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Summary

A theoretical rationalization of the occurrencecofd denaturation for globular proteins was
devised, assuming that the effective size of watelecules depends upon temperature [G.
Graziano,Phys.Chem.Chem.Phys., 2010,12, 14245-14252]. In the present work, it is shown
that the latter assumption is not necessary. Bfopamg the same type of calculations in
water, 40% (by weight) methanol, methanol, and @artetrachloride, it emerges that cold
denaturation occurs only in water due to the spésmperature dependence of its density and
the small size of its molecules. These two coufpéetors determine the magnitude and the
temperature dependence of the stabilizing term thmeasures the gain in
configurational/translational entropy of water nmlkes upon folding of the protein. This
term has to be contrasted with the destabilizingtrdoution measuring the loss in

conformational entropy of the polypeptide chainmpading.
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Introduction

It is well established that the folded state ofbgllar proteins is denatured by both
increasing the temperature (i.e., hot denaturataor lowering the temperature (i.e., cold
denaturation}»2 Cold denaturation is a strange phenomenon bedaisseharacterized by a
decrease in both enthalpy and entropy, even thdlghdisorder of the polypeptide chain
increases. A rationalization of the occurrence ol cdenaturation can shed light on the
molecular details of the conformational stabiliiytibe folded state. | have devised a simple
theoretical rationalization of cold denaturationognded on the basic notion that the
difference in solvent-excluded volume effect duethte different shape of the folded state
with respect to the unfolded one plays a pivotid.fe#* An explanation of the meaning of the
solvent-excluded volume effect is necessary. Thatwn of a cavity, at constant temperature
and pressure, causes an increase of the liquidneokgual to the partial molar volume of the
cavity itself and should not modify the volume piagkdensity of the liquid. However, cavity
creation, notwithstanding the volume increase, pced a geometric constraint for the liquid
molecules: the centres of the latter cannot ehteshell between the van der Waals surface of
the cavity and its solvent accessible surface. §Bismetric constraint produces a solvent-
excluded volume effect (that can be measured bgahent accessible surface aPeBASA,
of the cavity), leading to a significant decreas¢hie total number of available configurations,
and so to a loss of configurational/translatiomdt@py of liquid molecules. This entropy loss
is larger in water than in common organic solvedisee to the small size of water
molecules:7 rules the poor solubility of nonpolar species imtev (i.e., hydrophobic
hydration), and is the physical basis for the ads$ion of nonpolar objects in wafé(i.e.,
hydrophobic interaction).

The folding of globular proteins causes a large SAfgcreasé®, that translates in a
large gain of configurational/translational entropfy water moleculed:4 More correctly,
polypeptide chains are forced to assume a minim&8ASconformation to maximize this
entropy. This is the right definition of intra-moldar hydrophobic interaction in protein
folding. The entropy of water molecules, as oritiingroposed by KauzmanH) is the

driving force for the collapse of polypeptide chaiithe entropy gain, however, is not due to
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a reduction in the number of “icebergs” (i.e., aragined increase in the order and strength of
the H-bonded network surrounding nonpolar side ridjaiit is due to an increase in the
available configurational space due to SASA reauctissociated with folding. This entropic
driving force acts as a “non-specific glue” becaiise independent of the chemical nature of
protein surface: SASA minimization is the conseqgerof the maximization of the
configurational/translational entropy of water nwlkes for the given constraints of the
system (i.e., a polypeptide chain in water). Thivesd-excluded volume effect: (a) is a
consequence of geometric properties of the whatdocmation, and cannot be partitioned in
additive group contributions; (b) has nothing tovdth the chemical nature of solute-solvent
interactions; (c) accounts for multi-particle cdateons due to volume occupancy (both
solvent-solvent and solute-solvent correlationd);i$ measured by calculating the reversible
work to create a cavity suitable to host the gigeenformation (i.e., classic scaled particle
theoryll SPT, grounded in statistical geomet#jis well suited for this task).

The large gain in configurational/translationalrepy of water molecules is the main
stabilizing contribution of the native state, ahndverwhelms, over the temperature range
where the native state is stable, the destabilizimgfribution due to the polypeptide chain
conformational entrop$:%413 However, the gain in configurational/translatioeattropy of
water molecules associated with the transition fuomfolded conformations to the native state
is a quantity that depends upon temperature. Ithen shown that such a gain decreases
significantly on lowering the temperature below@ paralleling the decrease in liquid water
density3:14 At the temperature where the destabilizing contiém of the polypeptide chain
conformational entropy exactly matches the stahdjz contribution of the water
configurational/translational entropy, cold denation occurs. Therefore, the decrease in
water density below 3.98 °C, the temperature ofimam density, TMD, together with the
small size of water molecules, is a fundamentabfafor the occurrence of cold denaturation.

Recently, Yoshidome and Kinosh#t&,Y&K, pointed out that: (a) such rationalization
is not strictly correct because the density deerdatow TMD is not really important, at least
up to -15 °C; (b) the main role in my approachlaypd by the temperature dependence of the

effective diameter of water molecules, determingditiing the experimental values of the
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isothermal compressibility using a classic SPT fada In order to reply to such remarks, in
the present work, it is shown that: (a) the deviseproach produces cold denaturation also by
considering temperature-independent the effectarel Isphere diameter of water molecules;
(b) the devised approach, by performing the sanpe tgf calculations, produces cold
denaturation in water, but not in aqueous 40% (leygiat) methanol solution, in methanol,
and in carbon tetrachloride. The present resultgilshconfirm the rightness of the original
rationalization of the mechanism of cold denatora@ and the pivotal role played by the
special temperature dependence of water densitgrrdimed, in turn, by the special features

of H-bonds.

Theory section

A. Theoretical approach. The unfolding of globular proteins in a solvenndae
described as a conformational equilibrium,<N D, where N represents an average of the
ensemble of native conformations (i.e., N-state§l B represents an average of the ensemble
of denatured conformations (i.e., D-state). At Bgaum the chemical potentials of the two

states have to satisfy the following relationship:

Mp = KN 1)

According to the general expression of the chempwatential derived from statistical
mechanics:® by considering that the translational degrees reedom can be treated

classically, one has:

Uy = HN® + RTIN(pNARS) (2)
Hp = Hp® + RTIN(ppAp3) (3)

wherepy andpp are the number densities of the N-state and [@-stathe solvent/\y and

N\p are the momentum partition functions of the Nestahd D-statepy® is the Ben-Naim
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standard chemical potential of the N-state (irangfer from a fixed position in the gas phase

to a fixed position in the solvehf) and is given by:

UN® = -RTlh<exp(¥\/RT)> - RTIhagy 4)

where Wy is the perturbing potential due to the insertidrthe N-state in the solvent, the
ensemble average has to be taken over the puid tiqofigurationsl8 and G, is the internal
partition function of the N-state, accounting ftg roto-vibrational energy levels. By using

Lee’s expression d¥y,19 one obtains:

HN® =AGG(NDS) + By(NDs) - RTlhay ()

where AG(NIS) represents the reversible work to create instileent a cavity suitable to
host the N-state, andfN[IS) represents the energetic interactions of thetalé-swith
surrounding solvent molecules.

