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Cosolvents added to aqueous solutions of biomolecules profoundly affect protein stability, as well
as biochemical equilibria. Some cosolvents, such as urea and guanidine hydrochloride, denature
proteins, whereas others, such as osmolytes and crowders, stabilize the native structures of proteins.
The way cosolvents interact with biomolecules is crucial information required to understand the
cosolvent effect at a molecular level. We present a statistical mechanical framework based upon
Kirkwood—Buff theory, which enables one to extract this picture from experimental data. The
combination of two experimental results, namely, the cosolvent-induced equilibrium shift and the
partial molar volume change upon the reaction, supplimented by the structural change, is shown to
yield the number of water and cosolvent molecules bound or released during a reaction. Previously,
denaturation experimentg.g., mvalue analysiswere analyzed by empirical and stoichiometric
solvent-binding models, while the effects of osmolytes and crowders were analyzed by the
approximate molecular crowding approach for low cosolvent concentration. Here we synthesize
these previous approaches in a rigorous statistical mechanical treatment, which is applicable at any
cosolvent concentration. The usefulness and accuracy of previous approaches was also evaluated.
© 2004 American Institute of Physic§DOI: 10.1063/1.1806402

I. INTRODUCTION been applied to analyze the water release upon redtsod
the interactions between cosolvents and the native state of

Proteins are surrounded by aqueous solution. Water moproteins?>%® in addition to a number of systems involving
ecules influence biochemical reactions, such as protein foldsimpler solute$*~3! This paper extends these previous ap-
ing, protein-ligand interaction, and the allosteric effectin proaches into the role of cosolvents on biochemical reac-
addition to water, various classes of cosolvent moleculegions, including protein denaturation, protein-ligand binding,
present in the aqueous solution affect these processes prand allosteric transitions.
foundly: (a) denaturanlts, such as guarjidine_ hydrochlor-ide Why is the new approach necessary? What is the advan-
(GuHC) and urea, which are used routinely in today's bio-tage over the previous approaches developed to the same
(:_hem|104al7 laboratoriegand have been known for a long end? The following brief review will clarify that the previous
time);~""" (b) osmolytes, i.e., organic metabolites such asapproaches are based upon unrealistic assumptions or over-
sugars, polyols, and amino acid derivatives, which aresimplified treatments of the protein-solvent interactions.
known to stabilize the native structure of proteins and accu-  \we focus first on the approaches to protein denaturation.
mulate in the cell _t% counteract protein denaturation in @revious approaches aimed to elucidate the effectiveness of
harsh envwonmerﬁ; (c) crowders, which do not act di- denaturants on proteins, based upon protein-denaturant inter-
rectly on the biomolecules, whose presence affects biochemigtions. This effectiveness was first quantified by Pace and
cal reactions mainly via the excluded volume effect orqg-worker&7-32via them value. which is the proportionality
“ S 10-15 ; . ' .
crowding” effect."">Thus, an understanding of the cosol- constant relating the denaturant concentration to the change
vent effect would have a direct impact on many branches of free energy upon protein denaturatigm short, the larger
biology, biophysics, and biochemistry. the m value, the more susceptible the protein is to

The goal of this paper is to explain the effect of cosol-genaturatio}) The question now is how to interpret the
vents on biochemical equilibria, from the way that water and,aye from the interaction between the protein and the sol-
cosolvents interact with biomolecules involved in the reacy,ent molecules. Myerst al32 demonstrated that the val-
tion. Insight into these interactions can be extracted fromyeg are proportional to the change of solvent-accessible sur-
expe_nmental data. The gmdelllréezgf |t§ procedure is laid out,.e area(ASASA), when the protein denatures from its
by Kirkwood—Buff (KB) theory,” " a rigorous and funda- pative structure to the fully extended unfolded structures.
mental statistical mechanical theory, which has previouslyryis means that thea value reflects the degrees of expansion
of proteins upon denaturation. TRESASA proportionality
aFax: +44-1904-328266. Electronic mail: shimizu@ysbl.york.ac.uk has been derived by earlier theoretical modéfsand has
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been a foundation of the most of theoretical models develmakes the dominant contribution to changes of biochemical
oped thus far. equilibria. We have shown that this interpretation, which ne-

However, recent experiments suggest that denatureglects the contribution from the distribution of water around
states take compact structures, even in the presence of highlye biomolecules, is an excellent approximation for crow-
concentrated denaturarifsTherefore, the fully extended un- ders, but a poor approximation for osmolytes, when describ-
folded structures assumed in the previous models does nitg the solvation of the native protein structufdds this
reflect reality. In addition, size-exclusion chromatographyapproach accurate and useful for the interpretation of various
has cast doubts upon the correlation betweemtialue and  biochemical equilibria? How can one know whether this ap-
the expansion in size of proteins upon denaturattofiThis ~ proach is quantitatively accurate? These questions will be
suggests that theSASA proportionality of thenvalues may answered in this paper by using the KB theory.
not be an accurate assumption. Based upon the necessities pointed out above, we will

