are perturbed momentarily by a nearby protein if it is realized that the model does not correspond to reality
molecule. This is illustrated in Figure 1. and if one remembers that equilibrium thermodynamics are

Figure 1A is a picture of a number of idealized free water independent of model or pathway.

molecules all with identical unrestrained translational and (B) Colligative Effects of Coseknts (Osmolytes)A
rotational motions in equilibrium with a transient cluster cosolvent is any chemical compound that is added to water
(pure water). In Figure 1B, a protein molecule has been at high concentration (0210 M), e.g., an osmolyte, such
introduced into the system. The free water molecules interactas sucrose, glycerol, or urea. The term cosolvent stems from
with it with various values of free energyg) which may the fact that the additives of interest, e.g., osmolytes, can
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A. Instantaneously: p at the protein surface is perturbed by (6111_ /é‘mp) from its equilibrium value in bulk solvent

mj, ?
(HS‘) to " (inst): [ /
\
- C TN ;
o)
s (ény /| distance ()
M +[6‘mp JmL \ - __7

B. To restore equilibrium u{”‘ (inst) must be changed by an amount equal and opposite in sign to the perturbation, i.e.

- (BuL /émp )mL so that p{“" (equil)= ui . This change must be positive if the perturbation was negative and it must
be negative if the perturbation was positive. This can be done by adjusting the concentration of L in the vicinity of
protein (m{rot (inst)= mg) by the increment (6mp, /amp)pL @13) (uL =pf +RTInmy +RTIn yL). This adjustment
g:;:i:i‘l:: positive if the chemical potential perturbation was negative and it must be negative if the perturbation was
C. Then, at Equilibrium: p at the protein surface = p,_ at infinite distance, but my_ at the protein surface is changed to
mjro (equil)=m{ +(0m fomp )HL , where the quantity (6m; /omp )uL can be positive or negative.

m]l:m (e‘l“il) = _5 ..\"‘\.-.,, mIS,
. .
m[ltmt (mSt) ///
m§ + 2oL - N/ distance (o)
L /
e Juy N

The dotted and dashed lines in A and C are the paired perturbations of p; and my by addition of protein to the mixed
solvent. Note that the two perturbations are opposite in signs.

Ficure 2: Thermodynamic consequences of adding a protein to a wedsolvent mixture.

occupy up to 40 or 50% of the solvent volume. Hence, they product of the cosolvent concentration in molal unitgs(

are equivalent to water. In our treatment, we will take water and its osmotic coefficientys, which is a measure of its
as the principal solvent and measure the binding of cosolventdeparture from ideality. At any value of osmolality, all
to protein in an aqueous medium. Symmetrically and solutes exercise an identical effect on the activity of water
equivalently, we could take cosolvent as principal solvent. and on the colligative properties.

Then, the reference state would be fully solvated protein in - (C) Perturbation of Cosalent Chemical Potential by
pure cosolvent, and water would be the added ligand. Let protein Defines Thermodynamic Bindingow, let us add

us examine thermodynamically the consequences of thethe cosolvent to an aqueous solution of protein. What are
addition of a cosolvent to pure water. At constant temperature the thermodynamic consequences? (1) The water activity is
and pressure, which will be maintained throughout this |gwered by the colligative effect t@™ (2) cosolvent
discussion, the activity of pure water is “onelly = 1. The  molecules enter into interactions with the protein.
chem|ce_1l_ potential of pure water is= u° + RTIn aw " Let us examine this in terms of the reciprocal, but
«°. Addition of any cosolvent to water lowers the activity equivalent, operation of adding a protein molecule to a

CcS B H H S __ o
of Wategsto = landits ch(_emu_:al potential ;= u° + water-cosolvent mixture, at a water activitg,. The
RTIn &, by the general colligative effect. Then: immediate effects arelp) as follows: (1) the protein
cs o cs R becomes hydrated; (2) it interacts with the cosolvent, i.e.,
Ay, = py, — u° = RTIn a;/= RTIn(p,/py) = the chemical potential of the cosolvent (ligand, L) becomes

—Vr = —RT(m, 5/55_5)pCs (2) perturbed by the proteingg./dme)m , and reciprocally that
of the protein by the cosolventp/om,)m, = (duL/dMp)m .2

The colligative lowering of water activity is manifested by This is the thermodynamic definition of interactiat8]. As
the following (L1): (1) Lowering of the partial vapor pressure  €xplained on Figure 2, these mutual perturbations of the
of water in the presence of solut@,} from the vapor chemical potentials have, as a necessary consequence, the
pressure of pure watepg), which, as a consequence, (2) redistribution of solvent components in the vicinity of the
generates an osmotic pressure,across a semipermeable protein such that, at any given bulk solvent compositian,
membrane and causes the lowering of the freezing point andthe ligand concentration in the vicinity of the protein differs
the raising of the boiling poin\[ is the partial molar volume ~ from that of bulk solvent bydm./ome),, (6, 14. This can
of water, R is the universal gas constant, afidis the

thermodynamic (degrees kelvin) temperature]. The magni- s The subscripts W, P, and L refer to water, protein, and ligand
tude of the effects is defined by the osmolality, i.e., the (cosolvent), respectively.
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be accomplished by addition or removal of cosolvent, AGE, = AG} — AGY, 4
removal or addition of water, or both. The quantigm(/

amg),, is thermodynamic binding1@). It is the binding Schellman 13, 18, 19 has shown that the binding constant
measured experimentally at osmatiadialysis equilibrium, measured for the reaction;tM,O + L == PL + nH.0, is
expressed by in Scatchard notation8f and by I'3 in an exchange constant:

Cassassa and Eisenbefgf)(and Schellman notationd §,

15).4 We will denote it by s It is the expression in Kex= Ki/Kyy = ([PLI[H01)/(([P-nH,0][L])  (5)

molecular terms of the mutual thermodynamic pertubations

of the protein and cosolven6y where Ky and K. are the equilibrium constants for the

hypotheticdl reactions:

o = (0m/omp), =v=Tp= Prot (dry)+ nH,O = ProtnH,O (K,);
{ = (O fomp) 1A fomy ) o } = —(Oupl Gt ), (3) Prot (dry)+ L == ProtL (K,) (6)

Treating explicitly the simple model in which one water
) R . L 'molecule is replaced by one cosolvent molecule at a totally
(u/ome)m, is negative, i.e., the interaction is favorable, the independent site on the protein, Schellman has derived the

n}easurled btin_dirf)(ré/anb%m ;sﬂ?ositiv;a (therle i.s ant eﬁciis dependence of the thermodynamic binding on the exchange
of cosolvent in the doma®nof the protein relative to bu constantKey (13, 15, 18, 1%

solvent). Reciprocally, wherdg, /omg)m_is positive, i.e., the
interaction is unfavorable, the measured binding is negative 1 \persitey (k'@ — 1 KO — 1)x
(there is a deficiency of cosolvent in the domain of the (ﬂ) :( ex W)”I = (Kex : i
protein relative to the bulk solvent). omef,, A+KO9m) 1+ KY—1)X

(D) Thermodynamic Binding Is Wate€osobent Ex- (7
changeNow, an excess (or deficiency) of ligand (cosolvent) , ,
relative to its bulk solvent concentration requires a deficiency Where Ke, and Kec are exchange constants in molal and
(or excess) of water, by the simple physical principle that mo_Ie fraction unitg,respectively, anaK_L is the molefr_actlon
two objects cannot occupy the same space at the same timeof Ilgand._The use of cosolvents at high concentration means
Any molecule of cosolvent present in the system must have that the interactions are weak, ~ Kw, andKex hovers
replaced water within the particular volume element. In pure &0und 1, which by eq 7 explains the measurement of
water, this gives rise to the colligative effects. However, N€gative binding stoichiometries with positive binding
replacement by cosolvent of a water molecule that s affected €ONStantsKex. The experimentally measured binding is the
thermodynamically by protein must involve some additional SUm of interactions at afh loci® (12, 13, 18:
free energy contribution, the sign and magnitude of which 5 n [am \i N ERYNE
are determined by whether the interaction at the particular _ E _ E _ ﬁ /ﬁ
locus is more or less favorable for the cosolvent than for P |4 ; P Zl ) 9
water and by how much. Even the replacement of a water Mol | Ml I Mmp AT,
molecule which is only momentarily affected by the protein The protein surface is a mosaic of chemically heterogeneous
without making a contact, or of one which is not affected o 8 each of which has its individual affinity for water and

by the protein in a locus where the ligand is affected, will ¢ogoivent. The surfip, is composed of positive and negative
involve a free energy contribution over and above the (3mL)(i)

statistical colligative effect. The wateligand exchange has

been examined by Schellman, who has, in a series of e . . N

important papersi@, 15-20), treated it in terms of the agso r(]igautral loci on the protein surface wiig, = 1 and

equivalence of the two solvent components (water and Im =0

cosolvent) 19). oMe), .
In aqueous medium, the reference state of the protein is 1 NiS pattern of exchange, when summed over the entire

fully hydrated protein. The binding of a ligand (cosolvent) Protéin molecule, is what generates the measured overall

molecule must involve the replacement of water molecules. POSitive and negative binding stoichiometries and leads to

Therefore, the measured free energy of bindings, is an the terms_ preferequal binding, preferen.t|al hydratlon,.and

exchange free energhGe,. It is the difference between the ~ Preferential exclusionl@, 14, 18. The epithet preferential

hypotheticdl free energies of binding of cosolvemG, simply indicates that the protein has a higher affinity .for

and waterAG,, respectively, to a dry site on the protein °N€ solvent component than for the other one. As depicted

dissolved in the mixed solven2, 22:

