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Potential of mean force between a large solute and a biomolecular
complex: A model analysis on protein flux through chaperonin system
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2[nstitute of Advanced Energy, Kyoto University, Uji, Kyoto 611-0011, Japan
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Insertion of a large solute into an even larger vessel comprising biopolymers followed by release
of the same solute from it is one of the important functions sustaining life. As a typical example,
an unfolded protein is inserted into a chaperonin from bulk aqueous solution, a cochaperonin acting
as a lid is attached to the chaperonin rim and the protein folds into its native structure within the
closed cavity, the cochaperonin is detached after the folding is finished, and the folded protein is
released back to the bulk solution. On the basis of the experimental observations manifesting that
the basic aspects of the protein flux through the chaperonin system is independent of the chaperonin,
cochaperonin, and protein species, we adopt a simple model system with which we can cover the
whole cycle of the protein flux. We calculate the spatial distribution of the solvent-mediated poten-
tial of mean force (PMF) between a spherical solute and a cylindrical vessel or vessel/lid complex.
The calculation is performed using the three-dimensional integral equation theory, and the PMF is
decomposed into energetic and entropic components. We argue that an unfolded protein with a larger
excluded volume (EV) and weak hydrophobicity is entropically inserted into the chaperonin cavity
and constrained within a small space almost in its center. The switch from insertion to release is
achieved by decreasing the EV and turning the protein surface hydrophilic in the folding process.
For this release, in which the energetic component is a requisite, the feature that the chaperonin inner
surface in the absence of the cochaperonin is not hydrophilic plays essential roles. On the other hand,
the inner surface of the chaperonin/cochaperonin complex is hydrophilic, and the protein is ener-
getically repelled from it: The protein remains constrained within the small space mentioned above
without contacting the inner surface for correct folding. The structural and inner-surface properties of
the chaperonin or complex are controlled by the adenosine triphosphate (ATP) binding to the chap-
eronin, hydrolysis of ATP into adenosine diphosphate (ADP) and Pi, and dissociation of ADP and
Pi. The function of the chaperonin system is exhibited by synchronizing the chemical cycle of ATP
hydrolysis with hydration properties of a protein in the water confined on the scale of a nanometer
which are substantially different from those in the bulk water. © 2011 American Institute of Physics.

[doi:10.1063/1.3657856]

. INTRODUCTION

A living organism is sustained by a variety of biological
functions. Insertion of a large solute into an even larger vessel
comprising biopolymers followed by release of the same so-
lute from it is one of such functions. As a typical example, an
unfolded protein is inserted into a chaperonin from bulk aque-
ous solution, protein folding occurs within it, and the folded
protein is released back to the bulk solution.!~” Thus, chap-
eronin assists a protein to fold into its native structure. Oth-
erwise, the unfolded proteins may subject to the aggregation
preventing correct folding. In a chaperonin, the subunits form
a cylindrical, ring-like structure enclosing a central cavity'=
within which protein folding occurs. There is a class of chap-
eronins functioning in conjunction with cochaperonins.'”’
Chaperonin is an ATPase which utilizes the cycle comprising
the binding of adenosine triphosphate (ATP) to it, hydrolysis
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of ATP into ADP (adenosine diphosphate) and Pi, and disso-
ciation of ADP and Pi from it.!”’

A cochaperonin, which is attached to the chaperonin
rim, acts as a lid and a protein folds into its native struc-
ture within the closed cavity of the chaperonin/cochaperonin
complex. Two complexes, GroEL/GroES (Refs. 1 and 3-8)
and Hsp60/Hsp10,>° are well known and have been inves-
tigated rather extensively. GroEL works as a double-ring
complex’3~7 in which the two rings act alternately to insert,
encapsulate, and fold a variety of unfolded proteins. Protein
folding occurs even within a single ring as shown in exper-
imental studies, but the folded protein cannot be released in
general because the dissociation of ADP and Pi followed by
detachment of GroES is driven by a signal transmitted via the
binding of ATP to the adjacent ring.” Unlike GroEL/GroES,
Hsp60/Hsp10 fully exhibits its function without the forma-
tion of double rings.>° Despite this difference, Hsp60/Hsp10
gives assistance to folding of essentially all proteins that are
dependent on GroEL/GroES.® We are concerned not with
the difference between GroEL/GroES and Hsp60/Hsp10, but

© 2011 American Institute of Physics
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FIG. 1. One cycle during which a protein molecule is assisted by chaper-
onin/cochaperonin (GroEL/GroES) to fold into the correct native structure.

with the mechanism of the protein flux common in these two
complexes.

A single ring is treated in the present study because it is
best suited to the extraction of fundamental physics. The ex-
perimentally known properties of chaperonin that assist pro-
tein folding can be summarized as follows (see Fig. 1). Here-
after, GroEL/GroES is considered but the same explanation
is valid for Hsp60/Hsp10 as well (simply replace GroEL and
GroES by Hsp60 and Hsp10, respectively).

Stage 1: The GroEL vessel has a cavity and its inner sur-
face is rather (weakly) hydrophobic in the open state.’
An unfolded protein is inserted into the cavity from bulk
aqueous solution and constrained within a small space
almost in the center of the GroEL cavity.'®!!

Stage 2: ATP binds to GroEL and this ATP binding causes
a substantial structural change of GroEL so that it can
be amenable to the attachment of GroES acting as a
lid to the GroEL rim."*~7 The inner surface of chap-
eronin turns hydrophilic and that of GroES is also
hydrophilic.’ The protein remains constrained within
the small space almost in the center of the cavity.'!!?

Stage 3: The protein, which is well separated from the
inner surface of the GroEL/GroES complex, securely
folds into its native structure within the hydrophilic
chamber while ATP is hydrolyzed into ADP and Pi."3~’

Stage 4: After the folding is accomplished, ADP and Pi
are dissociated from GroEL with the result that the de-
tachment of GroES takes place."»*” The structure of
GroEL returns to the one in the initial state whose cav-
ity is open and inner surface is weakly hydrophobic.
The folded protein is then released back to the bulk
solution. 37

Stages 1-4 form one cycle of the protein flux through the
chaperonin system. Each cycle, which assists the folding of
one protein molecule, accompanies the ATP binding, hydrol-
ysis of ATP into ADP and Pi, and dissociation of ADP and
Pi; in each cycle, the original configuration of chaperonin is
recovered and the cycle is repeatable.