In addition to the unrealistic assumption imposed on dedescribe in the subsequent sections an analysis of the
natured state structures, previous models have made simpftosolvent-induced modulation of biochemical reactions
fying assumptions about protein-solvent interactionsbased upon the KB theory. We will clarify the mechanism of
Schellmar’ developed a thermodynamic model in which solvent denaturation, as well as the cosolvents’ role on
water and denaturant molecules bind weakly and competiprotein-ligand binding and allosteric effects, by using experi-
tively to the binding sites assumed to exist on protein surmental data available in the literature.
faces. This model attributed the cause of protein denaturation
to the weak binding of denaturants to proteins. Record and
C-O'Worker§8'39gener:a“zed this appl_’oa_ch into a more SOphiS'”' A STATISTICAL MECHANICAL FOUNDATION
ticated model in which the weak binding of denaturants can
be described in terms of the difference in denaturant concen- Here we briefly review the KB theory used to extract
tration between the “local” and the “bulk” domains. How- information regarding protein-solvent interaction from ex-
ever, Schellman’s model simplified the protein-solvent inter-perimental datd'~2®
action into stoichiometric binding. The problem with regards
to this simplification is described elsewhéfé*’ Record
et al*3% assumed that the solution structure change by the ~Consider a system that consists of water L), biomol-
presence of the protein is limited to the first hydration shell,ecule {=2), and cosolventi=3) molecules, at the density
which was shown by computer simulations to be too shorf); and the chemical potential; . The biomolecule at infinite
rangedf*“° These are the reasons why a rigorous statisticadlilution (i.e., n,—0) undergoes a reaction— g, whose
mechanical theory is required for the analysis of the cosol€quilibrium constant i. The equilibrium change upon the
vent effects. addition of cosolvents can be quantifiedb$*

Recently, Schellmat proposed a refreshing statistical
mechanical approach in which both stoichiometric solvent
binding and the excluded volume effect are taken into ac-
count, and concluded that the competitive contributions of
these two effects makes up thevalue. This is in contrast to Wheren; represents the molaritdensity of species. Av,;
the previous models in which the solvent binding is the solds the change of preferential interaction paramétess; upon
determinant of them values3’~3°What is the source of the the reaction. The preferential interaction parameter for the
difference in pictures? Schellman’s theory is based upon thétateo (=« or g) is defined by
McMillan—Mayer (MM) theory of solutiorf? up to and in- "
cluding the second virial coefficient. The second virial ap- - _(aﬁ
proximation(SVA) is applicable only at a low cosolvent con- 3
centration limit, however, solvent denaturation takes place at
high denaturant concentratio(i®., several molajsThis ne-  which can, in principle, be measured by dialysis
cessitates a theory which can be used at such concentratiequilibrium?if, under the given conditions, the biomolecule
region, and the KB theory can fulfill this requirement. The only takes the state.
question regarding the contribution from excluded volume  The preferential interaction parametef; signifies the
can be answered within this framework. excess of cosolvent@@s compared to watesolvating the

As will be shown, the KB theory, being a rigorous protein Similarly, it is convenient to introduce the prefer-
theory, is able to evaluate whether the interpretation proential hydration parameter defined as
posed previously is accurate. The widely-popular molecular
crowding approach has attributed the effect of stabilizers
(i.e., osmolytes and crowderen the biochemical equilibria
to the change upon reaction of the covolume, the volume
around the biomolecules from which the cosolvents arevhich signifies the excess of watéas compared to cosol-
excluded:121415The major factor which determines the co- vent solvating the proteif® The cosolvent-induced equilib-
volume change is the second virial coefficient; it describesium shift can also be interpreted by the change of preferen-
the distribution of cosolvents around the biomolecules and itial hydration parameter as

A. Biochemical reactions and preferential interaction
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JdInK vents’ accumulation on(or exclusion from the protein
T =Avyy; (4 surfaces>*"**How can we connect our rigorous statistical
T.P.n, mechanical approach to these intuitive approaches? To do so,

we note thatAN,; and AN,; contain contributions from the
change of the excluded volume upon reactidWg. The
o n , ©) excluded volume of the state is the volume of the region
21 Ng Va3 into which solvent molecules cannot penetrate., g5, =0).
_ This volume gives a negative contribution Ii;, and the
~ Themyvalue can be related to the.chgmgsg of preferentialest of theN,, should represent thexcess number of mol-
interaction parameter upon denaturatiof{’ds ecules i from the solvation shelHow can we extract such
IA excluded volume contribution? To do so, let us compare the
density of the specieisinside the inpenetrable region and at
Ing T,P,n,—0 a point far from the protein surface. The density of the spe-
Ny ciesi is zero in the former, and is; at the latter. Therefore,
3 ( 3

the two parameters are related to each other according to

Apon= — — A the contribution to the excess number from the entire region
Vo3 v, (6) . ) : .

