10506 Biochemistry1996, 35, 10506-10516
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ABSTRACT. The thermodynamic consequences of interactions of native bovine serum albumin (BSA) with
two smaller solutes (glycine betaine or urea) in aqueous solution are characterized by a novel application
of vapor pressure osmometry (VPO), which demonstrates the utility of this method of investigating
preferential interactions involving solutes that are either accumulated or excluded near the surface of a
protein. From VPO measurements of osmolality (water activity) as a function of the solute concentration
in the presence and absence of BSA, we determine the dependence of the solute ni)aitytijat of

BSA (C,) at fixed temperature (37C), pressure<1 atm), and osmolality (over the range 0.6 molal).

After some thermodynamic transformations, these results yield valuﬂﬁgsofz [iM m—0(3Me/ M) 7,p 15
which characterizes the interdependence of solute molalities when temperature, pressure, and the chemical
potential of solute 3 are fixed. This form of the preferential interaction coefficient can be interpreted

directly in terms of the molecular exclusion or accumulation of the solute (relative to water) near the
protein surface. Within experimental uncertain’ty{“,‘,‘j3 is proportional tomg both for glycine betaine

(0—0.9 m) and for urea (©01.6 m). For glycine betainéml“;’ /omg = —49 + 4, a value consistent with

the interpretation that this solute is completely excluded from the hydrated surface of BSA, whereas for
ureaamI‘,‘jglamg = 6 £+ 1, which indicates a moderate extent of accumulation at the surface of native BSA.
The preferential accumulation of solutes (e.g., urea) that have some binding affinity for a protein can be
guantified and interpreted using the two-domain model if the extent of hydration of the protein has been
determined using a completely excluded solute (e.g., glycine betaine). Complete exclusion from the local
hydration domain surrounding proteins, if general, justifies the use of glycine betaine as a thermodynamic
probe of the changes in hydration that accompany protein folding, protein association, and—protein
ligand binding interactions.

Cells contain substantial concentrations of both polymeric effect on the concentration-dependent nonideality of a
solutes (proteins, nucleic acids) and low molecular weight biopolymer, they are of fundamental importance as deter-
solutes. In this environment various kinds of interactions minants of the direction and driving force of all cellular
(due, for example, to electrostatic forces, macromolecular processes that entail changes in the amount and/or molecular
crowding, and solvation) cause the chemical potentials of nature of the biopolymer surface in contact with the solution.
all of the intracellular components, including solvent water, Such processes therefore may be regulated as effectively by
to exhibit large deviations from thermodynamic ideality that solute accumulation or exclusion as by the site-binding of
depend strongly on solute concentrations. The interactionsligands.

of a relatively low molecular weight solute with a protein Timasheff and co-workers (1992, 1993 and references
(or other biopolymer) in general have thermodynamic effects {herein), Eisenberg and co-workers (1976, 1994 and refer-
that are either more or less favorable than wafeptein  ances therein), and Schellman (1990 and references therein)
interactions. As a molecular consequence of these prefer-5,¢ developed a variety of powerful techniques for the

ential interactions, the ratio of solute to water molecules is gyperimental investigation and/or theoretical interpretation
either higher (accumulation) or lower (exclusion) in the ¢ hreferential interactions. These methods have been

vicinity of the protein surface, as compared with the solute/ 555jied extensivelyn vitro to aqueous solutions containing
water mole ratio characteristic of the remainder of the g tynes of biological solutes (or molecules intended to
solution. Because preferential interactions have a profound ,5qel them). The principal objective of such studies has
been the evaluation of preferential interaction coefficients
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the equilibrium distribution of reactants and products in solutes with proteins are intermediate between those exhib-
processes involving biopolymers (Wyman, 1964; Record et ited by glycine betaine and urea (Arakawa & Timasheff,
al., 1978; Anderson & Record, 1993, 1995). 1983; Cayley et al., 1992).

The thermodynamic role of “water as ligand” in various
types of biological processes has been widely recognizedBACKGROUND ON VAPOR PRESSURE
(e.g., Tanford, 1969; Record et al., 1978; Colombo et al., OSMOMETRY

1992; Timasheff, 1992; Leikin et al., 1993). "Release” of  oyer an aqueous solution the equilibrium vapor pressure
water of hydrophobic hydration upon burial (removal from - of water is lower than the vapor pressure over pure liquid
contact with solvent) of nonpolar surface provides a large ater at the sam&andP. The lowering of the water vapor
thermodynamic driving force for various processes involving pressyre over any solution in which water is the only volatile
noncova_lent interactions of proteins. Thls_ hydrophobic component can be detected readily by an osmometer such
effect” gives rise to the predominantly entropic character of 55 the Wescor 5500 used in the present study. This
these processes at low temperatures (Spolar & Record, 1994)istryment operates as a dewpoint hygrometer. Small but
Changes in solute concentration (typically in the molar range) accurately detectable changes in the voltage drop across a
have often been used to produce changes in the activity ofthermocouple are proportional A5Tp, the difference between
solvent water (osmolality) that have significant effects on ne temperature of the sample solution (controlled to within
equilibria involving biopolymers. “Osmotic stress” studies 3 , 104 K) and the (lower) “dewpoint” temperature of a

of this kind (e.g., Sidorova & Rau, 1995; Garner & Rau, gmall volume of pure water that condenses on the thermo-
1995), which have been reviewed recently (Parsegian et al.,coyple within the sample chamber after a sudden shock of
1995), can be interpreted in terms of the difference in the pgjtigr cooling. By the ClausitsClapeyron equation (de-
extent of hydration of reactants and products only if the solute \jy.ed with the usual approximations)\Tp can be related to

is completely excluded from their interacting surfaces. In In(P}/Py), whereP}/P; is the ratio of the equilibrium water

general, fulfillment of this reqturemel_"nt has n(3t been ‘?'.e”‘_" vapor pressures over pure water and the sample solution:
onstrated. Measurements of “osmotic stress” on equilibria

do not provide direct information about the preferential — . .
interactions of solutes or water with individual reactants or AT, = (RTIAHY 5p) IN(PY/P,) (1)
products.

HereT is the controlled sample temperature, fixec~é87

°C in the Wescor 5500, artiH;  is the (positive) heat of
vaporization of pure water at this temperature and the
ambient (atmospheric) pressure. Over the operating range
of the osmometefATp| is always small enough so that the

