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Thermodynamic relationships between protein- distance. g(r) depends implicitly on the protein-solvent and solvent-
. . e . solvent interactions. For spherical particles, g(r) is related to the
solvent and prOtem'prOtem interactions potential of mean force W(r) (Hansen, 1986): g(r) = exp(-W(r)/KT).
W(r) has a precise definition: it is the difference in free energy
L. Costenaro* and C. Ebel’ between the solution with two proteins at separation r and the& sam
at infinite dilution. Statistical thermodynamics allows to derive g(r)
Laboratoire de Biophysique Moléculaire, Institut de Biologie and W(r) from all the direct potentials between all the solution
Structurale UMR 5075:CEA-CNRS-UJF, 41 rue Jules Horowitz, mo!ecules: macro_molecules and solvent components (for atrecen
38027 Grenoble, France. E-mail: Christine.Ebel@ibs.fr review see: Belloni, 2000).
In the present paper, we consider a less detailed description o
the macromolecule-macromolecule interactions. Two

thermodynamic parameters can be easily measured: the second virial

How the solvent modulates the weak inter-particle interactions N oefficient A and the preferential solute binding parameter. We

solution and affects macromolecule solubility is not yet understood.Ioresent their significance and the way to measure them. We recall
Well-established thermodynamic relationships link second virial i o relationships  between  them, using well-estabtishe
coefficient and preferential solute binding parameter. We present th?hermodynamics It indicates that :31 solvation shell with a
meaning of these ther_modynamic parameters_a_md the way to measuE%mposition different from bulk corresponds to an effective
them. When a solvaU_on shell _has_a composition different from_ t.heattractive term between the macromolecules. This contribution is
bulk solvent, a negative contribution is found in the second virial quantitatively and qualitatively discussed

coefficient corresponding to an effective attraction between the ’

macromolecules in solution. A quantitative evaluation using simple .

models of solvated particles in solution suggests that solvation could- Theoretical background

induce, at high or low concentration of a small molecule solute,
attractive inter-particle interactions corresponding to favorable, 1 the «

o o experimental” device: osmotic pressure
crystallization conditions.

The temperature T is considered to be constant, and will not be
Keywords: solvent; interactions; thermodynamics; hydration; mentioned further. In a first stage, we consider two solutivasdB
solubility; binding; second virial coefficient. separated by a dialysis membrane (Fig. 1a). All the sdlven
components, water (w) and small solute (s), are able to be
redistributed through the membrane (in the present manuscript, we
will use "solute" only for the both solvent components and not fo
the macromolecule)A contains only the solvent componen.
Weak interactions, as excluded-volume forces, coulombic repulsioncontains in addition the macromolecule, for example a protein (p).
van der Waals attraction or solvation effects, determine the tendencfhe macromolecule causes solvent redistribution in order t
for a suspension of particles to remain in solution, to aggregate, teequilibrate the chemical potentials of the diffusible components in
overcome phase separation or to form crystals. Crystallization stilland B and reach the dialysis equilibrium condition. There are two
represents a crucial and frequently very difficult step for the causes for the solvent redistribution.
determination of three-dimensional structures at high resolution of  The first one is related to a simple dilution effect of the sotven
biological macromolecules. Their weak inter-particle interactions in components due to the presence of the macromolecule. The chemical
under-saturated or super-saturated solutions have been the object gtentialp; of the component i (i = p, w or s) can be expressed as
numerous studies with the aim of understanding their capacity tGynction of its chemical potential in a standard stafeand activity
form crystals. For a number of proteins in solvents known 10 5 o activity coefficienty; in the molal scale and molality rtmol/kg
promote crystallization, the values of the second virial coefficient ot \yater), with R the gas constant. In this case, component wtis no

Az rgflecting Fhe net inter-_particle interactions, are mOderatelyapparent in the equations. Alternatively, can be expressed in a
negative and lie within a fairly narrow range, about -1.0 to -8.0 mole fraction scale, using;°®, A;, the concentration in mole fraction

4 -2 H . .
;ﬁ Iggg;négm(]g:ggﬁ fg\gvg)s on, 1994; Georget al, 1997; Guaet f; and activity coefficient in the mole fraction scaje