J. Chem. Phys. 135, 185101 (2011)

There is a prevailing view that an unfolded protein first
binds to a hydrophobic patch on the interior rim of GroEL,
and it is ejected into the cavity after the patch is removed by
the GroEL structural change arising from the ATP binding fol-
lowed by attachment of GroES."-*7-!1:13 In the course of this
process, a partially unfolded (i.e., misfolded) protein, which
is in a metastable state, could become completely unfolded
for refolding to the correct native structure.'® In the present
study, however, we show that an unfolded protein can be in-
serted directly into the GroEL cavity and constrained within
a small space almost in the center of the cavity, which is re-
ferred to as stage 1. A more detailed discussion on this point
is given in Sec. Il F.

To the best of our knowledge, no theoretical and com-
puter simulation works have tackled the investigation of un-
derlying mechanism of the whole cycle mentioned above.
One might think that the mechanism can be elucidated only
if details of the polyatomic structures of the protein and
GroEL/GroES complex are taken into account by employ-
ing, for instance, a molecular dynamics (MD) simulation with
all-atom potentials. With such an approach, however, only a
single stage in the cycle can be explored with feasible com-
putational effort. As typical examples, the characteristics of
the folding process of a protein within the GroEL cavity have
been studied using MD simulations.'* 1>

In order to cover the whole cycle for the first time in the
present study, we adopt the simplest possible model that still
captures essential physics of the protein flux through the chap-
eronin system. Specifically, we wish to answer the follow-
ing questions: (i) How is the unfolded protein inserted into
the cavity in stage 17; (ii) Why is the folded protein released
from the cavity in stage 4 despite that the unfolded one under-
goes the insertion (how is the switch from insertion to release
realized)?; (iii) Why should the inner surface be weakly hy-
drophobic in stages 1 and 4 (what is the significance of this
weak hydrophobicity)?; (iv) Why should the inner surface be
hydrophilic in stages 2 and 3?; (v) What is the role of GroES?;
and (vi) How does the protein remain well separated from
the inner surface for correct folding? In recent letters,'%!7 we
have briefly provided physical insights into questions (i) and
(ii), but in the present study we give the answers to all the
six questions consistently on the basis of results of extensive
parametric studies performed for the whole cycle of the pro-
tein flux.

Diverse proteins are inserted into the chaperonin cavity,
assisted to fold into the correct native structures, and released
back to the bulk solution. Moreover, despite the differences
between GroEL/GroES and Hsp60/Hspl0O in terms of the
details of their structures and apparent mechanisms, the latter
gives assistance to folding of essentially all proteins that are
dependent on the former.” It follows that the basic mechanism
of the whole cycle, which is shared by these two complexes,
must be independent of specific, chemical and structural char-
acteristics of each protein. Only the properties of unfolded
or folded molecules which are common in those proteins
are crucially important. In our view, hydration properties of
the protein are changed by the alteration of its conformation,
and this plays crucially important roles in the switch from
insertion to release (see stages 1 and 4). A protein becomes

Downloaded 06 Dec 2011 to 130.54.110.73. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



185101-3 Protein flux through chaperonin system

much more compact upon folding. Further, the exposed
surface of an unfolded protein comprises hydrophobic groups
as well as hydrophilic groups, but the protein becomes
dominantly hydrophilic after the folding is finished because
hydrophobic groups are more preferentially buried. In our
simple system, the unfolded and folded proteins are mod-
eled as a larger, weakly solvophobic sphere and a smaller,
solvophilic sphere, respectively. Likewise, we are concerned
not with the specific differences between GroEL/GroES and
Hsp60/Hsp10, but with the common properties shared by
them. The chaperonin and cochaperonin are modeled as
a vessel with cylindrical shape and a lid, respectively. We
study the effects due to the magnitude of excluded volume
(EV) generated by the spherical solute and the strength of
solvophobicity or solvophilicity of the spherical solute and
inner surfaces of the vessel and vessel/lid complex. Here, the
EV is the volume of the space which the centers of solvent
particles cannot enter, and a larger solute generates larger EV.

We show that fundamental physics can be understood
through a simple model focused on solvation properties of
a solute in the solvent confined on the scale of a nanome-
ter which are substantially different from those in the bulk
solvent. We analyze the potential of mean force (PMF) be-
tween the spherical solute and the vessel or vessel/lid com-
plex, which are immersed in small spheres forming the sol-
vent. The analysis is made using the three-dimensional (3D)
integral equation theory (IET).!®2° In one calculation, the
3D-IET gives the spatial distribution of the PMF, whereas a
computer simulation (e.g., an MD simulation) gives only the
value of the PMF on a single position. Further, in the theory,
the PMF can readily be decomposed into entropic and ener-
getic components which give physical insights into the PMF
characteristics. It is, then, shown that the whole cycle com-
prising stages 1-4 can be explained consistently within the
same theoretical framework.

Il. MODEL AND THEORY
A. Model and parameter setting

In our model system, a large sphere with diameter dp (so-
lute 1) and a cylindrical vessel (solute 2) are immersed in the
solvent at infinite dilution. A lid is either detached from or
attached to the vessel (the vessel/lid complex is referred to
as solute 3). The structural details of solutes 2 and 3 are il-
lustrated in Figs. 2(a) and 2(b), respectively. The solvent is
modeled as small spheres with diameter ds and bulk density
ps interacting through the potential,

ugs(r) = oo for r < ds,

uss(}’) = —E(ds/l")6 for

(1)

r>d5,

where the subscript “S” denotes the solvent and r is the dis-
tance between the centers of two small spheres. In potential
(1), the repulsive part of the Lennard-Jones potential is re-
placed by a hard-core interaction. pgsds® is set at the value
for water under the normal condition, 0.7317 (dg = 0.28 nm).
el(kgT) (kg is Boltzmann’s constant) and the absolute temper-
ature T are set at 1.0 and 298 K, respectively.

J. Chem. Phys. 135, 185101 (2011)
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FIG. 2. Vessel model considered. The dimensions on the cross section of z
= 0 are shown. The numbers given are scaled by ds. When the large-sphere
diameter dp is set at 5ds, for example, the center of the large sphere in contact
with the bottom wall is at the origin (x, y) = (0.0, 0.0). (a) No lid is attached
to the vessel. (b) A lid is attached to the vessel.

The solute /-solvent (I = 1, 2, 3) interaction potential is
taken to be

urs(h)y =00 for h <dg/2,

urs(h) = —(&;/8)(ds/ h)* exp[—{h/(10ds)}'""]
for h>dg/2, 1=1,23, 2)

where & is the distance between the center of a small sphere
and the nearest surface of solute /. In potential (2), the re-
pulsive part of the 9-3 type potential is simply replaced by a
hard-core interaction and the potential at large separations is
truncated.?”?® The solute-solvent affinity (i.e., solvophobicity
or solvophilicity of the surface of solute /) is controlled by the
parameter £; > 0. The affinity increases as &; becomes larger.

