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Chapter 1
General Introduction

1.1. Scope and significance of this study

Proteins play a variety of imperative roles in sustaining life. The function of a protein is
closely related to its three-dimensional structure which is referred to as “native structure”, and it is
of fundamental importance to elucidate the mechanism of structure formation, i.e., protein folding.
Though a number of experimental, theoretical, and computer simulation studies have been
performed, there are still lots of uncertain and controversial aspects to overcome for the elucidation.
On the other hand, it is experimentally known that a protein is denatured (unfolded) by raising or
lowering the temperature’® and by applying high pressure.*® The stability of the native structure is
significantly influenced by a modification of solvent environment or by an amino-acid mutation.
Here, the modification signifies the addition of cosolvents or salts to water. It is desired that all of
the mechanisms of folding, denaturation (unfolding), and change in structural stability be explicated
in a unified manner within the same theoretical framework: A theory which can elucidate a
particular subject but fails to elucidate the others, for example, is not a reliable one.

Kinoshita and coworkers suggested that a protein is driven to fold by a large gain of the
configurational entropy of water.”*! The protein insertion into water generates a space which the
centers of water molecules cannot enter. The volume of this space is referred to as “excluded
volume (EV)”. A water molecule also generates an EV for the other water molecules, and in this
sense all of the water molecules are entropically correlated. This correlation is referred to as “water
crowding”.!*1* Upon protein folding, the EV generated by the protein reduces, leading to an
increase in the total volume available to the translational displacement of water molecules
coexisting with the protein in the system, which is followed by a mitigation of the water crowding.
The large gain of water entropy mentioned above is ascribed primarily to this mitigation. The
negative value of the solvation entropy of a solute is attributed to the increased water crowding
which is a dominant factor of the solute hydrophobicity (see Sec. 1.3 for more details). Kinoshita
and coworkers were also successful in elucidating the mechanisms of heat,®® cold,}2® and
pressure’®* denaturating of a protein using a theory based on statistical mechanics wherein the
water-entropy effect described above (this is referred as “entropic EV effect”) is treated as the key
factor. A remaining issue to be tackled is the structural-stability change caused by a modification of
solvent environment or by an amino-acid mutation. This issue is essential not only from a scientific
viewpoint but also from a practical one. The cosolvent or salt addition can enhance the thermal
stability of a protein.’>2* The same result is also achievable by an amino-acid mutation. If an
enzyme protein becomes thermally more stable, for example, it can be used as a catalyst at a higher
temperature, leading to a significant acceleration of the chemical reaction. An example situation
where such thermostabilization is required is found in a process of biomass energy generation:
Thermostabilization of B-glucosidase, which catalyzes the hydrolysis of B-glycosidic bond in a
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sugar molecule, is strongly desired.

It is experimentally known that the addition of sugars such as glucose and sucrose enhances
the thermal stability of a protein,’-1%22 whereas that of urea or guanidine hydrochloride lowers
it.162021.24 The interesting effects of alcohols can be summarized as follows: (1) The addition of a
monohydric alcohol lowers the stability and the degree of the lowering becomes stronger as the size
of hydrophobic group in an alcohol molecule increases®'®2>% and (2) the addition of a polyol
possessing two or more hydroxyl groups per molecule enhances the stability and the enhancement
becomes stronger as the number of hydroxyl groups increases.!”1%2"-2% The thermal stability can be
influenced by the cosolvent addition due to the following factors: direct protein-cosolvent
interactions such as hydrogen bonds and electrostatic and van der Waals attractive interactions; and
indirect effects through the changes in water structure. However, detailed mechanisms of the
cosolvent effects have not yet been understood. The effects of adding salts are quite complex even
when alkali halides, the simplest salts, are considered: The effects are qualitatively dependent on the
protein species unlike those of adding sugars, monohydric alcohols, and polyols. A salt works as a
stabilizer for some proteins, whereas it works as a destabilizer for other proteins. One associates the
so-called Hofmeister series®® with the salt effects. The Hofmeister series is one of the most intricate
subjects in modern chemical physics of aqueous solution that has not been solved for over one
hundred years. For alkali and halide ions, the series was originally expressed in the orders
Li*>Na*>K* and CI>Br—>I- in terms of their salting-out ability for hen egg white protein®
(“salting out” signifies a decrease in solute solubility in water upon salt addition). Though the
solubility data for significantly many nonpolar, polar, and charged solutes share similar orders, they
are not quite the same: The series is often expressed in more or less different orders depending on
the solute species and the physicochemical quantity considered. The series applicable to the thermal
stability or structural transition of a protein is quite variable: The order for cations is not definite,
and that for anions can even be reversed to I>Br—>C|-31-3

A molecular dynamics (MD) simulation using a realistic, all-atom model has been the most
popular tool for elucidating the mechanism of the cosolvent- or salt-induced change in thermal
stability.3** It allows us to calculate the average number of solvent-protein hydrogen bonds,
solvent number density profiles near the protein, solvent-protein interaction energy, and mobilities
of solvent molecules in the bulk. However, it suffers from the following drawbacks: (1) It is not
good at calculating the changes in thermodynamic quantities of solvation upon the cosolvent or salt
addition; and (2) the result is often difficult to interpret because it stems from complex interplay of
multiple physicochemical factors. The new MD simulation combined with the energy representation
method,*->2 which has recently been developed, is considerably more efficient than the usual one. It
is capable of calculating the solvation free energy of a protein with zero net charge. However, when
a protein possesses nonzero net charge, the calculation becomes problematic. Moreover, it still
requires heavy computational burden.

Another approach is a theoretical method based on statistical mechanics. The most useful
statistical-mechanical method is the integral equation theory®*®8 (IET). In the IET, from the system
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partition function, various correlation functions are defined, and the basic equations satisfied by
them are derived. The many-body correlations are also approximately taken into account. The
average value of a physical quantity is calculated for an infinitely large system and an infinitely
large number of system configurations. In the case of bulk solvent of a single component, for
example, the temperature, number density, and interaction potential form the input data. By
numerically solving the basic equations to obtain the correlation functions, we can calculate the
microscopic structure and thermodynamic quantities. A molecular solvent with angle-dependent
potential such as water can also be treated, in which case the basic equations must be reduced
mathematically before the numerical treatment. A solvent comprising multiple components can
readily be treated. Thermodynamic quantities of solvation, that is, changes in thermodynamic
quantities upon solute insertion into the solvent, can also be calculated. When the IET is combined
with the morphometric approach®*® (MA) developed by Kinoshita and coworkers, the combined
method'** becomes very powerful because it can treat a large solute with complex polyatomic
structure immersed in simple fluid or in water and enables us to decompose a thermodynamic
quantity of solvation into its physically insightful constituents. The combined method is best suited
to the elucidation of the cosolvent or salt effects. It should be emphasized that the changes in
thermodynamic quantities of solvation upon the cosolvent or salt addition and their physically
insightful constituents give much more informative results than the items calculated by the MD
simulation mentioned above. When the IET-MA combination is applied to a simplified model in
which only a particular, expectedly pivotal factor is (or only some of the selected factors are)
incorporated, it enables us to gain physical insights. In the first step, we explore to what extent it
can reproduce the experimental data. It fails to reproduce some of the data. In the second step, we
think about the reason for the failure and identify a factor or factors to be considered further.

A mutation for a protein usually results in only a slight structural change of the protein, and its
denaturation temperature is correspondingly raised or lowered. Only a rather small percentage of
the possible mutations bring enhanced thermal stability. The theoretical prediction of the
thermal-stability change upon a mutation is a subtle task. Up to now, significantly many approaches
for the prediction have been reported in the literature.®*%® They always include parameters which
are adjusted so that the prediction results can be best fitted to the experimental data for a
sufficiently large set of proteins and mutations.5264%68 The inclusion is necessitated to achieve
satisfactorily high prediction performance. A problem is that the resulting values of the parameters
are often physically meaningless, and the physicochemical factors governing the thermal-stability
change upon mutation remain rather ambiguous. It is strange that none of the previously reported
prediction approaches takes account of the solvent-entropy effect emphasized by Kinoshita and
coworkers to its full extent.