Inter-particle potentials have been modeled from the
concentration dependencies of the static and transport, i.e. Hi =1 +RTIng, =y + RTInmy,
equilibrium and hydrodynamic, properties of proteins in solution = W° +RTINA, = u° + RTInfx;
(Pusey & Tough, 1985; Malfoist al, 1996; Ducruixet al,, 1996;
Georgalis & Saenger, 1999). It is clear that the inter-particle . .
interactions and protein solubility depend on the solvent conditions.Since inA, the mole fractions of the solvent components (w) and (s)
For example, the Hofmeister series allow to classify salts with@re larger than irB because of the macromolecule, the chemical
respect to their general effect on macromolecule solubility (Von potentials of the solvent components are larger in tk_le b_ulk solvent
Hippel & Schleich, 1969). The anion order was found however to be The presence of the macromolecule, without considering anyteffec
reversed in the case of basic proteins (Riés-Kautt & Ducruix, 1991;01‘ neither so!vatlon nor interactions, |_nduce§ a flux of solvent flom
1997). It is thus obvious that there are connections betweerf® B. If the size of the compartmer is restricted, the solvent flux
macromolecule-solvent interactions and  macromolecule-Will cause an excess of pressure, which is the osmotic pre§kure
macromolecule interactions. being the reference pressure in compartmeéyt usually tle

A, can be expressed rigorously as a functiolf(1 — g(r))’dr atmospheric pressure. The equilibrium condition thus corresponds

with g(r) the protein pair distribution function and r the inter-particle to:

1. Introduction

@

o ) Hw AP) = Hw B(P+n Ms AP = HsBp+) - 2
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Another cause for solvent redistribution is related to the non-1a to 1b, the temperature and composition are not changed: th
ideal behavior of the macromolecule. We will emphasize below thechemical potential variations come only frofh The partial molal
macromolecule solvation effect (part 2.4). volume is by definition qu/oP) = V,. Therefore, assuming

In a second stage (Fig. 1b), the two compartments are separated _ o
and pressure P restored. This is what the experimentalist obtaingeasonably) constant values & when the pressure is increased
after a dialysis experiment: the content of a dialysis bag atfrom P to P +1 one obtains:
atmospheric pressure, or after gel filtration. The compositior of

and B are unchanged by this process, which however affect the =
. . . P uworsB(P) - uworsA(P) - _Vwors a . (4)
chemical potentials of all components i bipmdpi. In the

particular case of the solvent components, using in addition Eq. (2)It is equivalent to measure the difference of the chemical potentials
it leads to: of water in compartment#\ and B at the same pressure, or the
osmotic pressure defined at constant solvent chemical potentials.

uworsB(P) _uworsB(PH'l) = uworsB(P) _uworsA(P)

pam (3) 2.3. Osmotic pressure, molar mass and second virial coefficient
= _J.P duworsB

Using equations (1) expressed in terms of mole fraction and (4) for
water, 1 is related to the difference (In,& - In a, ») and so to the

It can be seen thdl is the excess of pressure that would have to beratio of the water mole fraction in the two solutions. Basic
added to the actual pressure P of a soluBoim order to maintain a  transformations allow to expre$s as a function of the molality m
chemical equilibrium with a phase of pure solvént of the protein (in mol/kg of water) and solution or solvent volumes,
Vmnor V' (in mi/kg of water), for a diluted solution, in a form close

to diluted gas systems:

P P+
. o MN=RTm/V, + ... 5)
: /4—\\.
(@) : (, | i This shows that osmotic pressure is a colligative method that,
! N _,/ —- ® roughly speaking, counts the number of macromolecules. Using a
e © ° Y N N mass unit concentration (g/ml): ¢ =J,/V, yields to the familia
! 3 Y equations that allows to determine the molar mass &l the
A® . e« | e o TR, o macromolecule:
|
M/ RT=c/M,+ A+ AL... (6)
p P (dN/dc) / RT = 1/M, + 2AC + 3AC.... )
. * . Fr NN ° A, is the second virial coefficient andsAs the third, neglected at
®) N *b y ° . moderate concentrations.
\ 4
° ° ° b ’: /’r\\\
® b y 2.4. Solvent interactions: the preferential solute binding parameter
A® ° ° . PN o SO B (ams/amp)u
The protein-solvent interactions induce a rearrangement of the
solvent, which will affect the solvent composition in a diatysi
Figure 1 experiment. Preferential binding parameters are defined at constant