Similarly, pp* is the Ben-Naim standard chemical potential of@kstate and is given

by:

Up°® = -RTlh<exp(¥p/RT)> - RTIh{qpexp[-AE(intra)/RT]} (6)

whereWp is the perturbing potential due to the insertiérthe D-state in the solvent, the
ensemble average has to be taken over the pure liqmfigurationst gp is the internal
partition function of the D-state, accounting fés roto-vibrational energy levels; and the
exponential factor accounts for the fact that eatbrnal energy state of the D-state has an
additional energy with respect to the N-state aduthé loss of inter-residue interactions (both
H-bonds and van der Waals contacts) existing indel conformations. By using Lee’s

expression ofp,19 one obtains:

Hp® =AG(DOs) + Ex(Ds) +AEg(intra) - RTIhqp (7
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whereAG(D5s) represents the reversible work to create instileent a cavity suitable to
host the D-state, andgfLs) represents the energetic interactions of theta2-swith
surrounding solvent molecules. It is worth notihgttin egns (5) and (7) terms due to the
structural reorganization of solvent molecules upofute insertion are not present because
such a process is characterized by an almost ceengfhalpy-entropy compensatidp,20-

22 and the corresponding Gibbs energy contributionkm neglected. By inserting egns (2),
(3), (5) and (7) into egn (1), one obtains:

AG(Ds) + Ey(Ds) +AE(intra) - RThqp + RTIh(ppApS) =
= AG¢(NDs) + By(NDs) - RTIIhgy + RTIh(pnAnS) 8)

that can be rearranged to:

[AG(DDs) -AG(Ns)] + [E5(Ds) +AE(intra) - By(Ns)] +
-RTIh(gp/dy) + RTIN(AR3/AWS) = -RTIh(pp/py) = -RTINK g = AG((S) (9)

where K4 = pp/py is the equilibrium constant of the denaturatiofdiding equilibrium and
AG((s) is the standard denaturation Gibbs energy eanthe solvent. Since the momentum
partition functions of the N-state and D-state idemntical, the corresponding term in egn (9)

proves to be zero and the latter can be re-wrédten

AG((s) =AAG((s) +AEy(S) - TASconf (10)

where the exact physical meaning of &G, and AE5 contributions is specified by the
terms in the square brackets of eqn (9); and ttie o the internal partition functions of the
D-state and N-state has been assumed to représermhange in conformational entropy
associated with protein unfolding (see Appendix Aguation (10) corresponds to the
expression obtained by means of a thermodynamie eyproach the statistical mechanical

derivation should strengthen its reliability.
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| assumed that the algebraic sum of the three etierterms in the expression of
AEL(S) is zero in wate?;4 because there should be an almost perfect bafantiee energetic
interactions between the D-state and the N-stateaking into account both intra-protein
interactions and those with water molecules (sepefdix B). To test the rightness of the
proposed mechanism of cold denaturation, | assuraeAEL(S) is zero also in the other

considered solvents. So th&(s) expression is:

AG(s) =DAG(S) - TASconf (11)

where the AAGg(s) term always stabilizes the N-state, becausecitounts for the
configurational/translational entropy gain of sait’anolecules associated with the SASA
decrease upon folding, and théA$.onf term always stabilizes the D-st&&3 The
T[ASconf term is assumed to be independent of the solventhich the globular protein is
dissolved (i.e., it has the same value in water ianthe other considered solvents). The
allowed regions in the Ramachandran plot (strittiked to the conformational degrees of
freedom of the polypeptide chains) are mainly deteed by steric constraints (i.e., the hard
sphere sizes of the various groups), as originaiipted out by Ramachandran and colleagues
and recently confirmed by Regan and colleagifeghis means that the value of the
TIASconfterm does not depend upon the solvent if the ecordtonal transition involves the
same two macrostates of the protein.

B. Calculation procedure. It is assumed, as in previous applications of this
theoretical approach# that: (1) The N-state can be represented as desispbere, whereas
the D-state can be represented as a prolate sphirdsr, possessing the sam@gyy of the
sphere representing the N-stdfebut a markedly larger SASA (whose exact value dépe
on the size assigned to solvent molecules; se@ ffef. the analytical expressions to calculate
SASA). Specifically, the N-state is a sphere ofuad = 10 A, \{,qyy = 4189 A3 and SASA
= 1633 A in Hy0, and 2027 & in CCly (calculated using for O the 1.4 A radius, and for
CCly the 2.7 A radius), whereas the D-state is a prasgherocylinder of radius = 4 A,
cylindrical lengthl = 78 A, gy = 4189 A and SASA = 3013 Ain HpO, and 3848 R in
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CCly; these numbers are reliable for a 50-residue ¢gmlprotein. (2) Thé\AG. contribution

is estimated by calculating the reversible work create in the different solvents the
corresponding cavities, by assuming that each sblean be treated as a hard sphere fluid
possessing the experimental density of the adguabl at the desired temperature. The classic
SPT formula for a spherocylindrical cavity of raslaiand cylindrical length in a hard sphere
fluid mixture12 derived by means of the geometric approach (tesspre-volume term is

neglected for its smallness at P = 1 atm) is:

AGc = RTHHN(1-&3) + [682/(1-E3)]a + [1261/(1-E3)]a2 + [1822/(1-E3)2]a2 +
+ [3E2/2(1£3)]1 + [681/(1-E3)]alll+ [9822/(1-E3)2]all} (12)

whereéj = (TVG)Eij m:ji, andpj is the number density, in molecules pet, Af the species j
and Oj is the corresponding hard sphere diamdigrs (TVG)[ij @j3 represents the volume
packing density of the hard sphere fluid mixturg.d&ttingl = 0, the formula becomes right
for a spherical cavity of radiws by considering only one component, eqn (12) spoeds to
that for a hard sphere fluid. To perform classicl SRalculations over a large temperature
range and 1 atm, the values of the experimentadigjeaf the different solvents have been
usedl4.26-28 they are listed in the second column of Tables (ird some cases an
extrapolation of experimental data has been peddrio cover a larger temperature range;
these values are marked with an asterisk). A afipoint is the selection of the effective hard
sphere diameter of the solvent molecules, assumduk ttemperature-independent. | have
selectedo(H20) = 2.80 A, which is close to the location of first peak of the O-O radial
distribution function of watef? and allows a satisfactory description of the gawize
distribution function of wate?Q o(MeOH) = 3.83 A, as determined by Ben-Amotz and
Willis; 31 o(CCly) = 5.37 A, as determined by Wilhelm and Batt#%(3) The TASconf
term of egn (11) can be calculated with the assiomghat each residue gains an average,

temperature-independent, conformational entropyiematuration/unfolding;4 so that:

TASconf= TMredAScon{(res) (13)



Page 9 of 46

Physical Chemistry Chemical Physics

where Nes= 50 andAS¢onf(res) = 24.4 J Klmoles; the latter number is approximately in
the middle of the range defined for globular pnagey the average value, 14 Jiolres],

of the side chain entropy contribution, and therage value, 40-50 J-kmolfes1, of the
sum of backbone and side chain entropy contribatiam the basis of different theoretical
and experimental determination proced@#3834 Recent NMR data and MD simulations
have shown that the methyl groups of nonpolar sidgns have a large rotational freedom in
the folded state of globular proteif8,and so that the gain in conformational entropyrupo
denaturation should be smaller than that calculatatie past. The selected number tries to
take into account these recent data. Note thatesghobular proteins are heteropolymers,
their conformational entropy should not be sepdrate a per residue contribution because

backbone and side chain degrees of freedom ariisignly coupled36

Results

A. Water. The SPT-calculatedAGq(N-state) and\G¢(D-state) functions in water are
shown in Figure 1 over the -30 to 100 °C tempegtange (the numbers are listed in the last
two columns of Table 1). Both increase markedlyhwigmperature and have a parabolic
shape with a maximum above 100 °C. Cavity cregtimves to be significantly less costly on
lowering the temperature below TMD for two reasdiag:the water density decrease due to
the greater tetrahedral order occurring below TNMDk at the values of the molar volume in
the second column of Table 1; (b) the RT term m ¢lassic SPT formula (and in the exact
statistical mechanical expressidnof AG¢ = -RTlhpg, wherepg is the probability of finding
zero solvent molecules in the desired cavity regicglated to the random thermal energy of
solvent molecules bombarding the cavity surfaceraBses on lowering the temperature. It is
evident thatAG¢(D-state) is markedly larger thakGq(N-state). This happens because the
AG¢ magnitude increases on raising the cavity SAS&ndtough the cavity ygyy does not
change, as it has been shown by means of bothiccl&Bs calculation$;8 and computer
simulations in detailed water mod&ié.

The AAG. = AG¢(D-state) -AG¢(N-state) function is shown in Figure 2 togethethwi
the straight line of the BSconf = TMledASconf(res) term, in which fNg = 50 and
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ASconf(res) = 24.4 J Klmoles1 [look at eqn (13) above]. The two functions inéatseach
other at two temperatures, indicating the existasfcevo conformational transitions for the
“‘model” protein [note that, even though th&:gni(res) estimate would not be numerically
exact, there will be always two intersection terapares if the TAScqnf term is linear or
approximately linear]. By subtracting théXBgnf straight line from thé\AG. function, one
obtains the thermodynamic stability cu%AGd versus T, of the “model” protein in water,
that is shown in Figure 3. Such thermodynamic 8tglturve shows (cold) = -26 °C,
Tg(hot) = 49 °C, Tmax= 8 °C andAGy(Tmax = 10 kJ motl; these numbers are reliable for
a small globular protein. It has been experimentdktermined over a large set of small
globular proteind9 that Tyax = 285+ 19 K andAGg(Tmax = 25 — 50 kJ mot (i.e., small
globular proteins are marginally staff. The results reported in Figures 1-3, obtained by
keeping o(H20) = 2.80 A and temperature-independent, indica@ the water density
decrease and the decrease in random thermal enérgyater molecules bombarding the
cavity surface are responsible of the decreaséhenntagnitude of the stabilizingAG¢
contribution that leads to cold denaturation. Timplies that the basic mechanism of cold
denaturation, originally proposéd#* holds also by considering(H20) = 2.80 A and
temperature-independent. It is possible to furtbsr its reliability.

The present theoretical approach has to be ablexfain the fact that cold
denaturation is a process characterized by a dexirdoth enthalpy and entropy? Since it
has been assuméd;(H20) = 0 over the whole temperature range, the denabmratthalpy
change,AHg, has to be equal to the difference in the cavitthalpy changeAAH(, on
passing from the N-state (i.e., the sphere) tdstate (i.e., the prolate spherocylinder). The
AAH: numbers have been obtained by performing a nualedifferentiation of theAAGq
function. It results thahHg = AAH. = -145 kJ motl at Ty(cold) = -26 °C, andAHq = AAH
= 130 kJ motl at Tg(hot) = 49 °C; these numbers are reliable for a 50-respfotein. Cold
denaturation proves to be exothermic and hot desizdn proves to be endothermic, as it is.
Moreover, the change in heat capacity upon dertadarproves to be large and positive,
ACp ¢ = (dAAHAT) = 3.9 kJ Klmol-l at Ty(cold), and 2.8 kJ ®#mol-1 at Tg(hot), in line

with experimental dat&.2 TheAH¢ term accounts for the structural reorganizatiosavent

10
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molecules upon cavity creatidd. According to Pierotti's application of classic SB%it is
proportional to the isobaric thermal expansion fioieht ap of the solvent (see Appendix C).
It is well known thatop of water shows a strong temperature depend%up <O0forT<
TMD, ap=0at T = TMD andup > 0 for T > TMD (see the numbers listed in thedhi
column of Table 1). However, why is cavity creati@xothermic below TMD and
endothermic above TMD?

According to statistical mechanif$, ap = <(V - <V>)[H - <H>)>KTZ; it is
proportional to the ensemble correlation betweerdume fluctuations and enthalpy
fluctuations (the latter in water are usually assed with transient H-bond reorganization).
A positive correlation means that a positive voluiloetuation is associated with a positive
enthalpy fluctuation: a volume increase leads tem@imalpy increase (i.e., a partial breaking
of H-bonds in water). A negative correlation mednat a positive volume fluctuation is
associated with a negative enthalpy fluctuationvotume increase leads to an enthalpy
decrease (i.e., the H-bonded network is more oddanel more open because the H-bonds are
more intact). Therefore, according to the preséebretical approach: (1) the structural
reorganization of water molecules is more extensinmind the D-state than around the N-
state due to the larger SASA of the former stétprfld denaturation is exothermic because
ap < 0 for T < TMD, i.e., the structural reorganioatiof water molecules, upon unfolding,
around the polypeptide chain leads to H-bonds lbesken than those in bulk water; (3) hot
denaturation is endothermic becaage> O for T > TMD, i.e., the structural reorganizatiof
water molecules, upon unfolding, around the polyidepchain leads to H-bonds more broken
than those in bulk water. However, it should beessted that the exothermic H-bond
contribution is not the cause of cold denaturati@cause it is exactly compensated by the
entropy decrease associated with the same reoggmizof water-water H-bond8-22 (a
“reverse” sentence holds for hot denaturation).sTénthalpy-entropy compensation is a
fundamental feature of the structural reorganirataf solvent molecules upon cavity
creation?4 Therefore, the formation of good clathrate cagesurad nonpolar moieties,

detected in MD simulations around a cold-denatusedall polymer in the so-called

11
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Mercedes-Benz model of wat?,is not in contrast with the present approach,damnot be
responsible for cold denaturatié.