In the present study we use vapor pressure osmometry,
(VPO) to measure osmolality as a function of solution
composition for the specific purpose of evaluating the
coefficient that characterizes preferential interactions of a
protein with a solute relative to proteitwater interactions. . o .
We share the view (Timasheff, 1992) that such information temperature dependence AH\,p IS negligible with re-
is needed to arrive at definitive interpretations of how linked spect :[0 other sourges Of, u.ncertalnty. 'Th.u.s, the constancy
changes in the activity of water and of various kinds of Of AHyap assumed in deriving eq 1 is justified.
solutes affect the equilibrium extents of processes involving ~ 11€ output of the Wescor 5500 is expressed in units of
biopolymers. Specifically, we report preferential interaction Mmolkg (milliosmolality, mOsm), which is related to the
coefficients as functions of solute molality for aqueous Water activitya; and hence té;/P; as follows:
solutions containing bovine serum albumin (BSA) and either
glycine betaine or urea. The protein BSA was chosen mOsm= —(10° In a,)/M, ~ (10°/M,) In(P}/P,) (2)
because of its high stability, solubility, purity, and other
favorable characteristics, including the absence of any knownwhereMy is the molecular weight of water. The first equality
tight binding interactions with glycine betaine or urea. is based on the conventional definitions of osmolality and
Glycine betaine, an important osmoprotectant in many solvent activity: a; = exp{(u1 — u7)/RT}, wherey; is the
prokaryotic and eukaryotic cells, is in general preferentially chemical potential of pure liquid water at the same temper-
excluded from the vicinity of protein surfaces (Arakawa & ature and pressure as the solution. The second equality in
Timasheff, 1983; Cayley et al., 1992). Because the native eq 2 incorporates the usual approximations: that the water
structure of a protein has less exposed surface from whichvapor over the solution is sufficiently dilute to be considered
glycine betaine is excluded, preferential interactions with this ideal, and thatP; is independent of the total mechanical
solute contribute to the thermodynamic stability of the native pressurepP.
protein. Glycine betaine also has been shown to affect the According to egs 1 and 2, the output of the osmometer is
stability of double-stranded DNA and the relative stability directly proportional to the dewpoint depression with respect
of A-T and G-C base pairs (Rees et al., 1993). Urea, an to the sample temperature. The resolution of the electronic
osmolyte in some living organisms (Lin & Timasheff, 1994), circuitry used to detect the voltage drop across the thermo-
is widely used as a protein denaturant at concentrationscouple is such that the osmometer can detect temperature
higher than those investigated here. The destabilizing effectdifferences to withir~3 x 1074 K, which corresponds to a
of urea on protein structure generally is thought to be due precision of 2 mOsm in the output readings. (We routinely
to its preferential accumulation in the vicinity of amides and observed this level of precision in immediately sequential
other polar functional groups, more of which are exposed to readings taken on the same sample.) The relationship
the solution when the protein is denatured (Simpson & between the thermal-voltage response of the thermocouple
Kauzmann, 1953; Schellman, 1990; Liepinsh & Otting, and the output reading on the osmometer can be calibrated
1994). Previous studies by various experimental methodsby making measurements on NaCl standards of known
indicate that the preferential interactions of most (uncharged) osmolalities in the range 0.16@.0 mol/kg. Provided that
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any systematic errors remain sufficiently constant over a 1, within a local domain surrounding an isolated molecule
series of immediately sequential VPO measurements onof the uncharged species 2. Any preferential interactions
samples having different solute concentrations, such errorswith component 2 experienced by components 3 and 1 cause
would have no effect on the accuracy of the preferential their mole ratio in the local domaif8; 2/Bs », to differ from
interaction coefficients determined by the osmometric method their overall ratio in solutionmy/55.5. If solute 3 is
introduced here. As explained below, our approach dependspreferentially accumulated in (excluded from) the local
on the accurate detection ohangesin osmolality caused  domain,B;4/B; ;> is greater (less) thams/55.5, and accord-
by changes in the concentrations of solutes. ingly "' is positive (negative).

The (general) inequality d; /B, » andm/55.5 is in some
BACKGROUND ON PREFERENTIAL respects analogous to the unequal mole ratios of components
INTERACTION COEFFICIENTS 3 and 1 in two solutions separated by a dialysis membrane

Extensive commentaries on the definitions, thermodynamic impermeable only to component 2. On the basis of this
relationships, and molecular interpretations of preferential @nalogy, an explicit derivation of eq 4 for uncharged species
interaction coefficients are available. Especially valuable are has been presented and adapted to obtain an analogous
Eisenberg’s monograph (1976) and the concise summarieseXpression for charged solutes (Record & Anderson, 1995).
provided in articles by Schellman (1990) and Timasheff For solutions where the two types of solutes are uncharged,
(1992). Here we consider only the simplest and most the effect of the solvation of component 2 on the magnitude
frequently investigated type of system exhibiting preferential of the solute-solute preferential interaction coefficient can
interactions, which is comprised of solvent water (1) and Pe represented more explicitly by recasting eq 4 as
two other components, a dilute biopolymer (2) and a much
smaller solute species (3) that is much more abundant in the mro _ g (1 + &E) — gmax My

: : : . 3,2 Sl 1,2
solution. The interactions of solute 3 and of water with an e : 355, ~55.5
isolated molecule of solute 2 determine the sign and max - . i
magnitude of various partial derivatives that reflect the Here Bi;" is the mz-independent maximum number of
thermodynamic consequences of preferential interactions.Solvent molecules m_the IO(_:aI domain o_f an |solateql mole_cule
These preferential interaction coefficients express the inter- ©f component 2. This maximum solvation number is attained
dependence of the concentrations of two components, subjectvhenms = 0 (provided that solvation of component 2 cannot
to constraints on three additional thermodynamic variables. b€ increased by introducing solute 3 into the solution). The
(By the Gibbs Phase Rule, four variables are needed topositive coefficientS, s = (By's — B12)/Bs2 is the cumula-
specify the state of a homogeneous system consisting of thredive stoichiometry of solvent 1 displaced per solute 3
independent components.) accumulated in the local domain. Ag—0, B3 ; also must

Of primary interest here is the following form of solute ~ vanish, butB; 7B’ so thatS 5 does not diverge.
solute preferential interaction coefficient, for which both  For strongly excluded soluteB; , = 0 over at least some
thermodynamic and molecular interpretations can most finite range ofms, and hencéy5* can be evaluated directly
readily be constructed: as the slope of a linear plot 81, vsms. For accumulated
solutes under typical condition®;’5"my/55.5 cannot be
neglected andB; , varies withms. Separate evaluation of

(5)

T, (3.2)= JLTO(a%/amz)T,PM (3)

To simplify notation, the specification (3,2) will be omitted,

Bs2 and By, may still be feasible by applying eq 5 to
experimental values ofT; determined for the accumu-

because the analysis presented in this paper is based entirellated solute, but only iBs, i$ not simply proportional tons

on solute-solute preferential interaction coefficients. The
corresponding solventsolute preferential interaction coef-

ficient, defined by replacing 3 with 1 everywhere in eq 3, is
designated mF; (1,2). The exact relationship between
"T",(3,2) and™,,(1,2), outside the limitmy,—0, will be

when §; 3my/55.5 < 1. However,ms-dependent values of
Bs . for an accumulated solute can be most reliably deter-
mined via the two-domain model B3 has been evaluated
independently for a completely excluded solute. A primary
objective of the present study is to demonstrate Baw/for

considered elsewhere (Anderson and Record, manuscript inurea can be quantified aft&3* has been determined by a
preparation). The superscript “0” in eq 3 and in subsequent two-domain analysis ofT, for glycine betaine.
expressions implies that the designated term has no signifi- |n the context of the two-domain classification, further

cant dependence amn, because solute 2 is sufficiently dilute.