Figure 2 and eq 3 state that when the interaction parameter

(8)

contributions of a variety of magnitudes. There are

"Kex and AK, of eq 7 are apparent (practical) equilibrium con-
stants, which neglect solvent nonideality. Therefore, they vary with
4The subscripts 1, 2, and 3 refer to water, protein, and ligand, solvent composition1(s, 19.
respectively, in Scatchard notatiod)( 8 The term locus doesot designate a well-defined reactive site on
5Domain means the volume around a protein molecule over which the surface of the protein, such as a binding site for a biological effector.
it influences thermodynamically molecules of solvent components. We It means simply an element of volume that can accommodate molecules
definitely do not imply the existence of any shell or well-defined of cosolvent or the corresponding number of water molecules. Loci
compartment around the protein molecule that has physical reality. may fluctuate in number and geometrical disposition on the protein
6 The reactions are hypothetical equilibria, since we obviously cannot surface, as dictated by any given watebsolvent system. Furthermore,
have a dry site on the protein immersed in the solvent (water or there may be interacting loci in the solvent volume neighboring the
cosolvent). protein, but which do not make contacts with its surface.
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Solvent: Neutral Pref. Bound Pref. Excl. Observ.:  mf™ >mf™ mf™=mf* mf™ <mf

Co-solvent Co-solvent Co-solvent |
Solvent '
_C°gllii(‘ 000000 00000 OO0000 Tp: +  (Pref Bind. ofL) 0  (Pref ExclofL) -
n Buik: 0000 0000 0000

Tpw: -  (Pref Excl. of W) 0 (Pref. Hydr.) +
Solvent
Comp' (auL/amP)m[_ : - 0 +
on Prot.
Surface: Salting in Thermodynamic Salting out
Indifference

FiIGURe 4: Symmetry of thermodynamic binding.
Exchange: Ki=Kw Ki>Kw Ki<Kw

. o . tion may be regarded as neutral with respect to the protein,
Tn? 0 * (binding) - (exclusion) since th}:a protegin is indifferent to whether; the contagts are
FicurRe 3: What is the binding at the protein surface for cosolvents? with molecules of the cosolvent or of water. It must be
Itis the difference betwgen the solvent compositions at the protein emphasized that contact per se does not mean binding in a
surface and in the bulk:C) water, @) cosolvent. thermodynamic sensé&?). The symmetry of thermodynamic
binding is described in Figure 4. Symmetrically distributed
on the two sides of the point of thermodynamic indifference
are equivalent zones of interaction, which differ only in sign.
On the left-hand side lies preferential binding of cosolvent
of increasing strength, hence, preferential exclusion of water
(see eq 9). On the other side lies preferential exclusion of
cosolvent of increasing strength and a corresponding increas-
ing preferential hydration. The principle of symmetry means
that the perturbation of the chemical potential of cosolvent
by protein can attain negative or positive values that are
identical in absolute magnitude. Hence, preferentially bound
and preferentially excluded cosolvents can exercise equal in
magnitude and opposite in sign perturbing effects on protein
properties, e.g., their modulation of protein foldir@y).
Preferential binding, dm./ome),,, and the chemical po-
tential perturbation, u. /ome)m , refer to a given solvent

in Figure 3?9 this leads to three possible situations: (1)
preferential binding; (2) preferential exclusion; (3) thermo-
dynamic indifference, i.e., neutrality. In the case of neutrality
(binding = 0), the concentration of ligand “on the protein”
is equal to its concentration in the bulk solvet),

The principles of watercosolvent exchangel 8, 18, 21,
22) and solvent component equivalence9)( lead to a
reciprocity principle: The excess of either solvent component
in the vicinity of the protein can be expressed in terms of
the deficiency of the other component. The thermodynamic
binding of ligand (whether positive or negative) can be
expressed equivalently in terms of the binding of walker,
= rpw, as Q3)

[y = Tpw= —(my/m)lp = —(my,/m)(0m /omp),

9) compositionm, . The effect of the cosolvent relative to pure
R . ) water as reference state is expressed iy, the free energy
When the thermodynamic binding of ligand is negativey of transferring the protein from water to a solvent of

is preferential hydration (preferential binding of water); compositionm,. It is related to preferential binding by2,
equivalently, a positive value of ligand binding is preferential ;g 25-28)

exclusion of waterm I'ew = —mwIpL.

(E) Symmetry between Binding and Exclusidhe prin- _ [ m A0 A(O — A(O
ciples of exchange and reciprocity lead to the realization that ~* P =/:> (3uug/ M )y, AMy = AGE = AG, = AGj e
thermodynamic binding is a symmetrical function about the (10)

point at which contacts of the protein with cosolvent and
water are strictly statistical. As pointed out by Schellman
(17, 18, this defines the point of thermodynamic indiffer-
ence. Hence, a cosolvent solution of that particular composi-

