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ABSTRACT We study the thermodynamic properties of the experimental fragments of the amyloid fibril made of the HET-s
prion proteins (the infectious element of the filamentous fungus Podospora anserina) and of amyloid-b proteins (the major
component of Alzheimer’s disease-associated plaques) by using the three-dimensional molecular theory of solvation. The full
quantitative picture of hydration effects, including the hydration thermodynamics and hydration structure around the fragments,
is presented. For both the complexes, the hydration entropic effects dominate, which results in the entropic part offsetting the
unfavorable energetic part of the free energy change upon the association. This is in accord with the fact that the hydrophobic
cooperativity plays an essential role in the formation of amyloid fibrils. By calculating the partial molar volume of the proteins, we
found that the volume change upon the association in both the systems is large and positive, with the implication that high
pressure causes destabilization of the fibril. This observation is in good agreement with the recent experimental results. We also
found that both the HET-s and amyloid-b pentamers have loose intermolecular packing with voids. The three-dimensional
molecular theory of solvation predicts that water molecules can be locked in the interior cavities along the fibril axis for both the
HET-s and amyloid-b proteins. We provide a detailed molecular picture of the structural water localized in the interior of the
fibrils. Our results suggest that the interior hydration plays an important role in the structural stability of fibrils.

INTRODUCTION

The process of aggregation of fibrillous peptides and for-

mation of amyloid fibrils have been intensively studied both

experimentally and theoretically (1–8). The driving forces

behind the oligomerization and stability of amyloid fibrils

have been gradually uncovered. It is long believed that

the hydrophobic cooperativity is one of the most important

factors in the association of proteins along with formation of

networks of hydrogen bonds, favorable dispersion interac-

tions, and possibly, the aromatic interactions between pep-

tides in the amyloid fibril. It has been recently proven in the

numerical simulations (9) that accounting for the hydro-

phobic (including the solvent expulsion) effects and the

hydrogen bonding can explain all the stages in the nuclea-

tion-condensation pathway (2,10,11) of the formation of the

amyloid filament with its characteristic cross-b structural

motif (12). The complexity of the problem, and the necessity

to analyze aggregates of proteins composed of many pep-

tides, make the study of the thermodynamics of the fibril

formation and stability, based on the all-atom molecular

dynamics approaches, a very challenging problem. Despite

the fact that the results of many such studies have been

reported recently (see, for example, (13–34)), most of them

have dealt with the analysis of specific stages and pathways

of the amyloidogenesis. Full quantitative description of the

thermodynamics of oligomerization and formation of amy-

loid fibrils and their stability is still scarce.

To fill the gap, we propose to use the three-dimensional

molecular theory of solvation, also known as the three-

dimensional reference interaction site model (3D-RISM)

(35–39), the statistical-mechanical approach proven to be

successful in the description of the thermodynamics and

solvation structural properties of, in particular, biological

macromolecules under various solvent conditions (40–46).

The method is a three-dimensional generalization of RISM

theory pioneered by Chandler and Andersen (47) and

Chandler (48) and employed by Yu et al. to develop full

thermodynamic analysis and decomposition of solvation

driving forces (49). The approach relies on the fact that the

solvent degrees of freedom in the statistical-mechanical

representation for the free energy can be partially integrated

out and then can be treated in terms of the density-density

distribution functions. The latter can be obtained, based on

rigorous statistical-mechanical treatment using the integral

equations formalism (Ornstein-Zernike theory (50)). An

important component of the theory is a closure relation to the

integral equation; we employ the Kovalenko-Hirata closure

approximation (KH) which adequately reproduces both elec-

trostatic and nonelectrostatic effects and features of solvation

structure (35,38). The level of description inherent in 3D-

RISM theory allows one to represent solvation in terms of the

three-dimensional distribution functions of solvent mole-

cules. The method accounts for solvation effects with the

accuracy comparable to the explicit solvation molecular dy-

namics approaches, but with less computational efforts.
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Moreover, the solvation thermodynamics (the solvation free

energy and its derivatives, including volumetric effects) can

be obtained in analytical form, and thus they do not require

any special treatment such as the perturbation and thermo-

dynamic integration methods.