Ny \ dng T.P.n,—0 of volume Vg is —n;Vg. Upon biochemical reaction, the
excluded volume contribution tAN,; becomes—n;AVg.
Subtracting this quantity fromAN,; yields the change of
excess number of molecules i in the solvation shell upon

_ biochemical reactiof* >3
The KB theory connectd v,5 to the changes in excess

_ (%)
lE T,P,n,—0

B. Kirkwood—Buff theory and the determination
of excess solvation numbers

number of componeritaround the proteinAN,;) as-"2°-23 AN =ANz+NAVE, (10
Na in which AV will later be estimated from protein structure
Avy3=ANy3— —AN,;. (7)  data(see Sec. IVA It will also be demonstrated that accu-
Ny rate knowledge ofAVy may not always be necessary. We
AN, is defined by"?° emphasize here that E(LO) is not a direct result of the KB
g . theory. We also emphasize that this phenomenological
AN =niNAA G =niNA(G — Gy), scheme has already been proposed and exploited by
(8)  Chalikian and co-worker®¥~*® by Schellmafit and by
65 [ aitgg( -1l s

o . . - Ill. PREFERENTIAL INTERACTION
whereg3;(r) is the correlation function at the separation AND CROWDING APPROACHES

between the protein at state and the componerit Ny is

Avogadro’s number, andsg is called the KB parameter. A. Preferential interaction at low cosolvent

Although equations similar to Eq7) have been derived pre- concentrations

viously from thermodynamic modet§*” KB theory gave Here we present a justification that @) is indeed the

clear physical meaning tAN,; as defined by Eq8).2>?*!A  correct expression for the preferential interaction parameter

justification of Eq.(7) will be given in Sec. Il A. v,3. This clarification is necessary, because different expres-
To determineAN,; and AN,; from experimental data, sions have so far been derived foy; in the literature’

the following KB relationship betweeAN,; and the partial MM theory has been used to relate the preferential inter-

21-23js useful:  action parameter to the solution structure. This theory, when

employing the SVA(which applies only to the limih;—0,

AV>= = V1ANz; = VAN, ©) as denoted by the superscript Qives the following expres-
whereV is the partial molar volume of the speciest must ~ sion for the preferential interaction parameter charigés:
be emphasizgd herg that the/, can be measured experi- Av(2’3= n3AG‘2)3=AN83, (11)
mentally via  high  pressure  experiments and
densitometry>~%® Recent applications of pressure- Whereas KB theory, at the same limit, yields
perturbation calorimetry also enabled to calculate the volume n 0
change upon denaturation in the presence of various Apd,= n3(AGg3—AG21)=ANg3—(—3AN21) , (12
cosolventd®®° AN,; and AN,3, or AG,; and AG,3, can N1
now be determined from experimental data by solving Egswhich is different from Eq(11). Moreover, Wills and Win-
(7) and (9). In solving these equations, no assumption iszor have derived Eq12) by using the MM theory*!°both
necessary regarding the protein-solvent binding, nor theesults[Eqgs.(11) and(12)] have been derived from the same
structure of the native and the denatured states. In this way}IM theory. Which is the correct form 011/23? What is the
the KB theory has synthesized the preferential interactiomelationship and the difference between Ed4) and (12)?
and volumetric approaches in order to deduce the solvation These questions are important, because if @4) is
changes on biochemical reactions. accurate, then the preferential interaction is determined only

To explain the mechanism of cosolvent-induced equilib-by the distribution of cosolvents, but not water. In addition,
rium shift, previous investigations have focused upon cosolas will be explained in Sec. IV B, these expressions have

molar volume change upon denaturatidi’,

Downloaded 02 Nov 2004 to 144.32.128.75. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



9150 J. Chem. Phys., Vol. 121, No. 18, 8 November 2004 S. Shimizu and C. L. Boon

different physical implications regarding the explicit contri- tion of cosolvent effects also relies upon the dominance of

bution of the excluded volume change upon reaction tahe cosolvent distribution. The accuracy, however, could not

Av23. be assessed previously. Here we show the condition upon
To answer these questions in an intuitive manner, wavhich Eq.(11) is accurate.

adopt here a thermodynamic rederivation of KB theory based  For convenience, we start from the preferential hydration

upon the Gibbs—Duhem equatidit®2! Consider two parts form of Eq. (11),

of a biomolecular solution at infinite dilution. The first part AvY~—nPAGY, (19

contains a biomolecule,
o _ ok where— AGJY; is known as the second cross virial coefficient
0=S8'dT+dP+dll=ndup—ndu; —nsdus, (13 " oiecylar crowding literatur&:1>*This equation is

and the other part is infinitely far from the biomolecule, compared to the result of the KB theory,
0=SdT+dP_n1d/.L1_n3d/.L3. (14) Ayglznl(AGgl_AGgg)y (20)

