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Abstract

The interactions involved in the denaturation of lysozyme in the presence of urea were examined by thermal
transition studies and measurements of preferential interactions of urea with the protein at pH 7.0, where it remains
native up to 9.3 M urea, and at pH 2.0, where it undergoes a transition between 2.5 and 5.0 M urea. The
destabilization of lysozyme by urea was found to follow the linear dependence on urea molar concemfgtion,
AG.=AG?—-2.1M,, over the combined data, whefsG, andy’, are the standard free energy changes of the
N =D reaction in urea and water, respectively. Combination with the measured preferential binding gave the result
that the increment of preferential bindingl",;=1%;—1"%; , is also lineaMpn A temperature dependence study of
preferential interactions permitted the evaluation of the transfer enthstfgy, , and esgRy, of lysozyme from
water into urea in both the native and denatured states. These values were found to be consistent with the enthalpy
and entropy of formation of inter urea hydrogen bori8shellman, 1955; Kauzmann, 195%vith estimated values
of AH%,=ca. —2.5 kcal mol'* andAS$,=ca. —7.0 e.u. per site. Analysis of the results led to the conclusion that
the stabilization of the denatured form was predominantly by preferential binding to newly exposed peptide groups.
Combination with the knowledge that stabilizing osmolytes act by preferential exclusion from peptide graups
and Bolen, 1995 has led to the general conclusion that both the stabilization and destabilization of proteins by co-
solvents are controlled predominantly by preferential interactions with peptide groups newly exposed on denaturation.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction even though | was neither a student nor a postdoc-
) ) ) o toral in his laboratory. The learning came from
It is with particular gratification that I(ST) remarks, comments and explanations that Walter

welgome this opportunity to participate in the issue kguzmann would make at the early Gordon Con-
dedicated to Walter Kauzmann. | have always ferences on proteins and at other meetings. One
regarded Walter Kauzmann as one of my teachers, memorable occasion was early in my career when
" +Corresponding author. Tel s 1-781-736-2369: fax-+1- | became interested in protein der_1at_uration and
781-736-2349. was confused. Walter Kauzmann invited me to
E-mail address: timasheff@brandeis.edi®.N. Timasheff. come to Princeton, where he spent the day explain-
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ing denaturation to me. This set me off on a
straight path from which | hope | have not
deviated.

Urea and guanidine hydrochloridesdn-HCI)
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to destabilize proteins, we have carried out exten-
sive preferential interaction measurements of urea
to lysozyme at conditions where the protein
remains native up to 9 M ureg@H 7.0, as well

have been known as protein denaturants for closeas conditions where it undergoes an unfolding

to a century. A characteristic feature is the require-
ment of high concentration, typicgll8 M urea
and 6 M GdnHCI. While it was accepted that the

transition (pH 2.0). A temperature dependence
study of preferential interactions at pH 7.0 and
thermal transition measurements at the two pH

denaturation required some sort of interaction with values permitted a detailed description of the
the protein, little was understood about the nature interactions, which cause urea to stabilize the
of such interactions. Kauzmann and co-workers denatured form of the protein. It is the purpose of

[1-5], in a set of pioneering papers on the quan-
titative macromolecular analysis of the process,
concluded from the high order of the kinetics that
the denaturation of a protein required the binding
of a large number of urea molecules to the protein,
with the replacement of interpeptide hydrogen

bonds by urea—peptide hydrogen bonds playing an

this paper to describe these results.
2. Experimental
2.1. Materials

Urea was purchased from BIO-RAD Laborato-

important role. The subsequent development of the ries and purified by the procedure developed by

Wyman linkage relation6] and its combination
with three-component thermodynami€s,8] per-
mitted to identify this binding as the change in
preferential binding of the denaturant to the protein
[9] in the Native= Denatured equilibrium.

A general finding in studies of the urea and
Gdr-HCI denaturations of proteins has been a
slope of ca 10—20 additional molecules of dena-
turant bound to the protein at the mid-point of a
Wyman transition plo{10,11. This indicates that

Prakash et al[14]. 600 g of urea crystals were
dissolved in 580 ml water at room temperature
without heating, giving approximatell | of 9.5

M urea. 5-10 g of activated charco&tarbon
decolorizing from Fisher Scientific Cbwere add-
ed and stirred for 4 h. The solution was filtered
through Whatman filter paper No. 1 to remove
coarse charcoal particles and further filtered
through a Millipore filter of 0.45.m pore size to
render the solution completely charcoal free. 0.81

the preferential binding of the denaturant increases g methylamine hydrochloridéinal concentration-

during the course of the denaturation. Hence,
knowledge of preferential binding of denaturants
to proteins in the two end states of the reaction
should help in the elucidation of the role played
by the denaturant in the unfolding of the protein.
Preferential interaction studies on several pro-

0.012 M) was added and the solution was stirred
well for approximately 4 h, then 20-30 g BIO-
RAD analytical-grade Mixed-bed resin, AG 501-
x8(D), 20-50 mesh was added and the suspension
was stirred for another 4 h. Finally, the solution
was filtered through a Millipore filter of 0.45:m

teins have shown that urea could be preferentially pore size. The concentration of the urea solution

bound to proteins, as is the case wtHactoglob-
ulin [12], as well as preferentially excluded from
native proteins, as is the case with myoglo[ia].
Examination of the preferential interactions of a
number of proteins wit 8 M urea, theconcentra-
tion normally used to denature proteins, gave low
values of preferential bindingl4], which reflect

was measured refractometricaliic (M)=(n—
1.33312/0.00832) [15]. The maximum storage
period for the urea solution was three weeks at
room temperature. Lysozyme was from Sigma. It
was dissolved in distilled Poland Spring water,
thoroughly dialyzed against {ffor experiments at
pH 2.0, 1 mM HCI was added passed through a

a shallow concentration dependence of the transfersintered glass filter and lyophilized. Glycine was

free energy on urea concentration.
With the aim of obtaining a more detailed

the reagent grade product from Sigma. The mole-
cularporous membrane tubitg3x 100, M.W. cut-

understanding of the interactions, which cause ureaoff 6000—8000 was purchased from Spectrum



S.N. Timasheff, G. Xie / Biophysical Chemistry 105 (2003) 421-448 423

Table 1
Characteristic parameters of urea solutions and absorbance values of lysozyme at pH(2.@and
Urea g ms Po Vs €280 nm Of Vs (Mja (%] b
M)  (g/gg (mol/1KgH,0) (g/ml) (ml/g)  lysozyme o M3/ r.p.m;

PH 7.0(pH 2.0 (dl/g.cm)

pH7.0 pH20

0 1.0007(0.9992 25.6 26.7
0.5 0.0307 0.511 1.00861.0073 0.7311 2538 26.8 0.9575 —0.0755 1096
1.0 0.0628 1.045 1.0155 0.7340 26.0 27.0 0.9256-0.0690 517
15 0.0964 1.605 1.0245 0.7366  26.1 27.4 0.8944-0.0635 326
1.75 0.1141 1.899 1.0280 0.7377 0.8788—0.0610 279
2.0 0.1317 2.193 1.0315 0.7388  26.3 275 0.8639-0.0585 232
25 0.1689 2.812 1.0390 0.7405 26.5 275 0.8342-0.0540 176
3.0 0.2080 3.463 1.0465 0.7418 26.6 27.2 0.80570.0497 139
35 0.2491 4.148 1.0540 0.7428  26.8 26.9 0.7783-0.0455 114
3.75 0.2708 4.509 1.0578 0.7432 0.7649-0.0435 104
4.0 0.2925 4.870 1.0615 0.7436  27.0 26.6 0.7523-0.0415 95
4.5 0.3382 5.631 1.0695 0.7443 27.1 26.3 0.7277#0.0377 81
5.0 0.3868 6.440 1.0767 0.7449  27.2 26.4 0.7047-0.0342 71
5.5 0.4382 7.296 1.0842 0.7455 273 26.4 0.6835-0.0310 62
6.0 0.4927 8.203 1.0918 0.7462 274 26.5 0.6641-0.0287 54
6.5 0.5505 9.166 1.0995 0.7466  27.5 26.6 0.6466-0.0257 49
7.0 0.6123  10.195 1.1070 0.7470  27.6 26.7 0.6309-0.0235 43
7.5 0.6783 11.294 1.1145 0.7473 27.7 26.8 0.6169-0.0215 39
7.75 0.7137 11.883 1.1183 0.7475 0.6104—0.0208 37
8.0 0.7490 12471 1.1220 0.7476 27.8 26.9 0.6044-0.0200 35
8.5 0.8247 13.731 1.1295 0.7478  27.8 27.0 0.5929-0.0183 32
9.0 0.9062 15.088 1.1370 0.7480 27.9 27.1 0.5815-0.0170 29
9.5 0.9941 16.552 1.1445 0.7482 279 27.2 0.5689-0.0158 26

@Calculated from the data of Scatchard et[aB].
b cal — (mol of Ured-2in 1000 g H, O.