In this study, we employ the IET-MA combination and challenge the following subjects: the
elucidation of the effects of cosolvent or salt addition on the thermal stability of a protein'®>24;
clarification of physical origins of the Hofmeister series,® and development of a theoretical method
for predicting the thermal-stability changes upon single and multiple mutations for a protein without
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using any parameters fitted to the experimental data. First, we adopt a rigid-body model where the
solvent particles and a protein are treated as hard spheres and as a set of fused hard spheres
accounting for the polyatomic structure, respectively. In this model, all of the accessible system
configurations share the same energy and the system behavior is purely entropic in origin. The
entropic effects of translational displacement of water and cosolvent molecules and ions can well be
described by the rigid-body model (see Sec. 1.4 for more details). However, this model is not
capable of directly accounting for the other factors such as the protein-water, -cosolvent, and -ion
interaction potentials. We examine to what extent the incorporation of only the entropic EV effect
can reproduce the experimental observations. When it fails, the factors to be considered further are
identified by physically meaningful argument with the help of additional calculations using another,
more realistic model.>*>* We show that the effects of cosolvent or salt addition are governed by the
change in the degree of solvent crowding in most cases. Just for reproducing the effects of adding
urea for every protein®2°2124 and anions with large sizes (i.e., Br- and I-) for a protein with
significantly large positive net charge,® the protein-urea and -anion van der Waals interactions
come into play and must be taken into account. When urea is added to water, some of the water
molecules near the protein surface are replaced by urea molecules due to the enrichment of urea
near it.%’° However, the total protein-water, protein-urea, water-water, water-urea, and urea-urea
electrostatic interaction energy in water-urea solution is not significantly different from the total
protein-water and water-water electrostatic interaction energy in pure water.>> The same argument
can be made for the large anions. As a remarkable progress, we present a new view on the
Hofmeister series. This success is understandable, because the change in the entropic EV effect
should be the key factor in describing the result of modifying the solvent side. By contrast, it is
significantly better to take account of the enthalpic component as well as the entropic EV effect in
describing the result of modifying the protein side: the thermal-stability change upon a mutation for
a protein. The IET-MA combination has not yet been employed by any other research group. We
hope that it will become a popular method for analyzing a variety of self-assembly processes. The
outlines of Chapters 2 through 4 in this thesis are given in Sec. 1.5.

1.2. Driving force of protein folding

The following physicochemical factors have been proposed as the driving forces in protein
folding: the gain of protein intramolecular hydrogen bonds (factor 1), gain of intramolecular van der
Waals attractive interactions (factor 2), and burial of nonpolar groups (factor 3). However, factor 1
is unavoidably accompanied by the loss of protein-water hydrogen bonds. Factor 2 is also
accompanied by the loss of protein-water van der Waals attractive interactions. The net loss is
significantly larger than the net gain, which is manifested by the experimental result® that the
enthalpy change upon apoplastocyanin (apoPC) folding at 298 K takes a large, positive value. This
result indicates that the gain of water entropy is large enough to surpass a large loss of protein
intramolecular entropy. The suggestion of factor 3 is based on the view that the water near a
nonpolar group is entropically unstable due to its structuring (i.e., increased number of and
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strengthened hydrogen bonds) and the release of such unstable water to the bulk upon protein
folding gives a gain of water entropy.”>"? Kinoshita and coworkers showed that the water-entropy
gain originating from this view is certainly present but too small to elucidate the very large
water-entropy gain experimentally shown®,

Kinoshita and coworkers argued that the driving force in protein folding is the water-entropy
gain arising from the translational displacement of water molecules in the system®*! (not limited to
the water molecules near the protein surface). As illustrated in Fig. 1.1, the formation of a-helix by
a portion of the backbone or that of -sheet by portions of the backbone leads to a decrease in the
total EV,” leading to a gain of water entropy. When the a-helix or the B-sheet is formed, not only a
water-entropy gain occurs but also the energetically unfavorable break of hydrogen bonds with
water molecules is compensated with the formation of intramolecular hydrogen bonds. Hence, these
secondary structures (a-helix and B-sheet) are very advantageous units to be formed as much as
possible in protein folding: This is why they frequently appear in the native structure. The close
packing of side chains is also crucially important because it is followed by a large gain of water
entropy.””® Upon protein folding, the water crowding in the bulk is largely reduced by a decrease in
the EV generated by the protein. This reduction is a principal contributor to the very large
water-entropy gain driving a protein to fold. (Water possesses not only the translational entropy but
also the orientational (rotational) entropy. Kinoshita and coworkers have shown that the
translational contribution predominates over the orientational one.® For instance, the translational
and orientational contributions to the water-entropy gain upon apoPC folding are ~95% and ~5%,
respectively.®)
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Fig. 1.1. (a) Formation of a-helix by a portion of the backbone. (b) Formation of B-sheet by
portions of the backbone. (c) Close packing of side chains. Overlap of an excluded space in (a) or
excluded spaces in (b) and (c) occur, and the total volume available to the translational
displacement of water molecules increases by the volume of overlapped space.
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1.3. Physical origin of hydrophobic effect

It is well recognized that the hydrophobic effect is essential in a variety of self-assembly
processes. The structures formed by the processes are collapsed by the application of high
pressures: A protein is denatured,>™ filamentous actin (F-actin) is dissociated into actin
monomers,”>"® amyloid fibril is destructed,’”” virus assemblies are dissociated’® at high pressures.
The power of forming the structures becomes considerably weaker when the temperature is
lowered: A protein is unfolded, binding of myosin to F-actin is weakened,”® protein aggregation is
dissociated,® and for nonionic amphiphilic molecules the critical micelle concentration becomes
higher and the average size of micelles becomes smaller8! at low temperatures. These phenomena
suggest that there are common features of the self-assembly processes and a certain physical factor
universally plays a dominant role as the driving force. Kinoshita and coworkers proposed a new
view claiming that this physical factor is the reduction in water crowding in the entire system upon
a self-assembly process and nothing but the true origin of the hydrophobic effect.!*13°8 |n this sense,
protein folding is driven by the hydrophobic effect. The pressure and temperature dependences of
the hydrophobic effect described above can be elucidated only by this new view.

1.4. Simplified model for exclusive investigation of the solvent-entropy effect

As long as a theoretical analysis is focused on the configurational entropy originating from the
translational displacement of water molecules, water can be modeled as a hard-sphere solvent on
the condition that the solvent diameter and number density are set at the values pertinent to water. In
what follows, the calculation results obtained by Kinoshita and coworkers are described. The
hydration free energy u, entropy S, and energy U under isochoric condition for a spherical solute are
calculated using the angle-dependent integral equation theory®3°658 applied to a multipolar model
for water.>*>* For the hard-sphere solute with zero charge, the calculated values are 1=5.95kgT,
S$=-9.22kg, and U=-3.27ksT (x=U-TS). When a point charge of —0.5e (e is the electronic charge) is
embedded at its center, the calculated values become p=—32.32ksT, S=—10.11kg, and U=—42.43kgT.
Thus, ¢ and U are largely influenced by the solute-water interaction potential, whereas S is fairly
insensitive to it. Even when the solvent is replaced by hard spheres whose number density and
diameter are those of water, the result is the following: 1=9.64kgT and S=-9.64kg (U=0). Thus, the
solvation entropy can approximately be evaluated even by modeling water as hard spheres. The
values of S are calculated using the three-dimensional reference interaction site model (3D-RISM)
theory for the native structures of a total of eight peptides and proteins.®? Realistic all-atom
(Coulomb plus Lennard-Jones (LJ)) potentials are employed for the peptides, proteins, and water.
Even when the protein-water electrostatic potentials, which are quite strong, are shut off and only
the LJ potentials are retained, |S| decreases only by ~5%. Therefore, when an analysis is focused
on the solvent-entropy effect, a peptide or protein can simply be modeled as a set of fused hard
spheres with no partial charges.