The above are the Gibbs—Duhem equations under constawhich, as shown before, has an exmr@gl_ By using Eq.(9)

temperature for each part, whererepresents the average at the limit n;—0, this term can be related to the partial

densities around the biomoleculd$,denotes osmotic pres- molar volume change 2%

sure, andS and S’ represent the entro er volume of the

respective systems.pThe excess numpgefs can be calculated AV= VAN = —AG3, @D

from the densities, according*fo'® It follows from Eqgs.(21) and (20) that the accuracy of
*_ o the molecular crowding approximation can be examined us-

n¥ —n;=n,Ny;. (19

ing the following condition:
In addition, since the biomolecule is in infinite dilution, the

015 1n0A /O

first-order term of the osmotic virial expansion is sufficient |Avz>|niAVal. (22

to express the osmotic pressdleasII=kTn,. This means that the accuracy of the molecular crowding ap-
Now we clarify the origins of Eqs(11) and(12). proximation can be examined solely from the experimental

(Case } Under constant, P, andn,, combining Egs. data.
(13)—(15) yields

Iy N IV. PROTEIN DENATURATION AND STABILIZATION
V3= ((9—#3) =Ny3— n—l Ny, (16) BY COSOLVENTS
e To clarify the molecular-based mechanism of cosolvent-
which leads to Eq(12). induced modulation of biochemical equilibria, now we apply
(Case I) Under constant, u1, andn,, combining Eqs. the KB theory presented in Sec. Ill to experimental data
(13)—(15) yield available in the literature.
(9,u2> N 17 A. Choice and analysis of experimental data
dus T,uq.0, 2 In order to solve Eq4.7) and(21), data from preferential
interaction and volumetric changes are necessary. In spite of
If we assume that a wealth of preferential interaction d&ta*®>“*and volumet-
s e ric datd*>*for protein-ligand binding and allosteric effects,
((9_,%> = ¢9_M3> (18  the combination of_ prefere_zntial inte_rac_tion a_nd vo_lume_tric
T.Puny Timgina data for the same biochemical reaction is available in strictly

then Eq.(11) follows. The key is to approximatéP=0 by limited case$*>>We have used the data from experiments
du,=0, reminiscent of the different possible “standard involving allosteric transition of haemoglobifi, the

states” in the solvation process$:>* hexokinase-glucose and cytochrome P450-camphor binding
The above intuitive argument offers a useful insight intoreactions’~>%in order to calculate\N,; and ANy;. .

the approximation involved in Eq11), which is the founda- Although m values have been measured extensively for

tion of some of the SVA employed in the literatufe GUuHCI and ured? the partial molar volume change accom-

panying the denaturation has rarely been meastirédHCl
. ) denaturation of hen-egg lysozyme € 10.445 kJ/mol/M and
gi-s Irf‘tfugg:O'I'rt]'%’:ggrtehneugmt'gra‘;c‘izgf cosolvent AV,=—55ml/mol) (Refs. 60 and 6land tendamistatn
=4.62kJ/mol/M andAV,= —41.2 ml/mol) (Ref. 62 are the
Whether Eq.(11) holds is an important question when only monomeric systems with two-state folding equilibria,
interpreting the cosolvent effect. If E¢L1) is accurate, the which report AV, over a wide denaturant concentration
interpretation of cosolvent action can be significantly simpli-range. The concentration dependenceAdf, in both cases
fied. We only have to consider the distribution of cosolventwere reported to be negligibf8-62
molecules in order to understadd 2. In the treatment of GuHCI denaturation, one encounters
The molecular crowding picture belongs to this casea difficulty in treating dissociative salt solutions via KB
because it considers the large exclusion of cosolvents frortheory*®192463we therefore adopt a conventional approxi-
proteins as a dominant contribution. Schellman’s interpretamate treatment in which cations and anions are assumed to
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TABLE I. The contribution of water and stabilizers upon the dissociation of protein-ligand complexes.

Av, nJAVI AGY, AGY, AVe

Reactions Cosolvents (mol/mol)  (mol/mol) (ml/mol) (ml/mol) (ml/mol)
Hexokinase-glucose PEGs 328 -42 2324 -17812 528
dissociation
Cytochrome P450-camphor 1 1o ¢ -16 886  -963 118
dissociation
HaemoglobinT—R PEGs and osmolytés 65° o 0 -1178  n/a’
Lysozyme denaturation GuHClI -239% 30 55 2123 398
Tendamistat denaturation GuHClI —-99.83 -2.27 41.2 922 n/a
% rom Ref. 57.

From Ref. 58.

°From Ref. 59.

9From Ref. 21.