and treated as follows. The membrane tubing was tion of light scattering to absorptivity was correct-
immersed in water overnight, 2 g sodium bicar- ed for by the method of Leach and Scherdgd.
bonate was added and boiled. After washing twice

with water, 2 g EDTA(no Na') was added and  2.2. Thermodynamics of thermal denaturation

boiled, washed twice with water, boiled in water

and washed again. It was stored in 25% alcohol at The change in protein absorbance as a function
4 °C until use. Fisher standardized 1 N HCl of temperature was followed on a Gilford
solution was used for the pH adjustment of solu- Response Il UYVis spectrophotometer at 301 nm.
tions. All solutions contained 0.02 M glycine at In all experiments, 1 mgml lysozyme was used.
pH 2.0, or 0.02 M sodium phosphate at pH 7.0. In order to avoid the formation of bubbles on
The protein concentrations were determined by heating, the solutions were degassed for 3—5 min.
UV absorbance on a Perkin-Elmer YVis lambda on a water pump. The temperature change steps
3B spectrophotometer. The extinction coefficients were programmed so that the rate of heating was
for lysozyme were obtained by gravimetric meas- ~0.7 °C per min. The experiments at pH 7.0 were
urements. The values of extinction coefficients in carried out at concentrations of urea above 4 M,
various concentration of urea are listed in Table 1. because at lower urea concentrations the protein
In all concentration determinations, the contribu- did not unfold completely, nor did it fully reverse
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after heating. At both pH values, the cooling molality experiments, for each point five samples
curves were mirror images of the heating curves, (8—20 mg of lysozyme were dried in small glass
reaching equilibrium very rapidly at pH 2.0, while test tubes over phosphorus pentoxide at@Cfor

at pH 7.0 the reversal was slower. The isothermal 2 days in a vacuum oven. The samples were
transition at pH 2.0 was also followed by fluores- cooled to room temperature; approximately 1 ml
cence with excitation at 280 nm and emission at of mixed solvent was addedthe amounts of
350 nm, wusing a Shimadzu RF 540 protein (W,) and the urea buffedW;) were

spectrofluorometer. determined gravimetrically and the protein concen-
tration obtained asc=pxW,/(W,+Wg)). The
2.3. Preferential interactions tubes were sealed tightly immediately with Para-

film and left to stand overnight at the experimental

The preferential binding of urea to the protein temperature. When the samples had to be kept in
was obtained from the apparent partial specific a water bath, the tubes were sealed by 5 layers of
volumes of the protein measured with a Precision Parafilm and 2 layers of Saran Wrap. Following
DMA-02 density meter(Anton Paar, Gratz All this, the samples were equilibrated at 20 for
measurements were made at°®dusing previous-  3—-4 h prior to the densimetry measurements. In
ly published procedure§l7,1§. At any solvent constant chemical potential measurements, i.e. at
composition, density measurements were per- dialysis equilibrium with the co-solvent, each of
formed as a function of protein concentration, five samples of proteirf8—25 mg was dissolved
without and with prior dialysis against the solvent. in approximately 1.1 ml of mixed solvent and
These gave the exact co-solvent concentrations intransferred into a dialysis bag, i.e. the molecular-
the bulk solvent and in the solvent that had been porous membrane tubing. The samples were dia-
equilibrated by interaction with the protein. The lyzed at the desired temperature for ca. 24 h against
purpose of dialysis is to re-establish the chemical two 220 ml changes of co-solvent solution and
equilibrium disturbed by interaction with the pro- then kept at 20°C for 3—4 h in small tubes that
tein, since the activity of urea must be brought to have been sealed tightly to avoid evaporation.
the state of identity inside and outside the bag After each density measurement, the protein solu-
(isopotential conditions This can be accom- tion was diluted gravimetrically with solvent to a
plished only by changing its concentration inside final optical density of approximately 0(&approx.
the bag. Buffer solutions containing a given urea 0.25 mg/ml) and the concentrations were meas-
concentration were filtered through Whatman filter ured spectrophotometrically with a Perkin Elmer
paper No. 1. Each preferential interaction point Lambda 3B UV Vis spectrophotometer. The indi-
was obtained from the apparent partial specific vidual points were determined in up to four inde-
volumes measured with dialysis against the solvent pendent experiments. The values were found to be
at the experimental temperature and without dial- highly reproducible both at high and low
ysis, giving, in turn, values at constant chemical temperature.
potential, ¢,’, and at constant molalityp,, of co-
solvent. Each point required that two experiments 2.4. Calculation of preferential interaction
be carried out. In the first, the protein solutions parameters
were dialyzed 24 h at the experimental temperature
against 220 ml urea buffer solution with one The apparent partial specific volume of a protein
change. In the parallel experiment, the protein can be calculated from density measurements with
solution was kept for 24 h at the same temperature the equatior{19]:
without dialysis. Since the density measurements
were carried out at 20C, both solutions were &=1/p,X[1—(p—p,)/c] D
cooled to 20°C for 2—3 h, with the one that had
been dialyzed at high temperature transferred out where ¢ is the apparent specific volume, and
of the dialysis bag prior to cooling. In constant p, are the densities of the protein solution and
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reference solvent, respectively, ands the protein
concentration in gramel. ¢3 and ¢,° were
determined at conditions at which the molalities

of solvent components and their chemical poten-

tials were, in turn, kept identical in the protein
solution and in the reference solvent. Adopting the
notation of Scatchard20] and Stockmayef§],
component &water, component 2 protein, com-
ponent 3=additive (here urey the preferential
binding, (dg3/9g2)7 ..., Was obtained fron21]:

523

(ags/agz)T,M,M
= pn(d)g_ d)yzo)/(l_ po;g) (2)

where g; is the concentration of componentin
grams per gram of watef, is the thermodynamic
(Kelvin) temperaturep,; is the chemical potential
of componenti, and v; is the partial specific
volume of component 3. The superscriptindi-
cates extrapolation to zero protein concentration.
The pertinent values op, and v are listed in
Table 1. The preferential binding parameter,
(083/982)7p1uy 1S @ measure of the excess of
component 3 in the immediate domain of the
protein with reference to its concentration in the
bulk solvent. A positive value of this parameter

425

F23 = (3m3/8m2)7'ul%3

(M2/M3)(083/ 9827 usns (©)

wherem; and M, are the molality and molecular
weight of component. For non-ionizable mole-
cules the preferential binding parameter is a direct
expression of the perturbation of the chemical
potentials of the co-solvent by the protdin23.

(a“‘fi/amZ)T,P,mg =
- (ams/amz)T,M,M(aP~3/am3)T,P,m2
(4

where pz;= RTIn(mzys) , R is the universal gas
constant andy; is the activity coefficient of the
co-solvent, in the present case urea. The values of
vz and (dInys/dmz)rp,,, listed in Table 1 were
calculated from the data of Scatchard et[24].

3. Results
3.1. Urea induced denaturation
The effect of urea on lysozyme stability was

followed by thermal transition experiments as a
function of urea concentration at pH 7.0 and 2.0

means an excess of component 3, while a negativeand by urea titration at a constant temperature, 20

value indicates its deficiency in the domain, which

°C. The results are presented in Fig. 1a and b. It

means an excess of component 1, water. Within ais clear that at 20C pH 7.0, addition of urea does

negligible approximation(dgs/0g2)r,.,,., 1S equal
to the binding measured by dialysis equilibrium
and similar techniques(dgs/dg2)rr,, [22]. In

molal units, preferential binding is expressed as:

1 The measured values @, and ¢, were independent of

not unfold the protein up to 9 M denaturant. At
pH 2.0, however, unfolding sets in at 2.5 M urea
and the transition reaches a plateau at 5 M urea.
The transition curve follows a symmetrical pattern
with the midpoint at 3.7 M urea.

The midpoints of the thermal transitidh, as a

protein concentration, whether the protein solution was heated]c nction of ur ncentration ar ) nted in
or not. This indicates that the observed effects are not due to 'UNCUON OF Uréa concentration are presente

protein self-association or aggregation. In the case that the Table 2 and Fig. la. At pH 7-(_T:m could not be
self-association is reversible, its effects should be eliminated measured at urea concentrations below 4.5 M,
by extrapolation to zero protein concentration. Random, non- pecause the protein did not unfold completely at
specific irreversible aggregatidicoagulation has, in the past, the limit of heating (80 °C). At pH 2.0, the
generated poorly reproducible erratic values of the apparent measurements had to be St'opped at 25’ M urea,

partial specific volumes. Furthermore, heating at the high " .
experimental temperature did not generate any measurableP€cause above that concentration the protein was

turbidity at 450 nm.
2By domain, we mean the volume around a protein mole-
cule, in which it exercises a thermodynamic influence on

solvent component molecules, water and urea in the present

system. There is no implication of any well defined compart-
ment, or shell, around the protein molecule that has any
physical reality.

already partly unfolded at the initial temperature
in the heating experiments. It is evident that at
both pH values urea exerts a destabilizing influ-
ence on the protein.

The thermodynamic parameters of the destabi-
lizations were calculated from the transition curves
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Fig. 1. Urea concentration and pH dependence&fThe transition midpoint temperatut&,,) of lysozyme denaturatiof{(O) pH
7.0, (@) pH 2.0; (b) The transition curve measured at 20 for lysozyme denaturatiof©) UV (301 nm), pH 7.0;(®) UV (301
nm), pH 2.0;(v) Fluorescencéemission at 350 ny pH 2.0.

in terms of a two state, N D, transition. At each  van’t Hoff equation[26,27

solvent composition and temperature the degree of

conversion from the native to the unfolded state, Lnk =g+ 5(1/T)+cInT

a, was estimated from the UV absorbance by the Ag°=R(cT—b)

method of Biltonen and Lumry{25], and the  AC,=Rc (6)
equilibrium was calculated from

where AC, is the change in heat capacity at
K=a/(1-o) (5 constant pressure.
The resulting values oAH° at T, are listed in
At each solvent composition, the standard enthalpy Table 2. At both pH values, the transition is
change of unfolding was obtained by fitting the characterized by a positive change in enthalpy,
values ofK to a truncated form of the integrated which decreases with increasing urea concentration



Table 2
Thermodynamic parameters of the thermal denaturation of lysozyme at pH 7.0 and pH 2.0 in urea-water systems

Urea(M) T, (°C) AH° at T,, (kcal/mol)  AG° at 20°C (kcal/mol)  AS° at 20°C (e.u)  ACp (cal-K=*-mol~*)  8(AG®) at 20°C (kcal-mol~ )P

pH 7.0

4.5 59.4+2.0 93.6+5.0 10.9+0.5 278+20 28 -9.1
5.0 57.3 90.4 101 270 27 -9.9
5.5 55.9 87.7 9.5 263 26 -10.5
6.0 54.4 75.8 7.9 229 23 -12.1
6.5 52.2 64.9 6.3 198 20 -13.7
7.0 49.1 60.3 5.3 185 19 -147
7.5 47.5 53.9 4.5 167 17 —15.5
8.0 451 60.0 45 187 19 -155
8.5 43.3 59.6 4.3 187 19 -15.7
9.0 421 60.9 4.2 192 20 -15.8
pH 2.0

0.0 51.2+0.2 81.4+2.0 7.7+0.5 249+ 20 25 0.0
0.25 49.1 81.4 7.2 251 25 -05
0.5 47.1 72.5 6.0 225 23 -1.7
0.75 45.3 69.8 5.4 218 22 -23
1.0 43.3 63.7 4.6 200 21 -31
1.5 40.3 57.6 3.6 183 19 —-4.1
2.0 37.3 58.8 3.2 189 19 —45
25 33.8 50.1 21 163 17 -5.6
3.0 0.8 -6.9
3.7 0.G —-7.7
4.3 -0.& -85
4.5 -1.3 -9.0

2Points taken from urea titration curve of Fig. 1b.
b Difference from value in Bl O obtained by extrapolatitsee tex).