An exception is the case where the temperature dependence of the effect plays important roles.
For example, the weakening of the hydrophobic effect at low temperatures® and cold
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denaturation!28384 of a protein cannot be elucidated by the hard-sphere model for water. The
temperature dependence of the effect is ascribed to the interplay of strongly attractive interaction
(i.e., hydrogen bonding) and exceptionally small molecular size of water. In this study, however, the
temperature dependence is not discussed with the result that the rigid-body model provides
exclusive investigation of the solvent-entropy effect.

1.5. Synopsis of this thesis

In Chapter 2, we consider the effects of monohydric alcohols and polyols as the cosolvents on
the thermal stability of a protein. The solvent is either pure water or water-cosolvent solution. The
solvent-entropy gain upon protein folding, which is calculated at 298 K and normalized by the
number of residues, is adopted as a measure of the thermal stability. A larger measure implies higher
thermal stability. It is demonstrated that all of the experimental observations mentioned in Sec. 1.1
can be reproduced even in a quantitative sense by a rigid-body model focused on the entropic effect
originating from the translational displacement of solvent molecules. In the rigid-body model, a
protein is a fused hard spheres accounting for the polyatomic structure in the atomic detail, and the
solvent is formed by hard spheres or a binary mixture of hard spheres with different diameters. The
effective diameter of cosolvent molecules and the packing fractions of water and cosolvent, which
are crucially important parameters, must carefully be estimated using the experimental data of
properties such as the density of solid crystal of cosolvent, parameters in the pertinent
cosolvent-cosolvent interaction potential, and density of water-cosolvent solution. It is argued that
the degree of solvent crowding in the bulk is the key factor. When it is made more serious by the
cosolvent addition, the solvent-entropy gain upon protein folding is magnified, leading to the
enhanced thermal stability. When it is made less serious, the opposite is true. The mechanism of the
effects of monohydric alcohols and polyols is physically the same as that of sugars. However, when
the rigid-body models are employed for the effect of urea, its addition is predicted to enhance the
thermal stability, which conflicts with the experimental fact. This conflict is further investigated in
Chapter 3.

In Chapter 3, we revisit the effects cosolvents on the thermal stability of a protein. Those of
salts are also investigated. We consider the solubility of a small nonpolar solute in water which is
much simpler and more fundamental than the thermal stability. The solubility is changed upon
addition of a salt or cosolvent. Hereafter, “solvent” is formed by water molecules for pure water, by
water molecules, cations, and anions for water-salt solution, and by water and cosolvent molecules
for water-cosolvent solution. For the small nonpolar solute, the hydrophobic effect predominates
over the other physicochemical factors. Decrease and increase in the solubility, respectively, are
ascribed to enhancement and reduction of the hydrophobic effect. A plenty of experimental data are
available for the change in solubility of argon or methane arising from the addition. We show that
the integral equation theory combined with a rigid-body model, in which the solute and solvent
particles are modeled as hard spheres with different diameters, can reproduce the data for the
following items: salting out by an alkali halide and salting in by tetramethylammonium bromide
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(“salting in” signifies an increase in solute solubility in water upon salt addition), increase in
solubility by a monohydric alcohol, and decrease in solubility by sucrose or urea. The orders of
cation or anion species in terms of the power of decreasing the solubility can also be reproduced for
alkali halides. With the rigid-body model, the analyses are focused on the roles of entropy
originating from the translational displacement of solvent particles. It is argued by decomposing the
solvation entropy of a nonpolar solute into physically insightful constituents that the solvent
crowding in the bulk is a pivotal factor of the hydrophobic effect: When the solvent crowding in the
bulk becomes more serious, the effect is strengthened, and when it becomes less serious, the effect
is weakened. It is experimentally known that the thermal stability of a protein is also influenced by
the salt or cosolvent addition. The additions which decrease and increase the solubility of a
nonpolar solute, respectively, usually enhance and lower the thermal stability. This suggests that the
enhanced or reduced hydrophobic effect is also a principal factor governing the stability change.
However, urea decreases the solubility but lowers the stability. Bromide and iodide ions decrease
the solubility but lower the stability of a protein with a large, positive total charge. In these cases,
the urea- or ion-protein van der Waals interaction energy as well as the hydrophobic effect needs to
be taken into account in arguing the stability change. All of the experimental data can be interpreted
by the two principal factors: the change in solvent crowding and the cosolvent- or ion-protein van
der Waals interaction energy. The achievements are as follows: The validity of our view concerning
the hydrophobic effect explained in Sec. 1.3 is corroborated; and we present a new view on the
Hofmeister series. It is shown that when the hydrophobic effect is dominant as in the salting-out
case for a nonpolar solute, the Hofmeister series for alkali and halide ions are expressed by
Na*>K*">Cs™>Li" and CI->Br—>I-, respectively. We also argue how it is modified when other factors
are also influential.

In Chapter 4, we develop a new measure of the thermal stability of a protein, which takes
account of the enthalpic component as well. We employ a realistic, multipolar model for water and
the combination of the angle-dependent integral equation theory and the MA. As explained in Sec.
1.2, protein folding is accompanied by a large gain of water entropy (the entropic EV effect), loss of
protein conformational entropy, and increase in enthalpy. The enthalpy increase originates primarily
from the following: The energy increase due to the break of protein-water hydrogen bonds (HBs)
upon folding cannot completely be cancelled out by the energy decrease brought by the formation
of protein intramolecular HBs. We develop the measure on the basis of these three factors and apply
it to the prediction of the thermal-stability change upon mutation. As a consequence, an approach
toward the prediction is constructed. It is distinguished from the previously reported approaches in
the following respects: The parameters adjusted in the manner mentioned above are not employed at
all; and the entropic EV effect, which is ascribed to the translational displacement of water
molecules coexisting with the protein in the system, is fully taken into account using a molecular
model for water. Our approach is compared with one of the most popular approaches, FOLD-X, in
terms of the prediction performance not only for single mutations but also for double, triple, and
higher-fold (up to seven-fold) mutations. It is shown that on the whole our approach and FOLD-X
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exhibit almost the same performance despite that the latter uses the adjusting parameters. For
multiple mutations, however, our approach is far superior to FOLD-X. Five multiple mutations for
staphylococcal nuclease lead to highly enhanced stabilities, but we find that this high enhancement
arises from the entropic EV effect. The neglect of this effect in FOLD-X is a principal reason for its
ill success. A conclusion is that the three factors mentioned above play essential roles in elucidating
the thermal-stability change upon mutation. (The major conclusions drawn in this thesis are
recapitulated in Chapter 5.)



References

P, L. Privalov, Y. V. Griko, and S. Y. Venyaminov, J. Mol. Biol. 190, 487 (1986).

A, Pastore, S. R. Martin, A. Politou, K. C. Kondapalli, T. Stemmler, and P. A. Temussi, J. Am.
Chem. Soc. 129, 5374 (2007).

3p. L. Privalov, Pure Appl. Chem. 79, 1445 (2007).

4C. Cléry, F. Renault, and P. Masson, FEBS Lett. 370, 212 (1995).

°R. Kitahara, S. Yokoyama, and K. Akasaka, J. Mol. Biol. 347, 277 (2005).