A final point merits attention. The temperature veh®&Gq is maximum corresponds to
the temperature where the overall entropy change denaturation is zero. Afjax= 8 °C
there is perfect balance between the gain in cardtonal entropy of the polypeptide chain
upon unfolding AS¢onf and the loss in entropy of water molecules dui¢ocreation of the
two different cavitiesAAS.. The latter, according to statistical mechani@s)ststs of two
contributions?1,44 (a) the loss in configurational/translational epyr of water molecules
due to the SASA increase upon unfolding; (b) the/tess (depending on temperature) of
entropy due to the structural reorganization ofanatater H-bonds (this entropy contribution
is compensated by th®AH: term, as pointed out above; see also AppendixT@is is a
subtle feature, but has to be recognized.

B. Aqueous 40% (by weight) MeOH.In order to verify whether the devised
theoretical approach is able to distinguish betweeter and other solvents, the same
calculation procedure has been applied to the sanoelel” protein in aqueous 40% (by
weight) MeOH solution (the reasons for choosinghsacsolvent will become clear in the
following). The SPT-calculatefiG.(N-state) and\G¢(D-state) functions are shown in Figure
4, and the numbers are listed in the last two cokiof Table 2. These functions increase,
more or less linearly over the -30 to 70 °C tempeearange; their values, up to T < 10 °C,
are larger than those calculated in water, andTfer 10 °C, become smaller in magnitude
than those calculated in water (compare the nuniiséesl in the last two columns of Tables 1
and 2). This important finding is a consequencé¢heffact that the density of aqueous 40%
(by weight) MeOH always increases on lowering thmperature (see the numbers listed in
the second column of Table 2), whereas the demditwater decreases on lowering the
temperature below TMD. For T > TMD th&G. values are larger in water than in 40%
MeOH because: (a) the density of water decreasasioaller extent than that of 40% MeOH
due to the strength of the 3D H-bonded networkw@)er molecules are smaller in size than
those of MeOH [i.e.g(H20) = 2.80 A versus(MeOH) = 3.83 A], and so water proves to be

characterized by a larger number density than 408@M| even though the volume packing

12
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density of the latter is large(i.e., look at the 3 values listed in the fifth columns of Tables 1
and 2).

As in the case of wateAGg(D-state) is markedly larger thakG(N-state) because
SASA(D-state) is larger than SASA(N-state), and 8AS a good measure of the solvent-
excluded volume effect due to cavity creatx?ef‘l’.STheAAGC = AG¢(D-state) -AG¢(N-state)
function, shown in Figure 5, increases almost lilyewith temperature and intersects the
T[ASconf straight line (calculated using the same numbeysina water) at only one
temperature. There is no evidence of cold denaturatn particular, F(hot) = 20 °C and
AHg = AAH¢ = 180 kJ moil at this temperature. The “model” protein showsydhle hot
denaturation, at a low temperature, but the deaatur enthalpy change is larger than that in
water if the two functions are compared at the sem®erature (i.e., 180 versus 50 kJ thol
at 20 °C). The latter finding is a consequenceheffact thatip in 40% MeOH is larger than
in water at 20 °C%1.420.6310-3 K-1 versus 0.2m03 K-1. In addition, theap values in
40% MeOH are around @83 K-1 over the whole considered temperature range fi3n -
to 70 °C, in complete contrast with the behaviouwater (compare the numbers in the third
column of Table 1 with those in the fourth colunfrTable 2). This implies that the structural
reorganization upon cavity creation in 40% MeOHomlly different from that occurring in
water. These results are in line with experimerdata obtained by Woolfson and
colleagued’ on bovine ubiquitin (76 residues) by performing®®&easurements. At pki2,
they found: (a) § = 55 °C,AH(Tg) = 150 kJ mofl andACp 4= 4.8 kJ KImollin water;

(b) Tg = 20 °C,AH|(Tg) = 200 kJ mofl andAC, g = 0 in 40% MeOH; (c) thé\Hy(Tg)
value depends strongly upon the solvent in whiah photein is dissolved, and cannot be
considered a right measure of protein stabilitye NMR spectra reported by Woolfson and
colleagued’ show that: (a) bovine ubiquitin in 40% MeOH, at gHand low temperature,
populates the N-state identical to that existingvater; (b) it populates, upon temperature-
induced unfolding, the so-called A-state (i.e.ohlul-state), a conformation possessing a lot
of secondary structure elements but with nonpati shains entirely accessible to solvent (a
recent NMR stud§8 has shown that the cold denatured state of ulrigait 258 K and 2500

atm, should resemble the A-state). According toptresent theoretical approach, a globular

13
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protein should be less stable in 40% MeOH than @aewwith respect to hot denaturation
[i.e., lower Ty(hot) value] because the stabiliziddG. contribution is smaller in magnitude
for T > TMD of water. However, a globular proteinosild not undergo cold denaturation in
40% MeOH because the stabilizid\G¢ contribution does not decrease significantly on
lowering the temperature, as a consequence ofahsity behaviour, rendering impossible the
occurrence of cold denaturation according to thehaeism holding in water. Note, in this
respect, that Privald? stated that alcohols do not aid in the observatfarold denaturation.