The details of the 3D-IET are described in Sec. II B.
Here, we explain how to specify potential (2) for / = 2 or
3. In this theory, the numerical values of the potential are cal-
culated on 3D grid points. On a grid point, we determine the
distance between the center of the small sphere placed on this
grid point and the nearest surface of solute 2 or solute 3. The
distance is then substituted into 4 for calculating potential (2).
With this simple treatment, a small sphere feels significant,
negative potential only in the close vicinity of the surface not
only of the side but also of the base of the vessel (the potential
becomes stronger as the small sphere approaches the surface),
and the cylindrical dependence of the potential is fully taken
into account. This property is all we need for the spatial dis-
tribution of the solute 2-solvent or solute 3-solvent potential.
Further, we have verified that the results obtained are quite ro-
bust against how to truncate the potential at large separations
(see Eq. (2)).

Thanks to hydrogen bonds, water exists as a dense lig-
uid despite the exceptionally small molecular size. However,
the hydrogen bonds themselves are not crucial in reproducing
many of the interesting characteristics of hydration of solutes.
For example, as shown in our earlier work,?® the characteris-
tics of hydrophobicity can reasonably be elucidated by mod-
eling water as spherical particles interacting through strongly
attractive potential like that expressed by Eq. (1), as long as
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TABLE 1. Systems considered. The solvent particles, solute, and vessel are
all rigid bodies: No attractive interactions are incorporated in the solvent-
solvent, solvent-solute, and solvent-vessel potentials. No lid is attached to the
vessel. “(5)” and “(3)” in the system names represent that the values of dp are
set at 5ds and 3ds, respectively. In the “Figure” column, it is mentioned that
the result calculated for system O(5), for example, is presented in Fig. 3(a).

System dglds el(kgT) E/(kgT) El(kgT) Figure
0(5) 5 0.0 0.0 0.0 3(a)
0(3) 3 0.0 0.0 0.0 3(b)

the particle size and number density are set at the values for
water, respectively. Therefore, the effects of hydrophobicity
or hydrophilicity of solute / can well be investigated in terms
of those of solvophobicity or solvophilicity using our simple
model system.

We test a variety of systems for which the parameters,
dg and &;/(kgT) (I = 1, 2, 3; T = 298 K), are set as given in
Tables I-I1I, though the results of some of them are not explic-
itly discussed in the present article. The values of 0.0, 1.5, and
3.0 are adopted for &;/(kgT) to represent high solvophobicity,
weak solvophobicity, and solvophilicity, respectively. For in-
stance, £/(kgT) = 0.0, 1.5, and 3.0 mimic highly solvopho-
bic, weakly solvophobic, and solvophilic spherical solutes, re-
spectively. The diameter dg of solute 1 is set at either 5ds
or 3ds. “(5)” and “(3)” in the system names represent that
the values of dp are set at 5ds and 3ds, respectively. More
specifically, the solute with dg = 5ds and &,/(kgT) = 1.51is a
model of an unfolded protein possessing larger EV and almost
random distribution of hydrophobic and hydrophilic residues
on its surface. A folded protein, which is characterized by
smaller EV and preferential exposure of hydrophilic residues,
is modeled as the solute with dg = 3dg and & /(kgT) = 3.0. For
GroEL in the open state, £,/(kgT) is set at 1.5 because its inner

TABLE II. Systems considered. The attractive interactions are incorporated
in the solvent-solvent, solvent-solute, solvent-vessel, and solvent-vessel/lid
complex potentials (¢/(kgT) is fixed at 1.0). “(5)” in the system names repre-
sents that dp set at 5ds. £1/(kgT) = 0.0, 1.5, and 3.0 are adopted for highly
solvophobic, weakly solvophobic, and solvophilic solutes, respectively. No
lid is attached to the vessel except in systems 10(5) and 11(5). The value
of &;/(kgT) (I = 2 and 3 for the vessel and vessel/lid complex, respectively)
is set at 0.0, 1.5, and 3.0 to mimic highly solvophobic, weakly solvopho-
bic, and solvophilic inner surfaces, respectively. In the “Figure” column, it is
mentioned that the result calculated for system 5(5), for example, is presented
in Fig. 5. In the “correspondence” column, it is mentioned that systems 5(5)
and 10(5) correspond to stages 1 and 2, respectively.

System  &1/(kgT)  &2/(kgT)  &3/(kgT)  Figure  Correspondence
1(5) 0.0 0.0

2(5) 0.0 1.5

3(5) 0.0 3.0

4(5) 1.5 0.0 . 10(a) .
5(5) 1.5 1.5 ... 5 Stage 1
6(5) 1.5 3.0 .. 10(b)

7(5) 3.0 0.0 e .

3(5) 3.0 1.5 .. 9

9(5) 3.0 3.0
10(5) 1.5 3.0 14 Stage 2
11(5) 1.5 0.0 16(a)

J. Chem. Phys. 135, 185101 (2011)

TABLE III. Systems considered. The attractive interactions are incor-
porated in the solvent-solvent, solvent-solute, solvent-vessel, and solvent-
vessel/lid complex potentials (e/(kgT) is fixed at 1.0). “(3)” in the system
names represents that dp is set at 3ds. £ 1/(kgT) = 0.0, 1.5, and 3.0 are adopted
for highly solvophobic, weakly solvophobic, and solvophilic solutes, respec-
tively. No lid is attached to the vessel except in systems 10(3) and 11(3).
The value of &;/(kgT) (I = 2 and 3 for the vessel and vessel/lid complex,
respectively) is set at 0.0, 1.5, and 3.0 to mimic highly solvophobic, weakly
solvophobic, and solvophilic inner surfaces, respectively. In the “Figure” col-
umn, it is mentioned that the result calculated for system 7(3), for example, is
presented in Figs. 11(a) and 13(a). In the “correspondence” column, it is men-
tioned that systems 8(3) and 10(3) correspond to stages 4 and 3, respectively.

System &1/(kgT) &2/(kgT) &3/(kgT) Figure Correspondence
1(3) 0.0 0.0 .- 12(a)

2(3) 0.0 1.5 .- 7

3(3) 0.0 3.0 .. 12(b)

4(3) 1.5 0.0

5(3) 1.5 1.5 . 6

6(3) 1.5 3.0 ...

7(3) 3.0 0.0 11(a) and 13(a)

8(3) 3.0 1.5 . 8 Stage 4
9(3) 3.0 3.0 11(b) and 13(b)

10(3) 3.0 . 3.0 15 Stage 3
11(3) 3.0 . 0.0 16(b)

surface is weakly hydrophobic. The setting of £3/(kgT) = 3.0
is employed for the GroEL/GroES complex whose inner sur-
face is hydrophilic. It follows that systems 5(5), 10(5), 10(3),
and 8(3) are prepared for stages 1, 2, 3, and 4, respectively.