The following phenomenological expression fﬁfﬁs,

analysis of themz dependence oBs, requires additional
model assumptions. An explicit parameterization™6¥,

initially presented (in a somewhat different form) by Ti- as a function ofrg has been developed from a detailed model
masheff and co-workers (Timasheff & Inouye, 1968; Inouye for preferential interactions due to the competitive one-for-
& Timasheff, 1972), has been used to interpret preferential one (1:1) “interchange” of two different types of solvent
interactions in terms of molecular accumulation/exclusion species (Schellman, 1990). Either the primary solvent (1)
(Timasheff, 1992): or the (less abundant) “cosolvent” (3) binds independently
o to sites of various (thermodynamically nonequivalent) types,
mr,,,3 located on the solvent-accessible surface of an isolated
molecule of some highly dilute solute component (2). The

=B;,— B; Jny/55.5 4

To simplify notation, the superscript “0” is deleted from the
Bi;, which depend not on srbut, in general, onms. The
positive coefficientsB;, and B;, are, respectively, the

“independent binding” stipulated by this model requires that
the occupancy of any site on component 2 by a molecule of
component 1 or 3 does not affect the occupancy of any other

average number of molecules of the uncharged species 3 angite. Thus, each of the sites must occupy the same surface
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area on component 2, even though the molecules of 3 and 1determinations of osmolality as a function of solution

need not be equal in size [as indicated in Figure 1 of composition. Many of the following equations have ap-

Schellman (1990)]. In the simplest situation where the 1:1 peared elsewhere in equivalent or related forms (e.g.,
interchange model could be applied, Hikites are thermo-  Eisenberg, 1976), but not for the specific purpose of
dynamically equivalent (have the same affinity for 3 relative establishing rigorous connections between preferential in-
to 1), and any site occupied by the principal solvent in the teraction coefficients and data that can be obtained by VPO.
absence of cosolvent is open to occupancy by this componentThe system investigated here, for which osmolality has been

when it is added to the system. determined as a function of the solute molarities, is an
More generally, the principal solvent, usually water, aqueous solution containing a protein (BSA) with negligible
occupying some subsell{) of the total number of sites\) net charge and a low molecular weight solute (glycine betaine

on the surface of component 2 may be (at least effectively) or urea) with no net charge.

not interchangeable with the cosolvent (or solute) 3, while  In accordance with the Gibbs phase rule for a homoge-
all the remainingN; ; sites are accessible to both these neous three-component system, the chemical potential of
components (Timasheff, 1992). If component 3 has the samesolvent water can be represented as a functioh, &, and

binding affinity (relative to water) at all of thé\, 3 sites, the molarities of BSAC,) and glycine betaine or ure&y),
then the 1:1 interchange model yields the following explicit Which are the experimental independent variables. Thus, at
expression fof'T? : constantT and P any differential change ini; can be
fa expressed in terms of differentials 65 and Cs:
my
o _ —
Tl = NuK = 1SS.5my/(1+ Kmy) = Ny 5575 (6) duy = (9u,fC)c, dC, + (31,/0C)c, dC; ()

The notation here differs somewhat from that used in
previous work [cf. eqs 7 and 12 of Schellman (1990) and eq To simplify notation, the subscriptandP are omitted from
21 of Timasheff (1992)]. The “practical” equilibrium the partial derivatives in eq 7 and subsequent equations.
quotient,K, in units of reciprocal molality incorporates the These partial derivatives can be related to experimentally
quotient of activity coefficients (on the mole fraction scale) accessible quantities by noting that according to eg.2s
for components 3 and 1 and hence in general has somedirectly proportional to dOsm, the differential change in the
dependence on the solution composition. According to eq output from the osmometer:
6, the sign and magnitude 61[“0 are determined by the
magnitudes oK, Ny, andNy . At'a givenm, the minimum (9u4/9C5)c, = RT(0 In 8,/0C5)c, =
(most negative possible) value BF; is —(Nis + Nymy/ 1 c
55.5, which corresponds to an |nf|n|te preferential affinity —555 RT(BOsmBC3)CZ =", (8)
for water over component 3 (i.e = 0) at all sites on
component 2. If component 3 is strongly exclud&dnay (quy/0C))c, = RT(@ In &,/0Cy)c, =
be small enough so that the total number of sites accessible —55.5 'RT(30smbC,)c. = °Q, (9)
to water (N1 3 + N;) can be evaluated from the slope of a
linear plot ofmI“O vsmg. Even if the affinity of component
3relative to component 1 at tiMy 3 sites is so strong thadt
is much larger than both 1/55.5 and/ component 3 is
preferentially accumulated'(;, > 0) only if the number of
sites for which it has strong aafflnlty is large enoudth § >
N:ms/55.5). This situation illustrates thﬁf" is a measure
of net preferential interactions with thent|re accessible
surface of component 2 (Timasheff, 1992).
< Equaﬁl}g)?s_S and 6 are conS|stSnBa‘,2 = Nl,3KW(1 + (;;Ml/amz)ms = (3ﬂ1/3C2)03(3C2/3mz)m3 +

mg), B;5 = N1z + Ni, andS; 3 = 1. The existence of

some type of exact mathematical correspondence is expected CTY 8C3)C2(303/ 3m2)ms (10)
because of the generality of the two-domain description but
does not imply the unigue applicability of the 1:1 interchange (942/0My)y,, = (9u1/9C5)c (9C IMy),, +
model. In realityS, s may qm‘er from 1 and depend am, (3uy/dC3) . (9C4/omy),, (11)
if the interchange is not 1:1 and/or if site occupancy is not 2 2
strictly independent. Nevertheless, a detailed experimental
characterization and theoretical analysisBah and S, ; as
functions ofmg is not needed in the present study for the
purpose of demonstrating hoBf"y* and B; , can be evalu- _ )
ated separately by osmometric measurements on appropriatdd partial molar volumes/; by the following exact
solute-protein solutions. relation:

EVALUATION OF PREFERENTIAL (9C/om)y, = (3 — CVV,, (12)
INTERACTION COEFFICIENTS FROM

OSMOMETRIC MEASUREMENTS . .
HereV, is the volume of solution per kg of solvent afg
This section summarizes the thermodynamic expressions= 1 ifi =j, 0ifi =j. (The derivation of eq 12 incorporates

needed to relaté‘l‘zz, as defined in eq 3, to experimental the analog of the GibbsDuhem equation for partial molar

Here the symbol&Q; designate derivatives that are directly
accessible by osmometry.

To express the concentration dependence;afsing the
molal scale, which is required for the definition of the
preferential interaction coefficient given in eq 3, changes in
w1 are related to changes in solute molalities by forming the
following partial derivatives from eq 7:

The partial derivatives in eqs 10 and 11 that interconvert
the molal and molar concentration scales of the solute species
(i, = 2 or 3) can be expressed in terms of their molarities
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volumes and hence does not require that\_t'hbe constant ~ Mol) at 20°C (Arakawa & Timasheff, 1983). Although data
with respect to changes in the composition of the solution.) are not available on the temperature dependendé, ébr
With the appropriate forms of eq 12, the quotient of egs glycine betaine, for most amino acids this dependence is very

10 and 11 can be expressed small (Durchschlag, 1986). Thus we have takgn= 98
_ _ mL/mol for glycine betaine in aqueous solution. The partial
(1 = CV)(9ua/9C))c, — CaVp(dua/9Cy)c, molar volumes of urea available in the literature (Stokes,
— T = = 1967) also are relatively constant (variable by less than 5%)
_C2V3(3M1/02)c3 +(1- C3V3)(3#1/3(:3)c2 over a wide range of urea concentrations-{@ molal). In

the temperature range of interest, the reported temperature-
dependence 0¥, for urea is small: 44.6 mL/mol at 3TC

and 45 mL/mol at 40C (Stokes, 1967). Accordingly/,
for urea is assigned the value 45 mL/mol at°&7. Slight