C. Methanol. The SPT-calculatedGq(N-state) and\G¢(D-state) functions in MeOH
are shown in Figure 6, and the numbers are listetie last two columns of Table 3. They
present a very flat parabolic shape with a maximanmund 50 °C and decrease at high
temperatures. This happens because the densitye@HWecreases significantly, by 11.7%,
over the 0 to 90 °C temperature range (see the ersrib the second column of Table 3),
rendering less costly the process of cavity creafltne significant density decrease of MeOH
contrasts with the water behaviour (its densityreases by 4.3% over the 0 to 100 °C
temperature range) and is a consequence of the@beé a 3D H-bonded network in the
former liquid. In addition, th&G¢(N-state) and\G¢(D-state) functions prove to be markedly
smaller in magnitude than those calculated in betiter and 40% MeOH. This happens
because the size of MeOH molecules is larger thahdf water molecules, as underscored
aboveb:7 Also in this caseNG¢(D-state) is markedly larger thaGg(N-state) because
SASA(D-state) is larger than SASA(N-state). ThAG: = AG¢(D-state) - AGq(N-state)
function, shown in Figure 7, has a very flat patabshape and is smaller in magnitude than
the TASconf straight line (calculated using the same numbsersavater) over the whole
considered temperature range. This means that tbathl is always less stable than the D-
state, because the gain in configurational/trailmsiat entropy of MeOH molecules upon
folding is always exceeded by the loss in conforomat entropy of the polypeptide chain
upon folding. Such a result is in line with welkaslished experimental data showing that the
stability of the folded state of globular protestsongly decreases on increasing the MeOH

concentration in aqueous solutief.
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D. Carbon tetrachloride. As a final test, the same type of calculations basn
performed in C(C, a typical organic solvent with almost sphericadl@cules and no H-
bonds. The SPT-calculateé¥G(N-state) andAG¢(D-state) functions in C@Glare shown in
Figure 8, and the numbers are listed in the lastdalumns of Table 4. They are practically
constant up to 20 °C and then decrease in magnauadgirther raising temperature. This
temperature dependence originates from the sigmificdecrease of Cgldensity with
temperature as a consequence of the weakness afevaiVaals interactions (see the molar
volume values listed in the second column of Taplerhe SPT-calculatefiG(N-state) and
AG¢(D-state) functions in C@Glprove to be markedly smaller than those calcul@tethe
other three solvents, even though g@&s the largest volume packing density (compage th
&3 values listed in the fifth column of Tables 1-#his happens because G@holecules are
the larges®:7 o(CCly) = 5.37 A,6(MeOH) = 3.83 A ands(Ho0) = 2.80 A. As a general
result, AGq(D-state) is markedly larger thaXGq(N-state), because SASA(D-state) is larger
than SASA(N-state). ThAAG: = AG¢(D-state) -AG¢(N-state) function, shown in Figure 9,
has a very flat shape in Gfand is smaller in magnitude than th&3gnf straight line
(calculated using the same numbers as in water)tbeenvhole considered temperature range.
This implies that the D-state is always more stahkn the N-state, because the loss in
conformational entropy of the polypeptide chain mptolding exceeds the gain in
configurational/translational entropy of GQholecules upon folding. This result seems to be
in contrast with the experimental findings that fblded state of globular proteins is very
stable in anhydrous nonpolar solvePlsHowever, one has to remember that the assumption
AE4 = 0 should be reliable and correct in water, big &xpected to be wrong in a liquid such
as CCl, whose molecules are not able to form H-bonds pégptide groups. So thleEg term
can be positive and large in anhydrous nonpolavesit$, stabilizing the folded state of

globular proteins.

Discussion
The present results indicate that the devised #tieat approach and calculation

procedure, notwithstanding the gross approximatians able to account for the occurrence
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of cold denaturation and its thermodynamic featumesater, and for the marked difference
existing between water and other liquids. Sinceetffiective hard sphere diameter of solvent
molecules is considered to be temperature-indepente special temperature dependence
of water density is fundamental in decreasing tlagmitude of the stabilizingAG. term on
lowering the temperature (together with the de@easandom thermal energy), determined
by the special features of H-bonds. Furthermore,stinall size of water molecules enlarges
the magnitude of the solvent-excluded volume effeet, theAAG. term), and the N-state
proves to be stable in a closed temperature raolgé/sn water. The comparison performed
between water, 40% (by weight) MeOH, MeOH and £€lrifies unequivocally these points
and strengthens the reliability of the proposedhmaaism of cold denaturatichAn obvious
criticism is that yeast frataxénshows cold denaturation at 7 °C, a temperatughtbji above
TMD of water. Actually, the theoretical approachedmot use TMD, but the experimental
density values, producing a parabolic shape forh€&: term, and cold denaturation can
happen above TMD depending on the intersection detwheAAG. curve and the IASqonf
straight line. The devised model is able to rati@eaother features of the conformational
stability of globular proteins, such as the effeofscavity-creating point mutations (see
Appendix D). Thus, it seems able to capture theléinmental ingredients of cold denaturation,
providing insight into the molecular mechanisms gyoing the conformational stability of
globular proteins, but sacrificing numerical acaytaNote that it is completely different from
the statistical mechanical models in which the lpalalike temperature dependence of the
Gibbs energy change associated with the hydratiomonpolar groups is used as an input
datumd2

Moreover, it has to be underscored that the rev&ed developed by Ashbaugh and
PratP3 cannot rationalize in a straightforward manner diseurrence of cold denaturation.
The AG; expression in this revised SPT depends on SAS@utir the experimental bulk
liquid-vapour surface tensionj,, and its curvature dependence (the so-called Tolma
length). The parabolic temperature dependena&Gpfin water is not in line with the linear
decrease of watey,, on increasing temperature, and this leads to &edatemperature

dependence of the Tolman len§® that passes from positive to negative values, (ae.
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strange result considering the geometric meaningthef Tolman leng®®). For cold
denaturation, the marked decreaséGf on lowering the temperature below TMD entirely
contrasts with the corresponding increasgdn

It is important to show that the present resulesraot in contrast with those obtained
by Y&K:; 15 the latter author provided a rationalization ofdcdenaturation, grounded on the
role of the solvent-excluded volume effect, in &eotcouple of article82 They showed that
cold denaturation is a manifestation of the baaat that the magnitude of “hydrophobicity”
(i.e., the solvent-excluded volume effect assodiatéh cavity creation) becomes weaker on
lowering the temperature. In particular, Y&K emplzad that water-water electrostatic
interactions become stronger with respect to RT@dag a dominant role, up to -15 °C, with
respect to the decrease in water number density.dbssible to cover a larger temperature
range, by combining the Y&K results with the prasemes, producing the following
statement. On lowering the temperature below TMi®, water (number) density decreases
because the water-water H-bonds become strongemybelming the random thermal energy
and producing a low-energy, tetrahedral networkhwitvolume increase. So the strength of
water-water H-bonds and their tetrahedral geon@tay a major role.