In this article, we analyze the solvation thermodynamics

of the fragments of the amyloid fibrils made of the HET-s

prion proteins and the amyloid-b (Ab) peptides by using the

3D-RISM-KH theory. The HET-s prion protein is the infec-

tious element of the filamentous fungus Podospora anserina.
The high-resolution molecular structure of the rigid core of

HET-s(218–289) prion fibrils has been recently determined in

the solid-state nuclear magnetic resonance experiments (51).

The fibril forms a left-handed b-solenoid with a triangular

hydrophobic core (51). The Ab peptides are the major com-

ponent of the Alzheimer’s disease-associated plaques. The

three-dimensional molecular structure of the Ab has been

uncovered recently (52,53).

The article is organized as follows: In Methods, the

3D-RISM-KH theory and the experimental structures of the

fragments of the fibrils made of the HET-s and Ab proteins

are briefly reviewed. In Results and Discussion, we provide

the full quantitative description of the solvation effects on

the stability of the both complexes. A special emphasis is

given to the hydrophobic effects that are shown to provide a

dominant contribution to the gain of the free energy upon

the assembly of the fibril fragments. Then, we show that the

volumetric effects are inherently linked to the pressure de-

stabilization of the protein aggregates, which is in accord

with the available experimental data. We also show that the

fibril structures studied have loose intermolecular packing

with voids. It is demonstrated that water molecules can

penetrate into the interior cavities along the fibril axis, which

is in agreement with the recent molecular dynamics study on

the Ab fibrils (14,15,19). To the best of our knowledge, the

possibility of localization of water molecules inside the prion

fibrils is identified here for the first time. We suggest that the

interior hydration plays an important role in the structural

stability of the fibrils. We make concluding remarks in the

last section.

METHODS

Molecular models of amyloid fibrils

As an input to the thermodynamic calculations based on the three-dimen-

sional molecular theory of solvation, molecular models of proteins are re-

quired. The experimental structure of the pentamer fragment of the filament

made of the HET-s prion proteins (51) was provided by the authors. In this

study, we used the lowest energy model from Fig. 2 A of the original article

by Wasmer et al. (51). To model the fragment of the Ab fibril, we started

from the experimental structure (Protein Data Bank ID code 2BEG,model 1).

The fragment consists of five Ab(1-42) peptides (53). The coordinates of the

residues from 17 to 40 for each monomer were taken from the Protein Data

Bank file. The coordinates of missing atoms from the disordered regions

were first built using the DiscoveryStudio 2.0/Biopolymer (Accelrys, San

Diego, CA). Then, these regions (residues 1–16 and 41–42) were optimized

with the programMODELLER (54,55). Before passing to MODELLER, the

structure was energy-minimized with the AMBER 9 molecular dynamics

package (56) and the ff03 protein force field (57,58) with the atoms from

residues 17 through 40 restrained to the experimental coordinates. For the

energy minimization, we used the all-atom model for the proteins and the

generalized Born/surface area model for water (59,60). To reduce the effect

of the noncompensated charge of the fragment (�3 for each Ab(1-42)

monomer), we set the salt concentration to 0.2M. There was no cutoff for the

nonbonded interactions. The other parameters were set to the default values.

The minimization was repeated for the conformations with the optimized

disordered regions (the output of the program MODELLER). It was found

that up to four residues from these regions for each peptide form b-sheets that

extend the original (experimental) b-sheet structure. This is in agreement

with available nuclear magnetic resonance data (52). Before calculating the

thermodynamic properties using the 3D-RISM approach, both the experi-

mental structure of the HET-s fibril fragment and the Ab pentamer were en-

ergy-minimized using the implicit solvation model (generalized Born/surface

area at 0.2M salt concentration) with all of the a-carbon atoms kept restrained.

The convergence criterion for the energy gradient was set to 0.01 kcal/mol Å

of the root mean-square of the Cartesian elements of the gradient.

Three-dimensional molecular theory of
solvation: formalism and numerical details

The molecular theory of solvation in its three-dimensional version is a

powerful tool to study solvation thermodynamics of macromolecules under

different solvent conditions. In this section, we briefly review the key aspects

of the theory that are relevant to the following discussion.

The 3D-RISM equation (35–39)

hgðrÞ ¼ +
g9

Z
dr9cg9ðr9Þxg9gðjr� r9jÞ (1)

is coupled with the three-dimensional version of the closure approximation

proposed by Kovalenko and Hirata (3D-KH closure) (35,38,39):

ggðrÞ ¼ expðdgðrÞÞ for dgðrÞ# 0

11 dgðrÞ for dgðrÞ. 0
;

�
(2a)

dgðrÞ ¼ �ugðrÞ=ðkBTÞ1 hgðrÞ � cgðrÞ: (2b)

Here, hg(r) is the three-dimensional total correlation function that is

related to the three-dimensional distribution function gg(r) ¼ hg(r) 1 1.