Aupy can attain positive and negative values of equal
absolute magnitude. The transfer free energy defines also
the free energy of binding\G;. A negative value oAup
= AG; means that the state of the protein in the cosolvent
solution is more favorable thermodynamically than in pure
91n this and subsequent schematic representations of the physicalyater. This is manifested by the preferential binding of the

process (Figures 5 and 6), water and cosolvent (osmolyte) molecules . !
have been drawn as equal in size and replacing each other on a one0S0lvent to the protein, so thay, . is, more exactly, the

to-one basis. The reason for this representation is that it conveys in afree energy of preferential bindind\Gg, A positive value
simple and lucid manner a description of “what is happening” and helps of Aup, = AG;y means that the state of the protein is less

in thinking about the general process. In the real situation, cosolvent ; ; ;
molecules, being larger, displace several water molecules, some of].cavoréIble thermodynamically in the cosolvent solution than

which do not make contact with the protein surface. This is implied in in water. This is manifested by the preferential exclusion of
the exchange equation (eq 5 and accompanying discussion). The samé¢he cosolvent, and\upy, is the free energy of preferential
simple model has been used by Schellma8, (19 to explain in an exclusion,AG;_exc,, which is the amount of free energy that

easy-to-grasp way how negative binding can arise from positive values . _ S
of the exchange constant (eq 7). Other models, which take into accountMUSt beé expended in order to remove statistically distributed

replacement of several water molecules by one ligand molecule or ligand molecules from the protein domain and replace them
cooperativity between molecules, will lead to more complicated binding with water (L2, 28. The principle of symmetry applies also

equations. The fundamental thermodynamic principles (see Figure 2) R o i et it
and the thermodynamic equations (e.g., eq 3 and others that follow) to the free energy of bindingGy, with a distribution of

are independent of model or pathway and are rigorously valid for the POSitive and negative values on either side of the point of
real situation. neutrality, AG; = 0. Consideration of eq 10 in terms of
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molecules are removed from the protein surface and replaced
by water moleculesiex < 1). This step has a positive free
energy change, which is the free energy of exclusion
AGJ ..+ Had we taken the cosolvent as principal solvent

6)) ‘..(2A) +000 and water as ligand, the signs of the free energy changes
binding i i i
ecoe - would have been inverted (exclusion of water in step 2A
* 000000 QL and binding of water in step 2B).

(F) Is the Water of Preferential Hydration, A, Related
to the Water of Hydration, WP The mixed solvents most

hydrated solvent neutral . . . .

protein intermediate pertinent to biological systems are aqueous solutions of
+ 000 osmolytes, e.g., glycerol, sucrose, glycine, betaine, sorbitol.
exclusion These are preferentially excluded from proteid® @nd

FIGURE 5: Equivalen.ce .of preferential binding and preferen.ti.al references cited therein), anghg /ome),, = T'p is negative.
exclusion. Step 1: Binding of cosolvent at the same composition By eq 9,Tpw is positive; this preferential hydration can be

as in bulk solvent, thermodynamically indifferet? — AGy, = : .
0. Step 2: Replacement of solvent component molecules by each®xPressed in terms of moles of water preferentially bound

other. 2A: Thermodynamically favorabl&Gy, = —. 2B: Ther- per mole of proteinWey = Tpw.
modynamically unfavorableAG} ., = +- Now, what is the relation betweeWey and Wy, i.e.,

. ) between moles of water of preferential hydration and moles
symmetry leads to the definition of inertness of a cosolvent ot \yater of hydration? Careful reflection over the chemical

tfwa“j' a protein. An inert cosolvent is one for whihe, ¢ origins of Wy andWpy leads to the conclusion that there is
= AG; = 0 at all concentrations of the cosolvent, i.e., total N girect relationship between these quantities because they
thermodynamic indifferencel?, 2§. This requires dus/ refer to chemically different processasl, is a measure of

M )m, = 0 and fm./dme),, = O at all cosolvent concentra- \yater interactions with a protein due to protein surface
tions. In this situation, the cosolvenprotein contacts are  \, ater forces in a pure binary proteiwater system. In the

strictly statistical at all solvent compositions. protein-solvent interaction equation (eq 4k is a function
Preferential binding is a weak gradual solvent replacement ¢ AGS, (Kw of eq 6) alone, asAG? does not exist. It

process, dispersed over the entire protein solvent interface,d1anges little with changes in solvent composifioiey,

and AG; is a continuous function of ligand concentration 4, the other hand, requires the presence of a third component,
defined by the given proteincosolvent pair. Schellman has o cosolvent, in the absence of whig¥by cannot exist,

shown that {3, 19 while Wy, is always present. For any given cosolvent, the
n magnitude of ', and, hence, of pw = Wey (€q 9) is a direct
AGy=—RTY In (A, + KSEAL) (11) function of AG;,, the magnitude of which, by eq 4, is
= determined by the value of the correspondix@;’ because

AGy, remains essentially constant. Hence, the magnitudes
whereAy andA_ are the mole fraction activities of water of Wy and Wey are determined each by one of the two
and cosolvent at each solvent compositiohGy is a independent terms on the right-hand side of eq 4. Further-
complex function of cosolvent concentration: it is a sum- more, the chemical interaction that occurs on addition of the
mation over all loci on the protein surface, each characterizedosmolyte (cosolvent) and generat®¥éy is the mutual
by its particular value of the exchange constaKﬁ_,',l, perturbation of the chemical potentials of the osmolyte and
positive, negative, or zero, and which reach saturation atthe protein by each other,du /dme)m = (Jup/dM)m,
different cosolvent concentrations. The variation of the measured a¥p. = —(m./my)Tpw. Then, by eqs 3 and 9:
interaction parameters can assume complicated nonlinear
forms, which may pass through maxima and minima and ~ Wey, = Ty, = { (my,/m)(3uy /9mp) (3w /om ) }
changes of sign with variation in cosolvent concentration (12)

(12). These may be caused by the solvent composition
variations ofAy andA_ (15, 19.