v ‘ _ _ _ chemical potential of solvent component (subsauiptSince there is
Dialysis experiment, osmotic pressure and chemical potentials. (a): In thg,q sgolvent rearrangement when the pressure is shifted framteP
dialysis equilibrium, the chemical potentials of the diffusible solvent (Fig. 1b), preferential binding parameters can be measured at

components (water: not symbolized, and small solute: black dots) in . L
compartmentB, containing the protein (p), are the same as those in pressure P (see below part 3.3). The preferential solute binding

compartmenf, containing the bulk solvent. The composition of the solvent Parameter dms/a_mp)u is rela_ted to the relative_ variati_on of the
components inB may differ from A, in consequence of macromolecule- chemical potentials of protein and solute when increasing the solute

solvent interactions. The dash circle around the protein symbolizes theconcentration:
perturbed solvent (solvation). The difference of presduiris related in the
ideal case to the number of macromolecules in solutibns modulated by

the intermolecular interactions, including protein-protein and protein-solvent
interactions. (b): When atmospheric pressure is restored, the composition in
the compartment# and B are unchanged, but the changes in the chemical where g = (9/0m;)/RT and the subscript m signifies constandy o
potentials of the solvent components between the compartrAemis B are molalities of all components except the derived one, at constant
related tal. pressure (the subscript P being omitted). The preferential binding
parameterdmy/omy),, corresponds to the number of moles of solute
that would have to be added (or removed) with one mole of the
macromolecules in order to maintain constant the chemical potential
of solvent components. In a structural approach, considering the
The chemical potential depends in general on the solutionsolvent perturbed by the protein binding, koles of water and N
composition, T and P. In the described transition process from Figmoles of solute per mole of protein, the preferential solute binding

(Omyomy),, = - (OH/OMgm / (OUSOMYIm = - Bpdass, ®

2.2. Osmotic pressure and chemical potential of the solvent
components
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parameter is related to the solvent composition expressed in molaExpanding \, with V,,° and m, and dropping inconsequential
ratio m/m,: terms, leads to the following relation (Scatchard, 1946; Casassa &
Eisenberg, 1964; Eisenberg, 1976):
(0mgomp), = Ng- Ny, . (Mmym,) . 9)
dn/dmp = RT/Vr?] [ﬁapp _aFZJS/ass)mp

=RT/Vy +RT/V;, [fagj} —aﬁs/ass)mp '

Solvent binding sites statistically occupied with water and solute in 13)

the composition of the bulk lead to a null contribution émg/omy),.

Alternatively, the preferential hydration parametémg/om), can

be used since it is related to the preferential solute binding parametedsing a concentration in mass/volume units, the term Rif/dads

by the solvent composition (see Fig. 2). to 1/M, of the osmotic equations (6) and (7) that provides the protein
molar mass, and the second virial coefficienti®\expressed by:

As= 9V oMy, IM? + Agp® + Agps. (14)

. . - . The first term arising from concentration scale change is small an
. 1 -- — can be approximated by,/M, V, being the partial specific

]
] ]
: . volume. The second one® is:
_ u | p |
] ]
)
]
]

.. . . A2pp(e) = (Vm°/2|\/|p2) app(e) . (15)
. . “. “““ ‘- The 3, term is not (at least easily) measurable. It results foren th
introduction of a nude protein to the solution: so that the solvation
. process will change the solvent component chemical potenttals. |

can be estimated considering protein-protein potentials unrelated t

the solvent redistribution, such as the excluded-volume, electrostatic

repulsion... The third term of Eq. (14),,4 can be expressed with
Figure 2 the preferential solute binding parameter (Eq. 8):

Understanding preferential solvent binding parameters. Small white square:

water (w); small black square: small solute (s); large gray square: Agps= - (V' l2M2) dlass= - (Vin®l2M,) ass (@mdamy), 2. (16)
macromolecule (p). In this example, the ratio of water on solytengis 3 in

the bulk solvent and 12 molecules of water are bound to the protein. Theya s related to the protein-induced solvent redistribution. Assa

have to be added with the (nude) protein to maintain constant the chemlca{lllways positive andafngam),, is squared A is always negative
potential of the solventdfn,./om,), = 12. On the other hand, we can consider . . P/U ) 2ps . e

that 4 molecules of small solute, previously associated with the 12 moleculeérhe equation (16) brings to .the fore that a Splvatlon She” different
of water in the solvent, were removed upon the introduction of the from the bulk solvent could induce an effective attraction between
macromolecule, so thadifiyam,), = -4. The preferential solute binding Macromolecules.