SEF—ITF (£002) SOI &usnuay) poiscydorg /s a1x D ffoysvuny ‘N'§

Lev
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in good agreement with the results of the calori-
metric measurements of Makhatadze and Privalov
[28]. The actual values are lower at pH 2.0 than
at pH 7.0. Application of the small change in
AC, permitted the calculation of the changes in
standard free energy changkG?, at 20°C, and
standard entropy change during the unfolding. At
both pH values,AG° values are decreasingly
positive with urea concentration. At pH 28G°=

S.N. Timasheff, G. Xie / Biophysical Chemistry 105 (2003) 421-448

of pH and follows the well-known linear depend-
ence on the molar concentration of denaturant
[10,11 over the range from pure water to 8 M
urea.

The stabilization or destabilization of a protein
by a co-solventosmolyte is caused by a differ-
ence in the interactions of the protein with the
non-aqueous solvent component in the two end
states of the N=D equilibrium [29]. When pure

0 at 3.7 M urea and assumes negative values abovewater is taken as reference state, this interaction is

that concentration. ThAG? values at 20°C were

plotted in terms of the well known linear depend-
ence on urea concentrati¢h0,11:
AGS=AG%—m M, )
where AG¢,
any given
units, AG?,

is the standard free energy change at
concentration of urea/,, in molar
is its value in water andn is a

characteristic constant. The results gave slopes ofSAk2uy=Ap2y—ApS

m=2.1 kcal-mor* a7, * at pH 7(below 8 M
ured and 2.2 at pH 2.0. At the lower pH, the
measured value ofAG?=7.7 kcal-mol? is in

expressed by the transfer free energy of the protein
from water to the co-solvent containing medium,
in the present case ureAu,,. For a co-solvent

to have an effect on protein stability relative to its
stability in water, its interaction with the protein
must be different in the native and denatured states.
The stabilizing or destabilizing ability of the co-
solvent is expressed by the change in transfer free
energy during the course of the reaction:

(9
When, at any given concentration of co-solvents,
6Au,y iS negative, the interaction is thermody-
namically more favorable with the denatured than

data of Green and Pad¢#&(Q] at pH 2.9,AG%=6.0
kcal-mol~*. At pH 7.0, the extrapolated value of
AG?¢ was 20 kcal-mot?! . Therefore, lowering the
pH from 7.0 to 2.0 decreased the protein stability
by ca. 12.3 kcal-mol* .

The destabilization of the native structure by
the denaturant can be expresseddaG®, i.e. the
lowering of the standard free energy of unfolding
relative to that obtained in water at any urea
concentration,
SAG =AG°—AG?, (8)

The values calculated from the transition exper-
iments are listed in the last column of Table 2. At
pH 7.0, theAG¢, was assigned the value, 20 kcal-
mol~*, obtained by extrapolation according to Eq.
(7). At both pH values urea exerts a significant
destabilizing action on the protein. Th8AG®
values measured at the two pH values are plotted
as a function of the molar concentration of urea in
Fig. 2a. The two sets of points fall on the same
straight line with a slope of 2:£0.2. This suggests
that the destabilizing action of urea is independent

leads to unfolding, i.e. denaturation. Positive
86Au, means stabilization of native protein struc-
ture. This is the observation with most osmolytes,
such as sucrose, trehalose, sorbitol, TMAO, sar-
cosine [30 and references cited therkinWhen
Ap2,=ApY,, the added co-solvent is inert. The
change in transfer free energy during the unfolding
being a measure of the thermodynamic effect of
the co-solvent on the stability of the protein, it is
equal to the change in the free energy of denatur-
ation, i.e.8Ap,=08AG" . This leads to the ther-
modynamic box30,31:

Augﬁ
Nw \
Ny
AGY, | AGy
be Y
\ Du

D
A“Z,tr
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-4
5
£
= -8
5]
<
0"
)
< -12
%=

-16 1 2 ] L] 1] ] ] {~]
0 1 2 3 4 5 6 7 8

Urea Concentration, M,

T T T T

Fig. 2. (a) Dependence on urea molar concentration of the increment of standard free energy of lysozyme denatiGtien,
AGS—AG?,; (b) Wyman plot of the standard free energy increment as a function of the molal activity of urea for the denaturation
of lysozyme. For both figures: Solid circlé®): points obtained from thermal transition experiments at pH 2.0; open cit€lgs

points obtained from thermal transition experiments at pH 7.0; squai@spoint obtained from the isothermal urea titration of
lysozyme at pH 2.0. Inset: Dependence of the preferential binding incre@iégy, on the molar concentration of urea.

The equality of the two pathways of denatura- position is expressed by the difference between
tion means that knowledge o08AG° and the the preferential binding of the co-solvent to the
transfer free energy in either the native or dena- protein in the two states, according to the standard
tured state permits the calculation of that parameter Wyman linkage equatiof6]:3
in the other state of the protein, because

dlogk

ApS+AG=AG;, +ApSy (100  dlogas

= (6m3/3m2),’fg— ((:)’713/‘9’"2);],\53

= S(dmg,/dmz)”,a (ll)
When the reference state is the solvent of a given
ComDOSItIOI’I,mg,, the eﬁeCt of the co-solvent on 3 From here on we drop the subscrifftsP, because all the
the denaturation equilibrium at that solvent com- operations are carried out at the same temperature and pressure.
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wherea; is the activity of the co-solvenfurea,
az=mgy; and y5is the activity coefficient of the

S.N. Timasheff, G. Xie / Biophysical Chemistry 105 (2003) 421-448

where ws=pn4%+RTIna;. Therefore, the values of
(8AG°/RT) determined in the three experiments

co-solvent. The equilibrium constants as a function and listed in the last column of Table 2 were

of urea concentration were calculated for the tran-

sition at pH 2.0 by using Eq(5) (Fig. 1b) and
the resulting values ok were plotted in terms of

plotted as a function of las, as shown in Fig. 2b.
The slope at each value of ki, is equal to the
difference between the mutual thermodynamic per-

the Wyman equation. The slope of the plot between turbations of protein and urea in the denatured and

a=0.25 and 0.75 was found to be
d(dms/dmy),,=8.2Q Therefore, at 3.7 M urea,
which is the mid-point of the transition, the pref-

native states. It is evident thafl .5 increases with
urea concentration and has values of, e.g. 2 at 0.6
M urea, 15 at 4.5 M urea and 22 at 6.5 M urea.

erential binding of urea to lysozyme increases by This means that as the concentration of denaturant
8.2 molecules of urea per molecule of protein. The increases, the preferential interaction of urea with
values ofK measured at pH 2.0 between 2.5 and denatured protein becomes progressively larger

5.0 M urea were converted thG? |, listed in Table
2. Subtraction of 7.7 kcal-mol (the value of
AG¢, at pH 2.0 gave 6AG° measured by the

than that with native lysozyme. A plot dil’,; as
a function of the molar concentration of uréd,,
shown in the inset of Fig. 2b, resulted in the linear

isothermal urea titration. The resulting values are relationship

listed in Table 2 and plotted in Fig. 2a, where they
fall on the same straight line as the two sets of
0AG° values obtained from the thermal transition
experiments at pH 2.0 and 7.0. This indicates
consistency between the three independen
experiments.

Preferential binding is the expression in molec-
ular terms of the mutual perturbations of the
protein and co-solvent chemical potentials:

amg mo sz ms amz w3 amg mo
The chemical potential perturbation, being the
gradient of the protein chemical potential with co-

solvent concentration, its integration with respect
to m; gives the transfer free enerd29,32-34:

m3 a
w2
o msz /),
ms( 9 d
_ j (ﬂ) (ﬁ] dm,
o (')mz 3 amg ma
Wyman [6] expressed the linkage equation first in
terms of free energy:

:S(M} /[G_Ms] ZS(G_MJ
6’713 ms3 amB ma ap‘B mo

(13

dAG®
dus

(14

2=1%:+3.3M, (15

This linearity most probably reflects the fortui-

ttous coincidence that, in the case of urea, the

numerical values of molal activity;;=msy; are
close to coincident with those af/;, i.e. M,,, and
the known fact that(AGS—AG?) is a linear
function of M,.* Application of this empirical
relation, 81",;=3.3 M, permits an easy calculation
of the preferential interactions in one state of the
protein from the values in the other state.

3.2. Preferential interactions

From the preceding discussion, it follows that
knowledge of the preferential binding of urea to
lysozyme as a function of the denaturant concen-
tration in one state should permit to obtain the
thermodynamic interaction parameters in the other
state. To that end preferential interaction measure-
ments were carried out at pH 7.0, where the protein
is native up to 9.5 M urea and at pH 2.0, where it
undergoes an unfolding transition between 2 and
5 M urea(Fig. 1b).