The thermodynamic equivalence and symmetry of binding
and exclusion are illustrated in Figure 5, where the pretein
cosolvent interactions are treated as a hypothetical two-ste
process. In a first step, a hydrated protein surface element i
immersed into the mixed solvent in a hypothetical thermo-
dynamically indifferent process: Part of the water molecules
become replaced statistically by cosolvent molecules, making
the solvent composition in the protein donfaafentical with
that of bulk solventKex = 1. Protein-cosolvent interaction me
specificity is introduced in the second step: in nonneutral Mty =, (O /omp), dmp= AG3, = AG; o (13)
events, some molecules of one solvent component are
removed and replaced by the other solvent component. In Combination of eqs 12 and 13 leads to
step 2A, water molecules are replaced by cosolvent molecules
(Kex > 1). Water being the principal solvent, this is a =T, ={(55.56RT)(0Au, /om)}/
thermodynamically favorable process, with a negative free {1+ m[Iny /om] (14)
energy of bindingAGg,, In step 2B, some of the cosolvent m yilomy mp}

Equation 12 states that the magnitudeV#,, i.e., the
preferential hydration, is established by the extent of the
perturbation of the chemical potential of the ligand (cosol-

Mvent, osmolyte) by the proteiri?). Symmetrically with eq
>10, we can define the free energy of preferential binding or
exclusion of the osmolyte as the transfer free energy of the
osmolyte from pure water to a wateprotein mixture of a
given compositionme:
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Therefore, at identical osmolalities of different cosolvents, A B
the sign and magnitude ¥¥ry are dictated by the particular 2 40000 coe
protein—cosolvent pair, i.e., BAGy, = AG; . FOr ex- < /40000 @O O | aqueous
ample, for RNase A, at identical osmolalities of ligandé,; Z 588 8 28 8 s"l“"l"“ of
is positive for trehalose, glycine, betaine, and glycerol, but 3 136606 00 e fg;fr?o;';‘:)
its numerical values differ for the various osmolyt& &nd &£ /10000 o) Yo
references cited therein). It is clear thaty is NOT a /I\ \_b{l-l-l:water
measure of proteiwater interaction, but only an expression )
in terms of water molecules of the strength of the protein water of hydration
cosolvent interaction in an agueous medium. Wiite, and = 3. Strong Pref.
W, are independent phenomena, and neither concept requires 1. Neutrality ~ 2. Pref. Binding Binding
contact with the protein, they both occur within the volume gooe gooe 0000
element neighboring to a protein molecule. Logic tells us 5828 8828 :882
that they should overlap and that the same water molecules 'Y YeXe) 0000 0000
may be counted physically in boiNp andW. Yet, there gooe gooe €000
is no rigorous way of translating knowledge of one into direct noeo eceo0 ee0e
information on the other. Nevertheless, it seems reasonable 5. Strong Pref. 6. V. Strong Pref.
to assume, as a first working hypothesis, that the equality of 4. Pref. Exclusion Exclusion Exclusion
values ofpw = Wey and W points to a strong overlap of 82 8 8 Eg 88 888 8
the water molecules involve@9). The physical situation is 0o e o 0oeo doeo
depicted schematically in Figure 6, in which the same protein @000 0eo o gooo
surface with constant hydratioi; (shown in diagram A), 88 2 8 gg 2 8 gg 2 8

is immersed, in turn, into differently interacting cosolvents

e : Ficure 6: Molecular distributions of water and osmolytes in
of composition B. In part C, scheme 1 is the case of preferential interactions. The difference between protein hydration

neutrality: some waters of hydration are replaced statistically and preferential hydration. (A) The reference state: protein in pure
by ligand, as the protein is indifferent to contact with water water: @) waters of hydration;®) bulk solvent waters. (B) Mixed

or ligand. In schemes 2 and 3, ligand molecules replace solvent in which the protein will be dissolvedO) water; @)
nonstatistically hydration water molecules (C2) and some ﬁ?oslg'(‘:’ligfs E(Ij_)C.))(Cb:z/ Ezgea?nlgcgg]lighllgs:])e %gtﬁg‘nggaul}g)nncg vmvg;er
bulk solvent water molecules .(93) beqause the protein hasbe: 1. Neutrality: Concentration of L identical throughout the
a stronger to much stronger affinity for ligand than for water, system, from protein surface to infinitfex = 1; AGy = 0; (!
resulting in preferential binding of increasing magnitude. In amg) = 0. 2. Pref. Binding: Concentration of L close to protein
schemes 46, few ligand molecules can penetrate in the than in bulk solvent. (Replacement of some waters of hydration
vicinity of the protein because the protein has a stronger BY L, With Kex > 1; AG, = —; (qui/ome) = —.) 3. Strong Pref.
affinity for water than for ligand, or there is even repulsion Binding: Concentration of L close to proten than ;n bulk SOIY,em'