SF. Meersman, C. M. Dobson, and K. Heremans, Chem. Soc. Rev. 35, 908 (2006).

Y. Harano and M. Kinoshita, Biophys. J. 89, 2701 (2005).

8T.Yoshidome, M. Kinoshita, S. Hirota, N. Baden, and M. Terazima, J. Chem. Phys. 128, 225104
(2008).

M. Kinoshita, Front. Biosci. 14, 3419 (2009).

1OM. Kinoshita, Int. J. Mol. Sci. 10, 1064 (2009).

M. Kinoshita, Biophys. Rev. 5, 283 (2013).

12T Yoshidome and M. Kinoshita, Phys. Chem. Chem. Phys. 14, 14554 (2012).

13H. Oshima and M. Kinoshita, J. Chem. Phys. 142, 145103 (2015).

14Y. Harano, T. Yoshidome, and M. Kinoshita, J. Chem. Phys. 129, 145103 (2008).

5P, H. von Hippel and K.-Y. Wong, Science 145, 577 (1964).

18P, H. von Hippel and K.-Y. Wong, J. Biol. Chem. 240, 3909 (1965).

173, F. Back, D. Oakenfull, and M. B. Smith, Biochemistry 18, 5191 (1979).

184, Uedaira and H. Uedaira, Bull. Chem. Soc. Jpn. 53, 2451 (1980).

19K. Gekko and S. Koga, J. Biochem. 94, 199 (1983).

20/ K. Dubey and M. V. Jagannadham, Biochemistry 42, 12287 (2003).

21). D. Batchelor, A. Olteanu, A. Tripathy, and G. J. Pielak, J. Am. Chem. Soc. 126, 1958 (2004).

22N. K. Poddar, Z. A. Ansari, R. K. B. Singh, A. A. Moosavi-Movahedi, and F. Ahmad, Biophys.
Chem. 138, 120 (2008).

23E. Sedlak, L. Stagg, and P. Wittung-Stafshede, Arch. Biochem. Biophys. 479, 69 (2008).

24, Hédoux, S. Krenzlin, L. Paccou, Y. Guinet, M.-P. Flament, and J. Siepmann, Phys. Chem.
Chem. Phys. 12, 13189 (2010).

A, L. Fink, Cryobiology 23, 28 (1986).

26\/. Bhakuni, Arch. Biochem. Biophys. 357, 274 (1998).

27Y. Fujita, Y. lwasa, and Y. Noda, Bull. Chem. Soc. Jpn. 55, 1896 (1982).

28], K. Kaushik and R. Bhat, J. Phys. Chem. B 102, 7058 (1998).

291, Haque, R. Singh, A. A. Moosavi-Movahedi, and F. Ahmad, Biophys. Chem. 117, 1 (2005).

30F. Hofmeister, Arch. Exp. Pathol. Pharmakol. 24, 247 (1888).

31Y. Goto, N. Takahashi, and A. L. Fink, Biochemistry 29, 3480 (1990).

32y, Goto and S. Nishikiori, J. Mol. Biol. 222, 679 (1991).

33Y., Hagihara, M. Kataoka, S. Aimoto, and Y. Goto, Biochemistry 31, 11908 (1992).

10



34F. Muller-Plathe and W. F. van Gunsteren, Polymer 38, 2259 (1997).

%B. J. Bennion and V. Daggett, Proc. Natl. Acad. Sci. U. S. A. 100, 5142 (2003).

3H.-L. Liu and C.-M. Hsu, J. Chin. Chem. Soc. 50, 1235 (2003).

37A. Lerbret, P. Bordat, F. Affouard, A. Hédoux, Y. Guinet, and M. Descamps, J. Phys. Chem. B 111,
9410 (2007).

38). Dzubiella, J. Am. Chem. Soc. 130, 14000 (2008).

%L. Hua, R. Zhou, D. Thirumalai, and B. J. Berne, Proc. Natl. Acad. Sci. U. S. A. 105, 16928
(2008).

40\, Vagenende, M. G. S. Yap, and B. L. Trout, Biochemistry 48, 11084 (2009).

41F.-F. Liu, L. Ji, L. Zhang, X.-Y. Dong, and Y. Sun, J. Chem. Phys. 132, 225103 (2010).

42F. Mehrnejad, M. M. Ghahremanpour, M. Khadem-Maaref, and F. Doustdar, J. Chem. Phys. 134,
035104 (2011).

43Q. Shao, Y. Fan, L. Yang, and Y. Q. Gao, J. Chem. Phys. 136, 115101 (2012).

44Q. Shao, Y. Fan, L. Yang, and Y. Q. Gao, J. Chem. Theory Comput. 8, 4364 (2012).

®W. J. Xie and Y. Q. Gao, Faraday Discuss. 160, 191 (2013).

463, Paul and S. Paul, J. Phys. Chem. B 119, 10975 (2015).

4’N. Matubayasi and M. Nakahara, J. Chem. Phys. 113, 6070 (2000).

“8N. Matubayasi and M. Nakahara, J. Chem. Phys. 117, 3605 (2002); Erratum, 118, 2446 (2003).

“9N. Matubayasi and M. Nakahara, J. Chem. Phys. 119, 9686 (2003).

S0y, Karino and N. Matubayasi, Phys. Chem. Chem. Phys. 15, 4377 (2013).

°15, Sakuraba and N. Matubayasi, J. Comput. Chem. 35, 1592 (2014).

52Y, Yamamori, R. Ishizuka, Y. Karino, S. Sakuraba, and N. Matubayasi, J. Chem. Phys. 144,
085102 (2016).

3p, G. Kusalik and G. N. Patey, J. Chem. Phys. 88, 7715 (1988).

%p, G. Kusalik and G. N. Patey, Mol. Phys. 65, 1105 (1988).

%M. Kinoshita, D. R. Bérard, J. Compt. Phys. 124, 230 (1996).

%N. M. Cann and G. N. Patey, J. Chem. Phys. 106, 8165 (1997).

57).-P. Hansen and L. R. McDonald, Theory of Simple Liquids, 3rd ed. (Academic Press, London,
2006).

%M. Kinoshita, J. Chem. Phys. 128, 024507 (2008).

9R. Roth, Y. Harano, and M. Kinoshita, Phys. Rev. Lett. 97, 078101 (2006).

OR. Kodama, R. Roth, Y. Harano, and M. Kinoshita, J. Chem. Phys. 135, 045103 (2011).

1A, Mozo-Villiarias and E. Querol, Curr. Bioinformatics 1, 25 (2006).

%2R. Guerois, J. E. Nielsen, and L. Serrano, J. Mol. Biol. 320, 369 (2002).

%3N. Pokala, and T. M. Handel, J. Mol. Biol. 347, 203 (2005).

84S, Yin, F. Ding, and N. V. Dokholyan, Nat. Methods 4, 466 (2007).

®5V. Potapov, M. Cohen, and G. Schreiber, Protein Eng. Des. Sel. 22, 553 (2009).

%A. Benedix, C. M. Becker, B. L. de Groot, A. Caflisch, and R. A. Béckmann, Nat. Methods 6, 3
(2009).

11



677. Zhang, L. Wang, Y. Gao, J. Zhang, M. Zhenirovskyy, and E. Alexov, Bioinformatics 28, 664
(2012).

88, Wickstrom, E. Gallicchio, and R. M. Levy, Proteins 80, 111 (2012).

V. Prakash, C. Loucheux, S. Scheufele, M. J. Gorbunoff, and S. N. Timasheff, Arch. Biochem.
Biophys. 210, 455 (1981).

7S, N. Timasheff, Biochemistry 31, 9857 (1992).

"W, Kauzmann, Adv. Protein Chem. 14, 1 (1959).