parameter and preferential hydration parameter are related by the solvent

composition by mygdmy), / (9mu/omg), = -mJm,. Note that the hypothesis 2,6, Polyelectrolytes and salt dissociation

of strong binding is not needed, nor the definition of the limit of the domain

corresponding to perturbed solvent. The above expressions (except Eq. 9) are general. The dissociation
of the macromolecule and its co-ions will modify the developmént o
By s Agpp @nd Ay in terms of species molalities and add a
Donnan contribution (Eisenberg, 1976). The equation (9), which
The general Gibbs-Duhem equation, witthe number of particlesi ~ Provides a structural interpretation of the preferential binding
in the considered system, is: parameters, will be expressed using-@) instead of N, with the
Donnan term Erelated to the dissociation of the co-ions of the
macromolecule.

2.5. Second virial coefficient for a three component system

SdT - VdP +Zndy; =0. (20)

In the dialysis equilibrium conditions, i.e. with dT = 0, dP B ddu,, 3. Techniques for the measurement of the thermodynamic parameters
=dus =0, it reduces to:
3.1. Second virial coefficient from equilibrium properties

Vi (dM1/dmy) = my, (0,/0mp),, . (11)  The second virial coefficient is obtained by the protein concentratio
dependencies dfl or (dr/dc) as expressed by the equations (6) o
For the 3-component system considered hpges a function of P, (7). (d1/dc) can be obtained from the forward intensity 1(0) of static
m,, ms (M, being constant by definition) so thatpdcan be  Jight scattering, small angle neutron scattering or small X-rays
expressed viandP = @u/OP).dP, agdm, and admg and scattering, or from the concentration profiles diné/ar equilibrium
R in ultracentrifugation (r is the distance to the axe of rotation). These
(OHp/0my),, via V, (dM/dmy), g, and 40uy/0my),. From Eqg. (1), techniques are used in the diluted case for the determinatioreof th
a,p» related to protein concentration and a non-ideality term, can bgnolar mass M of the protein, but the experimental parameters can
expressed as: be expressed as a function of (flic)* (Eisenberg, 1976; 1981):

anp = (O1/OMy) /RT = 1/m, + ay,® . 12) 1(0) Z7(dpy/ac), * ¢ (d/dey?, an

1556  Costenaro & Ebel Acta Cryst. (2002). D58, 1554—1559



conference papers

dinc/d? Jw? (dp/ac), (dr/dcy™. (18)  The complementarities of these equations were discussed in (Ebel,
1995; Kernekt al, 1999; Ebekt al., submitted).

The contrast term apx/ac)f related to protein-solvent
interactions is the square of the refractive index incremamd¢),, 4. Results and discussion
the neutron scattering length density incremedpn(dc),, the |5 section 2, it was emphasized that protein-solvent interactions

electron density incremend(e/dc)r or the mass density increment  modify the chemical potential of all components in solution, protein,
(0p/ac),. wis the angular velocity in the centrifuge. Neglecting non- water and co-solute. Particularly, it was shown that the solven

ideality in data treatment provides an apparent molar magsft interactions could lead to a negative contribution in the second virial
the protein in solution, whose value depends on the proteincoefficient. In Section 3, we have described the way to measure the
concentration according to the following virial expansion: thermodynamic parameters related to inter-particle interactions. The
second virial coefficient is related to the protein distribution i
1UMgpp= 1M, + 2AC + ... (29) solution, and to effective inter-protein potentials. The preferential
solute binding parameter depends on the changes in the solven
3.2. Second virial coefficient from hydrodynamic properties composition in consequence of protein-solvent interactions. én th

present section, we evaluate the strength of the negative contributio

The spatial and velocity correlations between interacting particles inrelated to the protein-solvent interactions. Are they negligible o
solution also modify the dynamic properties of the macromoleculeshaye they to be taken into account?

in solution: the collective diffusion coefficient D, frictional
coefficient f, and sedimentation coefficient s, and their concentratiors.1. Calculation of A
dependencies. For moderate protein concentrations, s, D and f can
described by the following linear approximations:

,» from protein solvation

%e consider a model of a three-component system compoSed o
water, solute and protein of 60 kDa. We define on the protein a
o eore limited number of strong (saturated) binding sites for watgy) (&d
s/s” = /i =1/(1+kc+...), (20) solute (N). A number of other weak solvent binding sites may exist,
DID®=(1+koC+...) . (21)  which have the same affinity for all the solvent componentd an
provide a null contribution in the preferential binding parametdr. O
The Svedberg equation relating s, D angd4n be also expressed as course, the model of strong binding sites is simple, but we note tha

a function of (d1/dcy™: all models of protein-solvent interactions leading to the same
preferential binding parameter — which is the experimentally
s/D = @plac), (dn/dcy™. (22) accessible parameter — will have the same consequence.

We consider realistic values for Nof 100, 1000 and 3000
mol/mol and selected Nvalues of 0, 3, 10 and 60 mol/mol. Indeed,
the accessible surface area of bovine serum albumin (BSA) o
similar molar mass, is given as 29,008, Avhich corresponds te
continuous monolayer of about 3200 water molecules, assuming that
a water molecule occupy an area of & Kor BSA, in the presence

We have recently investigated the potential of sedimentationof sugars and organic solvents, values fqriétween 500 and 2800
velocity analytical ultracentrifugation for the measurement of theith N, = 0 can be inferred from experimental measurements
second virial coefficients of proteins. Using global modeling for (courtenayet al., 2000, Ebeket al., 2000). For a very acidic protein
three sets of data obtained at three different protein concentrationgf 130 kDa, malate dehydrogenase frétaloarcula marismortuiin
very good estimates forsland s°, and also for D° and the buoyant the presence of salts, we determined values fpbdtween 2000 ah
molar mass, and good estimates fos &nd the second virial 4000, and for N up to 85 (Kernelet al, 1999, Ebelet al,

A, can be calculated frompland k by:

kp =2 AM, - ks. (23)

coefficients were obtained (Solovyoe&al,, 2001). submitted). We consider solvent compositions characterized by
(mgm,,) values of 0.001, 0.01 and 0.1 mol/mol, corresponding to
3.3. Measurement of the preferential binding parameters solute molalities of 0.055, 0.55, and 5.5 mol/kg of wate

(corresponding molarities in mol/l are in the same orddr o
The mass density incremerp{dc), or the neutron scattering length magnitude).
density incrementdpy/dc), corresponds to the increase in dengity N, and N are used to calculate the preferential binding
or neutron scattering length densfly, due to the addition of 1 g/ml  parameter dmgJdm,), using Eq. (9). This value is used in Eq. (16)
protein. @p/dc), can be obtained by density measurement, orfor the calculation of A, the contribution to the second virial
analytical ultracentrifugation, since it determines theoyancy of  coefficient A that is related to protein-induced solten
the macromolecule (Eq. 18)dgy/dc), can be obtained by the redistribution. A global second virial coefficient,As calculate
measurement of 1(0)/c in small angle neutron scattering experiment§onsidering for A,(® only the excluded volume interactio
(Eq. 17). Similar expressions can also be derived for small angle X-contribution, which is positive, independent of the solven
ray scattering. composition, and can be approximated in the case of spheres by:
(9p/ac), and @pn/ac), can be expressed as functions of the Agpp® = 4V, IMy, with V= 0.74 ml/g the partial specific volume o
partial molal volume, molar masses and neutron scattering lengtlhe protein (Tanford, 1961). The results are given on Table 1.
densities of the componenty/,, M; and b (cm/mol), and of the On the top part of Table 1, the protein is solvated only by water
preferential solute binding parametén/omy),.: (Ns = 0). The_ preferential solute bind_ing paramet@émyom,),, is
always negative. Its absolute value increases at constant solven
_ _ composition (same ratio #m,) with the amount of bound wate
M, (9p/ac), :(Mp_povp)-'-(amS/amp)j [ﬂMs‘p”Vs) (24) (N,) or at constant amount of bound water with the solute
[ _ o7 _~ov ) concentration (im,). Non-zero values of om,), correspond
M"(ap'“/ 6C)j B (b" pNV")+ (6ms/ 6m")f Eﬁbs pNVS) always to nega(t?\ﬁ/e \zalues of,f Because /i?ssj relg)tiéd also fosa
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which is in the ideal case related to L/nthe effect on Ay of a solvated by water, this effective protein-protein attraction increases
given value of §myJom,), is larger at small solute concentration with the solute concentration. When the protein is solvated by both
(compare lines 2 and 4, or lines 3 and 5 of Table 1). The contributionwater and solute, this effect is expected not only at high, but dlso a
of the negative values of A could lead to negative values for the low solute concentration.