4The observation iST',3=bM3;=dAG°/du 5 But (AG—
AGS)=mM, Eq. (7). Hence m(dMs/dus)=bM, i.e. (1/
RT)(d In M3/d In az)=b/m=const, whereb is the slope of
the plot of 8T ,5 vs. M5 Setting(d In M4/d In ap)=1 gives
b=m/RT. Introduction of the experimental value;=2.1,
gives b, = 3.6, which is very close to the measured value,
3.3.
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Partial specific volumes and preferential interaction parameters of lysozyme with urea solution$ at 20 C, pH 7.0

Urea ¢3 b3 &3 & | P9 I (M) a
~m  (ml/g) (ml/g) (9/9 (9/9) (mol/mol) (mol/mol) Mz ) 7.pm,
0 0.717£0.001  0.7172-0.001
0.5 0.718:0.001  0.714-0.001  +0.0154+0.004 —0.500+0.125  +3.67+0.9 —397+99  —4022+1006
1.0 0.718:0.001  0.7130.001 +0.0279+0.004 —0.445+0.064  +6.64+1.0 —354+51 —3433+490
15 0.718:0.001  0.709-0.001 +0.0376+0.004 —0.390+0.038  +8.95+1.0 —310+30 —2918+324
2.0 0.718:0.001  0.70%-0.002 +0.0477+0.007 —0.362+0.049 +11.36+15 —288+39 —2636+359
2.5 0.717:0.001  0.70%-0.001  +0.0541+0.005 —0.320+0.027 +12.88+1.1 —254+21 —2268+189
3.0 0.717:0.001  0.705-0.001 +0.0562+0.005 —0.269+0.022 +13.37+1.1 —214+18 —1859+155
3.5 0.718:0.000 0.705-0.001  +0.0631+0.002 —0.253+0.010 +15.0240.6 —201+8  —1712+66
4.0 0.719:0.001  0.705-0.001 +0.0706+0.005 —0.241+0.017 +16.80+1.2 —191+14 —1596+114
45 0.720:0.001  0.706:0.001  +0.0734:0.005 —0.217+0.016 +17.48+1.3 —173+12 —1415+101
5.0 0.719:0.001  0.705-0.001 +0.0762:0.005 —0.197+0.014 +18.14+1.3 —156+11 —1288+92
5.5 0.720:0.001  0.70%:0.001  +0.0735:0.006 —0.168+0.013 +17.50+1.4 —133+10 —1085+84
6.0 0.719:0.001  0.70%-0.001 +0.0707+0.006 —0.144+0.012 +16.83+1.4 —115+10 —909+76
6.5 0.720:0.000  0.708:0.001  +0.073740.003 —0.134+0.006 +17.54+0.7 —107+4 —859+ 36
7.0 0.720:0.001  0.709-0.001  +0.0704-0.006 —0.115+0.010 +16.76+1.5  —92+8 —721+66
7.5 0.720:0.001  0.709-0.001  +0.0733:0.007 —0.108+0.010 +17.47+1.6  —86+8 —681+62
8.0 0.720:0.001  0.71@-0.001  +0.0696+0.007 —0.093+0.009 +16.58+1.7  —74+7 —580+58
8.5 0.721:0.001  0.712:0.001  +0.0654:0.007 —0.080+0.009 +15.58+1.7  —63+7 —499+55
9.0 0.721:0.001  0.71%0.001 +0.0760+0.008 —0.084+0.008 +18.10+1.8  —66+7 —525+53
9.5 0.717:0.001  0.7080.001 +0.0717+0.008 —0.072+0.008 +17.09+1.9  —57+6 — 445+ 49

acal — (mol of urea—* (mol of protein—*in 1000 g H O.

The results are presented in Table@1 7.0 and

and 4(pH 2.0. The values of the apparent partial
specific volumes at isomolafyg , and isopotential,

7 b2 P Ioi=—(my/mITI 53 (17)

2, conditions,

extrapolated to zero protein

concentratiort, are listed in columns 2 and 3 of
the Tables. The identity o3

and?y

in water

The corresponding values are listed in columns

indicates the absence of errors introduced by the 5 and 7 of Table 3 and Table 4. At both pH values
handling of the dialyzed protein. The calculated the experimentally measured preferential hydration
preferential binding of urea is presented in columns s negative over the entire concentration range of
4 and 6 of the Tables in terms of grams urea per yrea.
gram proteing,s, and moles urea per mole protein,  The dependences of these parameters on urea
I'»3. Preferential interaction can also be expressed concentration are shown in Fig. 3 in magsam
symmetrically in terms of water molecules prefer- ynits and in Fig. 4 in molar units. As is evident
entially bound to the proteing,; andI',; i.e. of  from Fig. 3, the urea concentration attains a level
preferentlal hydratlon. These parameters are direct- of 50% mass fraction. Hence, the term C0_50|Vent,
ly related to preferential binding of denaturant by as water and urea become equivalent in the solvent
[35,34: system[37,39. Preferential binding at the two pH
values follows strikingly different patterns. At pH
€01=—(g1/89¢ 23 7.0, there is a monotone increaseéin up to 0.35
g; (Fig. 39, i.e. 4.5 M urea(Fig. 4), after which
* 5This eliminates protein-protein interactions and permits to this parameter |eV_e|$ off af,;=0.724+0.02, i.e.
treat the measurements as properties of a single protein r23=17-0i0-5- This is r_eﬂeCted by a CQ”’GSF)O”Q'
molecule. ing monotone decrease in the preferential exclusion

(16)
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Table 4
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Partial specific volumes and preferential interaction parameters of lysozyme with urea solution¥atp202.0

Urea 2 o3 &3 & I |9 (%) a
M) (ml/g) (ml/g) (9/9) (9/9) (mol/mol) (mol/mol) M3 ) 7.pmz
0 0.718+0.001 0.7180.001

1.0 0.718+0.001 0.718-0.001

1.5 0.713+0.001 0.712-0.002 +0.0042+0.006 —0.043+0.064 +1.00+1.5 —34+51 — 3261489
1.75 0.714+0.001 0.71%0.001 +0.0128+0.004 —0.112+0.037 +3.04+1.0 —89+30 —848+283
2.0 0.714+0.001 0.7090.002 +0.021740.007 —0.165+0.050 +5.16+1.6 —131+39 —1197+359
2.5 0.715+0.001 0.708-0.001 +0.0315+0.005 —0.187+0.027 +751+1.1 —149+21 —13224+-189
3.0 0.71A40.001 0.7080.001 +0.0421+0.005 —0.202+0.022 +10.02+1.1 —160+18 —1393+ 155
35 0.726+0.001 0.709-0.001 +0.0534+0.005 —0.215+0.020 +12.72+1.2 —171+16 —1450+132
3.75 0.718-0.001 0.706-0.001 +0.0594+0.005 —0.219+0.018 +14.13+1.2 —174+15 — 1470+ 122
4.0 0.7140.001 0.704-0.001 +0.0655+ 0.005 —0.224+0.017 +15.60+1.2 —178+14 —1482+-114
4.5 0.716+0.001 0.7030.002 +0.07870.008 —0.233+0.023 +18.73+1.9 —185+18 —1517+152
5.0 0.715+0.001 0.698-0.001 +0.0925+ 0.005 —0.239+0.014 +22.02+1.3 —190+11 —1563+92
55 0.715+0.001 0.697%0.001 +0.1018+0.006 —0.232+0.013 +24.24+1.4 —180+10 —1503+83
6.0 0.715+0.001 0.69%4-0.001 +0.10614+0.006 —0.215+0.012 +25.25+1.4 —-1704+9 —1364+76
6.5 0.714+0.001 0.696-0.001 +0.1105+0.006 —0.201+0.011 +26.31+1.5 —160+9 —1289+72
7.0 0.713+0.001 0.69%4-0.001 +0.1023+0.006 —0.167+0.010 +24.37+1.5 —1334+8 —1048+66
7.5 0.715+0.001 0.7010.001  +0.0934+0.007 —0.138+0.010 +22.23+1.6 —109+8 —867+62
7.75 0.715:0.001 0.703-0.001 +0.0818+0.007 —0.115+0.010 +19.47+1.6 —9148 —720+60
8.0 0.716+0.001 0.70%-0.001 +0.0766+0.007 —0.102+0.009 +18.23+1.7 —81+7 —638+58
8.5 0.715+0.001 0.704-0.001 +0.0800+0.007 —0.097+0.009 +19.04+1.7 —77+7 —609+55
9.0 0.716+0.001 0.706-0.001 +0.0760+0.008 —0.084+0.008 +18.10+1.8 —67+7 —5254-53
9.5 0.715+0.001 0.705-0.001 +0.079740.008 —0.080+0.008 +18.96+1.9 — 6446 —493+49

acal — (mol of urea—* (mol of protein—*in 1000 g H O.

of water® At pH 2.0 the interaction pattern follows

As stated above, preferential binding of a ligand

a much more complicated pattern. Following neu- and, hence, preferential exclusion of water are

trality of interaction up ¢ 1 M urea, peferential

representations in molecular terms of the mutual

binding sets in with a steep dependence on the perturbations of the chemical potentials of protein
concentration of urea. It reaches a maximal value and ligand, urea in the present case:

of I'»3=26.3 at 6.5 M urea and then drops sharply

until 7.75 M urea at which point it settles at a [ ,— — (O 3/ 0m D,/ (Ipus/ IM3),0,

plateau. The observed similarity of the plateau
I',; values to those measured at pH 7.0 must be

=—(mz/m)I 5 (18

regarded as a coincidence, because at pH 7.0 the ) )
protein is native at all urea concentrations, whereas S IS evident from Eq.(18), the preferential

at pH 2.0 it is native only below 2.5 M. Hence,

the complex binding pattern between 5 and 8 M
urea is a property of the denatured protein. As
shown in Fig. 3b, this complex pattern is reflected

in the preferential exclusion of water.

& This symmetrical behavior in the interactions of the protein
with the ligand(urea and water defines the epithet preferential
[39,44. Preferential binding of a solvent component means
that the protein has greater affinity for that component than

exclusion of water]',;, calculated from the pref-
erential interaction experiments is not a property
of water, but simply an expression in terms of
water molecules of the perturbation of the chemical
potential of the co-solvent by the protein when the
last is introduced into the binary water—co-solvent
system[30,34,39,4]

The chemical potential perturbation is presented
in Fig. 5a, agdp,/0my),,,= (dna/dmy),,, . At both

for the other one, even though both are entering into interac- PH values this parameter is negative, meaning that,
tions with the protein.

at any given concentration of urea up to 9.3 M,
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Fig. 3. Urea concentration dependence(aj:the preferential binding of urea to lysozym@®) the preferential hydration of lysozyme.
Both are expressed as grams of solvent component per gram of protein in one gram of @atert 7.0; (@) pH 2.0 (the molar
concentrationMs, is given for reference

interaction between the protein and urea is ther- urea is more favorable than that with water in the
modynamically favorable in the particular state folding state of the protein under the given con-
(native or denaturedin which the protein is  ditions (pH andm;). Comparison of Fig. 5b with
present under the experimental conditions. Integra- Fig. 3a and Fig. 4 explains the complex pattern of
tion under the curves of Fig. 5a E(L3) resulted interaction at pH 2.0. It is simply a reflection of
in the transfer free energiexd\u, ., relative to the variation of the slope of the urea concentration
native protein in water as the reference state. The dependence oApu, . at pH 2.0, becaus€,; is a
negative values ofAu,,, shown in Fig. 5b, indi- measure of the gradient oAu., with ligand
cates that, at both pH values, the interaction with concentration.
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30

25
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156 |-

(6m3/6mz)T,Mvﬂl(mol/mol)

M; (moles urea per liter)

Fig. 4. Preferential binding of urea to lysozyme at pH ?@) and 2.0(®) in molal units. The solid lines are the experimental
results. The dashed linds--) represent the calculated preferential bindings to denatured protein at pi®;).@nd 2.0(D,). The
dotted line is the calculated preferential binding to native protein at pH2;0; the preferential binding to native protein at pH
7.0 is identical with the experimental points. See text for details.