2K. A. Dill, Biochemistry 29, 7133 (1990).

73S, Yasuda, H. Oshima, and M. Kinoshita, J. Chem. Phys. 137, 135103 (2012).

74P, L. Privalov, Crit. Rev. Biochem. Mol. Biol. 25, 281 (1990).

’>T. Ikkai and T. Ooi, Biochemistry 5, 1551 (1966).

8P, S. Niranjan, P. B. Yim, J. G. Forbes, S. C. Greer, J. Dudowicz, K. F. Freed, and J. F. Douglas, J.
Chem. Phys. 119, 4070 (2003).

'D. Foguel, M. C. Suarez, A. D. Ferrdo-Gonzales, T. C. R. Porto, L. Palmieri, C. M. Einsiedler, L.
R. Andrade, H. A. Lashuel, P. T. Lansbury, J. W. Kelly, and J. L. Silva, Proc. Natl. Acad. Sci. U. S.
A. 100, 9831 (2003).

8C. F. S. Bonafe, C. M. R. Vital, R. C. B. Telles, M. C. Gongalves, M. S. A. Matsuura, F. B. T.
Pessine, D. R. C. Freitas, and J. Vega, Biochemistry 37, 11097 (1998).

S, Highsmith, Arch. Biochem. Biophys. 180, 404 (1977).

8R. Mishra and R. Winter, Angew. Chem., Int. Ed. 47, 6518 (2008).

81D, Myers, Surfaces, Interfaces, and Colloids: Principles and Applications (Wiley-VCH, Berlin,
1999).

8T, Imai, Y. Harano, M. Kinoshita, A. Kovalenko, and F. Hirata, J. Chem. Phys. 125, 024911
(2006).

8T. Yoshidome and M. Kinoshita, Phys. Rev. E 79, 030905(R) (2009).

8H. Oshima, T.Yoshidome, K. Amano, and M. Kinoshita, J. Chem. Phys. 131, 205102 (2009).

12



Chapter 2

Effects of Addition of Sugars, Monohydric Alcohols, Polyols on the Thermal
Stability of a Protein

2.1. Introduction

It is experimentally known that the cosolvent addition enhances or lowers the thermal stability
of a protein. For example, the addition of sugars such as glucose and sucrose raises the thermal
denaturation temperature Tm,2* whereas that of urea or guanidine hydrochloride lowers Ti.>8 The
effects of alcohols as cosolvents are particularly interesting: (1) The addition of a monohydric
alcohol lowers the stability and the degree of the lowering becomes stronger as the size of
hydrophobic group in an alcohol molecule increases®>%° and (2) that of a polyol possessing two or
more hydroxyl groups per molecule enhances the stability and the enhancement becomes stronger
as the number of hydroxyl groups increases.!*-12 The degree of lowering or enhancement
becomes larger as the cosolvent concentration increases.>>>%-13 There can be direct and indirect
effects which are responsible for the thermal-stability change. Through the direct effect, cosolvent
molecules form hydrogen bonds with a protein or come in contact with it through electrostatic and
van der Waals attractive interactions. Consequently, the water-protein and cosolvent-protein
interaction energy in water-cosolvent solution becomes different from the water-protein interaction
energy in pure water. On the other hand, the cosolvent addition changes the water structure in the
bulk, having the indirect effect on the thermal stability. Hereafter, “solvent” represents “water” for
pure water and “water and cosolvent” for water-cosolvent solution.

An all-atom molecular dynamics (MD) simulation has been the most popular tool employed
for elucidating the mechanisms of the cosolvent-induced change in thermal stability.*-?% Principal
concerns in the simulation are the average number of solvent-protein hydrogen bonds, solvent
number density profiles near the protein, solvent-protein interaction energy, and mobilities of
solvent molecules in the bulk. Analyzing changes in the solvation free energy and its components
upon the cosolvent addition and identifying their microscopic origins are expected to give the most
informative results, but the computational burden required becomes quite heavy when the
simulation is employed in such an analysis. The MD simulation combined with the energy
representation method?*+2° (the MD-ER simulation) is much less time consuming and has recently
been applied to the elucidation of protein denaturation caused by urea.?® In the present study, we
adopt a statistical-mechanical theory combined with a simplified model system focused on a
particular physical factor. We analyze the effects of a total of nine cosolvent species at the same
time, which is difficult to perform even by the MD-ER simulation.

The presence of a water molecule generates an excluded volume for the other water molecules.
Thus, water molecules in the system are entropically correlated, which is referred to as “water
crowding”. Upon protein folding, the excluded volume generated by the protein exhibits a large
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decrease, leading to reduced water crowding followed by a water-entropy gain. Protein folding is
accompanied by a large gain of water entropy,®°-2 and the reduction of water crowding in the bulk
is the largest contributor to the gain.®** In Kinoshita and coworker’s earlier work,® they
investigated the effect of sugar addition on the thermal stability of a protein. The protein was
modeled as a set of fused hard spheres accounting for its polyatomic structure and water-sugar
solution was formed by a binary mixture of hard spheres with different diameters. A hybrid of the
integral equation theory®” and the morphometric approach®=° was employed. With the rigid-body
models, all of the accessible system configurations share the same energy, and the system behavior
is purely entropic in origin. The rigid-body models are best suited to the exclusive investigation of
the solvent-entropy effect. They succeeded in reproducing the experimental observation that a
protein becomes thermally more stable as the sugar concentration becomes higher and the
stabilization effect is stronger for sucrose than for glucose.3® The solvent-entropy gain upon protein
folding, which is calculated at 298 K under the isochoric condition, was shown to be a good
measure of the thermal stability.>*4° Their conclusion was that when a sugar is added, solvent
crowding becomes more serious and its reduction upon protein folding is magnified: Due to this
effect, the thermal stability of a protein is enhanced.®® Graziano* reached the same conclusion on
the sugar addition though he employed the classical scaled particle theory applied to simplified
models of a protein in folded and unfolded states neglecting its polyatomic structure.

In the present study, we examine if the experimental results for the effects of addition of
monohydric alcohols and polyols on the thermal stability of a protein can be reproduced by the
same rigid-body models focused on the solvent-entropy effect as a pivotal factor. Monohydric
alcohols considered are methanol, ethanol, and 2-propanol, and polyols considered are ethylene
glycol (2), glycerol (3), erythritol (4), xylitol (5), and mannitol (6) (the figure in the parentheses
denotes the number of hydroxyl groups per molecule). We employ the hybrid of the integral
equation theory and the morphometric approach. The hybrid is best suited to the physical
interpretation of the calculation result. Water-cosolvent solution is modeled as a binary hard-sphere
mixture. As pointed out in earlier works,*¢%%4! it is important to carefully determine the effective
diameter of cosolvent molecules dc and the packing fractions of water and cosolvent, s and 7c.
For monohydric alcohols, dc is estimated from the Stockmayer (12-6-3) potential pertinent to polar
liquids.*? For polyols, dc is estimated from the volume per molecule in the solid crystal.**-*” Once
dc is estimated (the molecular diameter of water ds is 0.28 nm), 7s and 7c can be calculated using
the experimental data of solution density for a cosolvent concentration given.*®4° We find that all of
the experimental observations can beautifully be reproduced: The stability is lowered by the
addition of a monohydric alcohol and the lowering becomes stronger in the order,
methanol<ethanol<2-propanol,®>%1° it is enhanced by the addition of a polyol and the enhancement
becomes stronger in the order, ethylene glycol<glycerol<erythritol<xylitol<mannitol,%*1-* and the
degree of lowering or enhancement becomes larger as the cosolvent concentration increases.t®59-13
The agreement between the theoretical and experimental results are good even in a guantitative
sense. We also test the effect of urea addition on the thermal stability using the same theoretical
method combined with the rigid-body models. The result is that urea acts as a stabilizer, which
conflicts with the experimental fact. This conflict indicates that another physical factor is also
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significant unlike in the cases of sugars, monohydric alcohols, and polyols. We discuss a probable
physical factor and suggest a general method which allows us to elucidate the effect of adding any
cosolvent.