net second virial coefficient A For example, we obtain (line 6) A

value of -2 10* mol ml g2 for 1000 water molecules strongly bound 4.2. Solvent interactions and protein solubility

to the 60 kDa protein, at high solute concentratiog'fmy = 0.1). ) . . o
It is admitted that more negative values of the second virial

Table 1 coeffici_ent are r_elateq to decreased values Qf the sp_lubility. The
theoretical relationships between, Aand protein solubility were
Influence of the solvation on weak interactions. One mole of a protein of investigated considering the differences between the free enérgy o
molar mass M= 60 kDa binds strongly Nmoles of water and Nmnoles of  the protein in solution and in the crystal state (Haasal, 1999;
solute, in a binary solve_nt of compos_itio_rymw. m; are molalities (mol/kg of Ruppertet al, 2001). Restricting only to the properties of the
water). The preferential solute binding parametém{omy), and its  gq),tion, basics thermodynamics shows that the chemical potentials

contribution Ay to the second virial coefficient Aare calculated from Eq. .
(9) and (16) with the following approximations:¥ = 1000 ml, &= 1/m. of all components are related to osmotic pressure, and thugs €A

We considered for 4,2 only the excluded-volume part (see the text).ié the water and solute, combining Eq. (4) and (6) gives:
the sum Aps+ Azp©.

[\ Ns  mdmy,  (@mdomp),  Agps Azpp(e) A, My orsB(P) — My orsA(P) = _Vw ors n (25)
mol/mol 10* mol ml g° o ( 2 )
1 100 0 0001 -01 -0.00025 05 05 = Vuas RTIGM, +AsC”--
2 100 0 001 -1 -0.0025 05 0.5
3 100 0 01 -10 -0.025 0.5 0.5 ) .
2 1000 0 0001 -1 0.025 05 05 For an ideal solution (A = 0), the presence of the
5 1,000 0 001 -10 -0.25 0.5 0.2 macromolecule decreases the value of the chemical potential of the
S ;888 8 8-301 -éoo '5-325 %i gé’ solvent components (water and solute). A positive value of A
8 3000 0 001 30 295 05 s strengthen_s the effe_ct of dilution at h!gher macromolecu_le
9 3000 0 01 300 225 05 222.0 concentration. A negative one has the opposite effect. The evolution
10 1,000 3 0001 2 0.1 0.5 0.4 of the chemical potentials of water and solute as a function of protein
E 1000 3 0-(1)1 -77 -g-i 0.5 01-4 concentration, considering the virial expansion up to the sgcon
000 3 0. S = 0.5 1.9 terms, is plotted on Fig. 3 for three values of &or A, value of 0.5
13 1,000 10 0.001 9 2.0 0.5 -15 4 > -
14 1000 10 001 0O 0 05 05 10" mol ml g4, corresponding to the excluded volume effect only,
15 1,000 10 0.1 -90 -2.0 0.5 -1.5 they decrease continuously when increasing the protein
is 1'888 gg g-gfl)l gg '273;0 8-55 '3%5 concentration. For negative,Aalues, they increase at high protein
18 1000 60 01 20 on 05 01 concentration. Above a protein concentration of about 80 and 30

mg/ml, for A, values of -2 and -5.8 IHmol ml g2, respectively, the
chemical potential of the solvent would be higher in the protein