. ' ' (Replacement of waters of hydration plus some “next layer” waters
of the ligand that leads to perturbation of solvent composition py L, with Ke > 1; AG, = — —; (dui/dmp) = — —.) 4. Pref.
beyond the water of hydration (diagram C6). As a conse- Exclusion: Concentration of L close to the protein is less than in
guence, what in the binary system (diagram A), were bulk the bulk solvent. (Replacement of some waters of hydration by L,

: with Kex < 1; AG, = +; (du/omp) = +.) 5. Strong Pref.
water molecules unaffected by the protein, may become Exclusion: There is no replacement of waters of hydration by L:

affected by thg prot_e_iﬁligand interaction in thg ternary Ke < 1; AGy = ++: (du/ome) = ++. 6. V. Strong Pref.

system and be identified as waters of preferential hydration Exclusion: There is no replacement of waters of hydration by L,

(second vertical row in diagram C6)? which is excluded from the protein to an extent greater #an
This gradation of interactions between the protein and - from some *bulk water"Ke <<1, AGp = +++; (du/ome)

aqueous cosolvents (osmolytes) permits us to align them on™

a single scale, shown in Figure 7. We note that, although

the hydration of the given protein\{) remains constant, of water and cosolvent molecules that interact with the

the preferential hydration/ry) varies from highly negative  protein. There exist several derivations of the pertinent

values at the top of the scale to increasing positive values atrelation (L9, 29-35). While formally correct, these deriva-

the bottom of the scale, after passing through zero at thetions are intuitive and not thermodynamically rigorous. Let

point of neutrality, i.e., of thermodynamic indifference. B. andBy express the effective numbers of ligand and water
(G) Nonthermodynamic Expression of Preferential Inter- molecules that make contact with the protein, respectively

actions: Site Occupancifhe definition of thermodynamic ~ (12). The derived relation is

binding as the sum of all the watecosolvent exchanges

over the entire protein surface leads to the following (Om /omp), =Tp =B —(m/my)By,  (15)

question: what are the total numbers of water and cosolvent

molecules that interact with the protein? These molecules As will be shown nowB. andBy are not thermodynamic

may be located at protein loci that are favorable to water or quantities {5, 2§ nor do they have a defined physical

to cosolvent or are neutrak{) <1, >1, or=1). Formally, =~ Meaning 80). B. andBy are not actual numbers of ligand

itis possib|e to decompos@m/an'b)‘ul. into total numbers and Wa.te!’ molecules in (.:Oﬂtact with the protein, bUt they
are effective numbers which represent the summations over

19 Added cosolvents may affect protein hydratiaf, by, e.g.. all the interactions of various strengths between the protein

lowering the dielectric constant of the medium by an extent that is @nd the solvent component molecules, ranging from com-
sufficient to affect significantly the ionization of charged groups. plexation to momentary perturbation. The total mutual
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Tew TpL are the relative exclusions of various osmolytes, expressed
=Wen A as “numbers of water molecules on the protein surface”? The
) + . usual approached?, 29 have been to compare values of
Bw deduced by settin@_ equal to zero with values oy
GuaSCN ] derived independently from, e.g., transport experimehts (
— or NMR (3). At times, the equality of such calculat&i,
GuaHCI - with Wy has been interpreted as total exclusion of cosolvent
|| . from the protein surface2@, 36 with the tacit implication
CIEtOH Ker>1: Pref Bind of Osmolyte that this is the maximal exclusion possible. This, however,
] Pref Excl of Water presents problems. First, it implies that only waters of
ArgHCI ] hydration may be replaced nonneutraly by osmolyte mol-
T — ecules. This is incorrect because the nature of the water
GuaAc — molecules replaced in the proteinsmolyte mutual chemical
Urea; Gua,SO4; MgCl, 0 =1: Neutral (inert) potential perturbation is immaterial to the process. Second,
\l/ PEG’s l ] Bw andBy are not unique pairs of numbers for a given value
of I'p; they cannot be measured independently. The only
MgSO, | measured quantity iEp., and the assignment of any value
Glycerol ] to B. fixes Bw, and vice versaB. = I'e. + (M./55.56Bw].
— ] Ke<1: Pref Excl of Osmolyte As a consequence, any pair®f andBy values derived for
Sorbitol - Pref Hydration a given value of . carries an uncertainty afn in B, and
Betaine L +n(55.56Mm,) in Bw, wheren can be any numbeil@, 28,
Trehalos - 37).
Therefore, just as is the case fokpy, there is no
+ - w fundamental principle that permits us to equiewith W.