2.2. Physical picture of thermal denaturation of a protein in different solvents

Kinoshita and coworker’s physical picture of the thermal stability of a protein® is illustrated in
Fig. 2.1. The protein is immersed in three different solvents. For example, solvents o, 8, and y
correspond to 0.1 mol/L ethanol solution, pure water, and 0.1 mol/L glycerol solution, respectively.
The stability is described by the competition of AS/(keNr) and |AScont|/(kaNr). Here, AS is the
solvent-entropy gain and AScons the conformational-entropy loss upon protein folding, ks the
Boltzmann constant, and N; the number of residues of the protein (refer to their earlier
publications®*4° for more details). Let ASz08/(ksNr) be AS/(keN;) at T=298 K. The figure shows that
Tm becomes higher as AS298/(ksNy) increases and the order of AS29s/(ksNr) coincides with that of Tn.
Hence, 2=4S,98/(keNr) is an appropriate measure of the stability. We can analyze the effect of
cosolvent addition by looking at the change in the measure caused: If it is positive, for example, the
stability is enhanced by the addition and its larger value implies stronger enhancement.

|f\sconf|/(kBNr)
P

Measure X (-)

298 Tm,u. Tm,[& Tmh/
Temperature T(K)

Fig. 2.1. Kinoshita and coworker’s physical picture of thermal denaturation for a protein in different
solvents. Three solvents, “a”, “B”, and “y”, are considered. Notations: AS=solvent-entropy gain in
each solvent upon protein folding, AScont=conformational-entropy loss upon protein folding,
ke=Boltzmann constant, Ni=number of residues of the protein, Tm=denaturation temperature,
2=AS798/(keNy), and ASz9s is AS at 298 K. X'is a measure of the thermal stability of the protein. The
subscripts, “a”, “B”, and “y”, denote the values for solvents “a”, “B”, and “y”, respectively.

2.3. Model and theory

2.3.1. Protein and solvent models
We consider Protein G with 56 residues as a model protein. Its native structure, the folded state,
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is taken from Protein Data Bank (the PDB code is 1PGB). The unfolded state is an ensemble of
thermally denatured structures. A total of 500 random coils are prepared by assigning random
numbers to the dihedral angles®®°° and regarded as the unfolded state. A polyatomic structure of the
protein is represented by a set of fused hard spheres. The diameter of each atom is set at the sigma
value of the Lennard-Jones (LJ) potential parameters taken from CHARMM22.%! Unrealistic
overlaps of protein atoms in any structure are removed by slightly modifying it using the standard
energy-minimization technique. Refer to their earlier work® for more details. A physical quantity of
the unfolded state is calculated as the average value for the 500 random coils.

Pure water is formed by hard spheres with diameter ds=0.28 nm. Water-cosolvent solution is
modeled as a binary hard-sphere mixture: The cosolvent possesses an effective diameter denoted by
dc. The packing fractions of water and cosolvent, s and 7c, are dependent on the cosolvent species
and concentration.

2.3.2. Estimation of effective diameter of cosolvent molecules and packing fractions of
cosolvent and water

For water-cosolvent solution, dc, 7s, and 7c must be estimated. First, we describe how to
estimate dc. For polyols, it is evaluated as dc=(6fm/zpNa)*® where f is the close packing factor, m
(g/mol) the molecular weight, p (g/cm3) the density of the solid crystal,**-*” and Na Avogadro’s
constant. This evaluation method is the same as that employed in their earlier work®® for sucrose
and glucose. However, it should not be applied to monohydric alcohols. This is because the
solid-crystal structure is far from the close-packed one: It possesses lots of vacancy due to the
formation of intermolecular hydrogen bonds. Take water, for example: If dc is evaluated using the
equation given above, the resultant value becomes unreasonably large, much larger than the correct
one 0.28 nm. For this reason, we consider the Stockmayer potential.*?> For a polar gas of a
monohydric alcohol, its potential parameters were determined by adapting the Chapman-Enskog
theory combined with the experimental data of viscosity.*? We modify the parameters in the
dipole-dipole interaction part so that the potential can become pertinent to a liquid state in the
following manner: The dipole moment is replaced by a significantly larger, effective one proposed
by Jorgensen®? to account for the polarization effect; and the orientations of the dipole moments of
two molecules are chosen so that the dipole-dipole attractive interaction can be maximized (i.e., the
most probable orientations®® are chosen). The value of dc is then evaluated as the distance between
two molecular centers at which the potential equals keT (T=298 K). Once dc is estimated, 7s and 7c
can be calculated using the experimental data of solution density at 293 K for a cosolvent
concentration given*84° (the data at 298 K should be almost the same as those at 293 K). We add
that 7s of pure water is also calculated from the water-density data at 293 K. For urea, we adopt the
value of dc determined by Graziano® and the experimental data of water-urea solution density.*®
The values of dc thus obtained for methanol, ethanol, 2-propanol, ethylene glycol, glycerol,
erythritol, xylitol, mannitol, and urea are collected in Table 2.1. The values of 7s and 7c at a
cosolvent concentration of ~0.8 mol/L are also given.

In general, the packing fraction of water-cosolvent solution at a cosolvent concentration
becomes higher as the cosolvent hydrophilicity increases. A monohydric alcohol tends to become
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less hydrophilic as the size of hydrophobic group in its molecule increases. A polyol tends to
become more hydrophilic as the number of hydroxyl groups per molecule increases. Our solvent
model implicitly accounts for these effects through the use of the experimental data of solution
density. Of course, this implicit treatment gives a successful result only when the solvent-entropy
effect explained in “Introduction” dominates. We show in the present study that this is truly the
case.

Table 2.1. Values of dc/ds (ds and dc are effective molecular diameters of water and cosolvent,
respectively, and ds=0.28 nm) and those of 7s and 7c (packing fractions of water and cosolvent,
respectively) at a cosolvent concentration of ~0.8 mol/L. Those for a total of nine cosolvent species
are given. We choose the cosolvent concentration for which the experimental data of
water-cosolvent solution is available.*84°

Cosolvent (Concentration: mol/L) dc/ds ns /e n=nstnc
Methanol (0.930) 1.20 0.3701 0.0111 0.3812
Ethanol (0.860) 1.42 0.3655 0.0170 0.3826
2-propanol (0.822) 1.56 0.3608 0.0216 0.3824
Ethylene glycol (0.809) 1.68 0.3666 0.0266 0.3932
Glycerol (0.771) 1.92 0.3625 0.0378 0.4002
Erythritol (0.800) 2.06 0.3570 0.0484 0.4054
Xylitol (0.800) 2.20 0.3524 0.0590 0.4113
Mannitol (0.800) 2.32 0.3464 0.0691 0.4155

Urea (0.842) 1.66 0.3691 0.0267 0.3957

2.3.3. Theoretical strategy

The principal quantity we calculate is the solvation entropy of a protein with a prescribed
structure S. When the solvent is a simple fluid as in the present study, S can be calculated using the
three-dimensional integral equation theory (3D-1ET).>>-%" However, we wish to perform physically
insightful decomposition of S. S is decomposed into the protein-solvent pair correlation component
Srair and the protein-solvent-solvent triplet and higher-order (i.e., many-body) correlation
component Smany-body->° Each component is further decomposed into two terms. One of them is
dependent on the excluded volume (EV) generated by the protein and the other is dependent on the
area and integrated curvatures of the solvent-accessible surface (SAS).%® We note that such
decomposition is made possible only by applying the morphometric approach (MA).28% A total of
four constituents, Spairgv, Spair,sas, SMany-body,ev, aNd Smany-body,sas, are thus obtained. In the MA, the
four constituents are calculated from the solvation entropies and their solute-solvent pair and
many-body correlation components of isolated hard-sphere solutes with various diameters. The
solvation entropy and its components of each isolated hard-sphere solute is calculated using the
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radial-symmetric integral equation theory (RSIET) for simple fluids combined with the
hypernetted-chain closure.®” The RSIET is for solvation of a spherical solute whereas the 3D-IET is
for that of a solute possessing polyatomic structure like a protein.