A better comparison between the transfer free attains a close to constant value above 812.5

energy and preferential interaction is afforded by m) urea. This is reflected in a decrease of the
the urea concentration dependence of the chemicalnegative values of(dw,/dm3) , which become
potential perturbationd,dp,/dms),, , because the close to constant abev8 M urea. The far grater
relation betweed\u,, andI',;is mediated by the changes and sharp apex at 6.5 M urea in the
non-ideality of the co-solven{dws/dms),, . The preferential binding curve of Fig. 3b and Fig. 4
values of this parameter, listed in the last column reflects division of the gradient of transfer free
of Table 1, are a monotonely decreasing function energy by(dws/dma),,, , which is a strongly declin-
of urea concentration. Comparison of the pH 2.0 ing function of M5 (Table 1), e.g. it has values of
(dpo/dms),,, and A, curves of Fig. 5a and b 230 cal-mof'* at 2 M urea, 95 at 4 M and 49 at
shows the close correspondence of their shapes.6.5 M.
The steep decline ofdp,/dms),, values at low The preferential binding measurements, when
concentrations reflect the increasingly negative combined with the results of the denaturation
slope of Fig. 5b, which reaches a maximal value experiments, make it possible to calculate the
at 5.0 M (6.5 m), at which point(aw,/dms),, preferential binding of urea to denatured lysozyme
attains its apex. Above this solvent composition, by use of the relation that, at any urea
the slope of theAu,, dependence decreases and concentration,
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Fig. 5. (a) Variation with urea concentration of the perturbation of the chemical potential of lysozyme by(&ipedims)s p,.,
(O) pH 7.0, the lysozyme is native over the entire urea concentration rfamg® 9.3 M); (@) pH 2.0; the experimental curve is
decomposed into contributions from native and denatured lysozyme. Note that in the transition(2egiom 5.0 M urea both

states of the protein contribute, as the experimental curve shifts from native pioédonv 2.5 M ureato denatured proteifabove
5.0 M urea; this explains the flatness of the experimental cufig.Chemical potential changgransfer free energyof lysozyme
on transferring from water to an aqueous solution of uféa) pH 7.0; (@) pH 2.0. The dashed lines--) are calculated for
denatured protein at pH 7(@,) and pH 2.0(D,); the dotted line(....) is calculated for native protein at pH 2(Dl,). See text

for details.
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I2=T%:+31 55 (19) Preferential binding is an expression of the
gradient of the transfer free energy of the protein

At pH 7.0, the calculation is direct, because the ffom water to the solvent system of the given
protein is native up to the highest experimental COMPosition, (9Ap/dms) . Urea concentration
concentration of urea. At pH 2.0, the situation is dependence curves aiu, , were calculated at the
more complicated. Below the onset of denaturation WO PH values for native and denatured protein.
at 2 M urea, the experimental values Bf, are 1€ integrated values @bp.,/dms),,, by EQL3)
for native protein and the values of2, are OVer the entire concentration range gave experi-
obtained by addition 0BT ,s to T, (experimen- mental transfer free energiéqu3? , as a function
tal). Above 5 M urea, the experimental values are ©f M, without reference to the state of the protein
for denatured protein. HencEY, is obtained by (native or denatured It must be emphasized that
subtraction of8T 55 from T, (experimental. In in this integration, the reference state is native
the transition region, the experimentally measured Protein in water.; . In a case in which the protein

preferential binding is the sum of contributions of UnNdergoes a transition, below the transition the
both the native and denatured states, i.e. experimentally measured value &§.59=p;,—

pwl=Aps,. When transition sets in, the denatured

. b N protein starts contributing. Above the transition,

Ia(transition = al 25+ (1 - )%, (20) Apg® is an expression solely of the denatured

state. By the nature of the operation, however, the

where « is the degree of conversion in theshD quantity obtained is with reference to native pro-

equilibrium. Combination of Eg.(19) and tein in water, the zero point in Fig. 5a. True values

Eqg. (20) gives I'};=T",5 (transition-a 6T ,; and of Ap%y, however, must have denatured protein in

I'2,=T ,5(transition + (1— )T 5 water as reference statp,2 . This imposes the
These calculations were carried out using values requirement that, in the analysis of the integrated
of 8T",; calculated with Eq(15) and « from Fig. curve, the free energy of transition from native

1b. The results are shown in Fig. 4 by the dashed state in water to denatured state in watef,—
line for I'%; at both pH values and the dotted line Y =AG¢, must be taken into account properly.
for I';; at pH 2.0. At pH 7.0, the preferential Then, if Ap2,=ph,—pb is the transfer free ener-
binding of urea to denatured protein increases gy of denatured protein with water as the reference
monotonely over that to native protein. At pH 2.0, state, the quantity calculated in the integration is
the pattern of interactions is complex. The prefer- (Ap.,+AG¢). From this it follows that

ential binding of the denatured protein is always

positive: it increases in sigmoidal fashion up to a ApSP=(1—a) ApY+a(AGS+ApS,) (21
maximum at 6.5 M urea, after which it decreases

and plateaus above 7.5 M urea. The preferential Then, with native protein in water as reference
binding to the native protein follows a pattern that state,

differs drastically from that measured at pH 7.0.

The binding at first increases reaching a maximal Ap%,=ApsP—a(AGS,+3AG) (22
value of 8 moles urea per mole protein at 3 M

urea. It then follows a sigmoidal decrease and and with denatured protein in water as reference
becomes negative above 7.5 M urea where it state,

crosses the point of thermodynamic neutrality.

Above that concentration urea is preferentially Ap2,=ApnSE—aAGS+(1—a)3AG® (23)
excluded, indicating that at pH 2.0, at high urea

concentration, the native protein has a higher The values ofApnS,, and\pn?, at pH 2.0 were
affinity for water than for urea, in the state of calculated as a function of urea concentration with
activity of the two solvent components at that Eg.(22) and Eq.(23). The parameters used were:
solvent composition. AGS=7.7 kcal-mol?, AG°=—-2.1 M,, and «
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values calculated from Fig. 1b. The results are recalled that preferential binding is a measure of
presented in Fig. 5b, where the reference state isthe variation with co-solvent concentration of the
native protein in water, which is the starting partial molal free energyG,=pw,=(3Go/dm ).,
experimental condition at which} (waten=0. This, in turn, is related to the partial molal enthal-
For denatured protein with the same reference py, H,=(dH,/dm,),,, and partial molal entropy,
state,n?(watep = w3 (watep +AG¢, . Then, at any  S,=(3S,/dmy),,., by
concentration of ureaxs, the thermodynamic state
of the denatured protein relative to the beginning H,=G,+TS, (259
of the process is

and
nE = Ap‘g,tr'i_ SAW 2 it AGy,= A“‘g,tr'i_ AG;, (24

A”-‘Z,tr= AI_Iz,tr_ TAS 2,tr (25b)

The resulting curves, plotted in Fig. 5b, can be

compared now with the gradients of Fig. 5a. where AH,, andAS,, are the transfer enthalpy
Remembering that\p.?,, requires subtraction of and transfer entropy of the protein from water into
AG¢,=7.7 kcal-mol* from the plot generated by the urea solution.
integration shows that, in both states, the protein Knowledge ofAH,,; andAS,, as a function of
has a higher affinity for urea than for water over urea concentration should lead to a full thermo-
the entire concentration range. For native protein, dynamic description of the interaction of urea with
A, is a shallow function of urea concentration. the protein. To this end, preferential binding meas-
Its shape, at first sigmoidal, then curving upward, urements were carried out at pH 7.0 as a function
is reflected by the variation ddw.,/dms),, ,which of temperature at four urea concentrations. The
at first decreases sharply and reaches a negativeresults are given inTable 5. Within the scattering
apex at 2.5 M urea, the point of the steepest slope of the points, it seems th&bp,/dms),, is essen-
of Ap%. At 7.5 M urea,Apny reaches a shallow tially independent of temperature up to 32. The
apex and reverses course, i.e. it assumes a positivevalues become more negative at the higher tem-
slope. This is reflected by a change in the sign of peratures at 6.0 and 8.0 M urea where there is
(dp2/0ms),,,, as well as in the preferential inter- incipient unfolding. This means that, within exper-
action, I',5, shown on Fig. 4, which passes from imental error,Apn%,, is also independent of tem-
positive, preferential binding, to negative, prefer- perature for native lysozyme. Therefore, the
ential exclusion, values. The concentration depend- transfer entropy, AS,,=—(dAG,,/dT)=
ence of Ap?,, similarly assumes progressively 0, AC,,=0andAHY, is equal tAAGY,, .
more negative values with a sigmoidal dependence Combination of these values with the denatura-
on urea concentration, which gives rise to the tion data of Table 2 permits the calculation of the
observed gradient of Fig. 5a. Comparison of Fig. transfer enthalpy of the denatured protein because,
5a with Fig. 4 shows clearly that the origin of the similarly to the free energy box, it is possible to
complex binding isotherms is found in the urea construct an enthalpy box:
concentration dependence of the transfer free ener-
gies, with proper introduction of the gradient of AH%,=AHY,+3AH" (26)
urea non-ideality.

where3AH =AH—AH?, . Plots of theAH® val-
3.3. Thermodynamic parameters of preferential ues of Table 2 as a function of urea molarity
binding resulted in straight lines at both pH values within

the scatter of the points with identical slopes:

The measurement of the transfer free energies

of the native and denatured protein from water AH,—AH¢=3AH = —12.9M,, 27
into urea solutions has given the destabilizing
ability of the co-solvent,8Aw,, . It should be Extrapolation of the data to zero urea concentra-
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Table 5
Temperature dependence of the partial specific volumes and preferential interaction parameters of lysozyme with urea solutions at
pH 7.0
Temp 2 ¢y &3 & P Iy (%) ab
d
o (ml/g) (ml/g) (9/9) (9/9) (mol/mol)  (mol/mol) M3/ 1Pma
3.0 M Urea
5 0.717+0.001 0.704-0.001 +0.0609+-0.005 —0.291+0.022 14.48-1.1 —232+18 —19114-147
20 0.71A#0.001 0.70%£0.001  +0.0562+0.005 —0.269+0.022 13.341.1 —214+18 —1859+155
30 0.719+0.001 0.7040.001  +0.0562+0.005 —0.269+0.022 13.341.1 —214+18 —1912+159
37 0.718+0.001 0.7040.001  +0.0515+0.005 —0.247+0.022 12.26:1.1 —196+18 —1802+164
45 0.720+0.001 0.70&0.001  +0.0562+0.005 —0.269+0.022 13.341.1 —214+18 —2005+167
4.5 M Urea
5 0.720+0.001 0.706-0.001 +0.0734+0.005 —0.217+0.016 17.48-1.3 —173+12 — 1346496
20 0.720+0.001 0.706:0.001  +0.0734+0.005 —0.217+0.016 174813 —173+12 —1415+101
30 0.721+0.001 0.7040.001  +0.0734+0.005 —0.217+0.016 17.4&1.3 —173+12 —1468+104
37 0.722+0.001 0.708-0.003 +0.0734+0.010 —0.217+0.031 174825 —173+25 —1503+215
45 0.723+0.001 0.70&0.002 +0.0891+0.008 —0.264+0.023 21.2%19 —210+19 —1868+165
6.0 M Urea
5 0.720+0.002 0.70&0.001  +0.0707+0.009 —0.144+0.018 16.8%2.1 —115+14 —858+ 107
20 0.719+0.001 0.70A40.001  +0.0707+0.006 —0.144+0.012 16.83%1.4 —115+10 —909+76
30 0.722+0.001 0.71:0.001  +0.0707+0.006  —0.144+0.012 16.8%1.4 —115+10 —942+79
37 0.722+0.001 0.716-0.001  +0.0707+0.006  —0.144+0.012 16.83%1.4 —115+10 —959+80
45 0.722+0.001 0.704:0.002 +0.1061+0.009 —0.216+0.018 25.2%2.1 —-173+14 —1489+124
8.0 M Urea
5 0.720+0.001 0.71:0.002 +0.0696+0.010 —0.093+0.014 16.5&2.5 —-74+11 —547+82
20 0.720+0.001 0.716-0.001  +0.0696+0.007 —0.093+0.009 16.58 1.7 —74+7 —580+58
30 0.720+0.002 0.71%#0.001  +0.0626+0.010 —0.084+0.014 149225 —-67+11 —537+90
40 0.719+0.002 0.7030.001  +0.1114+0.010 —0.149+0.014 26.53%25 —118+11 —1008+95
50 0.715+0.002  0.682-0.002 +0.2297+0.014 —-0.307+0.019 54.7%#3.3 —244+15 —2134+129

acal — (mol of urea~* (mol of protein—*in 1000 g H O.

J
bvalues of[_—“z) :
T,P,mp

ms

for 3 M urea solution: 132, 139, 143, 147 and 150 cdlmol of Ured 2 in 1000 g B O at 5, 20, 30, 37 and 4&, respectively.
for 4.5 M urea solution: 77, 81, 84, 86 and 88 ca(mol of Uread 2 in 1000 g H O at 5, 20, 30, 37 and 4&, respectively.
for 6.0 M urea solution: 51, 54, 56, 57 and 59 ca{mol of Ureg ~2in 1000 g H O at 5, 20, 30, 37 and 4&, respectively.
for 8.0 M urea solution: 33, 35, 36, 38 and 39 ca(mol of Uread 2 in 1000 g H O at 5, 20, 30, 40 and 3C, respectively.

Table 6

Thermodynamic parameters of the urea destabilization of lysozyme at pH 7.0

Urea conc. M AHY, kcal-mol AHB, kcal-mol - AS%, e.u. 8T 53 mol-mol 0567 mol-mol
3 —-10.3 —48 —105 9.9 16.7
4.5 —13.9 —-70 —161 14.9 23.1
6 —16.8 —92 —211 19.8 29.5
8 —-19.7 —-120 —282 26.4 37.6




S.N. Timasheff, G. Xie / Biophysical Chemistry 105 (2003) 421-448

tion gaveAH?, =150 kca)/mol at pH 7.0. Appli-
cation of Eq.(27) resulted in the valueaH?%,,
= listed in column 3 of Table 6. Finally, combi-
nation of these values withp?,, of Fig. 4 led to
the AS?,, values listed in column 4 of Table 6.
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ply descriptive. It does not imply any kinds of

specific interaction at sites or complexation of
solvent component molecules to the protein mol-
ecule. In fact, in order to interact a urea or water
molecule does not need to be in contact with the

These calculation show that the transfer of dena- protein surface, because any perturbations of the
tured lysozyme from water to urea is accompanied rotational or translational motions of a solvent
by enthalpy and entropy changes which are both component molecule by the protein gives an incre-
increasingly negative with urea concentration, ment of interaction free energ@yp$; , which is
whereas transfer of the native protein is character- reflected in preferential binding whether positive
ized by a much shallower negative enthalpy and or negative[33,39,40.

close to zero entropy. Because of the paucity of The surface of a protein molecule may be
temperature dependence data, however, the actuategarded as a mosaic of 16ci of various chemical
numbers listed in Table 6 should not be regarded natures, -ionized, polar, non-polar, strongly hydro-
as the intrinsic values of the parameters, but rather phobic, etc. Each locus exerts its idiosyncratic
as indications of the order of magnitude of the thermodynamic influence on neighboring water
thermodynamic parameters and the trends of theirand co-solvent molecules, whether these make
variations with denaturant concentration. contacts with the protein surface or not. At each
locus, i, this can be expressed by preferential
binding, I'§, which may be positive, negative or
neutral. The experimentally measured value is the
sum of all such interactiond;,;=3Y"TI'%) . At any

locus,P®, occupation by urea means displacement
of water. Hence, the binding process means

) o exchange with water molecules:
The preferential binding results demonstrate a

complicated pattern of interactions. At pH 7, the PO+(H,0),+U < P®
immediate domath of the protein is richer in urea "

than the bulk solvent both in the native and Therefore, the measured binding constaft, is
denatured states. In molecular terms, this means,, exchangé constant for the reaction of 521’3)
that, when averaged over its entire surface, the K,=K,/K, =K., wherek, andK, are the binding

protein prefers to be in non-thermodynamically .onstants of urea and water for the hypothetical
neutral contacts with urea rather than with water. equilibria of urea and water molecules with a dry

This preference increases as the protein structuregiie on a proteinP®, in aqueous mediurf89,4d:
becomes loosened during denaturation. At pH 2.0 ’ '

4. Discussion

4.1. Preferential binding is the manifestation of
many weak interactions of the ligand with the
protein

« U+nH,0; K¢y (28

this holds true only for the denatured protein; for PO(dry) +U = PO-U; K (29)
the native protein, preference of contacts shifts ’ !
from urea to water at 7.5 M urea, above which PO(ry)+W = PO-W; K, (30)

urea is preferentially excluded. This, however, does
not lead to stabilization of structure, as is the case

; . F his, it foll hat th
with polyols and methyl amine$30], because, rom this, it follows that the measured standard

contrary to the situation with these stabilizing

osmolytes which are excluded even more strongly

from the unfolded form of the proteif41], urea

remains preferentially bound to the denatured pro-

tein over the entire experimental rang@.5 M).
In the context of preferential interactions, reference
to protein—urea or protein—water contacts is sim-

free energy of binding is the difference between

7 In this context, the term locus does not refer to a physically
defined site on the protein surface. Locus means an element
of volume that can contain a molecule of co-solvent or the
corresponding number of water molecules. To be an interacting
locus, the volume element does not need to make contact with
the protein surface. The same qualifications apply to our usage
of the term reacting site.
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the free energies of binding of urea and water to  (Kelfa/fD—(A/m)Im g
dry protein in agueous medium. Summed over the = 23~ 14+ Ko(fo/f D)
entire protein molecule, this givdg?2]:

(33

where f3 and f, are the mole fraction activity

AG2,=AG?—AG?, (31 coefficients of urea and water. This relation permits
to estimate the contribution of non-ideality of the
solvent system to the shape of the preferential
binding isotherm. This was calculated for the
results at pH 7.0, using activity coefficient data of
Scatchard et al[24]. First, it must be noted that,
in the water-urea system, water remains close to
ideal (f,=1.022 in 8 M urea Urea, however,
displays a strong non-ideality; at 8 M;=0.722.
Two binding isotherms were calculated for the

The requirement of high concentrations of co- simple exchange model. The first, which we will
solvents, 1-9 M in the case or urea, to generate acall real, was in terms of the full Eq(33). In the
measurable interaction and exert an effect on second, which we will callideal, the activity
protein structure, signifies that the individual inter- coefficient term, fs;/f;, was neglected. The
actions are very weak. Typically, exchange equilib- exchange constant used was that derived by Mak-
rium constants are of the order of 0.02—0.07'm hatadze and Priva|o@8] from their description
and the corresponding free energies of interaction of their calorimetric study of lysozyme-urea inter-
per site are~|0.05-0.1 kcal-mol™* [37,43,44.  action in terms of the binding at identical
Therefore, a minute shift in the relative affinities independent sites.,=0.067 nT at 20°C. The
of water and urea for some loci on the protein (atio of the two isothermsR=T; (ideal /T .3
surface can lead to a shift in the measured prefer- (real), is a measure of the contribution of solvent
ential interactions. This is the most probable expla- non-ideality to the shape of the binding isotherm.
nation of the marked difference between the For aqueous urea this ratio reaches a value of 1.42
preferential binding to native protein measured at at 8 M urea. Thel',5 values measured at pH 7.0
pH 7.0 and 2.0. The experimentally measured \ere multiplied by this ratioR. The results of the
binding and free energy values are summations of calculation, plotted as the dashed line in Fig. 6,
hundreds of very weak equilibria at individual clearly shows the major contribution, which non-
sites, which explains the requirement of very high ideality of solvent components can make to pref-

This exposition leads to the realization the@2, is
the standard free energy change of transferring the
protein from pure water to a urea solution of a
given composition. Therefore,