On the second part of Table 1, we consider the protein asSO'Ution than in the bUlk, which is an_il:r!pro.bable situatione Th
solvated by both water and solute. The valuesdoigdmy), can be system has thus_ to evolve. One possm_lllty is a phase separation
negative, null or positive. A positive value corresponds to a (towards two liquid phases, or with protein precipitation as ordlere
solvation shell that contains more solute than the bulk solvent. Focrystals or aggregates). An other one is a modification of the
constant values of Nand N, a positive value ofdmydm), is more mac_romolecule conformation, Ieadlng toa change_ in the preferentlal
likely to be obtained at low solute concentration (lines 10, 13, 16,b|nd|ng parameter, a_md thus dfecreasmg the chemical potential of the
17). Increasing the solute concentration in the solvent leads to £0/vent. The latter will not be discussed here. N
solvation shell containing less solute than the bulk solvent, and thus Considering Fig. 3, moderately negatl_\zle second virial
to negative values oB(nyomy), (lines 10 to 12, 13 to 15, and 16 to coefficients in the range -2 to -10 omol ml g* correspond to
18). For a given value of Nand in a given solvent composition, reduce the protein solub_lllty in the mg/ml or_teqths of m_g_/ml range.
increasing values of Nprovides increasing values oBrigdm), They correspond potentlgl_ly to goqd_ crystallization condltl_onsm:ro
(compare lines 10, 13 and 16; 11, 14 and 17; or 12, 15 and 18)jl'able 1, these se_co_nd \_/lrlal coefficient values cogld be induced by
Values of Ay, are always negative or null. They are null when the N€ Solvent redistribution close to the protein. They woul
solvation composition exactly matches the solvent one (line 14).C0Téspond to a moderate number of bound water at high solute
This can be intuitively understood because it means that the proteiffoncentration (lines 6 and 12), a high number of bound water a
does not perturb the solvent. As mentioned above, the effect o oderate solute concentration (line 8). When the_rg are binding sites
protein-solvent interactions on,As strongly modulated by the '©F the solute on the macromolecule, these _cond_ltlons could be also
solute concentration. For a given value afng/om,),,, it is larger at fqund at low or modergte sc_)lute concentration (lines 13, 1.7) gnd a
small solute concentration in the solvent. The presence of a Iimite(P'gh solute concentratlon (line 1.5)' A s_olutg is called salting-in or
number of strong solute binding sites has a large effect gg & saltlng-_out when its presence in sqlutlon increases or decreases,
low solute concentration (lines 13, 16, 17). As an example Werespect!vely, the p_roteln so_lublll_ty. It is clear from_ Table 1 that the
calculate a positivedfngam), value ,of 91f0r N, = 1000 and N:, salting-in a_nd salting-out S|tu§at|on could b_e obtained for th_e same
10 mol/mol for a solvent cgrlr;positiong‘m,v of 0.001 mol/mol (line §o|ute at different concentrations, depending on the proteinesolut
1%). The corresponding A negative value is about -2 Tomol ml Interactions.
g

These examples underline the fact that whatever the sign og' Conclusion
(0mgdom,),, the protein-induced solvent redistributions always
introduce an effective protein-protein attraction as evaluated fromThe effect of protein preferential hydration on protein-protein
the second virial coefficient (fs < 0). When the protein is only interactions is generally admitted (Parsegian, 2000). The salting-ou
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the protein-solvent and weak protein-protein interactions using this

model protein comfort the theoretical relationships presented here,
20 with decreased values of the second virial coefficient at either low o
high salt concentration in the solvent.

References

Arakawa, T. & Timasheff, S. N. (1985Riochemistry24, 6756-6762.
Belloni, L. (2000).J. Phys.Condens. Matté?, R549-R587.
Bonneté, F., Finet, S. & Tardieu, A. (1999).Crystal Growth196, 403-414.
Casassa, F. E. & Eisenberg, H. (1964Jlv. Protein Chenil9, 287-395.
2.0 Costenaro, L., Zaccai, G. & Ebel, C. (2002). Submitted.
Courtenay, E. S., Capp, M. W, Anderson, C. F. & Record M. T. Jr (2000).
10 | Biochem39, 4455-4471.
Ducruix, A., Guilloteau, J. P., Ries-Kautt, M. & Tardieu A. (1996)Crystd
0.5 Growth, 168, 28-39.
Ebel, C. (1995)Progr.Colloid Polym. Sci99, 17-23.
-20 Ebel, C., Eisenberg, H. & Guirlando, R. (2008)jophys. J78, 385-393.
Ebel, C., Costenaro, L., Pascu, M., Faou, P., Kernel, B., Proust - De Martin,
0 002 004 006 008 01 F. & Zaccai, G. (2002). Submitted.
¢ (g/ml) Eisenberg, H. (1976)Biological macromolecules and polyelectrolytes in
solution Oxford: Clarendon Press.
Eisenberg, H. (1981)Q.. Rev. Biophysl4, 141-172.
Finet, S. & Tardieu, A. (2001)1. Crystal Growth232, 40-49.
Second virial coefficient and protein solution stability. The difference in the Georgalis, Y. & Saenger, W. (199%ci. Prog 82, 271-294.
chemical potentials of the solvent components between the protein solutiof€0rge, A. & Wilson, W. W. (1994)\cta Cryst.DS0, 361-365.