In addition, eqn (6) of Y&K is practically identicéo my eqn (11) and thApHs
quantity corresponds to ti\G. term. They calculatedppHg for a protein modelled as a set
of fused hard spheres in a realistic model of watetin a simple Lennard-Jones, LJ, solvent,
having the same density of water at the respettingerature and whose patrticles have the
same size of water molecules(H>O) = 2.80 A, assumed to be temperature-independent.
Y&K found that, on passing from 25 °C to -15 °Ce thuqg quantity decreases by 115 kJ
mol-1 in the water model, and by 110 kJ roln the simple LJ solvent, suggesting the
fundamental role played by the water density. Havegold denaturation occurs only in the
water model because the magnitude of&hg g quantity at 25 °C, is markedly larger in the
simple LJ solvent than in water, 622 versus 47gnkl1. This result is not expect&® and
was not explained by Y&K. It could be thApiqg is larger in the simple LJ solvent than in

water because the former liquid is under high pnesto possess the same density of water,
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and so the pressure-volume work proves to be Rfdethis view were right, the results by
Y&K would be in line with the present calculatioasd rationalization.

Moreover, Y&K15 decomposed the hydration thermodynamic functicnsh as
ApHs, by means of the so-called morphometric appr&&dhat uses geometric properties of
the solute molecule: its solvent-excluded volumieY Sits SASA, and the SASA curvature.
The SEV term is considered to account for the lnssanslational entropy of bulk solvent
molecules upon hydration, whereas the SASA termamasidered to account for the loss in
translational and orientational entropy upon hyidrabf the solvent molecules in contact with
the solute surfad® (i.e., the SEV term should be non-local in chargcinvolving all the
solvent molecules, whereas the SASA term shoultbta& in character, involving only the
solvent molecules in the first solvation shell)idtthe SEV term that decreases on lowering
the temperature (both in the water model and insihgple LJ solvent) and leads to cold
denaturation. This result is only in apparent casttwith my approach and results because |
have considered that the SEV decrease upon folthngbe measured by the corresponding
SASA decrease. Actually, theG quantity, that depends upon SEV, scales with SASAL
has been shown by means of both classic $P@nd detailed computer simulations in
reliable liquid model$9 Basically, this SASA dependence has to be condestéh the
explanation of the solvent-excluded volume effedvjled in the Introduction section (see
also the geometrical derivatid of the classic SPT formula f&¥Gc). The large numerical
coefficient associated with the SEV term by Y&Kile consequence of the fundamental role
played by the solvent-excluded volume effect in higdration thermodynamics of molecular
solutes (note that a globular protein is still alecalar solute and is not large enough to
satisfy the large-solute limit). A final point has be underscored. Y&K considered the
thermodynamic quantities at constant volume, wisetka present approach considers those
at constant pressure. This difference does notiecne@blems, as spelled out in detail by
Y&K. 15 Therefore, | think that the results by Y&K areliime with the present rationalization
of the mechanism of cold denaturation.

In conclusion, by performing the same type of appnations and calculations in

water, 40% (by weight) MeOH, MeOH, and @Clthe devised model shows that cold
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denaturation occurs only in water due to the spésmperature dependence of its density and
due to the small size of its molecules. These taupted factors determine the magnitude and
the temperature dependence of the always stalglxxG. term, that measures the gain in
configurational/translational entropy of water nwlkes upon folding of the polypeptide

chain.
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Appendix A: Conformational entropy change

The RTIh(gp/gy) term in egn (9) has been treated as the confarnadtentropy
change associated with unfolding. A justificatiande provided on the basis of the results
obtained by Karplus and colleagifsBy assuming that the N-state corresponds to desing
conformation, its conformational entropy shouldrespond to its vibrational entropy that
comes from the accessibility of its normal modes. (ifluctuations in the neighbourhood of
the N-state). In the case of the D-state ensemblere are two contributions to the
conformational entropy: first, the vibrational exy associated with the accessibility of the
normal modes of each unfolded conformation, andrs#cthe entropy associated with the
population distribution over the huge number of alsd conformations. Karplus and
colleagues showed that the vibrational entropyhef N-state is almost equal to the first
entropy contribution of the D-state, given by themsof the normal-mode entropies of
unfolded conformations, each weighted by its faai occupanc8 This finding implies
that TiASconf= RTIN(dp/dy)-

A further point emerged from the statistical medbainderivation is that the obtained
expression of the chemical potential does not altbe inclusion of the effects of the
surroundings on the average structural featurédeetnsemble of native conformations and
of the ensemble of denatured conformations. Thassdensequence of the fact that the internal
partition function q, is considered to be constaith respect to the surroundings and so not
included in the configurational integr. This procedure is correct for a simple molecule,
but not for a polymer molecule that has an enserablccessible conformations. The right
procedure should take into account that the pateetnergy of interaction of a polymer
molecule with the surroundings depends upon thdocoration of the polymer molecule
itself. This right procedure, however, leads torabfem: the role of the solvent-excluded

volume effect does not emerge in a simple manner.
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Appendix B: On the assumptionAE4(H20) =0

In the interior of the folded state of globular f@ias a lot of H-bonds and van der
Waals contacts are turned on. Unfolding causesligreption of most of these intra-protein
interactions, but protein groups should be ablddahe “same” attractive interactions with
surrounding water molecules in unfolded conformegioAn almost complete balance
between the three energetic terms in the secoratasduacket of eqn (9) in the case of water
should be a reliable approximatigriThe assumptiodAE4(H2O) = 0 can also be a “strong”
constraint to have a stable folded state. The lityabo form in the interior of the folded state
the “same” attractive interactions occurring withter molecules in unfolded conformations
should cause a large energetic penalty that wander the folded state thermodynamically
unstable. This should be the case of natively iefdiprotein§1

Moreover, by studying the swelling of a hydrophobiain in TIP5P water by means
of MD simulationsb2 it has been found that “the potential energy efblymer changes by
just 8.4 kJ mofl which is due to the fact that the loss of intragsalar interactions when
going from the collapsed to the swelled state ok completely compensated by
polymer/solvent interactions.” The results of MDnsiations performed by Lazaridis and
Karplus on the CI2 prote®3 comparing the N-state and three compact denatured
conformations, indicated that the enthalpy contemptractically the same at 280 K and not so
different at 320 K (see Table 2 in ref. 63). Notwsianding the general warning that the
results of MD simulations show a strong dependemtethe force-field selected for the
protein and the water model usedithese findings suggest that the energetic balismce
operative and the assumptidEg(H2O) = 0 is not unreasonable.