Ang:AP“ 2,tr (32)

ligand concentration. erential binding. At this point, it must be stressed

that the calculation was made for a very simple
4.2. Measured I'; is the balance between a variety demonstration model which, as pointed out by
of general and specific interactions Schellman, does not conform to any real case of

protein—co-solvent interactions. First, in the real
In a series of important papers, Schellman situation the sites are not independent. There must
[37,38,43,45,4bhas analyzed the thermodynamics be cooperativity between interactions at neighbor-
of preferential interactions in terms of the ing sites, as well as between individual water and
exchange concept and has described the strongco-solvent molecules, both of which are in com-
influence of water and co-solvent non-ideality on plex dynamic interactions in the bulk solvent and
the shape of the measured binding isotherms, suchin the domain of the protein. Second, the exchange
as shown in Fig. 3 and Fig. 4. Treating explicitly is not one-to-one, because co-solvent molecules
a one-to-one exchange at identical independentare invariably larger than water. In the case of
sites, Schellman has derived the relation betweenurea, the volume of one ligand molecule corre-
preferential binding,I'»s, and the exchange con- sponds to essentially 2.5 waters. As pointed out
stant,K.. by Kauzmann in 1948as quoted by Schachman
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Fig. 6. Effects of urea non-ideality and site heterogeneity on the preferential binding of urea to lysozyme at pH 7.0, where the
protein remains native over the entire concentration range of the denafupatat 9.3 M urea. Solid line: experimental curvéfrom

Fig. 4). Dashed line: experimental curve that has been modified by subtracting the contribution of urea non-ideality; the difference
between the dashed and solid lines represents the contribution of urea non-ideality to the preferential binding. Dot-dash line:
Preferential binding calculated for identical sites with a single binding constant and neglect of non-ideality. Dotted line: site

occupancy by urea for n identical sitesi; real, calculated with a binding constant corrected for non-idedity(fs/f,). See text
for details.

and Lauffer [47]), the bulkiness of co-solvent dynamic interaction,I',; represents the balance
molecules creates around a protein molecule abetween the non-specific excluded volume, which
zone that is impenetrable to co-solvent, the thick- always makes a negative contribution, and binding
ness of which is determined by the distance of interactions specific to protein site—co-solvent
closest approach between protein and ligand mol- pairs, which can be positive or negative. The
ecules. This region can be penetrated by the parametersl'ys, 60,5 Apoy 6Au oy are true
smaller water molecules. Hence, it is enriched in thermodynamic numbers: they sum all the various
water relative to bulk solvent. In preferential inter- general and specific interactions. These parameters
action measurements this manifests itself as amay be decomposed heuristically into contribu-
contribution to the preferential hydration of the tions from ligand binding and ligand excluding
protein [48,49. In a recent analysis, Schellman events[51]. The present illustrative calculation of
[50] has pointed out that the relation between the the contribution of solvent non-ideality to measure
measured preferential bindind,,;, and solvation  preferential binding, being relativ@ ratio) rather

at sites must take into account explicitly the than absolute, can serve to indicate the magnitude
excluded volume, because the measured thermo-of that particular effect.
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The complexity of the lysozyme—urea prefer-
ential interactions can be brought out further by
comparing the present experimental results, cor-
rected for non-ideality, with the results of the
calorimetric study analyzed in terms of a simple
Scatchard plot forn identical independent sites
[28]. As pointed out by Schellmal5,46, such a
Scatchard analysis gives only a description of the

S.N. Timasheff, G. Xie / Biophysical Chemistry 105 (2003) 421-448

[10,11,28. Extrapolation to pure aqueous medium
gives values ofAH°=150 kcal-mot? at pH 7.0
and 81.5 kcal-mal! at pH 2.0 anilS°=460 e.u.

at pH 7.0 and 250 e.u. at pH 2.0, in agreement
with the calorimetric value$28], while the con-
centration dependences of the enthalpyl2.5
kcal-mol~t*M3?, and entropy,—36.5 e.ualz?,
are identical with those calculated from the calor-

data in terms of an apparent dependence of siteimetric data, —13 kcal-mol* #/3* for AH° and
occupancy on urea concentration, and not a meas-—35 e.u.M3* for AS°. Comparison of the ther-

ure of the thermodynamic binding,s, because it

modynamic parameters shows that a lowering of

neglects exchange with water, and uses only thethe pH from 7.0 to 2.0 destabilizes the protein by

first term of Eq.(33), when it is decomposed into
site occupancies by urea and by wal@r]:
_ K"mg _ ms/my
1+K”m3 1+K”m3
where K"=K.(fs/f1), and 65 and 6, are the
relative occupancies of the site by urea and water
as a time averag€gf,+ 0;=1). To carry out the
comparison, a binding isotherm was calculated for
native lysozyme for the independent identical site
model with neglect of the non-ideality in E(B3).

I'ss (3%

=93_m73(91
1

The parameters used were those of the calorimetric

study[28], K=0.067 m* ;n=119, wheren is the
total number of interacting sites. This is plotted as
the dot-dash line of Fig. 6. Comparison with the
experimental data adjusted for non-ideality
(dashed line of Fig. b shows clearly that the
isotherm calculated for the simple independent site
model deviates drastically from the experimental
measurements. The experimental curve flattens
above 5 M urea, whereas that calculated for the
simple model continues to rise. This deviation
reflects the complexity of the interactions over the
highly heterogeneous surface of the native protein,
over which some individual loci preferentially bind
urea with different affinities, others preferentially
exclude it and some are indifferent to whether
contact is with water or urea. This heterogeneity
is greatly reduced in the differential binding,
oI',5, which concerns only sites newly exposed on
denaturation.

4.3. Thermodynamics of urea interactions with the
protein during denaturation

The thermodynamic parameters reported in this

—12.3 kcal-mot? of free energy. This value of
AG:(2.00 —AG(7.00=3AG,(2.0-7.0 is in
agreement with the known destabilization of glob-
ular proteins at low pH52-54, as the average
net protonic charge of lysozyme changes fram
7.5 at pH 7.0 to+17.5 at pH 2.0{55].8

The principal concern of the current study,
however, is the effect of urea on the denaturation
reaction. This means that we must deal with the
stabilization of the denatured form by interaction
with urea. We will approach the problem on the
basis of the thermodynamic bd¥q. (10)). The
effect of urea on denaturation is expressed by
AG,—AG,,=3AG", which is equal toAp?,—
ApS=08Ap,, This analysis involves two
assumptions(1) That the conformational state of
the native protein remains the same whether it
interacts with urea or not2) That the necessary
unfolding, or loosening, incurred in the {D
reaction, takes place on denaturation in water and
that all the new loci for interaction with urea
created by denaturation become already available
in water and are fully hydrated. This is depicted
schematically in Fig. 7, in which the process is
decomposed into three hypothetical steps: in the
first step, the protein unfolds opening to the outside
regions which were buried within the native struc-

8The electrostatic free energiesG¢, of the native protein

at the two pH values were calculated using the hydrated
impenetrable sphere model with the charge smeared over the
surface and Debye-Huckel screeniia®]. The resulting values
were: AG°=3.8 kcal-mol? at pH 7 and 20.8 kcal-mdl  at
pH 2. The differencedAG¢ =17 kcal-mol'* , seems consistent
with 8AG?(2.0-7.0, in view of the simple model used and
the neglect of any binding of anions to the protein at the acid

paper are in general agreement with published datapH.
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Fig. 7. Schematic representation of the process of protein denaturation in the presence of urea. The process is decomposed into three
hypothetical steps(1) Denaturation with the opening in a dry state to the outside of regions, which are buried in the interior of

the native structure{2) Hydration of the new exposed surfad®) Exchange of water of hydration for urea at the new exposed
surface;(O): sites occupied by watef®): sites occupied by urea.

ture; in the second step, this new surface becomesand to confirm that we are dealing with a single
hydrated; and, in the last step, the water molecules phenomenon in the various experiments. The
on some of the sites are replaced with urea mole- essential constancy of the native conformation of
cules. In the present study, we are dealing solely the protein seems supported by the observation of
with the urea—water exchange, i.e. the last reaction a lack of any significant spectrophotometric vari-
in the scheme of Fig. 7. Therefore, the quantities, ation on addition of urea up to 9 M at pH 7.0.
which interest us ardAG°(w —u), 6T 55(w— 1) The second assumption, that of the availability to
and 8AH°(w—u). The experimental results have solvent of the additional urea interacting loci
shown that the dependence & G° on the molar  already on denaturation in water, seems validated
concentration can be represented by a uniqueby the simplicity of the variations 0§AG°, SAH®
straight line characterized by a slope-e£2.14+0.2 and 6T ,;. This does not mean, however, that the
kcal-mol~*-M3*, for the measurements both at pH denatured protein conformations are identical in
7.0 and pH 2.0. The same is true of the variation water and concentrated urea. In a thoughtful exam-
of 8I',5.° Examination of the urea concentration ination of the states of denatured proteins in
dependence of the standard enthalpy of denatura-gifferent environments, Pace and Shal&7]

tion (AH® of Table 2 again shows that values of gpserve that ‘the denatured state ensemble that
this parameter decrease with an identical slope atexists under physiological conditions is thermo-
pH 2.0 and 7.0 as a function of molar concentration gynamically equivalent to the ensembles that exist
of urea,AH;=AH{,—12.5M, , in good agreement  after thermal or urea denaturation, even though
with the calorimetric data of Makhatadze and they do not appear to be structurally equivalent.’
Privalov [28]. These observations seem to support A striking characteristic of the effect of urea on
the validity of the assumptions, at least as a first {he denatured state of the protein is the linearity
approximation within the uncertainty of the data, , ,rea molarity of the thermodynamic parameters
~ 9 One should remark thail,,, which is the Wyman slope, of the InteraCtlon’.éAG , OAH’, BAS .and 6F27°"

is a continuous function of urea concentration. Usually it is As already noted in the Results section, the linear-
reported at the mid-point of a transition. Its general definition, ity of 8I',; can be explained by the coincidence
however, as the gradient cJAG° with denaturant activity of numerical values of urea molarity and molal