The latter gives the normalized excess/depletion of the solvent density of

site g (e.g., water oxygen or hydrogen) around the solute molecule with

respect to the bulk-solvent density. The three-dimensional direct correla-

tion function cg(r) has the asymptotic of the solute-solvent site interaction

potential: cgðrÞ;� ugðrÞ=kBT; where kB is the Boltzmann constant and

T is the temperature of the system. The solvent susceptibility xg9gðrÞ ¼
vg9gðrÞ1rg9hg9gðrÞ splits up into the intramolecular distribution function

vg9gðrÞ; which specifies the geometry of the solvent molecules and the

intermolecular part given by the site-site total correlation function hg9gðrÞ
multiplied by the solvent site-number density rg9: The radial correlations

hg9gðrÞ of pure solvent can be obtained in advance from the dielectrically

consistent one-dimensional RISM integral equation theory (DRISM) (61)

coupled with the KH closure (35,39). The convolution in Eq. 1 is calculated

by using the three-dimensional fast Fourier transform technique, with the

analytical treatment of the electrostatic asymptotics of all of the correlation

functions (35,39).

Within the 3D-RISM-KH formalism, the integration over the coupling

parameter in the thermodynamics integration representation for the excess

chemical potential can be carried out in the explicit form. The hydration free

energy of the solute (the pentamer fragments of the HET-s and the Ab fibrils

in this study) derived from the 3D-RISM-KH equations, Eqs. 1 and 2, can be

represented in the closed analytical form
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m
solv ¼ kBT+

g

rg

3

Z
dr

1

2
h
2

gðrÞQð�hgðrÞÞ� cgðrÞ� 1

2
hgðrÞcgðrÞ

� �
;ð3Þ

where Q(x) is the Heaviside step function.

Under the isochoric condition, the solvation free energy can be decom-

posed into the solvation energetic and entropic parts,

m
solv ¼ e

solv � TS
solv

: (4)

The solvation energy esolv can be viewed as, in turn, consisting of two

contributions. One contribution arises from creation of a polarized cavity (in

pure solvent). The other contribution corresponds to the energy of embed-

ding the solute molecule into the cavity (62). By taking the derivative ofmsolv

with respect to temperature, we can obtain the entropic component –TSsolv

(49,62). We calculated the derivative from the equations obtained by

analytical variation of the 3D-RISM-KH and DRISM-KH equations, fol-

lowing Yu et al. (49).

The partial molar volume �V is obtained from 3D-RISM coupled with the

Kirkwood-Buff method (3D-RISM-KB theory) (41), and is expressed in

terms of the three-dimensional total correlation functions cgðrÞ as

�V ¼ kBTxT 1� r+
g

Z
drcgðrÞ

 !
; (5)

where xT is the isothermal compressibility of pure solvent, which can be

obtained by the RISM theory for the solvent-solvent correlation functions (50).

We considered the protein complexes in ambient water at temperature

298.15 K and pressure 1 bar with the density equal to 0.997 g/cm3 and the

dielectric constant equal to 78. The 3D-RISM-KH equations were solved on

a grid of 2563 points in a cubic supercell of size 128 Å. The cell is large

enough to accommodate the fibril fragments along with the sufficient sol-

vation space around them, both in the case of the HET-s prion proteins and of

the Ab peptides. In the 3D-RISM calculations, we used the AMBER ff03

protein force field (57,58) for the HET-s and Ab proteins, in accord with the

energy minimization procedure discussed above. The TIP3P model (63) was

used for solvent water molecules. To find the change in the thermodynamic

properties of the fibril fragments upon their assembly, we carried out the

3D-RISM calculations for the HET-s and Ab pentamers as well as for each

constituting monomer (referred to as f0 through f4 in each complex). The

molecular structures of the fragments and the labeling scheme for the

monomers are shown in Fig. 1. The internal energy of proteins was obtained

by using the AMBER 9 molecular dynamics package (56), and the total free

energy was estimated as the sum of the solvation free energy and the internal

energy of the peptides.