Finally, it is worth noting that, even though theete energetic terms constituting
AEZ(H20) would not cancel totally [see eqns (9) and (1% remainder should have only a
small temperature dependence. The presence ofHyd120) term will raise or lower the
AAG: curve in Figure 2 along the y-axis, causing atsimfthe values of denaturation
temperatures, but it will not modify the resulttticald denaturation, in water, can happen by

the proposed mechanism.
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Appendix C. Solvent reorganization upon cavity creaon

Even though classic SPT is a hard sphere theagysh of the experimental values of
the density at the various temperatures in SPT utae) allows one to take into account the
role played by intermolecular interactions in eaivenfl.42 (H-bonds in water, for
instance), also with respect to the structuralganization of solvent molecules upon cavity
creation. To clarify this important feature of thkassic SPT treatment, it is convenient to
consider the exact formula for the reversible wassociated with the creation of a point

cavityll (i.e., a cavity of radiua = 0):

AGe(a = 0) = -RTI(L - £3) (C1)

AGg(a = 0) is a positive quantity because there is gestexcluded volume effect also for
the creation of a point cavity: the spherical shmtween the point cavity and its solvent
accessible surface proves to be inaccessible toethiege of all solvent molecules because the

cavity region has be void. The corresponding epthahd entropy changes are:

AHc(a = 0) = -T{0[AG¢(a = 0)/T/0T} p = {RTZ/(1 - £3)] (BEZ/OT)p (C2)

ASc(a = 0) = {0AG(a = 0)6T]p = RIN(L - £3) - [RT/(1 -£3)] EFIT)p (C3)

Since a cavity has no attractive interactions sitlvent molecules)H; accounts solely for

the solvent structural reorganization upon cavigation, and proves to be proportional to the
isobaric thermal expansion coefficient of the sotviee., 0¢3/0T)p = -apld3]. The entropy

change is made up of two contributions: the fiestt on the right-hand-side of egn (C3) is
the solvent-excluded volume contribution and is egative quantity; the second term
represents the solvent structural reorganizatiamtribution and is exactly compensated by
the cavity enthalpy change. Clearly, the heat aapabange proves to be proportional to the

temperature derivative ofp.
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Therefore, by using the experimental density fahdauid at P = 1 atm, over a large
temperature range, as originally done by Pief@ttit is possible to calculatAG; and also
AHc andAS, taking into account the effect of the real int¢i@ns existing between the liquid

molecules. For instancé&H, being proportional t@mp, accounts in water for the H-bond

reorganization and its temperature-dependence.
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Appendix D: Cavity-creating point mutations

When Lews Ala point mutations have been performed at buriezbitipns, a
destabilization of the folded state of the mutaas been recorded with respect to the folded
state of wild-type. Matthews and co-work&?showed, by solving several X-ray structures,
that such mutations lead to cavity-creation in tlee of T4 lysozyme and the measured
destabilization correlates with the cavity volunidws, destabilization was ascribed to the
loss of van der Waals interactions in the proterecIn particular, for the L99A mutant,
NMR measuremen® showed that the protein region close to the caigitglynamically
disordered with respect to wild-type, and high-ptes crystallograpt/ showed that the
cavity can be filled by 2 water molecules at 2008 af hydrostatic pressure.

It is possible to explain such destabilization adow to the present theoretical
approach. Th&Eg term should not be really affected by a single Léuda mutation because
the Ala side chain with respect to the Leu sidercisinvolved in less interactions both in the
protein interior of the N-state and with surrourgimater molecules in the D-state [i.e., the
loss inAE(intra) is counterbalanced by the loss pfEstate)]. The TAS¢qonfterm should be
affected because the Lewla mutation causes a decrease in the number ofved
conformations for the side chain, and this shou&biize the N-state of the mutant with
respect to wild-type. By using the estimates of #ige chain conformational entropy
collected by Doig and Sternbef§,one obtains DASconf= 3 kJ motl at 300 K, stabilizing
the N-state of the mutant. Finally, thAAG. term is significantly affected by the LelAla
mutation because the SASA change leads to a gignifiGibbs energy change. The
differenceAG(D-statgmutant) -AG(D-statdwild-type) = AGc(methane) AG¢(isobutane),
and the latter amounts to: (a) -22 kJ thalt 25 °C, as calculated by means of classic SPT in
water, by fixingo(H20) = 2.8 A,6(CHy) = 3.7 A, ando(i-C4H10) = 5.5 A; (b) -23 kJ mol
at 25 °C in the SPC water mod&.This quantity should correspond to the largessites
destabilization occurring when the overall struetwf the N-state does not change and
AG¢(N-statgmutant) = AG(N-statgwild-type). However, when the protein matrix
reorganizes closing in part or totally the cavifyG-(N-statgmutant) <AGq(N-statdwild-

type) and the destabilization can be smaller. TeasuredAAG( values fall in the range 9 —
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22 kJ motl at 25 °CB3 indicating that the devised theoretical approachhile to rationalize
the effect of cavity-creating point mutations withdahe introduction oéd hoc assumptions.
Lee’0 devised a different route to explain such expeni@edata, but the conclusions were

similar to the present ones.
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Table 1. Experimental values for water of the molar volurismbaric thermal expansion
coefficient and isothermal compressibility over #89 to 100 °C temperature range at 1
atm14 The values of the volume packing density and ef3RT-calculateAG¢(N-state) and

AG¢(D-state) functions are listed in the last threleiicms.

T v apd03  ptmol2 &3 AG(N)  AG(D)
°c em3morl K1 cmldynel kJ motl  kJ motl
-30 18.316 -1.40 80.8 0.378 386.5 680.7
-20 18.137 -0.661 64.3 0.382 411.6 724.8
-10 18.054 -0.292 55.8 0.383 432.6 761.7

0 18.023 -0.068 50.9 0.384 450.7 793.6
5 18.021 0.016 49.2 0.384 459.3 808.6
20 18.052 0.207 45.9 0.383 482.0 848.6
40 18.161 0.385 44.2 0.381 507.6 893.9
60 18.328 0.523 44.5 0.378 528.9 931.5
80 18.543 0.641 46.1 0.373 545.7 961.3
100 18.803 0.750 49.0 0.368 558.5 983.9
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Table 2. Experimental values for aqueous 40% (by weightOMesolution of the density,
isobaric thermal expansion coefficient and MeOHarit} over the -30 to 70 °C temperature
range at 1 atm® The values of the volume packing density and & 8PT-calculated
AG¢(N-state) andAG(D-state) functions are listed in the last thretuems. The asterisk

indicates that the density value has been obtdigexktrapolation.