(In a3), makes it possible to measure the change in preferential activity, and the linearity oBAG®. In their exam-

binding during denaturation from thermal transition informa- . ti f th . f th | in th
tion over a broad concentration range of denaturant under Ina I(_)n 0 Oe meaning o e slopa In e
conditions at which no detectable transitions occur at room relation SAG°=mM,,, Pace and co-workef§7,59

temperature. have found that the values of vary linearly with



444 S.N. Timasheff, G. Xie / Biophysical Chemistry 105 (2003) 421-448

the change in accessible surface area on unfolding.and peptide groups. These interact with urea in
Hence,6AG° can be expected to follow a similar highly diverse ways, so that the measured transfer
monotone relationship. Elaborating on this finding, parameters are summations of favorable and unfa-
Courtenay et al[59] have proposed thail',; is vorable interactions of various affinities. Therefore,
close to proportional to denaturant concentration the low negative values afH%5,, and a near zero
on the basis of their conclusion that water occu- ASY, reflect cancellations of positive and negative
pancy (second term of Eq(34)) is proportional  values for various amino acid residues that interact,
to the accessible surface. The observation of Pacesome predominantly via hydrophobic forces, others
and co-workerd57,5§ suggests strongly that the by the formation of hydrogen bonds or by electro-
urea-water exchange is a thermodynamically static effects or other polar interactiof0].
homogeneous process over the newly exposed In the case ofAH%, AS%, ,6AG° and &I ,;5
surface, i.e. that the exchangeable sites are therwe are dealing with the interactions of urea solu-
modynamically similar, if not equivalent. This is tions with groups newly exposed to solvent. Sub-
supported by the linearity dfJAH°. Schellman and  traction of the transfer parameters for native
Gassner[45] have shown that the enthalpy of protein eliminates the complex contributions of the
binding is a response to the formation of protein native protein surface. Therefore, the measured
site-ligand contacts, i.e. the first term of H@4). differential values listed in Table 6 are strictly for
Linearity of 8AH° in molar urea concentration urea-water exchange at newly exposed loci. These
suggests that these contacts are not highly hetero-loci consist predominantly of peptide groups and
geneous; hence, an increase in urea concentratiomon-polar residues. Interactions of these groups,
results in a monotonely increasing occupancy of hydrogen bonding in the case of peptide, hydro-
available exchange sites. This is manifested by the phobic in the case of non-polar, provide the sta-
observed negative increase in transfer free energybilization of the compact native globular structure
in linear fashion, i.e. relative to water as reference [61]. We are dealing, however, with destabilization
state the environment becomes progressively moreand, by the nature of our measurements, we are
favorable to the stability of the denatured state of concerned strictly with those groups that interact
the protein. The change in preferential binding, with urea, i.e. undergo the exchange reaction
6I',5, however, is a derived quantity. It is a depicted in the last step of the scheme of Fig. 7.
measure of the gradient of the transfer free energy It is true that, on unfolding, other groups will also
with urea activity, with the solvent of the given enter into interactions with water, as depicted in
composition as reference state. Therefore, knowl- the second step of the scheme of Fig. 7. But, since
edge of 8I',5 at any given concentration of urea they do not participate in the last exchange step,
gives information neither on the thermodynamic which is our particular concern, they need not be
interactions nor on the value of this parameter at considered in the analysis. Urea is known to have
any other solvent compositiol38]. In the case of  a strong affinity for peptide group62-64. This

urea, M;=as Therefore, if SAG° and 6AH° are interaction has been attributed to the formation of

linear in M, 8I',3 must also be linear in urea hydrogen bondg462] that replace peptide group-

molarity. water hydrogen bonds in the already unfolded
protein. Transfer free energy measurem¢68s64

4.4. What are the sites of urea interaction during have shown that aromatic amino acid side chains

denaturation? are also good candidates for binding urea mole-

cules. Both types of groups can be expected, then,
At this point it seems of interest to reflect on to contribute to SAG°. The relative number of
the types of interactions of urea with the protein, peptide and aromatic residue groups in the struc-
which can generate the measured thermodynamicture of the protein relegates the major contribution
parameters. In the case of native lysozyme, the to peptide groups. The three tyrosine residues
protein surface consists of a mosaic of a variety titrate normally in the native structuf&5], which
of chemical groups related to amino acid residues indicates at least partial exposure to solvent. Fur-
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thermore, it is difficult to assess the contribution 8AH,, and8AS,, resulted in a transfer enthalpy
of the urea-water exchange at aromatic groups toof ~ —2.5 kcal-molf'! per site and a transfer
the measured transfer enthalpy. Transfer of theseentropy of~ —7 e.u. per sité® While these values
groups to an aqueous medium is exotherigid, must be regarded strictly as descriptive, they nev-
but the heat of transfer from water to aqueous urea ertheless are consistent with those deduced by
is not known. Schellmari65] has measured the Schellman[65] and Kauzmann60] for the dimer-
thermodynamic parameters of inter urea hydrogen ization of urea.

bond formation in aqueous medium. Kauzmann,

in his classical article that for the first time 4.5 Pepride groups play a key role in protein
presented systematically the thermodynamic con- siabilization and destabilization by co-solvents
tributions of various types of groups to protein

stability, carried out a more detailed analysis of  \\e can conclude, therefore, that preferential
the data[60], which led to the estimations of binding measurements, when carried out over a
AH~-15 kcal-mor* and ofAS~-3.3 e.u. broad concentration range of the co-solvent, can
Normalization of the thermodynamic parameters give a full thermodynamic description of the inter-
of Table 6 with respect to oI, gives  ciions of a denaturant with the unfoldédena-
8AH /81 2= —3.9 kcal-mol™*, 8AS /31" 2= tyred) form of the protein. This is the reaction,
—11.3e.u. While these values are consistent with \yhich stabilizes the denatured form of the protein.
the formation of hydrogen bonds, they are consid- |nteractions with the native form are the necessary
erably higher than those deduced for urea dimeri- paseline, but they do not give any information on
zation. This may be due simply to the fact that e destabilizing or stabilizing action of a co-
urea-peptide and inter urea hydrogen bonds aregg|yent. It is interesting that, as seen in Fig. 4 and
highly different. Furthermore, the quantity used fig 5 all the complexities of the preferential
for normalization is an expression of the change pinging isotherms are located in the interactions
in free energy over the entire ensemble of inter- ity the native state. They are translated into the
acting loci, n. This contains contributions both jsotherms of the denatured form. Subtraction of
from sites occupied by urea and by water as parameters for native protein from those for dena-
described by Eq(34) for the simple independent  {req protein gives smooth, in the case of urea
site. model. The absorption or emission of heat, |inear functions. This supports the concept that the
however, mechanistically is caused by the forma- gestabilizing action of urea lies in its interactions
tion of protein site-ligand contactd5]. These are  yith very similar sites which appear to be primarily

expressed by the first term of E(B4). The second  pentide “groups with some contribution from aro-
term, which reflects occupancy of sites by water matic residues.

does not contribute tdH°, because for these sites The preceding analysis leads to the realizations

all the contacts remain the same, whether Co- ynat peptide group interactions with co-solvent
solvent molecules are or are not bound to the mgjecules play a major role both in the destabili-
protein at other sites. Similar conS|d_erat|ons apply ,ation and stabilization of globular proteins by co-
to the entropy change. Therefore, it seems more ggvents. Bolen and co-worker§66.671 have

appropriate to carry out the normalization relative shown that the stabilizing action of preferentially
to occupation of sites by urea, i.@sn. To this  exclyded osmolytes is exercised through unfavor-

end, the change in site occupancy during denatur- 5e interactions with peptide groups newly uncov-
ation was calculated for a model based on the

assumption that lysozyme denaturation generates
100 additional identical site6én) for interaction
with urea[28]. Application of Eq.(33) with the 3AS,/041 are not thermodynamic quantities, because the site
parameter, K",=K,(fs/f1) , whereK,=0.067 occupancies are not thermodynamic quantifi@8]; SAH,
m~*, gave the number_s p_resenf[ed in column 6 of gpg 8AS,,., on the other hand, are true thermodynamic
Table 6 asf;6n. Combination with the values of quantities.

101t must be cautioned that the quantiti®8dH, /04 and



446 S.N. Timasheff, G. Xie / Biophysical Chemistry 105 (2003) 421-448
ered during denaturation. In this case, the measuredpeptide groups, which determines predominantly
interaction is that of preferential exclusion of co- their stabilizing or destabilizing action. Interactions
solvent rather than preferential binding. It is note- with other groups play a lesser role, while inter-

worthy that the corresponding values @G° and
6Aw, +, While opposite in sign, are of equal mag-
nitude to those obtained with urea. For example,
0.9 M trehalose stabilizes ribonuclease A by 2.5
kcal-mol~* against heat denaturatiddl]; the
destabilization of lysozyme by 1 M urea is3.1
kcal-mol~* (Table 2. This observation brings into
focus again the fact that preferential binding and
preferential exclusion are equivalent symmetrical
phenomend39,4d about a point of thermodynam-
ic indifference(neutrality, inertness[43]. Whether

a co-solvent is preferentially bound or excluded is
a reflection strictly of the magnitude of the
exchange constank,,. In the Schellman simple
model, if K.,>0.18 nT!, the co-solvent is bound;
if Ko, <0.18 ni?, it is excluded.

As stated above, the measured values of the free
energy of exchange per site are extremely weak,
~10.05-0.1 kcal-mol~*. Therefore, it takes only
a small difference~0.1 kcal-mol? , between the
affinities of two ligands(such as urea and treha-
lose) for a site on a protein molecule relative to
the affinity of that site for water to make one
preferentially excludedAG2,>0 , and the other
preferentially boundAG2,<0 . Yet, the functional
consequence is major: the first ligand is a structure
stabilizer, the second ligand is a structure destabil-
izer, i.e. a denaturant. It is this small difference in
their affinities for peptide groups, which locates
these ligands on the two sides of the point of
neutrality (inertnes$ [40]. Peptide groups, being
the predominant entity newly exposed to solvent
during protein unfolding to a disordered structure
are, therefore, the primary targets for the action of
urea and preferentially excluded osmolytés. It is,
therefore, the sign and cumulative strength of the
interaction of the co-solvents with newly exposed

1In a similar way, the transition of native globular protein
to a helical denatured state in non-polar solvéetg. ethanol
is the consequence of the sum of the favorable interactions of
non-polar residues with the co-solvent, which promotes their
exposure to solvent and of the highly unfavorable interactions
of peptide groups with such co-solvents which induces them
to form inter-peptide hydrogen bonds that result in a helical
structure[64].

actions with the native compact form are marginal
to the stabilizatiofidestabilization process.
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