®From Ref. 56.

fSubject to the uncertainty of the structural déRaf. 21).
9From Refs. 60 and 61.

PEstimated by Ref. 46. See also footn¢Ref. 72.
iFrom Ref. 62.

be indistinguishabl&® ConsequentlyAN,; here refers to the in Sec. Ill B, we can now determine the mechanism of the
number of total ions an®l'3/2 was used to signify the volume cosolvent-induced shifts of equilibria, including both protein
of each ion. The remaining parameters in E@.and (6) stabilizers and denaturants.
were calculated from thermodynamic data for aqueous We first investigate the role of stabilizers. Table | sum-
GuHCI solutions:V; and V3 were calculated from density marizes the experimental data collected from the literature
data’* and (Iu3/dns)t,p.n, .0 Were obtained from vapor for systems in whichAv3; and AV5 were available. It is
pressure dat?: demonstrated clearly for all these cases that(E9) is sat-
AVg is estimated from the biomolecular structures fol-isfied. Therefore, cosolvent distribution, described by the
lowing the method developed by Chalikian and change of second cross virial coefﬂuerﬂAGza) accounts
co-workers**= In this method,AVg consists of intrinsic  for the most of theA »;.
volume, i.e., van der Waals volume, and the thermal volume, Specifically, the osmolyte-induced modulation of the al-
i.e., volume of inaccessibility due to thermal motion on alosteric transition of haemoglobin, as well as crowder-
thin layer around the biomolecular surfdée?®Although it induced modulation of glucose-hexokinase binding, were
is, in principle, difficult to define the excluded volume, we first attributed to the change of hydration upon the reaction
adopt the method of Chalikian and co-workers, because of it§.€., equivalent to ANj;).°®>" This interpretation was
success in explaining volumetric properties of protéfhié® COF\UOVE‘FSI?:lf56 ~%and it was shown previously that the hy-
We have previously reportefiVg for protein-ligand re-  dration change is grossly overestimated by osmotic stress
actions calculated from structural d&tdn contrast AV for analysi321 Table | shows clearly that the stabilizer-induced
protein denaturation faces a difficulty regarding the determimodulation can be attributed almost entirely 4G, ThiS
nation of the denatured state structures with sufficient accuquantity was previously shown to be IrrelevantAtNZl
racy. This is because the denatured state consists of an en®ince stabilizers are excluded from protein surf@é3,
mous number of possible configuratiolis®® Therefore, an  — AGY; reflects the change in the exclusion of osmolytes
accurate evaluation of excluded volume for such an enfrom protein surfaces, which is the dominant cause of the
semble is extremely difficult at this stageTherefore we are  stabilizer-induced modulation of the allosteric effect. This
forced to make a bold approximation by using an empiricalconclusion supports the previous interpretation based upon
model proposed by Chalikian and FilfiCF) (Ref. 46 for  the covolume changéd41569
this purpose. The CF model estimate from the molecu- The above analysis is relevant to another important and
lar weight of the protein and the degree of unfoldingc=0  unresolved question. How do osmotic and hydrostatic pres-
corresponds to the native state, amet1l to the fully ex-  sures modulate the biochemical equilibffa® !t was re-
tended structuge o for lysozyme has been estimated to be ported that the effect of osmotic pressure is much larger than
similar to acid denaturatio(,*®i.e., 0=0.7-0.8°"%* There-  the effect of hydrostatic pressure for protein-DNA interac-

fore, we usesr=0.75+0.05 for IysozyméS.5 tions, and that the equilibrium shift caused by the two pres-
. S sures may even take different sigh<®"*Therefore, the two
B. The dominance of cosolvent distribution pressures were considered to work differently to modulate

on the preferential interaction change

. ; . the biochemical equilibri&®’®"* The reason, however, as
upon biochemical reactions

well as its mechanism and implication, were uncfédf.
Here we focus on the cosolvent effects on biochemicalAlthough it was recognized that these pressures affect differ-
equilibria at the limitn;— 0. Applying the theory presented ent aspects of the equilibrium, the precise difference between
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the two was not understodd.lt is noteworthy here that the 40T

“osmotic pressure” in this context refers simply to the S 20l =
o " g el

change of water activity due to the addition of cosolvents, T ok

and does not involve any dialysis equilibrium from which the gt

osmotic stress actually emerd@$’ This is the very reason
why Timasheff showed that the use of osmotic pressure in
this context is a misnomé&f:®” Indeed, the osmotic pressure
effect is represented BY

mol/mol

_200:.II.I|I|II

=Avd, (23 0 1 2 3 4 5 6 7
GuHCI (mol/l)

(MnK
-

) RT(&InK
L1 1 pn,

AR >T,P,n2

FIG. 1. The role of water and GuHCI upon the GuHCI denaturation of
) ) o ) o hen-egg lysozyme at 25 °Qa) A v, (solid line), AN,, (dotted ling, and
i.e., the modulation of the equilibrium via water activijiy . AN, (dashed ling against GUHCI concentratior(b) Av,; (solid line),