The parameter settings for &/(kgT) and &,/(kgT) (I =1, 2,
3) described above are justified in the Appendix.

B. Three-dimensional integral equation theory

A solute of arbitrary geometry is immersed at infinite di-
lution in small spheres with diameter dg forming the solvent.
Solute I (I = 2, 3) described in Sec. II A is considered in
the present study. The Ornstein-Zernike (OZ) equation in the
Fourier space is expressed by!6-%6

Wistky, ky, k) = psCrs(ky, ky, k) Hgss(k) 3)

and the hypernetted-chain (HNC) closure equation is written
16-26
as

C[S(X, Yy, Z) = exp{_MIS(xs Yy, Z)/(kBT)}
X exp{wls(-x’ Y, Z)} - UJ[S(.X, Y, Z) -1

“

Here, w = h — ¢, ¢ is the direct correlation function, 4
the total correlation function, and u the potential. The cap-
ital letters (C, H, and W) represent the Fourier transforms.
Hss(k) (K = k* + k2 + k.?), which is calculated using
the radial symmetric integral equation theory (RS-IET) for
spherical particles with the HNC approximation,® is a part
of the input data. We emphasize that the OZ equation is
exact. Only the HNC closure neglecting the bridge function
is approximate.
The numerical procedure can be summarized as follows:
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185101-5 Protein flux through chaperonin system

(1) wgsx, y,z) (I =2, 3)is calculated at each 3D grid point.

(2) wys(x, y, ) is initialized to zero.

3) cys(x, y, 2) is calculated from Eq. (4), and c¢;5(x, y, 2) is
transformed to Cys(ky, ky, k.) using the 3D fast Fourier
transform (3D-FFT).

(4) Wig(ky, ky, k) is calculated from Eq. (3), and Wis(k,, &y,
k) is inverted to wyg(x, y, z) using the 3D-FFT.

(5) Steps (3) and (4) are repeated until the input and output
functions for wys(x, y, z) become identical within con-
vergence tolerance.

On grid points where a solvent particle and the solute
overlap, exp{—us(x, y, 2)/(kgT)} is zero. On those where
a solvent particle is in contact with the solute, it is set at
exp{—u;s*/(kgT)}/2 where u;s* represents u;g(h) at the limit,
h — ds/2 + 0 (see Eq. (2)). The grid spacing (Ax, Ay, and
Az)is set at 0.1ds, and the grid resolution (N, x N, x N:) is
512 x 512 x 512. It has been verified that the spacing is suf-
ficiently small and the box size (N,Ax, N,Ay, N.Az) is large
enough for the correlation functions at the box surface to be
essentially zero.

We consider solutes 1 and I (/ = 2, 3). Solute 1 is
a large sphere with diameter dg. Solute 2 is a cylindrical
vessel without a lid and solute 3 is the vessel/lid complex
(see Fig. 2). First, the solute-1-solvent correlation functions
(the Fourier transform of the total correlation function is de-
noted by H;g(k)) are calculated using the RS-IET with the
HNC approximation.*® Second, the solute-/-solvent correla-
tion functions (I = 2, 3; the Fourier transform of the direct
correlation function is denoted by Cis(ky, ky, k.)) are calcu-
lated by following the procedure described above. The key
quantity is the spatial distribution of the potential of mean
force between solute I (I = 2, 3) and 1, ®;(x, y, z). That is,
the solvent-mediated interaction between solute / and 1 is de-
scribed by the PMF by assuming that the solvent particles are
always in equilibrium with each configuration of the two so-
lutes. This assumption is justified because in the real system
the hydration structure steadies in picoseconds, while a pro-
tein moves much slower.

®;1(x, y, ) is obtained from

q)ll(x’ Y, Z)/(kBT) = M[](X, Y, Z)/(kBT) - w”(x, Y, Z)a
1=2,3, (%)

where wy(x, y, z) is calculated by inverting Wy (k,, ky, k)
given by

Wii(ke, ky, k2) = psCrs(ky, ky, k) Hys(k). (6)
The physical meaning of ®;(x, y, z) can be understood from
@1(x,y,2) = Fri(x, y, 2) — F1(00, 00, 00) @)

and

gn(x, y,z) = exp{—¢n(x, y, 2)/(kgT)},
gr1(00, 00, 00) = 1. (8)

Here, the origin of the coordinate system is chosen as illus-
trated in Fig. 2, F;1(x, y, z) is the free energy of the solvent in
the case where solute 1 is at the position (x, y, z), and g;;(x,
v, z) is the pair distribution function. A great advantage of the
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3D integral equation theory is that the values of ®;; on all the
grid points are obtained from only a single calculation, which
is in marked contrast with the usual computer simulation.

The distribution of the solvent number density for a given
configuration of solutes 1 and 2 or solutes 1 and 3 can be cal-
culated by following steps (1)—(5) where solute [ is treated
as solutes 1 and 2 or solutes 1 and 3 in that configuration.
The distribution is obtained as gjs(x.,y,z) = hjs(x,y,z) + 1:
gis(x, y, z) has the physical meaning that the number of sol-
vent molecules within the volume element dxdydz is given by
Ps81s(x.y,z)dxdydz.

Hereafter, the PMF between solutes 1 and 2 or solutes 1
and 3 is simply denoted by ®. Under the isochoric condition,
we decompose the PMF into entropic and energetic compo-
nents (they are denoted by &g and ®g, respectively) which
give physical insights into the PMF characteristics. They are
obtained from

s = —(9D/dT)y = —{®(T + 8T) — &(T + 8T)}/(28T),
8T = 5K, O = & + T ds. )

We are particularly interested in ®, —®g, and g within
the vessel cavity which are largely influenced by the solvent
structure within it. The spatial distributions of the PMF and its
entropic and energetic components are discussed using those
of ®/(kgT), —Ps/kp, and Op/(kgT), respectively, on the cross
section of z = 0.

The IET with the HNC approximation was shown to
give quite satisfactory results, even in a quantitative sense
for the following examples: the PMF between large spheri-
cal solutes immersed in pure solvent calculated by the RS-
IET,*® the PMF between large spherical and nonspherical so-
lutes immersed in pure solvent calculated by the 3D-IET,?!
and the PMF between large spherical solutes immersed in a
multicomponent solvent calculated by the RS-IET.?! The re-
liability test was performed by comparing the IET results ob-
tained by the HNC closures with those either from the den-
sity functional theory (DFT),?"3! which was shown to give
the results indistinguishable from those by a MD simulation
for rigid-body systems, or from the IET with the exact bridge
functions.*

lll. RESULTS AND DISCUSSION

A. Entropic insertion of a sufficiently large solute into
vessel cavity

Hereafter, the spherical solute (solute 1) is simply re-
ferred to as “solute.” We first consider systems 0(5) and 0(3)
(see Table I) where the solute, vessel, and solvent particles
are all rigid bodies. No attractive interactions are incorporated
in the potentials. In these systems, all of the allowed system
configurations share the same energy and the system behavior
is purely entropic in origin. The PMF possesses no energetic
component: ®/(kgT) = —Ds/kg.