Here the cyclic rule of partial derivatives has been used to
introduce™,, = (dmy/omy)rp,,. The analogous derivative,
defined with solute concentrations expressed on the molar

scale, is
changes inv; (<10%) would not affect the values 81,
T, = (0C4/0Cy),, = —(0u4/0C)) ¢ [(3uy/9C3)c, = pbtained by applying eq 16 to the osmometric data obtained
= ! s . 2 . in the present study.
—€Q,/"Q; (14) The following relationship connects the form of the

preferential interaction coefficient defined in eq 3 and the

The thermodynamic variablds P, andu, can be held fixed  form given in eq 16 that is evaluated from osmometric
during isopiestic distillation, but the preferential interaction measurements:

coefficient, °I',, (and hence™,,), can be obtained more
efficiently by direct osmometric evaluations @2, and°Q; o _ mro
as defined in egs 8 and 9. mF/‘s mrﬁ‘l + 1/[my(0u5/omy)’] (17)

Equations 13 and 14 together yield the general relationship
betweenfT,, and ™l ,;: This equation is derived in the Appendix, which also

B B B considers its limiting form asx—0. By the Gibbs-Duhem
T, =[(1 — CV,)T, + C\VLl[(1 — CuVy) + equationmg(dus/amg)® = —55.5@u1/0mg)°, which is related
Hy Hq . - - CAO0
=& simply to the derivative'Q; that can be evaluated from
CV5T, ] (15) osmometric measurements on a solution containing only
solute 3.

As C,—0, this equation takes the simpler form
EXPERIMENTAL PROCEDURES

mrﬁl - (Crzl +CG V(L - G5V (16) Enzyme grade (99.5%) urea was obtained from Gibco
BRL (Gaithersburg, MD) and anhydrous glycine betaine was
Here the superscript “0” is placed on all symbols because in gptained from Sigma (St. Louis, MO). Series of glycine
general each of these thermodynamic functions depends ometaine solutions (from 50 mM to 4 M) and urea solutions
the concentration of solute 2. In accord with the general (from 50 mM to 8 M) in ultrapure water were prepared.
usage in this context (cf. eq 3), “o” denotes high dilution of Bgyine serum albumin (BSA, fraction V, molecular weight
component 2 but doesot specify any restriction on the  of 66 100 g/mol) was obtained from Sigma. A solution of
concentration of solute 3. Equation 16 indicates that the gga (~250 mg/mL) was made in a Hepes buffer and
difference betweerT, and T, can remain substantial extensively dialyzed with tubing (Spectrum Industries)
even asC,—0, whenevelC; and/orV; are large enough in  having a 12 00614 000 g/mol molecular weight cut-off
comparison to the magnitude &f; . To represenfT, as ~ (MWCO) against 10 mM Hepes, pH 7.5, 2mM EDTA, and
a function of the molality that corresponds @ in eq 16, 20 mM NaCl, then 10 mM NaCl, followed by three

the limit my—0 can be applied to the relationships= CaVn, equilibrations against ultrapure water (purified by Barnstead
andV, = 55.5V; + MV, + meVa. E-Pure). The BSA solution was concentrated in a vacuum

evaporator, and the protein concentration was determined
C3, or the corresponding molality requires knowledge of to £2% precision by UV absorbance measurements on a
3 P g y red 9 Cary 210 spectrophotometer using Eﬁg‘g of 5.5. Stock

the partial molar volumes of the solute components. In : o
calculating the results reported here partial molar volumes §0Iutlons containing 250 and 100 mg/mL BSA were made

of 98, 45, and 4.9« 10° mL/mol were assigned to glycine in ultrapure water. The viscosity of BSA solutions more
betaine, urea, and BSA, respectively (Durchschlag, 1986).concentrated than 250 mg/mL was judged to preclude

) O accurate, reproducible pipetting.
Although solute partial molar volume¥; (i = 2 or 3) Samples containing fixed concentrations of BSA (80 or

cannot be strictly independent of solution composition, slight 5n4q mg/mL BSA) and different concentrations of glycine

if any concentration dependence is expected for the types,qoi-ine (6-0.8 M) or urea (6-1.6 M) were made up

of solutes and the ranges of solute concentrations i”VEStigateq/olumetrically by appropriate standard additions from stock
here (Durchschlag, 1986). For BSA, values\hfreported  solutions of glycine betaine or urea. From the standpoint
for various solution compositions (even at 6 M guanidine of experimental design, for a given level of accuracy
hydrochloride) and for temperatures over the rang8@  molarities can be determined more readily than molalities,
°C all fall within 5% (from 4.8x 10*to 5.0 x 10* mL/mol; especia”y when, as in the present Study1 osmometric
Durchschlag, 1986). For glycine betaine in pure water, measurements are conducted on a series of progressively
V, is almost invariant from 0.7 to 2.0 M (97.9 vs 97.8 mL/ diluted samples. For each of the concentrations of glycine

According to eq 16, evaluation 1511“;1 as a function of
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Ficure 1: Representative plots of measured osmolalities of glycine bet&8& (A) and ureaBSA (B) aqueous solutions as functions
of C; at variousC,, i.e., 0 (0), 80 @) and 200 A) mg/mL BSA. At eachC; andC,, measurements are triplicate. Solid lines are the best
fitted quadratic curves.

betaine or urea that were investigated at fixed concentrations l I
of BSA (80 and 200 mg/mL), control samples containing
no BSA also were prepared. At each increment of solute
concentration the osmolalities of three aliquots of each
sample were measured in succession using a Wescor 5500
vaporphase osmometer (Logan, UT), whose principles of
operation are summarized above in the section giving
background on osmometry. After each of the standard
additions whereby the molar concentration of glycine betaine
or urea was increased while the molarity of BSA was
maintained, samples containing the same concentration of
the solute but no BSA were measured (also in triplicate) to
minimize the effect of instrument drift. After every four to

six samples the instrument was recalibrated against NaCl B
standards supplied by Wescor. The thermocouple head and 1 2 S 4
sample chamber were checked for contamination according C2 (mM)

to the manufacturer’s recommended procedure, and they wer
cleaned as needed.

AmOsm (mmol/kq)
N R SR
5 ©o © o
S & & o
| | | |
I

(@]
o

q:IGURE 2: Representative plots of differences in measured osmo-
lality, obtained by subtracting osmolality of glycine betaine binary
aqueous solution from osmolality of glycine betait@SA ternary
RESULTS AND DISCUSSION solution, as functions df; at various glycine betaine concentrations