Therefore, the question of “osmotic” versus hydrostatic AN, (dotted ling, and—n; /nzAN,; (dashed lingagainst GUHCI concen-
pressures is now reduced to the comparison in magnitud&to"

betweenA »9, and AVY, the theory presented in Sec. I B:

the water activity changes modulate the equilibrium via thec Kirkwood-Buff interpretation of denaturation

preferential hydration changg(AG;— AG),), whereas the _ _ _

hydrostatic pressure change estimateAGgl. Therefore, The SVA apP“?aCh in the.prgcedmg section enabled one
much larger equilibrium modulation observed by osmotict® @nalyze the liming—0. This is useful for the osmolyte

pressure than by hydrostatic pressure suggests that the sdaodulation of biochemical equilibria, where osmolyte con-
ond virial coefficient change is the major contribution to theeNntration is usually not high. However, solvent denaturation

osmolyte-induced equilibrium shift for protein-DNA interac- occurs at several molars of denaturants. Therefore, the eluci-
tions. dation of solvent denaturation requires the analysis at higher

Now we turn to the GUHCI denaturation of proteins. denaturant concentrations. In contrast to the previous MM
Table | shows that »%, is again much larger in magnitude 2PProaches, our KB approach can deterniii®;;, andAGo;

than AVS. This suggests that the GuHCl-induced shift of & Ny cosolvent concentration
denaturation equilibria can also be attributedA63; the 1. GuHCl-induced denaturation
same quantity which characterizes the stabilizer-induced Figures 1 and 2 show the analysis of GuHCI-

shift of binding and allosteric transition. denaturation of lysozyme. At;=0, AN, is positive, sug-
What can theAGj, for denaturation tell us about its gesting the positive contribution due to the increase of hy-
mechanism? Table | shows that th&5,; increases greatly dration overrides the negative contribution frakVe upon
upon denaturation. Protein denaturation is accompanied byenaturation. At lower GUHCI concentratiohy; is deter-
an expansion of protein conformation, and therefore by amnined dominantly byAN.s, as seen in the preceding sec-
increase of excluded volumesolume in which g,3=0).  tjon. This is shown more clearly in Fig(l) where the con-
Since the excluded volume contributesgativelyto KB pa-  tripution from AN,z [i.e., —n;/nzAN,; (Refs. 21-23
rameter [Eqg. (8)], the contribution of excluded volume determines dominantly the preferential hydration parameter
change toAG,3 should be negative. The observpdsitive Av,;. As the GUHCI concentration increaseSN,; de-
AG,3suggests that, upon denaturation, the contribution frongreases, and the contribution frahG,; and AN,; becomes
the region which satisfieg;>1 increases. This means, in more prominent iM v,3, WhereinAG,; andAG,3 have op-
agreement with SChe”méﬁ, that the accumulation of posite Signsl The negativAGZl suggests that at h|gher
GuHCI on protein surface drive8G,3, and that the accu- GuHCI concentration, thg,,>1 region does not increase
mulation of GuUHCI is Iarger around the denatured state tha@|gn|f|cant|y upon denaturation; the increase cannot compen-

the native state. sate for the negative contribution #0G,; from the excluded
As in protein denaturatiom\ Vg increases when ligands

dissociate from proteins. As shown in Table I, this process is

accompanied by aegativeAG,;, i.e., the opposite sign of 5000 T
the protein denaturation. This suggests that an increase in the — |
stabilizer-exclusion accompanies the protein-ligand dissocia- \é T —
tion. This also implies that the SVEQ. (11)] may not only E

be accurate for osmolytes and crowders, but also for dena- O

turants. o o . 01 23 45 6 7
The above discussion indicates that an intuitive compari- GuHCI (mol/1)

son betweer G,3 andA Vg may be used to judge how equi- _
FIG. 2. The change of KB parameters upon the GuHCI denaturation of

libria are modulated by cosolvents. This extends the usefulﬁen_egg lysozyme G, (thick dotted ling and AG,, (thick dashed ling

ness of molecular crowding appr(_)_aches which have beege piotted against GUHCI concentration. Corresponding thin lines were cal-
applied mostly to the study of stabilizers. culated assumingV,=0.

et
Rkt
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20
10
0=

More experimental data are necessary to assess whether this
useful approximation can be applied to a wide range of pro-
teins and cosolvents.