The spatial distributions of the PMFs calculated for sys-
tems 0(5) and 0(3) are shown in Figs. 3(a) and 3(b), respec-
tively. In Fig. 3(a), a domain within which the solute is highly
stabilized appears around the position (x/dg, y/ds) = (—1.0,
0.0). The value of the PMF at this position is —7.8kgT. It
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FIG. 3. Potential of mean force ®/(kgT) on the cross section of z = 0. As
the color approaches thick blue, the value of ®/(kgT) becomes lower, and
as the color approaches thick red, it becomes higher. The numbers written
in red and in blue represent the maximum and minimum values of ®/(kgT),
respectively. The center of the large sphere cannot enter the domain drawn
in white. (a) System 0(5). (b) System 0(3). The parameter settings in these
systems are given in Table 1.

is difficult for the solute to overcome a free-energy barrier
well exceeding kgT. The barrier along the straight route from
(—1.0, 0.0) to (0.0, 0.0) is 4.1kgT. Therefore, the solute can
hardly overcome the barrier to contact the bottom surface of
the vessel. (Obviously, the solute cannot contact the side sur-
face, either.) The solute is most likely to be inserted into the
vessel cavity through the route indicated by the white dotted
arrow (there is no significant barrier) and constrained within
the small space around the position (—1.0, 0.0). The route that
is symmetrical about the x-axis is also equally probable.

When the solute diameter dg is made smaller (i.e., it is
changed from 5ds to 3dy), the amplitudes of the PMF are re-
duced as observed in Fig. 3(b). The solute tends to be inserted
into the vessel cavity through the route indicated by the white
dotted arrow and constrained within the small space around
the position (0.0, 0.0). The value of the PMF at this position
is —2.8kgT and the barrier along the straight route from (0.0,
0.0) to (1.0, 0.0) is 3.2kgT. The powers of entropic insertion
and constraint become weaker as the EV generated by the so-
lute decreases.

We then explain how the stripe pattern of the PMF is
formed along the y-axis as observed in Fig. 3. When the sep-
aration between the nearest solute and vessel surfaces, which
is denoted by 5 here, is not sufficiently close to nds (n = 0,
1,2, ...), spaces unavailable to the translational displacement
of solvent particles appear as indicated in Fig. 4(a). By con-
trast, in cases of n ~ ndg, such unfavorable spaces do not ap-
pear and the solvent particles can efficiently be packed within
the domain confined between two surfaces as illustrated in
Fig. 4(b). The configurations in Figs. 4(a) and 4(b) are en-
tropically unfavorable and favorable, respectively, leading to
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FIG. 4. Cartoons illustrating how the stripe pattern of the potential of mean
force in Fig. 3 is formed along the y-axis. (a) Separation between the nearest
solute and vessel surfaces, which is denoted by #, is not sufficiently close to
nds (n=20,1,2,...). (b) In the case of n ~ nds.

the stripe pattern formed along the y-axis. A similar pattern is
formed along the x-axis near the bottom surface of the vessel.

B. Insertion of a sufficiently large, weakly
solvophobic solute into vessel cavity:
Model of stage 1

Incorporating attractive interactions in the solvent-
solvent, solvent-solute, and solvent-vessel potentials, we cal-
culate the PMF and its energetic and entropic components.
In systems 5(5) and 5(3) (see Tables II and III) considered in
this section, the parameter setting features a solute and inner
surface of the vessel with weak solvophobicity. The spatial
distributions of ®/(kgT), ®g/(kgT), and —Dg/kg for the two
systems are shown in Figs. 5 and 6, respectively.

The pattern of ®/(kgT) in Fig. 3(a) and that of —®g/kg in
Fig. 5(c) share qualitatively the same characteristics. Also, the
pattern of ®/(kgT) in Fig. 3(b) is qualitatively the same as that
of —®g/kg in Fig. 6(c). For a given value of dg, the behavior
of —®g/ky is similar to that of ®/(kgT) for the rigid-body
model considered in Sec. III A. By comparing Fig. 5(a) with
Fig. 5(c), and Fig. 6(a) with Fig. 6(c), we notice that the basic
pattern of the PMF is determined primarily by its entropic
component. The energetic components shown in Figs. 5(b)
and 6(b) exhibit qualitatively the same characteristics.

As observed in Fig. 5(a), the solute is most likely to be
inserted into the vessel cavity through the route indicated by
the white dotted arrow (there is no significant barrier) and
constrained within the small space around the position (—1.0,
0.0). The value of the PMF at this position is —5.9kgT. The
barrier along the straight route from (—1.0, 0.0) to (0.0, 0.0) is
4.1kgT. This result is similar to that obtained in system 0(5).
In Fig. 6(a), the solute tends to be inserted into the vessel cav-
ity through the route indicated by the white dotted arrow and
constrained within the small space around the position (0.0,
0.0). However, the PMF-value at (0.0, 0.0) is only —1.1kgT
that is not sufficiently deep unlike in Fig. 5(a). This difference
is ascribed to the smaller EV generated by the solute.

As explained in Sec. II A and proved in this section,
the solute insertion in system 5(5) illustrated in Fig. 5 is a
model of stage 1 (see Fig. 1). According to the result from this
model, an unfolded protein is entropically inserted into the
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FIG. 5. Potential of mean force ®/(kgT) (a), energetic component Pg/(kgT)
(b), and entropic component —®g/kp (c) on the cross section of z = 0 cal-
culated for system 5(5). & = Pg—TPs: ®/(kgT) = Pr/(kgT)—Dslks. As
the color approaches thick blue, the value of ®/(kgT), ®g/(kgT), or —Ds/kp
becomes lower, and as the color approaches thick red, it becomes higher.
The numbers written in red and in blue represent the maximum and mini-
mum values of ®/(kgT), Pr/(kgT), or —Pg/kp, respectively. The positions
where ®g/(kgT) takes the maximum and minimum values are different from
those where —®g/kp takes the maximum and minimum values, respectively.
Hence, the maximum value of ®/(kgT), for instance, is not equal to that of
®g/(kgT) plus that of —®Pg/kg. The parameter setting in this system is given
in Table II.

GroEL cavity. After the insertion, the protein is constrained
almost in the center of the cavity and ready to fold, which
is consistent with the experimental observation.'*!! We note
that the constraint as well as the insertion is achieved by the
entropic component.