. . . from top to bottom:C; = 0.8, 0.6, 0.4, 0.3, 0.2, 0.1, 0.06, 0.02

Charac_terlzatlon _Of Glycine B_G,ta'ﬁe and _Urea—B_SA Eamd 0 mFI)VI). Solid Iineg are the best fitted duad’ratic'curve’s. ’
Preferential Interactions Osmolalities of glycine betaire
BSA and ureaBSA aqueous solutions at various fixed BSA Measurements of osmolality as a functior@fat constant
concentrations@, = 0, 80, and 200 mg/mL) were measured C, (0, 80, or 200 mg/mL BSA) were fitted to polynomials.
as functions ofCs, the concentration of the small solute Quadratic functions yield adequate fittings of all of the data
(glycine betaine or urea). The dependence of osmolality on sets, as shown in Figure 1 (solid lines). Comparing residuals
Cs is plotted for glycine betaine in Figure 1A and for urea of each quadratic fitting with those obtained by including
in Figure 1B. The presence of BSA in a solution at any higher order polynomial terms indicates that the latter are
concentration of glycine betaine or urea significantly in- not needed (except at very lo@s; where some minor
creases its osmolality, and this enhancement becomedleviations may be due to systematic errors that arise outside
progressively larger with increasing solute concentration, asthe normal calibration range of the osmometer). The
indicated by the upward curvature at hiGhin both panels derivative®Qs; was evaluated by differentiating the quadratic
A and B of Figure 1. For ureaBSA ternary solutions, the fittings of osmolality vsCs.
increase in total osmolality due to BSA is substantially less, Effects of BSA on theC; dependence of osmolality were
even at urea concentrations higher than those investigatecanalyzed by subtracting the osmolality of the BSA-free
for glycine betaine. In every cas®?; as defined in eq 8is  binary solution from that of the glycine betainBSA ternary
negative, and its magnitude decreases slightly with increasingsolution at the correspondir@. Differences in osmolality
solute concentration. Thus, increasing the concentration of (AOsm) increase a€, increases, with slight curvature at
either solute has a favorable (decreasing) effect on thethe lowerC; values, as shown in Figure 2 at selected glycine
chemical potential of water. This effect is further (and betaine concentrations. Series/®sm data were fitted to
monotonically) enhanced by the presence of BSA. quadratic functions o€, with zero intercept, shown as the
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Ficure 3: Representative plots of preferential interaction coef-
ficients of glycine betaine with BSA as functions of glycine betaine
concentratlonsﬁl“0 vs C3 (0) and'“I"° vsmg (2). Solid lines are

the best fitted I|near functions, Wlth constraints at zero glycine
betaine concentration (details in text).

solid smooth curves in Figure 2. Values®i, (as defined
in eq 9) were estimated & = 0 using the linear coefficients
of plots of AOsm vsC, at various values ofC;. The

Zhang et al.
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FiGure 4: Representations of calculated preferential interaction
coefficients as functions of solute concentrations. (A) Preferential
interaction coefficients of glycine betaine with BSA as functions

of glycine betaine concentration§1“;j1 vs C; (dashed line) and
mF/‘j3 vs mg (solid line). (B) Preferential interaction coefficients of
urea with BSA as functions of urea concentratioﬁﬁg1 vs C3
(dashed line) andT, vs mg (solid line). The dotted lines at low

C; for both glycine betalne and urea represent extrapolations (see
text).

at constantC; may give rise to a greater uncertainty but
theoretically can yield osmolality at any solute concentration
within the experimental range. The resulting differences in

magnitudes of the positive slopes observed in each of theosmolality between the solutions with and without BSA were
AOsm vsC; plots are measures of the effectiveness of BSA plotted as functions o, and fitted using quadratic functions

at decreasing the chemical potential of water.

The preferential interaction coeff|C|erﬁL“° for glycine
betaine-BSA interactions in the limit of1 zero protein
concentration, as evaluated by applying the li@it=0 to
eq 14, is plotted as a function @@; in Figure 3. (The
superscript “0” onCsz is omitted to simplify notation.) The
value of T, at C; = 0 was deduced from the theoretical
considerations given in the Appendix. The experimentally
determined values oiEFO are negative over the entire
concentration range of glycme betaine{@8 M), and,
within experimental uncertaintyTS decreases linearly
with increasingCs, from —1 (the theoretlcal value fixed in
fitting the data) in the absence of glycine betaine-@1 +
4 at 0.8 M glycine betaine. The linear regression yields
°F° —1 — 98 (& 4)Cs.

The conversion fronfIy, to "I, was performed ac-
cording to egs 16 and 17. Values 8, for glycine
betaine-BSA interactions are plotted vs t?me molality cor-
responding toC; in Figure 3. The best fitted line is
represented bS?I“" —49 (& 4)ms. (The superscript “0”
on mg is omitted fo simplify notation.) Errors reported in

all the linear regressions are the standard errors of fitting of

the experimental data to given functions. Although the
concentration dependences”lﬂ‘J and°F° both are linear,

with zero intercept. The resulting values of the derivative
‘QJ were used, together with values @3 at correspond-
ing values ofCs, to calculate°l’,, in the limit C,—0,
according to eq 14. Figure 4 shows the averaged preferential
interaction coefficients as functions of solute concentration
(°F° vs Czand"T, vsm) for glycine betaine (A) and urea
(B) The data at TOV\C3 (below 0.2 M for glycine betaine
and 0.5 M for urea) were judged to be affected by systematic
as well as random sources of experimental uncertainty and
therefore are not shown. We find within experimental error
that both°F° and ml“O for glycine betaine and for urea are
linear functlons ofC; andm; The best fitted lines in Figure
4A arecl“;j —1— 98 (* 4)Cz and"T, = —49 (+ 4)ms
for glycme betaine BSA interactions. The best fitted lines
in Figure 4B ar€T, = —1— 43 (+ 1)Czand"T, =6 (+
1)mg for urea-BSA interactions. The dotted lines are
extrapolations from higheZ; or ms to zero solute concentra-
tion. Comparison of the line for glycine betaine in Figure
4A with the fitted lines in Figure 3 indicates acceptable
agreement between the two approaches used to estimate
Q0.

For the preferential interactions of urea with BSA, Figure
4B shows thafT; and Ty (%ml“/‘jl) have opposite signs.

Uy
The negative value o]i mcludes a substantial contribu-

values of T}, are consistently less negative because of the tion dependent on the partial molar volume of BSA.

positive termCO\/° in eq 16 and decrease from the theo-
retical limit of O to —42 + 3 over the range of glycine betaine
concentrations investigated (0.8 M). In contrast, the
difference betweerT,; and"T,, given by eq 17, never

exceeds 1 and hence is neghg|ble under the condﬂmnsCOGﬁlClemS equal
volume on the signs and magnitudes of preferential interac-

investigated here.

The BSA dependence of osmolality at fix€g also was
examined by interpolating quadratic functions fitted to the
osmolality vsC; data (cf. Figure 1). Compared with the

first approach, which requires measurements of osmolality |nterpretat|on of preferential interactions.

at the sam&; but differentCy, interpolation by fitting curves

According to eq 16 the terrﬁ°V° remains significant even

in the limit of zero b|opolymer concentration, as a math-
ematical consequence of the differential operations whereby
Ty, and "‘1“O are interconverted. Only i€;—0 are these
This striking effect of partial molar

tion coefficients expressed on different concentration scales
indicates the importance of choosing the forfit{ rather

than °F°) that leads to the most straightforward physical
In contrast, the
difference betweefil; and™T; is always insignificant in



Osmometric Studies of SolutdProtein Interactions

Biochemistry, Vol. 35, No. 32, 199640513

the systems and under the conditions investigated here for hydration, we first assume a hexagonal closest packing

because the strengths and/or numbers of selpitetein

of water molecules on the protein surface and a van der

interactions are large enough so that the magnitudes of thes&Vaals radius of 1.4 A for water. For this model the
preferential interaction coefficients are much larger than unity maximum surface density of water molecules in the first layer

even at the lowest solute concentrations investigated.
Two-Domain Analysis of Glycine BetainBSA and