The deviation ofA v,5 from linearity is can be attributed
to (é’,u3/an3)T,p,n2HO, whenm is constant. Using KB ex-
pression for this term$2°Eq. (6) is rewritten as

mol/mol

m
Astzmn3[1+ N3(Gg3— Ggy) . (25

mol/mol

ST Ga3, calculated from experimental value by Chitra and
R R R S R Smith?* shows the self-association of GUHCI at low GuHCI
GuHCI (mol/) concentration, and the decrease thereof at higher concentra-
FIG. 3. The role of water and GuHCI upon the GuHCI denaturation oftlon' Ga1, on the other hand, does not change significantly
tendamistat at 35 °C(a) A v, (solid ling), AN, (dotted ling, and AN,; ~ OVEr t_he chan_ge ofi3. Therefqre,Ggg— G_Sl becomes more
(dashed lingagainst GUHCI concentratioth) A v,; (solid line), AN, (dot- negative as; increases, and is responsible for the deviation
ted ling, and —n; /n3AN,; (dashed lingagainst GUHCI concentration. from linearity. This shows that the self-association of dena-
turant contributes to the preferential interaction parameter.

volume changé@ Ve . This suggests that the GUHCI accumu- 2. The contribution of the excluded volume effect

lates more significantly than water upon denaturation, and Here we investinate how much the excluded volume ef-
therefore the hydration change upon protein denaturation djéct contributes to tﬁm value and toN’. andN!

creases. This is qualitatively consistent with the previou Solvent exchange modeld® as wélll as Ioé;i-bulk ar-
solvent-exchange viewpoift™">In Figs. 1 and 2, this titionin modef8'39hgve shown that the bindir(gr accurrF:u—
contribution from hydration becomes more significant as thﬁation) %f denaturant on protein surfaces determines rthe
GuHCI concentration increases. Especially after about14.5 | The bindi f dp i s i ied by th
the decrease af G,3 is more prominent than the increase of value. the binding of denaturants 1S accompanied by the

: ; -39
AG,,, suggesting the significant dehydration due to the ac_release of hydrating water via solvent exchafig¥.

cumulation of GUHCI in the hydration shell. The same sce—SVA’.41 on the other hand, suggested that theralue is de-
nario applies for GuHCI-denaturation of tendamistat, WhoséermlneOI not only by th.e solvent exchange, bgt a_Iso by the
results are shown in Figs. 3 and 4. excluded volume effect: these two large contributions com-

Figures 2 and 4 also show thA(G,; and AG,; by as- pensate for each other to makegp m’a'”e- > Thi .
suming AV,=0. The accuracy of this approximation sug- Which of the above explanat!on is correct? This quesuon
gests the possibility thatG,; and AG,3; may be calculated can be snswered by th%theorethgl f.ram;awork k?f tE|sdpaper.
even without the volumetric dataV,, when them value is Srlln(l:le the exlcelsst réum er Eorlltor)' uEtlon(7)rom tbe ty ration
sufficiently large. As it is clear from Figs. 2 and 4, this ap- ?or%e\év?:toca culated as in EGL0), Eq. can be trans-
proximation yields accuratAN,; and AN,; at high GuHCI

concentrations. In this region, E() yields n
¢ @y Avyg=ANj— n—3AN§1, (26)
ANp3 \%1 ) ' _
ANL VL (24)  which means that the contribution from the excluded volume
21 3

changesAVe in AN,; and AN,; cancel out. Therefore, KB

which shows that the excess number ratio is determined t;y\e(_)ry supports the solvent exchange and local-bulk parti-
partial molar volume ratio. This is reminescent of the crosdONing models that Ve does not contribute td vy3. The
section ratio used to estimate the stoichiometry of watercontribution ofAVg to Avz concluded from the SVAis due

denaturant exchange in the thermodynamic models, (O an artifact of the approximation employgq. (18)]. Al-
though the contribution olN,, terms is negligibly small for

GuHCI denaturation at lower concentrations, neglecting this
term leads to a contribution of excluded volume to the
2000 T T T T T values, inconsistent with KB theory and the thermodynamic
—— ] models.
RS The basis of the above argument is Efj0). Although
’ this equation is not strictly the result of the KB theory and
should be considered phenomenological, this dissection has a
53 4 5 6 7 clear physical meaning as pointed out in Sec. Il. Moreover,
GuHCI (mol/1) in spite of the difference regarding how to estimAMé: (see
FIG. 4. The change of KB parameters upon the GuHCI denaturation obelOM' SVA by Schellman employs the same theoretical
tend.arr'ﬂstatAG21 (t?lick dottedpline) andAGZS(thick dashed lingare plot- Tframework Of.dIS.S,eCtlng the second virial CoemCIeﬂGg?’
ted against GUHCI concentration. Corresponding thin lines were calculatelt0 the contributions from\Ve and from the accumulation
assumingAV,=0. (exchangg of solvent molecules around the protein. There-

ml/mol

.............
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bining m value and volumetric data. The analysis presented
here supports the previously proposed thermodynamic mod-
els in which the accumulation of GuHCAnd the consequent
dehydration determines then values is the driving force of
T denaturation. The change of excluded volume is shown to
5000~ T T T make a small, opposing contribution. However, we realize
o ] that the estimation of the excluded volume used here leaves
- ’-::;;:_::? ] a room for improvement, and therefore an extensive com-
puter simulation on the structures of denatured state en-
O = semble is necessary to refine the estimation of its contribu-
0 tion. In addition, KB integrals(founded in statistical
mechanicshave been used to express excess solvation num-
FIG. 5. The contributions of water and GuHCI from the hydration shell bers, and have served to generalize previous assumptions

upon the GuHCl-denaturation of hen-egg lysozyme at 288Ny, (thick  ghout solvent binding at protein surfaces introduced phenom-
dotted ling and ANy, (thick dashed lingagainst GUHCI concentration are . .