2.3.4. Radial-symmetric integral equation theory

First, we treat an isolated hard-sphere solute. Hereafter, the superscript “hs” for a
thermodynamic quantity of solvation represents that the quantity is for the isolated hard-sphere
solute. Using the RSIET, we calculate the total and direct correlation functions (h; and ci,
respectively) for the pair, solute-component i of the solvent: m=1 for pure water and m=2 for
water-cosolvent solution (components 1 and 2 are water and cosolvent, respectively). The solvation
free energy of the solute 4/ is calculated through the Morita-Hiroike formula;:°

(ke T)=4 7p3 f: r2{hi(r)2/2—ci(r)-hi(r)ci(r)/23dr; i=1, ..., m, (2.1)

= 2 40 2.2)

Here, pi is the number density of component i (77s=7p10s%/6 and 7c=7p20c%/6). The subscripts “1”
and “2” correspond to those “S” and “C”, respectively. S"i/ks and S"/ks are then obtained as
—115i(keT) and —%/(keT), respectively, because the solvation energy is zero in the rigid-body
models employed.

The solute-solvent pair correlation component of S", S"p, is also calculated from the
solute-solvent pair correlation function gi(r)=hi(r)+1 as®

S"S; pair/ke=47pi [ Igo{gi(r)—l}rzdr — og {gi(NIngi(N}radr ], (2.3)

m
ShsPair: iglshsi,Pair- (2.4)

The solute-solvent many-body correlation component of S™, S"yany-body, is obtained as*®

S"i Many-body=S"i—S"i pair, (2.5)

m
ShsMamy-body= iE:I-Shsi,Mamy-body- (2.6)

2.3.5. Morphometric approach
Second, we treat a protein. When the superscript “hs” is removed for a thermodynamic
quantity of solvation, the quantity is for the protein.
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In the MA, S; is expressed as the linear combination of the four geometric measures of a protein
with a prescribed structure:*°

Silks=C1iVi+C2iAi+CsiXi+CaiYi; i=1, ..., m, (2.7)

where V is the EV, A is the solvent-accessible surface area, and X and Y are the integrated mean and
Gaussian curvatures of the surface, respectively (m=1 for pure water and m=2 for water-cosolvent
solution). V1 and V2, for example, denote the EVs which the centers of water molecules and those of
cosolvent molecules cannot enter, respectively. V2 is not introduced in the case of pure water. The
right side of Eq. (2.7) is referred to as “morphometric form”. The coefficients C1i—Cai, which are
considered independent of the solute shape, can be determined in simple solute geometries (i.e.,
isolated hard-sphere solutes). The calculation of S; is performed in the following manner:*®

(1) Calculate S"; with diameter dy using the RSIET.3” Consider sufficiently many different values
of du in the range, 0.02<du/ds<30.

(2) Determine C1i—Cai by the least square fitting applied to the following equation for hard-sphere
solutes:

S"Silkeg=C1i(47Ri%/3) +Cai(47Ri%) +Cai(47Ri) +47Cui, Ri=(du+di)/2; i=1, ..., m. (2.8)

The number of coefficients is 4 for pure water (m=1) and 8 for water-cosolvent solution (m=2).
(3) Calculate Vi, Ai, Xi, and Y; of the protein using an extended version of Connolly’s algorithm.%%
The x-y-z coordinates and diameters of the protein atoms are the input data. The diameter of
each atom is set at the sigma value of the LJ potential parameters taken from CHARMM22.%!
(4) Using C1i—Cai determined in step (2), calculate S; from Eq. (2.7).
(5) Calculate S from

S= 3 S. (2.9)

Further, S"Sipair and S"Si many-body O various solute diameters are calculated using the RSIET,
and Sipair and Simany-body are calculated by applying the MA in the same manner. Spair and Smany-body
are obtained from the following:

m
Spair= iglsi,Pair, (2.10)
m
SMany-body= iglsi,Mamy-body- (2.11)

The high accuracy of the MA was demonstrated in Kinoshita and coworkers’ earlier works *°2°
(also see Appendix 2-A).
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2.3.6. Four constituents of solvation entropy for a protein

Each of Sipair and Simany-body 1S further decomposed into two terms. One of them is dependent
on the EV and the other is dependent on the area and integrated curvatures of the SAS. That is, the
EV term is the first one in the morphometric form and the SAS term is the sum of the other three
terms. The two terms are represented by subscripts “EV” and “SAS”, respectively. The four
constituents, SipairEv, SiPairsAS, SiMany-body,EV, @Nd SiMany-body,sAs, are thus obtained:

Si:Si,Pair,EV+Si,Pair,SAS"‘Si,Many-body,EV"'Si,Many-body,SAs; =1, ..., m. (2-12)

Recall that m=1 for pure water and m=2 for water-cosolvent solution. In the case of m=2,
components 1 and 2 are water and cosolvent, respectively. The solvent molecules in the bulk and
those near the protein surface, respectively, contribute to the EV and SAS terms. Sipair,ev, SipairsAs,
Si Many-body,Ev, and Simany-body,sas, respectively, originate from the following factors occurring upon
protein insertion, 3%

Si pairev: Decrease in the total volume available to each solvent molecule in the bulk,

Sipair,sas: Decrease in the translational freedom of each solvent molecule near the protein surface
(factor 1),

SiMany-body,ev: Increase in the solvent crowding in the bulk,

SiMany-body,sAs: Solvent structuring near the protein surface (factor 2) and decrease in the solvent
crowding in the bulk brought by factors 1 and 2.

Sipairev  Coincides with the solvent-entropy loss evaluated by the Asakura-Oosawa (AO)
theory.306263 §; oo v, Sipairsas and Simany-body,ev are negative. HOwever, Simany-body,sas iS positive,
which can be interpreted as follows. When several solvent molecules contact with the protein
surface, the EVs generated by these solvent molecules and the protein overlap, with the result that
the total volume available to the other solvent molecules increases by the overlapped volume. The
increase acts for reducing the solvent crowding in the bulk. The entropic gain arising from this
reduction is larger than the entropic loss caused by the contact of the solvent molecules mentioned
above (the contact contributes to factors 1 and 2).