Urea—BSA Interactions Glycine betaine is highly excluded

in BSA solutions at allng in the range 61.6 M, in

around the protein is approximately 0.150 per & of
protein surface area. Alternatively, if the effective cross-
sectional area of water is RA4Gill et al., 1985), as inferred
from the density of bulk water<{1 g/mL) and its molecular

agreement with the implications of a study by Arakawa and weight, then the predicted water surface density is 0.20/H

Timasheff (1983) of BSA interactions with glycine betaine

at three concentrations (0.7, 1.4, and 2.0 M). From a two-

domain interpretation of the experimental resm',ﬂl“,"3
—49 (£4)ms, we infer that glycine betaine behaves as if
completely excluded from the local domain of water sur-

A2 Our experimental value (0.14 0.01 HO/A? falls
between these two estimates. Thus if the extent of hydration
determined from the glycine betainBSA preferential
interaction coefficients (0.74 0.06 g of BO/g of protein)
is approximately equal to that of a monolayer gilHat the

rounding BSA, and that this local domain is a monolayer protein surface, then the density of this water of hydration
on the protein surface. This inference is based on theis spme\_/vhat greater\{ZS%) than t.hat of bulk water. This
following considerations. For a completely excluded solute finding is consistent with the inference that water of

the termBs, in eq 5 is by definition zero, so théﬁi“ff3 is
proportional to mg with a proportionality constant of
—B5755.5. If glycine betaine is completely excluded
from BSA, the slope of thé"l“ﬁ3 vs mg plot (—49 + 4)
indicates that the hydration of BSA;'S", is 2700+ 200
mol of H;O/mol of protein (on a weight basiB;’5* = 0.74

+ 0.06 g of HO/g of protein). If exclusion of glycine

betaine were incomplete, the true hydration would exceed
this estimate, which is above the average but within the range

of values for protein hydration calculated from hydrodynamic
measurements: 0.32.04 g of HO/g of protein, with an
average value of 0.5& 0.26 g of HO/g of protein (Squire
& Himmel, 1979). Previous studies of protein hydration

based on the preferential interactions of glycerol with proteins

(Gekko & Timasheff, 1981) yield smaller hydration numbers

than those deduced from hydrodynamic measurements
probably because glycerol is not completely excluded.
Osmometric measurements indicate that glycerol is ac-
cumulated near BSA to a greater extent than glycine betaine

(Capp et al., unpublished results).

To test the hypothesis of complete exclusion of glycine
betaine and to provide a molecular picture of the local
domain surrounding BSA, the thermodynamic extent of

hydration of BSA is now compared with a prediction of its

hydration adjacent to both charged and nonpolar surfaces is
more dense than bulk water, as judged by the negative partial
molar volume changes associated with ionization of car-
boxylic acids in water [reviewed by Edsall and McKenzie
(1978)] and with the transfer of hydrophobic liquids to water
[reviewed by Edsall and McKenzie (1983)].

The foregoing considerations indicate that the local domain
in the two-domain model consists of a monolayer of water
of hydration enclosing the protein surface. Glycine betaine
may be excluded from polar surface areas on BSA because
water (with its multiple donoracceptor hydrogen bonding
capability) interacts more strongly with such surfaces.
Glycine betaine may be excluded also from nonpolar surfaces
because contacts of its zwitterionic dipole with such surfaces
are thermodynamically even more unfavorable than contacts
with the water dipoles. The complete exclusion of glycine

‘betaine from protein surfaces is in accord with the proposed

osmoprotective mechanism of glycine betain&gtherichia
coli K-12 cells, where glycine betaine appears to be more
excluded than other neutral osmolytes (Cayley et al., 1992).
Most natural osmolytes and amino acids are found to be
excluded from proteins to some degree (Liu & Bolen, 1995;
Arakawa & Timasheff, 1983).

Compared with other methods, the use of VPO measure-

water-accessible surface area. The water-accessible surfacg‘e”ts to determine the concentration dependence of osmo-

area of a native proteinA(in A?) increases as a power
function of the protein molecular weigh¥{ in g/mol) (Janin,
1976; Teller, 1976; Miller et al., 1987):
A=aM’ (18)
Different studies have obtained slightly different values of
the empirical constants andb [a = 11.4 A2 andb = 0.67

(Janin, 1976; Teller, 1976; W.Z., unpublished results), an
a= 6.3 A2 andb = 0.73 (Miller et al., 1987)]. Water-

accessible surface areas estimated using the different sets of

values ofa andb agree to within 5% (for the usual range of
M;). From eq 18 and the two sets of valuesaaindb, we

lality readily yields values 01’"“1“23 as a function ofmg.
Earlier studies have reported discrete values'd] at a
few solute concentrations. At 0.7 M glycine betaine, our
measurements (37C) indicate that"T, is —37 + 3,
whereas Arakawa and Timasheff (198§) report a value of
—26.9 (no error given) forams/dmy,)°ry, ., at 20°C. This
difference could be influenced by differences in the solution
conditions (e.g., temperature and buffer) under which the

d preferential interaction coefficient was determined in these

two studies.
As in the case of glycine betaine, values %121 and

;’3 for urea also exhibit linear dependences@yﬁndnb
within experimental uncertainties, shown in Figure 4B.

estimate the water-accessible surface area of the native BSAHowever, the positive sign dfT;,_indicates that theBs»

to be 2.0 £0.1) x 10* A2 If the 2700+ 200 H,O molecules
of hydration (i.e.,By'y) constitute a surface layer, the

surface density of water molecules on BSA is 044.01
H,0/A2,

term (in eq 5) must be large enou3gh to ensure net preferential

accumulation of urea. From Figure 4B, /ms= 6 £ 1. If
B127/55.5 = 49 + 4, as obtained from betair®8SA
preferential interactions™(;, /mg = —49 + 4), then for

To assess how our estimate of water surface densityurea-BSA interacti0n§33,2/n13c.; =54+ 5 (if §ams < 55.5
compares with the predictions of different structural models in eq 5), in the urea concentration range investigated (up to
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1.6 M). Clearly, in this situation independent knowledge proteins that have different proportions of nonpolar, polar,
of the hydration term,Bf'", is essential for a correct —and charged groups. In a subsequent paper (Zhang et al.,
evaluation ofBs,. On the basis of a more detailed model, manuscriptin preparation) we examine how well information
Bs. can be expressed in terms of additional parameters, forabout protein surface areas can be correlated with the
example, by introducing the number of interchangeable sites,magnitudes of preferential interaction coefficients that char-
N.;s and the average binding constai, as in eq 6. acterize the interactions of different types of osmolyte solutes
However, because the plot 8Ty vs m is linear in the with biological macromolecules.

range of urea concentrations investigated here, individual

vall?es forN; and K cannot be resolvged. With the value CONCLUSIONS

B2 = Ni + N3 = 2700+ 200 mol of HO/mol of BSA This study introduces the use of vapor pressure osmometry
determined from betaireBSA interactions, the product of  as the sole source of experimental input needed to evaluate
Ny K is estimated to be 54 5 m™. preferential interaction coefficients of the tyflg . Under