C. Energetic release of a sufficiently small,
solvophilic solute to bulk solvent: Model of stage 4

The results presented in Figs. 3, 5, and 6 indicate that the
entropic component, which always drives the insertion of the
solute, predominates over the energetic component. The pow-
ers of entropic insertion and constraint are weaker in Fig. 6
than in Fig. 5, but they are still dominant. The release of
the solute may be realized, if the power is sufficiently re-
duced and the energetic component effectively acts for the
release. In this section, we investigate the effects of the so-
lute solvophobicity or solvophilicity represented by &/(kgT)
on the energetic component and show the following: When
the solute turns solvophilic, the energetic component strongly
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FIG. 6. Potential of mean force ®/(kgT) (a), energetic component Pg/(kgT)
(b), and entropic component —®g/kp (c) on the cross section of z = 0 cal-
culated for system 5(3). The parameter setting in this system is given in
Table III.

promotes the release; it can surpass the powers of entropic in-
sertion and constraint when the solute becomes more compact
with smaller EV; and the switch from insertion to release is
realized.

We consider systems 2(3) and 8(3) given in Table III.
The inner surface of the vessel remains weakly solvophobic.
The values of &/(kgT) are set at 0.0 and 3.0 to mimic highly
solvophobic and solvophilic solutes in systems 2(3) and 8(3),
respectively. ®/(kgT), ®g/(kgT), and —Dg/kg for the two sys-
tems are shown in Figs. 7 and 8, respectively. It is observed in
Figs. 7(c) and &(c) that the entropic component is rather insen-
sitive to & /(kgT). Our major concern is the effects of £ /(kgT)
on the energetic component: Figs. 7(b) and 8(b) should also
be compared with Fig. 6(b) for which &,/(kgT) is set at 1.5.
When the solute is highly solvophobic, as shown in Fig. 7(b),
the solute is energetically inserted into the vessel cavity and
driven to contact the inner surface of the vessel. The insertion
originates from the feature that a highly solvophobic solute
is strongly excluded from the bulk solvent, and the contact is
attributed to the solvophobic interaction. As a consequence,
the PMF acts for nothing but strong insertion as observed in
Fig. 7(a). By contrast, a solvophilic solute, which is preferen-
tially solvated in the bulk solvent, is strongly released from
the vessel cavity by the energetic component as shown in
Fig. 8(b).
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FIG. 7. Potential of mean force ®/(kgT) (a), energetic component Pg/(kgT)
(b), and entropic component —®g/kp (c) on the cross section of z = 0 cal-
culated for system 2(3). The parameter setting in this system is given in
Table II1.

When the solute turns sufficiently solvophilic, the ener-
getic component acts for the release. At the same time, the
solute needs to become sufficiently more compact. The EV
generated by the solute then decreases, leading to reduced
powers of entropic insertion and constraint. It is clear from
the PMF for system 8(5) (the parameter setting is the same
as that in system 8(3) except that dg = 5ds) shown in Fig. 9
that the release is not achieved unless the solute becomes suf-
ficiently more compact. As explained in Sec. I A and proved
in this section, the solute release in system 8(3) illustrated in
Fig. 8 is a model of stage 4 (see Fig. 1).

D. Significance of weak solvophobicity of vessel
inner surface in stage 1

The solute insertion in system 5(5) illustrated in Fig. 5 is
amodel of stage 1. In stage 1, the inner surface of the vessel is
weakly solvophobic: &,/(kgT) = 1.5. A question then arises:
What will happen if the inner surface is highly solvophobic
or solvophilic? To answer this question, we consider systems
4(5) and 6(5) with &,/(kgT) = 0.0 and 3.0, respectively (see
Table II). The inner surfaces in systems 4(5), 5(5), and 6(5)
are highly solvophobic, weakly solvophobic, and solvophilic,
respectively.

Figure 10(a) shows the PMF calculated for system 4(5).
This figure should be compared with Fig. 5(a) drawn for sys-
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FIG. 8. Potential of mean force ®/(kgT) (a), energetic component Pg/(kgT)
(b), and entropic component —®g/kp (c) on the cross section of z = 0 cal-
culated for system 8(3). The parameter setting in this system is given in
Table III.

tem 5(5). In Fig. 10(a), the solute tends to be inserted into the
vessel cavity, for example, through the route indicated by the
white dotted arrow. The PMF-value at (—1.0, 0.0) is —4.5kgT.
The barrier along the straight route from (—1.0, 0.0) to (0.0,
0.0) is 1.9kgT that is much lower than 4.1kgT in the case of
system 5(5). When the inner surface of the vessel is highly
solvophobic, the possibility that the solute comes in contact
with the bottom surface becomes much higher.
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FIG. 9. Potential of mean force ®/(kgT) on the cross section of z = 0 calcu-
lated for system 8(5). The parameter setting in this system is given in Table II.
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FIG. 10. Potential of mean force ®/(kgT) on the cross section of z = 0. (a)
System 4(5). (b) System 6(5). The parameter settings in these systems are
given in Table II.

Figure 10(b) shows the PMF calculated for system 6(5).
The solute is most likely to be inserted into the vessel cavity
through the route indicated by the white dotted arrow. There
are two positions at which the PMF takes a large, negative
value along the x-axis: (—1.8, 0.0) with ® = —6.9kgT and
(—1.0, 0.0) with ® = —7.6kgT. The barrier along the straight
route from (—1.8, 0.0) to (—1.0, 0.0) is only 1.4kgT, whereas
that from (—1.0, 0.0) to (0.0, 0.0) reaches 8.5kgT. The solute-
bottom surface contact is very difficult.

In stage 1, &,/(kgT) has significant effects primarily on
the barrier for the solute to overcome for contacting the bot-
tom surface of the vessel. Since the contact is to be avoided,
a highly solvophobic inner surface of the vessel is somewhat
problematic. A solvophilic inner surface is the most favorable,
but a weakly solvophobic one is quite acceptable.

E. Significance of weak solvophobicity of vessel
inner surface in stage 4

The solute release in system 8(3) illustrated in Fig. 8 is
a model of stage 4. In stage 4, the inner surface of the ves-
sel is weakly solvophobic as in stage 1: £,/(kgT) = 1.5. To
explore the significance of this weak solvophobicity, we con-
sider systems 7(3) and 9(3) with &,/(kgT) = 0.0 and 3.0, re-
spectively (see Table III). The inner surfaces in systems 7(3),
8(3), and 9(3) are highly solvophobic, weakly solvophobic,
and solvophilic, respectively.