RESULTS AND DISCUSSION

Hydration effects on the thermodynamics of the
fragments’ assembly

The physical mechanisms behind aggregation of fibrillous

peptides and the thermodynamic stability of amyloid fibrils

have been studied intensively. It is well understood now that

the process of formation of amyloid fibril is driven by the

hydrophobic effects along with the inter/intrapeptide inter-

actions (including hydrogen bonding, specific and nonspe-

cific electrostatic and dispersion interactions, and possibly,

the aromatic bonding). These two factors overcompensate the

free energy loss due to the increase in the entropy of proteins

upon the association with the subsequent structural changes

that accompany the formation of the cross-b morphology of

mature fibrils. The same factors are responsible for stability

of amyloid fibrils. The molecular dynamics methods can

provide extensive information about the thermodynamic

properties of biomolecular systems, including aggregates of

proteins. At the same time, the quantitative analysis of the

solvation effects, in particular, of the solvation entropic

contribution to the free energy, remains a notoriously difficult

and computationally demanding problem. The 3D-RISM-

KH theory provides direct access to the thermodynamic

properties, including the solvation entropic effects, based on

the analytical representation for the excess chemical poten-

tial. It allows us to obtain the quantitative description of the

solvation effects for the given experimental conformations

without the sampling of the solvent conformational space

required in conventional molecular dynamics or Monte Carlo

simulations. Below, we present the results of our calculations

of the solvation contribution to the free energy for the frag-

ments of the HET-s and Ab amyloid fibrils, along with their

internal energy. The solvation part of the free energy is split

up into the energetic and entropic contributions. In the phe-

nomenological approaches, the long-range asymptotics of

the first component can be approximately accounted for

by the solvent permittivity. In the implicit solvation models,

this part of the solvation free energy can be described with

a reasonable accuracy, based on the Poisson-Boltzmann

FIGURE 1 Molecular models of (a) HET-s pentamer

(51) and (b) Ab pentamer (53). This and the following

figures were created by using the VMD software (84).
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equation, or otherwise, approximated within the Generalized

Born model framework.

We summarize the results of our calculations of the sol-

vation free energy for the fragments of the HET-s and Ab
fibrils in Tables 1 and 2, respectively. The results are obtained

for the optimized conformations (see the previous section),

and thus the internal energies also shown in these tables

represent the minimum energy results. The solvation free

energy, msolv, is decomposed into the solvation energy and

entropy components, esolv and –TSsolv, by using Eq. 4. As

seen from Table 1, we obtained the negative change in the

free energy upon the assembly of the structure from the HET-s

monomers (�137 kcal/mol), which means the minimum

conformation is stable in water, and the HET-s proteins

demonstrate the propensity for aggregation. The association

free energy is the result of a delicate balance between the

favorable internal energy change (�1483 kcal/mol) and the

unfavorable solvation free energy change (11346 kcal/mol).

For the HET-s pentamer studied, the negative change in the

solvation entropy is the major component of the free energy

change, which stabilizes the solvated structure.

To get further insight into the solvation thermodynamics of

the complex, we can compare the different contributions to

the solvation free energy and the internal energy. Clearly, the

large (compared to the change in the total free energy) neg-

ative change in the internal energy is overcompensated by the

solvation energy gain, amounting to an unfavorable energy

change of 204 kcal/mol. There is a simple explanation to the

above cancellation between the solvation contribution to

the free energy and the internal energy. First of all, due to the

polarization of the solvent, the solvation effects result in the

reduction of the direct electrostatic interactions between

peptides (phenomenologically described by the solvent di-

electric constant). The microscopic solvation effects also

need to be accounted for, which is missed in the phenome-

nological, continuum solvation models. For example, mono-

mers strongly interacting with each other in a complex

might have an arrangement of structural water significantly

different from the case of disrupted fibril morphology.

Another microscopic solvation effect is a change in the

network of hydrogen bonds upon solvation of peptides, with

the disruption of hydrogen bonds of the bulk solvent, fol-

lowed by the formation of the network of hydrogen bonds

in the proximity of the proteins and between the proteins

and water molecules. This effect is one of the major

factors contributing to the solvation entropic part of the free

energy, and is properly accounted for in the 3D-RISM

formalism (64).

We also analyzed the free energy change upon the as-

sembly for the Ab peptides in the conformation optimized as

discussed above, in the previous section. We found that in

this case both the solvation energetic and entropic parts favor

the stability of the complex.