Ficure 7: Preferentially interacting osmolytes. For any given To illusirate t'he. precedmg discussion, let us look at the
protein, Ky is independent of the solvent system, aig remains thermodynamic interactions of RNase A with several os-

constant. Therefore, at identical osmolality of cosolvents, their molytes. The hydration calculated by the Kuntz NMR
location on this scale is defined solely By becauseKex = K/ procedured) and from vapor pressure measurements of Bull
Kw. and Breese38) has a value of 0.3300.360 g of water per
gram of protein, which gives 25275 H,O/RNase 89, 40.

Let us compare this value &%, with some experimentally
measured values oipy. For the series of sugars glucose
(41), lactose 41), sucrose36), and trehalosed@), the values

of Wey are 130, 170, 350, and 400 molecules of water per

thermodynamic perturbations of the protein and cosolvent
are the sum of perturbations of all cosolvent molecules
affected by the protein (eq 8). Application of eq 4, i.e., the
formal definition of the exchange free energy at any lagus

oli) — o(i) _ o) i -
AGg = AG°’— AG%, gives (12) molecule of protein. Glucose and lactose appear to penetrate
o\ o\ i o\ to the protein surface. Sucrose and trehalose are more than
(3ﬂP/3mL)(i) = 0AG|® — IAGEY® _ IAGY\® fully excluded if maximal exclusion, i.e., maximal prefer-
M oM Ji, oMy Jn, oMy Jin, ential hydration, is equated wilWy. For sorbitol 40), I'ew

(16) varies from 440 HO/RNase at 0.6 M to 240 #©/RNase at
3 M, which suggests that it is fully excluded with a large
The two terms on the right-hand side of eq 16 lead formally “second layer contribution” at low concentration. A similar
to the effective numbers of cosolver.j and water By) situation pertains to 2-methyl-2,4-pentanediol (MPD), for
molecules that interact with protein and give rise to eq 15. which preferential hydration attains a value of 800 molecules
The operation of eq 16, while formally correct, refers to Of water per molecule of RNasé3). In their critical analysis
physically impossible situations, and, therefore, it has no of preferential hydration, Courtenay et &9 have identified
physical meaning, as pointed out by Tanford in his analysis glycine betaine as approaching full exclusi@ ¢ 0) from
of the same question in terms of equilibrium constaB@.(  bovine serum albumin on the basis of the near-equality
Therefore B, andByy have no defined physical meanirgfy betweenWey andWiy. Nevertheless, they caution about the
and are not thermodynamic quantities5( 26. They are  practice of identifying changes Wey with changes in water
summations at any instant of the fluctuating contributions of hydration.
at all then sites: B, = 3! ,B" andBy = ¥,B{), where The large variations oWy = I'py for different proteins
B and B{) may vary between 0 and 1. They are only and cosolvents are a consequence of the variety of causes
effective parameters that may be useful in a qualitative of the exclusion (repulsion) of the cosolvent from the surface
description of the experimental data, but they do not describeof the protein. These include surface free energy (surface
the real molecular situation. tension) perturbationl@, 36, 4}, repulsion from charged
(H) Is By Related to W? The cautious use dy andB, loci (43), steric exclusion44, 45, and solvophobicity 39,

may be of help in a descriptive elucidation of the molecular 46, 47. Bolen and co-workers48, 49 have shown that a
picture and in attempts to answer questions, such as: Is avariety of osmolytes are specifically preferentially excluded
given preferentially excluded cosolvent totally prevented from some amino acid residues and strongly so from peptide
from making contacts with the protein surface? Ganbe linkages, which led them to identify the major biological
numerically equated witky in some particular case? What protein-stabilizing mechanism of osmophobiciB0).
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(I) Modulation of Protein Reactions by Osmolytégw -lnay: 0.12 0.08  0.04
does an osmolyte modulate (promote or inhibit) a reaction " "
. . 11.87]
which involves a change iy, e.g., the uptake of some A
waters of hydrationAWy = n:P + nH,O = P*-nH,0? Let M o114t
us consider the protein transition=°P*, as the opening of =
a crevasse that exposes to contact with solvent a previously 11.0
buried surface, while the solvation of the remainder of the .
molecule remains identical in the two end states of the In agy: 1.0 1.4 1.8

reaction. Letus decompose this process into two hypoth(_encaIFIGURE 8: Wyman plots of the effect of glycerol, between 2 and
steps: first, a solvent-independent protein transition (in a 4 M, on the addition of onexS-tubulin dimer to a growing
hypothetical dry state). This must be identical for all solvents. microtubule 87): (O) eq 20 (InK vs In ag,); (@) eq 21 (INK vs.
In the second step, let us solvate the newly exposed Surfac{l aw). Dashed line: best straight line through the points; full line:

. . . e est curve joining the points (the slight curvature is symptomatic
with mixed solvents of various compositions (such as those of the departure of both solvent components during the course of

depicted in Figure 6). Then, we have the reaction).
p_KL"J‘_ [P*(dry)] Loy P*(solvated)K yoKson = Kexp the equilibrium with cosolvents and plotting the results in
(17) terms of the Wyman linkage equations:

AG = AGS o+ AG(s0lV) = AGS, o+ AGY, + AGE, (dlogK/d loga, ) = e — TR®= 6T, =
(18) OB — (m/m,)dB,, (20)

where Keyp is the experimentally measured equilibrium _ pProd __ -React__ _
constant in a given solvent amdiGg, , is the corresponding (dlogK/dlogay) = Tpw — Tpw = Olpy
free energy changeAGg,, and Koo are the free energy 0By, — (my,/m)oB, (21)
change and equilibrium constant of the intrinsic protein
reaction (in the hypothetical dry state); they remain constant wherea_ andaw are the activities of cosolvent and water,
in all solvent systems\G°(solv) andKsy are the free energy ~ respectively. The further identification of the slope of eq 21
change and equilibrium constant of solvating the newly with the number of stoichiometric water molecules;.e.,
exposed surface. Applying reasoning similar to that of Figure settingol'ew = n = 0Bw = 6Wi, as has been done at times
5, in a mixed solvent let us first solvate the newly exposed (53, 59, can lead to serious errors. FirdL v is the change
surface with waterAGy,, then replace water molecules by in preferential hydrationdWe), which involves both water
cosolvent molecules in an exchange process, each cosolvernd cosolvent molecules, whiteis the total change in the
having its own characteristic value of the exchange free number of waters of hydratio®{Vi;). Second, even 6B,
energy,AGg,. Then,AG°(solv) = AGy, + AGg,. By eq 18, is assumed to be equal to zero (eq 21), the resulting value
the difference between the measured free energy changes i®f Bw can be greater or smaller thanjust asBw can be
two different cosolvents, i.e., the difference in their ability greater or smaller thavi, (see section H). Furthermore, the
to modulate a reaction, is then given by molecular events in the desolvation during the reduction of
a protein surface are complicatefl). The desolvation
O0AGE,, = AGg,(solvent 1)— AGZ(solvent 2) (19) contains contributions from (1) the departing stoichiometric
water,n; (2) any additional departing waters of preferential
Equation 18 also states that for a cosolvent to modulate ahydration; and (3) any departing cosolvent molecules. There
reaction, i.e., forAGg,, to be different from its value in s no way to resolve these. If the formation of the interprotein
water AGp, + AGy), AGg, must have a nonzero value; contact involves the departure of cosolvedB() as well as
i.e., there must be either preferential binding or preferential water molecules dBw), then, by eq 21, each departing
exclusion. Such a cosolvent must necessarily modulate thecosolvent molecule would mask 55.56/departing water
protein reaction by the change in the free energy of molecules. Therefore, by the last equality of eq 21, the
preferential interactionpAGg, during the course of the measured slopedl'sw, can give only the net number of
protein transition as has been discussed in detail previouslydeparting water molecules. However, the actual total numbers
(12, 28. A thermodynamically neutral cosolvemtGg, = of departing solvent component molecules (both water and
0, whose sole effect is the lowering of water activity can cosolvent) cannot be determined by this approach.
have no effect on the reaction: it must be inert, except in  Let us illustrate the meaning of the Wyman slopes of eqs
some very special case3g 5J). 20 and 21 in terms of the analysis of the effect of glycerol
(J) What Is the Water Detected by the Coguoit Pertur- on the microtubule elongation reaction by additionog#-
bation of a ReactionWhile cautious estimation of the degree tubulin dimers 87). The plots, presented in Figure 8, show

of exclusion of osmolytes by comparison\Wey with Wy is enrichment of the protein domain by one glycerol molecule,
a valid procedure29), the identification oMy (or Bw) with which reflects the net departure of £31.5 water molecules.
Wy and of perturbations oV with perturbations of\y is This corresponds to a diminution of surface area of only 122

precarious and replete with uncertainties. The direct deter-A2 per protomer added, which is unrealistically small for
mination of the number of stoichiometric water molecules, three-dimensional assembly of an organelle. This means that
n, in a reaction (eq 1) is extremely difficult and frequently there was an indeterminate number of departing cosolvent
impossible. Attempts have been made to probe the involve- moleculesdB,, which maskedrtw/m_)dB. departing water
ment of water in a reactior86, 37, 52-54) by perturbing moleculesdBy. This renders impossible any conclusion on
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AW4. This view has been supported by Courtney et28),(
who have concluded that “any interaction between macro-
molecular surfaces that involves release of water of hydration
will also release small solute molecules present in the water
of hydration, and must be analyzed using preferential
interaction coefficients”.

(K) A Corollary CommentX-ray crystallographers see
often around a protein molecule a halo of lower electron
density than that of the bulk solvent (we must recall that
protein crystals are-65% solvent). This is interpreted as a
layer of water around the protein molecule. It is then
frequently assumed that this layer of water is the water of
hydration, Wy. If we apply the above discussion to these
observations, we must realize that such a unique conclusion
is unwarranted. The solvent in the protein crystals is usually
a concentrated salt (M80y) or other preferentially excluded
cosolvent (PEG, MPD, etc.), and the layer of different 5,
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