T d apd03  [MeOH] &3 AG(N)  AG(D)
°C gll K-1 mol I-1 kJ motl  kJ motl
-30 964 0.61 12.1 0.436 423.4 745.8
-20 958 0.62 12.0 0.433 433.3 763.3
-10 952 0.62 11.9 0.430 442.8 780.0
0 947 0.62 11.8 0.428 453.3 798.6
10 941 0.63 11.8 0.425 462.1 814.3
20 935 0.63 11.7 0.423 471.6 831.1
30 928 0.64 11.6 0.419 477.4 841.5
50 917+ 0.64 11.5 0.414 493.7 870.3
70 905* 0.65 11.3 0.409 507.8 895.5
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Table 3. Experimental values for MeOH of the molar volunsgbaric thermal expansion
coefficient and isothermal compressibility over #88 to 90 °C temperature range at 1
atm26,27The values of the volume packing density and ef$PT-calculatedG¢(N-state)

andAG¢(D-state) functions are listed in the last threleiems.

T v apl103  ptmol2 &3 AG(N)  AG(D)
°c em3morl K1 cmldynel kJ motl  kJ motl
-30 38.26 1.10 94.3 0.463 355.6 627.8
-20 38.60 1.12 98.8 0.459 361.0 637.7
-10 39.04 1.14 103.7 0.454 363.8 642.7
0 39.51 1.16 109.2 0.448 365.4 645.8
20 40.43 1.19 122.0 0.438 368.6 651.8
40 41.41 1.23 138.3 0.428 369.8 654.1
60 42.46 1.27 159.5 0.417 368.9 653.1
80 43.55 1.30 182.4 0.407 367.2 650.4
90 44.13 1.32 1954 0.401 365.5 647.5
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Table 4. Experimental values for Cglof the molar volume, isobaric thermal expansion
coefficient and isothermal compressibility over #89) to 100 °C temperature range at 1
atm28 The values of the volume packing density and ef3RT-calculateAG¢(N-state) and

AG¢(D-state) functions are listed in the last threleiiems.

T v apd03  ptmol2 &3 AG(N)  AG(D)
°c em3morl K1 cmldynel kJ motl  kJ motl
-30 91.03 1.08 68.1 0.536 293.9 520.9
-20 92.12 1.10 74.2 0.530 293.9 521.1
-10 93.21 1.12 80.7 0.524 293.9 521.2

0 94.27 1.14 87.7 0.518 294.2 522.0
20 96.49 1.19 103.2 0.506 293.1 520.5
40 08.88 1.25 121.3 0.494 290.5 516.2
60 101.46 1.32 142.8 0.481 286.2 509.0
80 104.26 1.40 169.5 0.468 280.5 499.4
100 107.32 1.49 204.4 0.455 273.6 487.4
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Captions to the Figures

Figure 1. Temperature dependence of th@ functions calculated in water for the spherical
cavity corresponding to the N-state, and the spiydirarical cavity corresponding to the D-
state.

Figure 2. The curveAAG. = AG¢(D-state) -AG(N-state) of Figure 1 (water) is shown with
the TIASconfStraight line, calculated fixing fdg= 50 andASggonf(res) = 24.4 J Klmolfes L.
Figure 3. Thermodynamic stability curve of the “model” gldduprotein in water, obtained
by subtracting the MSqqnf straight line to theAAG. curve, both reported in Figure 2. It
shows both the cold denaturation temperature amtidhdenaturation one.

Figure 4. Temperature dependence of th@. functions calculated in the aqueous 40% (by
weight) MeOH solution for the spherical cavity asponding to the N-state, and the
spherocylindrical cavity corresponding to the Diesta

Figure 5. The curveAAG. = AG(D-state) -AG(N-state) of Figure 4 (40% MeOH in water)
is shown together with thelfS;gnf straight line, calculated fixing fdg= 50 andAS¢gn{(res)

= 24.4 J Klmolmesl.

Figure 6. Temperature dependence of th&. functions calculated in methanol for the
spherical cavity corresponding to the N-state, #r@dspherocylindrical cavity corresponding
to the D-state.

Figure 7. The curveAAG = AG¢(D-state) -AGq(N-state) of Figure 6 (methanol) is shown
with the TASonf line, calculated fixing Nag= 50 andASconi(res) = 24.4 J Kmolres L.
Figure 8. Temperature dependence of k@ functions calculated in carbon tetrachloride for
the spherical cavity corresponding to the N-staa@d the spherocylindrical cavity
corresponding to the D-state.

Figure 9. The curveAAG: = AG¢(D-state) -AG¢(N-state) of Figure 8 (carbon tetrachloride)
is shown together with thelfS;gnt straight line, calculated fixing fdg= 50 andAS¢gn{(res)

= 24.4 J Klmolmesl.
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Figure 1.
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Figure 1. Temperature dependence of i@ functions calculated in water for the spherical

cavity corresponding to the N-state, and the spiydirarical cavity corresponding to the D-

State.
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Figure 2.
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Figure 2. The curveAAG. = AG¢(D-state) -AG(N-state) of Figure 1 (water) is shown with
the TIASconfstraight line, calculated fixing fds= 50 andASggonf(res) = 24.4 J Klmolfes L.
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Figure 3.
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Figure 3. Thermodynamic stability curve of the “model” gldduprotein in water, obtained
by subtracting the MSqqnf straight line to theAAG. curve, both reported in Figure 2. It

shows both the cold denaturation temperature amtidhdenaturation one.
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Figure 4.
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Figure 4. Temperature dependence of 8. functions calculated in the aqueous 40% (by
weight) MeOH solution for the spherical cavity asponding to the N-state, and the

spherocylindrical cavity corresponding to the Diesta
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Figure 5.
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Figure 5. The curveAAG. = AG(D-state) -AG(N-state) of Figure 4 (40% MeOH in water)
is shown together with thelfS;gnt straight line, calculated fixing fdg= 50 andAS¢gn{(res)
= 24.4 J Klmolfes1,
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Figure 6.
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Figure 6. Temperature dependence of th& functions calculated in methanol for the

spherical cavity corresponding to the N-state, #n@dspherocylindrical cavity corresponding

to the D-state.

42



Page 43 of 46 Physical Chemistry Chemical Physics

Figure 7.
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Figure 7. The curveAAG. = AG¢(D-state) -AGq(N-state) of Figure 6 (methanol) is shown
with the TASonf line, calculated fixing Nag= 50 andASconi(res) = 24.4 J Kmolres L.
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Figure 8.
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Figure 8. Temperature dependence of k@ functions calculated in carbon tetrachloride for
the spherical cavity corresponding to the N-stad@d the spherocylindrical cavity

corresponding to the D-state.
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Figure 9.
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Figure 9. The curveAAG: = AG¢(D-state) -AG¢(N-state) of Figure 8 (carbon tetrachloride)
is shown together with thelfS;gnt straight line, calculated fixing fdg= 50 andAS¢gn{(res)
= 24.4 J Klmolfes1,
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The destabilizing contribution of chain conformaiab entropy intersects at two temperatures

the stabilizing contribution of translational ergyoof waters.
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