Interestingly, the change of the solvation free energy and the

internal energy have opposite signs. This is a manifestation of

the general thermodynamics Le Chatelier’s principle. The

solvent responds to the conformational changes of the proteins

so as to oppose the factors/forces causing the conformational

changes. The unfavorable change in the internal energy can be

related to the high charges on individual monomers. Under the

physiological conditions, this charge may be compensated by

counterions, diminishing the unfavorable electrostatic inter-

nal energy contribution. Regardless of that, the contribution

of the dispersion, the van der Waals interactions, always fa-

vor stability of the complex (;�890 and �670 kcal/mol for

the HET-s and Ab fragments, respectively). For both the

cases investigated here, the solvation entropy change is an

essential part of the association free energy, which is in

agreement with the experimental (65–69) and the computa-

tional studies (14–19,70,71) on amyloid fibrils.

Partial molar volume changes on aggregation

There is experimental evidence that high pressure can disturb

the formation of amyloid fibrils and inactivate prion infec-

tivity (66,72–75). In this section, we predict the free energy

change under high pressure and elucidate the origin of the

pressure effect for the pentamer fragments of the HET-s and

Ab amyloid fibrils.

The pressure effect on proteins can be evaluated as fol-

lows. The association free energy DG(P) at arbitrary pressure

P can be expressed as (76,77)

TABLE 1 Internal energy, solvation free energy, and total

free energy (kcal/mol) of the HET-s pentamer and the

constituting monomers in water

msolv

Internal energy esolv �TSsolv Total Free energy

f0 �1096.9 �1740.9 1910.2 169.3 �927.6

f1 �1166.3 �1688.7 1899.9 211.2 �955.1

f2 �1122.5 �1729.2 1900.7 171.5 �951.0

f3 �1163.9 �1666.4 1902.8 236.3 �927.6

f4 �1025.8 �1819.0 1908.7 89.7 �936.1

5-mer �7058.2 �6956.7 9181.0 2224.3 �4833.9

Association �1482.8 1687.5 �341.2 1346.3 �136.(5)

The solvation free energy, msolv, is decomposed into the solvation energy,

esolv, and the solvation entropy, –TSsolv, components. The last row shows

the association energies, defined as the difference between the free energy

of the pentamer and those of five separate monomers.

TABLE 2 Same as in Table 1, but for the Ab pentamer

msolv

Internal energy esolv �TSsolv Total Free energy

f0 �73.2 �1059.8 1018.1 �41.7 �114.9

f1 �40.8 �1097.3 1030.0 �67.3 �108.1

f2 �63.5 �1066.3 1027.7 �38.6 �102.1

f3 �132.8 �996.0 1024.5 28.5 �104.4

f4 �102.3 �1053.5 1023.0 �30.5 �132.9

5-mer �273.9 �5371.5 4821.6 �549.9 �823.8

Association 138.8 �98.6 �301.6 �400.2 �261.(4)
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DG
ðPÞ � DG

ðP0Þ 1 ðP� P0ÞD�V
ðP0Þ; (6)

where DGðP0Þ is the association free energy at some reference

pressure P0 (assumed to be the atmospheric pressure in the

following), and D�VðP0Þ is the partial molar volume (PMV)

change upon the association at the reference pressure. Table 3

presents the partial molar volume �V and the PMV change for

the HET-s and Ab proteins upon their association predicted

by the 3D-RISM-KH theory. We found that the volume

change on the association is large and positive for both

pentamers (797 and 479 cm3/mol for HET-s and Ab,
respectively), which is in good agreement with the volumet-

ric measurements on the amyloid fibrils (78–81). Since both

the HET-s and Ab fragments have positive D�VðP0Þ; a pressure
P less than the reference pressureP0 will make the second term

in the right-hand side of Eq. 6 negative, thus contributing

toward negative DG(P) and promoting association of the

fragments. Conversely, high pressure P applied to the system

will eventually overturn negative DGðP0Þ and will result in

positive DG(P), followed by destabilization of the fibrils. Our

thermodynamic analysis is consistent with the experimentally

observed high-pressure effects on the amyloid fibrils

(66,73,75).

There are two reasons that can explain the positive volume

change:

1. The pentamers have loose intermolecular packing with

voids, and disaggregation of the fragments into the

monomers eliminates the voids.