To estimateN; ; andK individually, we investigate the  conditions whereT,, is independent o, values of T},
correlation ofN; 3 with polar surface areas of BSA. The are obtained directly from series of VPO measurements of
preferential accumulation of urea near protein surfaces osmolality as a function o€; at different fixed values of
generally is thought to result from favorable interactions with C,. With the appropriate thermodynamic relationships
solvent-accessible amides and possibly other polar groupsre s transformed 8T, whose value as a function of the
(Robinson & Jencks, 1965; Nozaki & Tanford, 1970; solute concentration can be interpreted more directly on the
Liepinsh & Otting, 1994). Previous studies using various pasis of the two-domain model. The values > deter-
methods to quantify uregprotein and ureapeptide interac-  \ineq in this study are interpreted to indicaté complete
tions at urea concentrations up to 8 M have reported estimates, eferential exclusion of glycine betaine from BSA and
of site binding constants (defined in various but similar ways) derate preferential accumulation of urea near BSA.
ranging from 0.04 to 0.3 mt (Makhatadze & Privalov, 1992, gacayse glycine betaine behaves as if completely excluded
Sijpkes et al., 1993; Liepinsh & Otting, 1994; Scholtz etal., fom Bsa, it appears to be well suited for studies that use
1995). Assuming that over the concentration rangd.8  {he approach introduced here to quantify the hydration of
M Bs is determined by uresamide group interactions, ingjvidual proteins as well as changes in hydration that
which are among the strongest urgaotein interactions, we  5ccompany processes involving proteins. The results and
can dissect values & by equatingNy s with the number of  c5\cylations reported here for glycine betaine and BSA
amide groups accessible on the surface of native BSA. Thisjngicate that the local domain surrounding BSA consists of
number (.cd can be estimated by quantifying the water- ne monolayer of water of hydration. Our analysis of trea
accessible polar surface areas of the natilgn( and g interactions demonstrates why characterizing the ac-
denatured4y0) BSA with procedures described by Living-  cymylation of solutes in terms of the two-domain model

stone et al. (1991). Once the total number of amide groups generally requires an independent determination of the

(nwoy) is known, and if the numbers of urea-accessible amide hydration coefficienB% (in eq 5).

groups in both native and denatured states are assumed to The signs, magnitudes, amds dependences dfr® for
/lif M%)%O:ﬂonal 0 tIZe poléalzros(l\J/eraZce area:)si. (Ee‘a‘m‘m :|t ) glycine b%tai'neBgSA and L;re&BSAr?nteractions are quali-
NALD), thennaee= Ny 3~ .Z., unpublished results). : : . ; .
The cor_responding value deeriveld _from our elxperi_mental ﬁ'vfgé?E{:}'Séegitmvgtshhgﬁfe\fggi)wﬁ;téﬁ;?gsgﬁoi ]rslrgﬁlsé?]
e e v b, g R 2 B0 G5y A ey, e us of (PO 10 vesite
measurements (Liepinsh & Otting, 1994) preferential interactions compares favorably with established
. . : ' - methods, whose strengths and limitations have been dis-
The foregoing analysis of ureBSA preferential interac- cussed recently (Eisenberg, 1994). As with most experi-
tions demonstratgs that the quantitative interpr_etation of mental methods, the accurécy of VPO investigations im-
solute _accumulatlon In terms of _the tWO'doma'U mode| proves with the magnitude of the effects being measured.
ag(;i)rdmg to eq 5 requires knowing the hyd_rat_lon term At a given C,, the C; dependence of the osmolality is
B> (as well as the solutesolvent exchange stoichiometry  gjgnificantly greater for glycine betaine than for urea, and
Sz at highemm). Therefore, studies of solutiopolymer — the change in osmolality witlS, is greater at a givers
interactions should be accompanied by an independent,hen giycine betaine is the solute. Moreover, fitting the
determination ofB;’5* for the biopolymer, which can be me dependence ofT® for glycine betaine and BSA
accomplished by a two-domain analysis using glycine betaine requires only one par'lgmet@’l’@, whereas an additional
or another.(?ompletely excluded solute. coefficient Bs ) is required to characterize the preferential
The positive values ofT; over the range of 1.6 M jnteractions of urea with BSA. In this laboratory, work is
indicate a preferential accumulation of urea in the vicinity progressing on the further development of strategies for the
of BSA, which is consistent with the mechanism that has acquisition and analysis of osmometric data that can be used
been proposed for the denaturation of proteins induced byto quantify preferential interactions of solutes, charged and
sufficiently high concentrations of urea (Simpson & Kauz- yncharged, and of water with proteins and nucleic acids.
mann, 1953; Schellman, 1990; Liepinsh & Otting, 1994).
The magnitude o 23 (6+ 1in1murea)is comparableto  ACKNOWLEDGMENT
corresponding values for urea interacting with other proteins,
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APPENDIX

Transformation of SoluteSolute Preferential Interaction
Coefficients The rigorous relationship betweé‘ﬁf and
”T derived without any restrictions on the solute concen-
trat|ons will be presented elsewhere, together with other
generalized relationships between alternative forms of selute
solute and solutesolvent preferential interaction coefficients
(Anderson and Record, manuscript in preparation). For the

purpose of analyzing the data reported in the present study,

consideration of'l’,, and™,, in the limit my—0 suffices.
That mI‘; mF° has often been stated (cf. Eisenberg,

1976), but the foIIowmg derivation provides a general explicit

m;—»O Theseé can be deduced theoretically from eq 17 and
the following considerations. By successive applications of
the cyclic transformation and Euler reciprocity, the prefer-

ential interaction coefficient defined in eq 3 can be repre-

sented in terms of the chemical potentials of the solute
components:

mr03 r!]izrﬂo(ams/ 8rnZ)T,P,,u3
_(8/13/8"”2)OT,P,msl(a#slams)oT,P,m2

= _(8ﬂ2/aﬂ3)0T,P,mz (A-3)

By representing the solute chemical potentialsand us
in the form appropriate for a solutevith no net chargey

expression for the difference between these coefficients and= 4 (P.T) + RTIn yim), the last equality in eq A-3 can be
hence indicates why it can be neglected for the systemsWritten more explicitly as

investigated here (though not for all possible systems of
biological interestlexceptin the limit ms—0 considered in
the following section.

The derivation of eq 17 is initiated by applying the cyclic
transformation td'T;, , defined by analogy t8T} in eq 3:

", = rLizrlto(arns/amz)T’p#1 =
—(0uy/dMy) 1 p 1 /(B /0Me) 1 p oy (A-1)
The partial derivatives in both numerator and denominator

of eq A-1 can be recast by introducing appropriate forms of
the Gibbs-Duhem equation:

= _[me,(aﬂ3/8”‘2)0T,P,m3 + :|-]/"T"3(3M3/8m3)OT,P,m2

= mrz3 — 1/my(9uqf 8ms)oT,P,m2 (A-2)

In the second equality another cyclic transformation has been

introduced.

Equation A-2 demonstrates that the mequahty”tb’?
and ml“O can be traced ultimately to the COhtI’IbUtIOﬂﬂ@
that arises from ideal entropy of mixing: lig-o M In My

= 1. Assessing the difference between these forms of the

preferential interaction coefficient requires some information
about the concentration dependencewof When solute 3
has no net chargeis = ug(P,T) + RTIn y3mg, whereys is

the molal-scale activity coefficient. Hence lignoms(dus/
amg)°rpm, = 1, because the nonideality of any (real) solute

cannot diverge as its concentration approaches zero. Ac-

cordingly, Iwnnro(ml“0 mFO) = 1. This limiting value
constitutes a maximum if I3 increases monotonically with
mg, as is typical of uncharged solutes. Whether the difference
between™T; and "I, is significant compared with the
magnitudes 'of the m&mdual coefficients is determined not
by the high dilution of component 2 but rather by charac-
teristics of the interactions of the solutes with each other /.
and with water.