and the bulk solvent is calculated with Eq. (25) for threevAlues, indicated ~ ©€0rge, A., Chiang, Y., Guo, B., Arabshahi, A., Cai, Z. & Wilson, W. W.
in 10 mol ml g2 (1997).Methods EnzymoR76, 100-110.

Guo, B., Kao, S., McDonald, H., Asanov, A., Combs, L. L. & Wilson, W. W.
efficiency of various salts was related to the measurement of  (1999).J. Crystal Growth 196, 424-433.
increasing values of preferential hydration for protein. The solutesHansen, J. P. & McDonald, I. R. (1986Jheory of simple liquids2nd
that increase the solution surface tension, inducing a non-specific edition. London: Academic Press.
hydration of the interfaces, are described to decrease proteifii®2S: fl" Drenth, J. & Wilson, W. W. (1999). Phys. Chem. BL03 2808-
solubility (Timasheff, 1993). _The dgpletlo_n_ Of, large particles as Kernel, B., Zaccai, G. & Ebel, C. (1999 rog. Colloid Polym. Scil13 168-
polyethylene glycol also explains their precipitating effect (Arakawa 175
& Timasheff 1985; Finet & Tardieu 2001). Less documented are themalfois, M., Bonneté, F., Belloni, L. & Tardieu, A. (1996). Chem. Phys.
effects of the interactions between solute and macromolecule. We 105, 3290-3300.
have shown here from classical thermodynamic relationships thaParsegian, V. A,, Rand, R. P. & Rau, D. C. (200Bjoc. Natl Acad. Sci.
water accumulation or water depletion at the surface of protein —  USA 97, 3987-3992. o _ o
corresponding to small solute depletion or accumulation — havePusey, P. N. & Tough, J. A. (1983)ynamic light scattering, Applicationd o
similar consequences on the values of the second viral coefficient: ﬁiés?ﬂgt&? T\z’”ﬁ'a;"g‘ui‘:s&trisclfﬁgﬁs)ilé?'gegrzagﬁ:lqlgr‘z%ggress'
solvation shell composition different from the bulk solvent decreasesRiés_Kautt: M. M. & Ducruix. A, F. (1997)!.\/.Ieth>(/)d-s EnzynHolZ?G 23.59.
A, values, and thus lowers protein solubility. Our conclusions gyppert, ., Sandler, S.I. & Lenhoff, A.M. (200Biotechnol. Prog17, 182-
neglect however the possible effect of the solvent composition in the 1g7.
second component of the second virial coefficient, tt,}ée)aterm. Scatchard, G. (1946). Am. Chem. So68, 2315-2319.
We have recently measured in a variety of salt solvents theSolovyova, A., Schuck, P., Costenaro, L. & Ebel, C. (20@ipphys. J81,
experimental preferential binding parameters and second viria| ~ 1868-1880. _ _
coefficients of malate dehydrogenase frétaloarcula Marismortui Tam;grd’ $ Ig_lgeﬁ)f\’ms'c;' SChe”I“S”y of Macromoleculesp. 180-274.
(Costenarcet al, submitted). This very acidic protein is adapted to Tim EW YOTK. JOnN ALy & =ons e

- . .. . asheff, S. N. (1993Annu. Rev. Biophys. Biomol. Stru2g, 67-97.
high salt — the cytoplasm ¢f. marismortuiis nearly saturated in salt ;g Hippel, P. H. & Schleich, T. (1969)Structure and Stability fo

— and show unusual solvent binding properties (Ekel al, Biological Macromoleculesedited by S. N. Timasheff & G. D. Fasman,
submitted). The experimental results on the relationships between Vol. 2, pp. 417-574. New York: Marcel Dekker.

10 |

(|Jw orsB(P) ~ Mwor sA (P)) I (VworsRT)
(10" mol/ml)
o

Figure 3

Acta Cryst. (2002). D58, 1554-1559 Received 10 April 2002 + Accepted 7 August 2002 1559



	mk1