2. The pentamers have strong electrostatic intermolecular

interactions in the interior domains of the fibrils, and in

the process of disaggregation, the polar residues from the

fibril core might be exposed to the solvent, resulting in

electrostriction of the PMV of the fragment.

To find the cause of the pressure effects, we carried out the

3D-RISM-KH calculations with the electrostatic interactions

between peptides and water molecules switched off (only van

der Waals interactions between the peptides and water

molecules are taken into account). If the former factor is

dominant, the volume change should be small. If the latter

factor is of major importance, the volume change can be

substantial. The results of our calculations are presented in

Table 3. �VLJ is the PMV obtained by applying the 3D-RISM-

KH approach to the fragments with all of their partial site

charges switched off. �VElec is defined as �V � �VLJ; and thus

gives the electrostatic contribution to the partial molar vol-

ume change. As it can be seen from the table, even without

the electrostriction effects, the PMV changes are large and

positive for the both structures (829 and 408 cm3/mol for

the HET-s and Ab pentamers, respectively). This suggests

that factor 1 of the two given above is major in the PMV

change, i.e., both the HET-s and Ab pentamers have loose

intermolecular packing with voids. Because the HET-s and

Ab pentamers have the opposite sign of the change �VElec on

the association, the electrostriction effect on the PMV change

may be different for these two complexes. The Ab pentamer

has the positive change in �VElec (70 cm
3/mol), suggesting that

factor 2, above, also contributes to the positive change in

the PMV upon association (the electrostriction effect on the

PMV of the pentamer is weaker than that on the PMV of

the isolated monomers), while the HET-s pentamer has a

negative change (�33 cm3/mol), which indicates that the

electrostriction effect on the PMV of the pentamer is stronger

than for the monomers.

Water channel along the fibril axis

It has been found in the recent molecular dynamics simula-

tions by Buchete et al. (14,15) and Zheng et al. (19) that

solvent water molecules can penetrate into the interior cavi-

ties along the fibril axis of Ab fibrils. It was suggested that

the interior hydration might play an important role in the

structural stability of the Ab fibrils. Here, we explore this

possibility for the Ab fibrils, and for the first time extend the

study of the internal solvation to the HET-s prion fibril. To

obtain the three-dimensional molecular picture of solvation,

we carried out the analysis of the three-dimensional hydra-

tion structure around the Ab and HET-s pentamers, based on

the 3D-RISM-KH approach. It has been shown that this

method reproduces the structure of structural water in protein

inner spaces in good agreement with x-ray experiment (45).

The results for the Ab pentamer are presented in Fig. 2.

This figure shows the isosurface representation of the three-

dimensional hydration structure around the Ab pentamer

predicted by the 3D-RISM-KH theory. The blue surfaces

give the areas where the g(r) (the density distribution func-

tion) of the water oxygen exceeds the bulk value by a factor

of 7. From the peak height of the distribution function, we can

estimate—through the 3D-KH closure relation, Eq. 2—the

attractive well-depth of binding of the water solvent molecule

to the pentamer. For g(r) ¼ 7, for example, it is estimated to

be �4 kcal/mol. Thus, the strength of binding of the water

molecules at the locations shown in blue in Fig. 2 is.4 kcal/

TABLE 3 Partial molar volume (PMV) of the HET-s and Ab

pentamers and the constituting monomers in water (cm3/mol)

HET-s Ab

�V �VLJ
�VElec

�V �VLJ
�VElec

f0 6426.9 6576.4 �149.5 3362.6 3435.5 �72.9

f1 6355.2 6492.4 �137.3 3343.9 3423.8 �79.9

f2 6354.2 6491.7 �137.5 3348.2 3432.8 �84.5

f3 6375.3 6512.0 �136.8 3356.4 3426.4 �70.0

f4 6393.5 6537.0 �143.6 3355.3 3435.9 �80.6

5-mer 32701.6 33438.9 �737.3 17245.2 17562.6 �317.4

Association 796.6 829.3 �32.7 478.7 408.3 70.(5)

The last row shows the PMV change upon the association, defined as the

difference between the PMV of pentamer and those of five separate

monomers. �V is the PMV for the full interaction (van der Waals and

Coulomb) between the protein and water solvent. �VLJ is the PMV for the

protein with all partial site charges switched off. �VElec ¼ �V � �VLJ is the

electrostatic term in the PMV.
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mol. The pink circle in Fig. 2 indicates the area corresponding

to cavity regions I and III, the vicinity of the D23-K28 salt-

bridges, where the hydration was observed in the molecular

dynamics simulation of the Ab(9-40) fibrils (15). The hy-

dration structure predicted by the 3D-RISM-KH theory is in

excellent agreement with the molecular dynamics simula-

tions (14,15,19).