Solute-Solute Preferential Interaction Coefficients in the
Limit ms—0. At low concentrations of solute 3, and
"T° become difficult to evaluate by any experlmental
method. As indicated in the discussion of Figures 3 and 4,

My, = My(3INy/0me)°r p 1 (1 + My(3iny5/ome)°r o 1)

(A-4)

As mg—0 the effect of solute 3 on its own nonideality and
on the nonideality of solute 2 (itself highly dilute) must
vanish, because no force due to interactions between (finite)
solute particles can persist at infinite separation. Conse-
guently, at low enougimg, In y, ~ Mg and Iny; ~ Mg,
whereg; andos are the smallest positive exponents needed
to represent them; dependences of Iy, and In ys,
respectively. Introducing these asymptotic forms into eq A-4
demonstrates thall’, must vanish asns—0.

For uncharged polymers and polyampholytes with a
minimal net charge, such as BSA, ja generally is found
to be proportional tang, at least when this concentration is
low enough. Hence, according to eq A’“I" also be-
comes proportional tog [becausen‘e(alnyalan‘e)%pm2 < 1].

A distinctly different asymptotioms dependence 07‘1“2
appears to be manifested in solutions containing hlghly
charged rod-like polyions such as DNA, a’ﬁﬂ" appears

to approach a characteristic nonzero constant (determined
chiefly by the mean axial charge density on the polyion) at
sufficiently low salt concentrations, which, however, must
always greatly exceed the polyion concentration. This
apparent limiting behavior can be accounted for by either
the counterion condensation model (Manning 1969) or the
PB cell model (Anderson & Record, 1980) for an infinite
cylindrical polyion. For anyfinite rodlike polyion,ml“/‘j3
must approach zero at sufficiently loms, even though it
still may appear to be approaching a nonzero limit at the
lowestmz where measurements can be made.

As mg—0, the limiting value of T, unlike that of
"‘I“0 cannot be deduced directly from elementary physical
conS|derat|ons because no expression analogous to eq A-4

exists for"T; (with the conventional definitions of activity
coefficients and solute molalities). Nevertheless, eqs A-2
and A-4, together with the lowr; asymptotic forms of In
yz and In y; given above, yield unequivocally the result
Mm—0 "‘F = —1, which according to eq 16 also equals
|Imc3ﬂ0 FO

REFERENCES

Anderson, C. F., & Record, M. T., Jr. (198B)ophys. Chem. 11
353-360.



10516 Biochemistry, Vol. 35, No. 32, 1996 Zhang et al.
Anderson, C. F., & Record, M. T., Jr. (1993) Phys. Chem. 97 Manning, G. S. (1969). Chem. Phys. 51924-933.

7116-7126. Miller, S., Janin, J., Lesk, A. M., & Chothia, C. (1983) Mol.
Anderson, C. F., & Record, M. T., Jr. (1998nnu. Re. Phys. Biol. 196 641-656.

Chem. 46657—700. Nozaki, Y., & Tanford, C. (1970J. Biol. Chem. 2451648-1652.
Arakawa, T., & Timasheff, S. N. (198#rch. Biochem. Biophys. Parsegian, V. A, Rand, R. P., & Rau, D. C. (1998gthods

224, 169-177. Enzymol. 25943-94.
Cayley, S., Lewis, B. A, & Record, M. T., Jr. (1992) Bacteriol. Prakash, V., Loucheux, C., Scheufele, S., Gorbunoff, M. J., &

174, 1586-1595. Timasheff, S. N. (1981Arch. Biochem. Biophys. 21@55—
Colombo, M. F., Rau, D. C., & Parsegian, V. A. (199%¢ience 461.

323, 655-659. Record, M. T., Jr., & Anderson, C. F. (199B)ophys. J. 68786~

Durchschlag, H. (1986) imhermodynamic Data for Biochemistry 794.
and Biotechnology(Hinz, H.-J., Ed.) pp 45128, Springer-  Record, M. T., Jr., Anderson, C. F., & Lohman, T. M. (1973)

Verlag, Berlin, Germany. Rev. Biophys. 11103-178.
Edsall, J. T., & McKenzie, H. A. (1978)dv. Biophys. 10137 Rees, W. A., Yager, T. D., Korte, J., & von Hippel, P. H. (1993)

207. Biochemistry 32137—144.
Edsall, J. T., & McKenzie, H. A. (1983\dv. Biophys. 1653— Robinson, D. R., & Jencks, W. P. (1963) Am. Chem. Soc. 87

183. 2462-2470.
Eisenberg, H. (197&iological Macromolecules and Polyelectro-  Schellman, J. A. (1990Biophys. Chem. 37121—140.

lytes in Solution Clarendon Press, Oxford, UK. Scholtz, J. M., Barrick, D., York, E. J., Stewart, J. M., & Baldwin,
Eisenberg, H. (1994Biophys. Chem. 537-68. R. L. (1995)Proc. Natl. Acad. Sci. U.S.A. 9285-189.
Garner, M. M., & Rau, D. C. (1995fMBO J. 14 1257-1263. Sidorova, N. Y., & Rau, D. C. (1998iopolymers 35377—384.
Gekko, K., & Timasheff, S. N. (1981Biochemistry 204667~ Sijpkes, A. H., van de Kleut, G. J., & Gill,'S. C. (199BJophys.

4676. Chem. 46171-177.
Gill, S. J., Dec, S. F., Olofsson, G., & Wadso, I. (1985)Phys. Simpson, R. B., & Kauzmann, W. (1953) Am. Chem. Soc. 75

Chem. 893758-3761. 5139-5152.
Inouye, H., & Timasheff, S. N. (197Biopolymers 11737-743. Spolar, R. S., & Record, M. T., Jr. (1998kience 263777—784.
Janin, J. (1976). Mol. Biol. 105 13-14. Squire, P. G., & Himmel, M. E. (197%rch. Biochem. Biophys.
Leikin, S., Parsegian, V. A., Rau, D. C., & Rand, R. P. (1993) 196, 165-177.

_Annu. Re. Phys. Chem. 44369-395. Stokes, R. H. (1967just. J. Chem. 2@087-2100.
Liepinsh, E., & Otting, G. (1994). Am. Chem. Soc. 116670~ Tanford, C. (1969)). Mol. Biol. 39 539-544.

9674 _ _ _ Teller, D. C. (1976)Nature 260 729-731.
LlnizT%.OI., & Timasheff, S. N. (1994Biochemistry 3312695~ Timasheff, S. N. (1992Biochemistry 319857-9864.
Liu, Y., & Bolen, D. W. (1995)Biochemistry 3412884-12891. T'“g?fg?ff‘ S. N (1993Rnnu. Re. Biophys. Biomol. Struct. 22
Livingstone, J. R., Spolar, R.'S., & Record, M. T., Jr. (1991) qimagheff, S. N., & Inoue, H. (196@iochemistry 72501-2513.

Biochemistry 304237-4244. Wyman, J. (1964Ady. Protein Chem. 19223-286.

Makhatadze, G. I., & Privalov, P. L. (1992) Mol. Biol. 226 491—
505. BI960795F