It is straightforward from Egs. (2.9) and (2.12) that S can be decomposed into the four
constituents (these can be denoted by (Pair, EV), (Pair, SAS), (Many-body, EV), and (Many-body,
SAS)) as

S=Spair,ev+Sprair,sAsHSMany-body,EV+SMany-body,SAS- (2.13)
S=S; for pure water and S=S;1+S; for water-cosolvent solution.
2.3.7. Four constituents of solvent-entropy gain upon protein folding

The values of S of the folded and unfolded states are denoted by Sr and Sur, respectively. The
solvent-entropy gain upon protein folding A4S is given by
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AS=SF—SuF. (2.14)

By applying Eqg. (2.13) to Sk and Sur, 4S can be decomposed into the four constituents ((Pair, EV),
(Pair, SAS), (Many-body, EV), and (Many-body, SAS)). Hereafter, superscripts “pw” and “mix”,
respectively, represent the values for pure water and water-cosolvent solution (mixture). For
example, SP¥ is “S; calculated for pure water” and S™* is “S;+S; calculated for water-cosolvent
solution”. ASPY and AS™* can also be decomposed into the four constituents. Important quantities
are

AAS=ASMX_ ASPW (2.15)
and its four constituents:
AAS=AASpsi r EV+AASPair, SAS+AASMany-b0dy, EV+AASMany-body, SAS. (2 . 16)

ASwmany-body,Ev (@ positive quantity), for instance, originates from the reduction of solvent crowding in
the bulk upon protein folding, and AASmany-body,ev arises from the change in ASwmany-body,ev induced
by the cosolvent addition. When the addition makes the solvent crowding in the bulk more serious,
AS™\Many-body,ev 1S larger than ASP"many-body,ev and AASmany-bodyev is positive: The addition leads to a
larger gain of solvent entropy upon protein folding.

The change in thermal-stability measure due to the cosolvent addition AX'is given by

AZ=3MX SPW= ASMX, 00/ (KeNy)—ASPY208/ (KeN:). (2.17)
Since all of the quantities are calculated at T=298 K, the following equation holds:
AZ=AAS/(keNr). (2.18)

Positive and negative values of A%, respectively, imply that the cosolvents act as a stabilizer and a
destabilizer.

2.4. Results and discussion

2.4.1. Addition of monohydric alcohols and polyols

We calculate A% for each cosolvent species as a function of its concentration (mol/L). The
result is plotted in Fig. 2.2. It is apparent that methanol, ethanol, and 2-propanol act as destabilizers.
The degree of destabilization follows the order, methanol<ethanol<2-propanol: It increases as the
hydrophobic group in an alcohol molecule becomes larger.>>%1° By contrast, ethylene glycol,
glycerol, erythritol, xylitol, and mannitol act as stabilizers. The degree of stabilization follows the
order, ethylene glycol(2)<glycerol(3)<erythritol(4)<xylitol(5)<mannitol(6) (the figure in the
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parentheses denotes the number of hydroxyl groups in a molecule): It increases as the number of
hydroxyl groups per molecule becomes larger.:>1-1* The degree always increases as the cosolvent
concentration becomes higher. Thus, all of the experimental observations are reproducible at least
qualitatively by the rigid-body models focused on the solvent-entropy effect.
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i Methanol ® ' ‘
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Change in the measure AX (-)
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Cosolvent concentration (mol/L)

Fig. 2.2. Relation between AX (change in the thermal-stability measure caused by the cosolvent
addition) and the cosolvent concentration calculated for a total of eight cosolvent species and urea.
Positive A% The cosolvent acts as a stabilizer and increases the denaturation temperature of a
protein Tm. Negative AX: The cosolvent acts as a destabilizer and lowers Tm.

In general, the entropic EV effect becomes larger as the solvent packing fraction increases
and/or the molecular diameter of solvent decreases.®>-3* In the present case, dc and the total packing
fraction n=ns+nc are essential parameters. When dc becomes larger with » kept constant, for
example, AX decreases. When » becomes higher with dc kept constant, A increases. A% is
determined by the interplay of dc and .

We then check the quantitative agreement between the theoretical and experimental results.
Gekko and Koga® reported the changes in Tm caused by the addition of methanol, ethanol, and the
five polyols for collagen (we deal with protein G). The relation between A2 and AT (the change in
Tm) is plotted in Fig. 2.3. The correlation coefficient R is 0.973. When only the five polyols are
considered, R reaches 0.993. We can conclude that the agreement is surprisingly good even in a
quantitative sense.
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Fig. 2.3. Relation between theoretical AX and experimental ATy for methanol, ethanol, and the five
polyols. The cosolvent concentration is 1 mol/L and the protein is collagen. AX and ATm denote
changes in the thermal-stability measure and in the thermal denaturation temperature, respectively.
ATm was measured by Gekko and Koga.® ATm for methanol is approximately zero in their data,
though it is negative in the other groups’ data.>%1° The intercept of the straight line, which is drawn
using the least-squares method, is close to zero. The correlation coefficient R is 0.973. When only
the five polyols are considered, R reaches 0.993.

2.4.2. Physical interpretation of the results

We provide A4S, AASpairev, AASpairsas, AASmany-bodyev, and AASmany-bodysas for Six
representative water-cosolvent solutions (solutions 1 through 6) in Table 2.2. AAS is negative for
solutions 1 and 2 whereas it is positive for solutions 3—6. The magnitude of | A4S| becomes larger
as the solution number increases. These characteristics are also observed only in AASmany-body,Ev.
The stability change due to the cosolvent addition is determined primarily by AASmany-body,ev. Tm
increases when the reduction of solvent crowding in the bulk upon protein folding is magnified, and
Tm decreases when it is made smaller. When a cosolvent possesses high affinity with water, its
addition to water increases the total packing fraction and makes the solvent crowding more serious.
As a consequence, unless the cosolvent effective diameter is too large, the solvent-entropy gain
upon protein folding increases. Interestingly, the application of the AO theory®®t263 considering
AASpairev alone leads to the prediction that a cosolvent always works as a destabilizer.
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Table 2.2. Values of AAS, AASpairev, AASpairsas, AASMany-body,ev, aNd AASmany-body,sas Calculated for
Six representative water-cosolvent solutions, solutions 1 through 6. 1: (2-propanol, 0.495 mol/L), 2:
(2-propanol, 0.822 mol/L), 3: (glycerol, 0.548 mol/L), 4: (glycerol, 0.771 mol/L), 5: (mannitol,
0.500 mol/L), and 6: (mannitol, 0.800 mol/L). “1: (2-propanol, 0.495 mol/L)”, for example,
represents that the cosolvent is 2-propanol and its concentration is 0.495 mol/L in solution 1. The
following equations hold: AASpair=AASpair,gv+A44Spairsas,
AASMany-body=A4SMany-body,Ev+AA4SMany-body,SAS, AASev=A4Spairev+AA4Smany-body,EV, and
AASsas=A4Spair sAs +A44Smany-body,sas. See Secs. 2.3.5 and 2.3.6 for the notations.

Solution 1 2 3 4 5 6
A4S/ks —2.469 -3.957 5.770 8.222 10.59 17.26
AASpair, eviKs -1.480 —2.419 -1.141 -1.603 —2.449 -3.944
AASpair, saslks -3.309 —-5.261 3.650 5.194 5.081 8.166
AASMany-body, Ev/KB -10.00 -15.74 55.45 78.96 104.5 170.0
AASMany-body,sas/Ks 12.32 19.46 -52.19 —74.33 —-96.60 -157.0
AASpairlKs —4.788 —7.680 2.509 3.590 2.632 4.222
AASMany-body/Ks 2.319 3.723 3.261 4.631 7.951 13.04
AA4SevlKs -11.48 -18.16 54.31 77.35 102.1 166.0
AA4Ssaslks 9.011 14.20 —48.54 —69.13 —91.52 -148.8

2.4.3. Addition of urea

We calculate A% for urea as a function of its concentration (mol/L), and the result is included
in the plot of Fig. 2.2. It is observed that urea acts as a stabilizer. This is consistent with the
previously reported results showing that the reversible work required for cavity formation in
water-urea solution is larger than that in pure water.>*%4-% However, urea is experimentally known
as a typical destabilizer.>2® It follows that there is another factor which destabilizes the protein
native structure and can surpass the solvent-entropy effect. Very recently, using an all-atom
molecular dynamics simulation combined with the energy representation method (the MD-ER
simulation), Matubayasi and his coworkers?® have analyzed the changes in solvation free energy
and protein-solvent interaction energy upon transfer of cytochrome ¢ from pure-water to 8M-