compared withw, (thin solid ing, AN, (thin dotted ling and AN, (thin  €n0l0gically to explain the roles of cosolvents.

dashed ling (b) AG,,+AVe (thick dotted lin@ and AG,s+ AV (thick Furthermore, KB theory was applied to analyze the

dashed lingare plotted against GUHCI concentration and compared3g,  mechanism of osmolyte- and crowder-induced modulation of
i G I 1o (i devd Ine e orr b= sl protein-figand bincing and allosteic effects. A smple com-
not shown forANJ; where the error bar is very small. parison of preferential interaction and volumetric data was
proposed to assess whether the distribution of cosolvent is
the dominant factor in the cosolvent-induced equilibrium
fore, the analysis presented here suggests, at least within tkaift. The distribution of stabilizers was shown to account for
phenomenological dissection scheme employed by the volithe stabilizer-induced shifts of equilibria. This justifies the
metric analysit'~*®and by Schellmaft, that AV does not  molecular crowding approach, which assumes that the exclu-
contribute explicitly toA vy3. sion of stabilizers from biomolecular surfaces enhances pro-
~ Next we investigate the contribution @fVe in AN23.  ein stabilization and protein-ligand bindiA%:'5 Moreover,
Figure 5 suggesits that the contributionXVe (i.e., the dif- o kp theory, when applied to solvent denaturation, sup-
ference betweerNy3 and ANog) is small in AN. This ports the classical view that the preferential accumulation of

indicates that the accumulated GuHCI in the vicinity of pro- . : .
teins makes up the maiority afN.. and consequently of denaturant molecules on protein surfaces drive the protein
P Jorty 0% Mg, qUENLY O jenaturatiof237-3*We have shown that the difference of

the m value. This is consistent with the common view that ~ . .
the accumulaton of GuHCI is the cause of action between these two classes of cosolvents can be clari-

denaturatiori~719-333"This also shows that the contribution f1€d from the comparison of the second osmotic virial coef-

from the hydration change—(nzANJ,/n,) is small. How- ficient change with the excluded volume change.

ever, the above contention is subject to the accuracy of the The above analyses have demonstrated the value of KB
estimation ofAVe employed here. It is emphasized that, duetheory in analyzing the cosolvent effects on proteins, by gen-
to the experimental and computational difficulty, the accurateralizing the previous thermodynamic models for the cosol-
estimation ofAVg is extremely difficult at this stagé-’#  vent effects, as well as the molecular crowding analysis. In
Nevertheless, it is at least clear, from a discussion whictaddition, the KB theory is free from the assumptifgq.
does not involve numerical values AV presented in Sec. (18)] when applying the MM theory. Furthermore, the KB
IV, that the accumulation of GuUHCI is the driving force of theory is applicable to any cosolvent concentration, whereas
denaturation and that\Vg is an opposing contribution, the MM theory can only be applicable to infinite dilution of
which is qualitatively in agreement with SchellmaffsWe  cosolvents.

believe that the CF model gives a better estimation v A remaining issue, however, is to examine an alternative

than the stezric polypeptide model based approach adopted Ry njanation of protein denaturation and stabilization based
Schellman’? However, a better estimation &fV¢ is neces- on the enhancement and breaking of ‘“water

sary to examine this issue. To this end, a precise Charaae&ructure.’“‘%In addition, the understanding of the cosol-

ization of denatured state ensembles is indispensable. .
vent effects from the solvent exposure of each residues, as

well as the contact between them, still remains to be
V. CONCLUSION addressef*—*

In this paper, we demonstrated that the combination of '€ Present paper established a guideline for experi-
preferential interaction and volumetric experiments can givé"€nts; the combination of preferential interaction, high pres-
valuable information on how cosolvent molecules modulateSure measurements, as well as the structural information is
the biochemical equilibria. The KB theory is used to formu- indispensable to elucidate the mechanism of chemical dena-
late the theoretical foundation of this approach. turantion of proteins. We hope further experiments will be

We have shown that solvent accumulation and exchangendertaken, especially the high pressure experiments in the
upon protein denaturation can be estimated directly by compresence of denaturants, such as GuHCI and urea.

1 2 3 4 5 6
GuHCI (mol/l)
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