Figure 11(a) shows the PMF calculated for system 7(3).
This figure should be compared with Fig. 8(a) drawn for sys-
tem 8(3). The PMFs in the two figures share qualitatively the
same characteristics. If the solute is located at the position
(—1.0, 0.0) in Fig. 11(a), the solute is expected to be released
to the outside, for example, through the route indicated by the
white dotted arrow.

Figure 11(b) shows the PMF calculated for system 9(3).
It is found that the solute is weakly constrained within the do-
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FIG. 11. Potential of mean force ®/(kgT) on the cross section of z = 0. (a)
System 7(3). (b) System 9(3). The parameter settings in these systems are
given in Table III.

main indicated by the white dotted ellipse (the PMF-value at
(—1.0, 0.0) is —1.0kgT). If the inner surface of the vessel is
solvophilic, there are more solvent particles within the vessel
cavity than in the case where the inner surface is solvophobic.
As a consequence, the solvent environment for a solvophilic
solute in the center of the vessel cavity is energetically as good
as that in the bulk, and the trend that the solute is preferen-
tially solved in the bulk is significantly reduced. (More details
are discussed below using Fig. 13(b).) This reduction leads to
the slight dominance of the entropic constraint.

In stage 4, £,/(kgT) has significant effects primarily on
the power of the solute release. The inner surface of the vessel
should not be solvophilic: High or weak solvophobicity is re-
quired for the inner surface. In stage 1, as described in Sec. III
D, a highly solvophobic inner surface needs to be avoided, a
solvophilic one is the most favorable, and a weakly solvo-
phobic one is quite acceptable. The best compromise meeting
both of the requirements in stages 1 and 4 is the weak solvo-
phobicity of the inner surface.

F. Effects of affinities of solute and vessel inner
surface with solvent on energetic component of
potential of mean force

The energetic component ®g/(kgT) of the PMF is much
more sensitive to the parameters, & /(kgT) and &,/(kgT), than
the entropic component. Here, it is worthwhile to investigate
®g/(kgT) in more detail. The energetic components calculated
for systems 1(3) and 3(3) are shown in Figs. 12(a) and 12(b),
respectively, and those for systems 7(3) and 9(3) are shown in
Figs. 13(a) and 13(b), respectively. There are four combina-
tions: (a) both of the solute and the inner surface are highly
solvophobic, system 1(3) (Fig. 12(a)); (b) the solute is highly
solvophobic but the inner surface is solvophilic, system 3(3)
(Fig. 12(b)); (c) the solute is solvophilic but the inner surface
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FIG. 12. Energetic component of the potential of mean force ®g/(kgT) on
the cross section of z = 0. (a) System 1(3). (b) System 3(3). The parameter
settings in these systems are given in Table III.

is highly solvophobic, system 7(3) (Fig. 13(a)); and (d) both
of them are solvophilic, system 9(3) (Fig. 13(b)).

When the inner surface is solvophilic, there are more sol-
vent particles within the vessel cavity than in the case where
the inner surface is solvophobic. Especially, the number
density of solvent particles in the vicinity of the inner surface
becomes higher than in the bulk solvent. However, the oppo-
site is true in the case where the inner surface is solvophobic.
®i/(kgT) behaves differently for the four combinations:

(a) Pg/(kgT) is negative inside the cavity. The solute is ex-
cluded from the bulk solvent and strongly inserted into
the cavity (the solvent environment within the cavity
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FIG. 13. Energetic component of the potential of mean force ®g/(kgT) on
the cross section of z = 0. (a) System 7(3). (b) System 9(3). The parameter
settings in these systems are given in Table III.
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is more favorable for the solute). ®g/(kgT) takes large,
negative values near the inner surface, and the solute-
inner surface contact is strongly promoted.

(b) ®g/(kgT) is essentially zero except in the immediate
vicinity of the inner surface where it is positive. The so-
lute is almost equally stabilized inside the cavity and in
the bulk solvent but the solute-inner surface contact is
destabilized.

(c) ®g/(kgT) is positive inside the cavity. The solute is pref-
erentially solvated in the bulk solvent. ®g/(kgT) takes
large, positive values near the inner surface, and the so-
lute cannot come in contact with the inner surface.

(d) The solute is roughly equally stabilized inside the cav-
ity and in the bulk solvent except near the inner surface
where ®p/(kgT) is largely positive. The solute-inner sur-
face contact is highly destabilized.

The values of ®g/(kgT) at (0.0, 0.0) in cases (a), (b), (¢),
and (d) are —2.6, 1.4, 8.3, and 1.0, respectively. As important
information, when at least one of the solute and inner surface
is solvophilic, the solute-inner surface contact is destabilized
due to the difficulty in desolvating the solvophilic solute or
inner surface.

According to a prevailing view, an unfolded protein first
binds to a hydrophobic patch on the interior rim of GroEL and
it is ejected into the cavity after the patch is removed by the
GroEL structural change,"3~7-!:13 which is not quite coinci-
dent with stage 1. The binding can be understood in terms of
the result from case (a). The ejection process is not straight-
forwardly treated in the present study, but it is definite that the
solvent plays crucially important roles. For instance, when the
GroEL inner surface in contact with the unfolded protein turns
hydrophilic, the contact becomes destabilized as suggested by
the result from case (b). Further, the insertion mechanism ar-
gued for systems 5(5) and 6(5) should be utilized before the
protein starts to fold in the closed cavity of the GroEL/GroES
complex. We also believe that it is relevant to the insertion of
an antibiotic molecule into a cell-membrane protein such as
ATP-binding cassette (ABC) transporter’?3* and TolC.3* %

G. Roles of a lid: Models of stages 2 and 3

We consider system 10(5) to simulate stage 2 (see
Table IT). What we calculate is the PMF between the solute
and the vessel/lid complex. The inner surface of the com-
plex is solvophilic, while the solute is weakly solvophobic:
E3/(kgT) and &,/(kgT) are set at 3.0 and 1.5, respectively.
Figure 14 shows the PMF and its energetic and entropic com-
ponents for system 10(5). As observed in Fig. 14(a), the solute
remains constrained within the small space around the posi-
tion (—1.0, 0.0). The solute is energetically repelled from the
inner surface and entropically stabilized at (—1.0, 0.0) (see
Figs. 14(b) and 14(c)). The barrier along the straight route
from (—1.0, 0.0) to (0.0, 0.0) in Fig. 14(a) reaches 9.4kgT.
The result, which suggests that the protein is constrained al-
most in the center of the complex cavity, is consistent with the
experimental observation.'!1?