Analyzing the three-dimensional hydration structure

around the HET-s pentamer, we found that the highest peak

of the distribution function g(r) for water oxygen is located at
the position localized near E234, G269, and S273 residues of

f3 fragment of the pentamer (the labeling scheme has been

explained in Methods). From the peak height (g(r)� 29), the

depth of the attractive well is estimated to be �17 kcal/mol.

The most probable orientation of the water molecule in this

peak shown in Fig. 3 was reconstructed, based on the dis-

tribution-function peak positions of both the water oxygen

and hydrogen sites. We also located and assigned the water

molecules in similar positions for each monomers (see Fig.

4). These water molecules are bound to the pentamer with a

binding strength of 6 kcal/mol and more, which is indicative

of a possibility of formation of a water channel along the fibril

axis of the HET-s fibrillous fragment, similar to what has

been observed for the Ab fibril.

Interestingly, both the HET-s and Ab fibrils can accom-

modate the solvent molecules in the channel in the interior

region. These solvent (water) molecules are strongly bound

and integrated into the structure, as shown in Fig. 3. There-

fore, losing these structural water molecules could cause

structural changes in the aggregates. Our theoretical obser-

vation strongly supports that the interior hydration may play

an important role in the structural stability of the HET-s and

Ab fibrils.

CONCLUDING REMARKS

Using the statistical mechanical, three-dimensional molecu-

lar theory of solvation, we analyzed the thermodynamic

stability and hydration properties of the experimental struc-

tures of the fragments of the HET-s prion amyloid fibril (51)

and Ab fibril (53). The HET-s prion protein is the infectious

element of the filamentous fungus Podospora anserina. The
Ab protein is the major component of Alzheimer’s disease-

associated plaques. To provide an insight into the physical

mechanisms behind the stability of these experimental

structures, we decompose the association free energy, de-

fined as the difference between the free energy of a complex

and the free energy of the constituting monomers, into the

energetic and the hydration entropic contributions. The latter

is directly related to the hydrophobic effects, which play an

essential role in the aggregation of proteins (13,82,83). We

show that the change in the total free energy upon association

is a result of the delicate balance between the internal energy

and the hydration free energy. We give the quantitative de-

scription of the hydrophobic cooperativity (long time known

as the driving force of the oligomerization). By calculating

the partial molar volume, we found that the volume change

upon the association for the both pentamers is large and

positive, which suggests that high pressure destabilizes the

aggregates. This observation is in good agreement with the

FIGURE 3 (a) Isosurface representation of the three-

dimensional hydration structure predicted by the 3D-

RISM-KH theory. (b) The most probable arrangement of

the water molecule in proximity of residues E234, G269,

and S273 of monomer f3 in the HET-s pentamer. In panel a,
red and white surfaces show the areas where the density

distribution of, respectively, water oxygen and hydrogen

around the HET-s protein, exceeds the water bulk density

by a factor of 3.

FIGURE 2 Isosurface representation of the three-dimen-

sional hydration structure around the Ab pentamer, pre-

dicted by the 3D-RISM-KH theory: (a) side view and (b)

top view. Blue surfaces show the areas where the density

distribution of water oxygen around the Ab protein exceeds

the water bulk density by a factor of 7. Pink circle shows the

area corresponding to cavity regions I and III where the

hydration was observed in molecular dynamics simulations

of Ab(9-40) fibrils (14).
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available experimental results. From the analysis of the hy-

dration structure around the aggregates, we found that both

the HET-s and Ab pentamers have loose intermolecular

packing with voids. The three-dimensional molecular theory

of solvation reveals the three-dimensional hydration structure

around the proteins and predicts that the water molecules may

be locked in the interior cavities along the fibril axis for both

HET-s and Ab proteins. For the Ab peptides, our results are

in agreement with the previous all-atom molecular dynamics

simulations (14,15,19). For the HET-s prions, we identify the

water channels for the first time. The interior water molecules

are strongly bound and integrated into the fibril structure. We

suggest that the interior hydration plays an important role in

the structural stability of fibrils.
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