We then consider the system 10(3) to simulate stage 3
(see Table III). The inner surfaces of the complex and the
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FIG. 14. Potential of mean force ®/(kgT) (a), energetic component Pg/(kgT)
(b), and entropic component —®g/kg (c) on the cross section of z = 0 cal-
culated for system 10(5). The parameter setting in this system is given in
Table II.

solute are solvophilic: Both &3/(kgT) and &,/(kgT) are set at
3.0. Figure 15 shows the PMF and its energetic and entropic
components calculated for system 10(3). The barrier along
the straight route from (—1.0, 0.0) to (1.0, 0.0) in Fig. 15(a)
reaches 10.5kgT. The qualitative aspects of the PMF and its
components are not significantly different from those in stage
2. The folded protein is also stabilized almost in the center
of the complex cavity and remains well separated from the
complex inner surface.

H. Significance of solvophilicity of complex inner
surface in stages 2 and 3

To examine the significance of the solvophilicity of com-
plex inner surface in stages 2 and 3, we consider systems
11(5) and 11(3) for which &3/(kgT) is set at 0.0 to mimic a
highly solvophobic inner surface (see Tables II and III). The
PMFs calculated for the two systems are shown in Fig. 16.
In Fig. 16(a) where the solute is weakly solvophobic and the
inner surface is highly solvophobic, the contact of the protein
with the inner surface is highly stabilized due to the energetic
component as well as the entropic component of the PMF.
This is readily understood from the result in Sec. III F. When
the solute is located at (—1.0, 0.0), it has to overcome the bar-
rier of 3.5kgT along the straight route from (—1.0, 0.0) to (0.0,
0.0): The solute can still be constrained within a small space
around (—1.0, 0.0), but the barrier is only about one-third

J. Chem. Phys. 135, 185101 (2011)
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FIG. 15. Potential of mean force ®/(kgT) (a), energetic component ®g/(kgT)
(b), and entropic component —®g/kp (c) on the cross section of z = 0 cal-
culated for system 10(3). The parameter setting in this system is given in
Table III.

of that in Fig. 14(a). The constraint is still retained in stage
3 as well (see Fig. 16(b)), but the barrier along the straight
route from (—1.0, 0.0) to (1.0, 0.0) is 5.5kgT that is about
half of that in Fig. 15(a). Considering that the solute is much
more strongly repelled from the inner surface due to the en-
ergetic component and constrained within the small space in
systems 10(5) and 10(3), we conclude that the solvophilicity
of the inner surface is definitely the most favorable in stages 2
and 3.

The solvophilicity of complex inner surface plays essen-
tial roles in another way. England et al.*® have found the
following: The hydrophilic inner surface imports more wa-
ter molecules into the cavity of the GroEL/GroES complex
than the hydrophobic one, which is expected to play essential
roles in facilitation of protein folding. In summary, the affinity
of the GroEL inner surface with water is judiciously adjusted
(i.e., the inner surface is weakly hydrophobic in stages 1 and
4, while it is made hydrophilic in stages 2 and 3) to assure the
optimum environment for the insertion of an unfolded protein
into the cavity, protein folding, and release of the folded one
back to the bulk aqueous solution.

IV. MECHANISM OF PROTEIN FLUX THROUGH
CHAPERONIN SYSTEM

On the basis of our theoretical results and experimentally
available information, we can uncover the mechanism of the

Downloaded 06 Dec 2011 to 130.54.110.73. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



185101-12  Amano, Oshima, and Kinoshita
4.0 2.0 [4.1]
(a) i
2.0
) 00 00
= 00 e 10
= .,.j 20w
2.0 1 -3.0 3
4.0
-4.0 -5.0
40 20 00 208 60 [220.1]
x/dg
4.0 ‘ ’ 11.0[16.1]
(b) r..' 100
2.0 —E '— 9.0 IS.
& 8.0 X
S 0.0 i =~
= 70 w
2.0 __.i e | W60 S
5.0
-4.0 ‘ ‘ 4.0
40 20 00 20
3.0
x/ds 12.3]

FIG. 16. Potential of mean force ®/(kgT) on the cross section of z = 0. (a)
System 11(5). (b) System 11(3). The parameter settings in these systems are
given in Tables II and III, respectively.

whole cycle comprising stages 1 through 4. First, some of the
important results concerning the entropic and energetic com-
ponents of the PMF are recapitulated here.

Entropic component of the PMF :

(S-1) —dg/kg always drives a solute to be inserted into the
vessel cavity and confined within a small space almost
in its center. The insertion and constraint become more
powerful as the EV generated by the solute increases.

(S-2) —dg/kg always stabilizes the solute-inner surface
contact, but there is a barrier for the solute to overcome
for coming in contact with the inner surface.

(S-3) The basic pattern of —®g/kg is much less sensi-
tive to the solvophobicity or solvophilicity of the so-
Iute and vessel inner surface than that of the energetic
component.

(S-4) As the EV generated by the solute decreases, the
amplitudes of —®g/kp reduce.

Energetic component of the PMF :

(E-1) ®g/(kgT) is considerably dependent on the solvo-
phobicity or solvophilicity of the solute and vessel inner
surface, exhibiting large variation.

(E-2) When both of the solute and the vessel inner sur-
face are solvophobic, ®g/(kgT) excludes the solute from
the bulk solvent and inserts it into the vessel cavity.
The solute-inner surface contact is readily reached and
stabilized.

(E-3) When the solute is solvophilic but the inner surface
is solvophobic, ®g/(kgT) makes the solute be prefer-
entially solvated in the bulk solvent. The solute cannot
come in contact with the inner surface.

(E-4) In cases where either the solute or the inner surface
is solvophilic, the solute-inner surface contact is desta-
bilized. In particular, both of the solute and the inner

J. Chem. Phys. 135, 185101 (2011)

surface possess solvophilicity, the solute is strongly re-
pelled from the inner surface.

The mechanism of the protein flux through the chaper-
onin system can be described as follows (GroEL/GroES is
considered but the same explanation is valid for Hsp60/Hsp10
as well):

Stage 1. For an unfolded protein, the EV generated is sig-
nificantly large and the surface is weakly hydrophobic.
In this stage, the GroEL inner surface is also weakly
hydrophobic.’ As a consequence, the PMF is governed
by its entropic component. The protein is inserted into
the GroEL cavity and constrained within a small space
almost in the center of the cavity. The insertion and con-
straint are primarily entropic in origin.

Stage 2. The ATP binding followed by attachment of
GroES to the GroEL rim as a lid leads to the change that
the GroEL/GroES inner surface turns hydrophilic. The
protein is energetically repelled from the inner surface
and remains constrained within the small space men-
tioned in stage 1.

Stage 3. The protein securely folds into its native structure
without contacting the inner surface, during which ATP
is hydrolyzed into ADP and Pi. For the folded protein,
the EV generated is much smaller and the surface is now
hydrophilic.

Stage 4. The dissociation of ADP and Pi occurs with the
result of the detachment of GroES. The structural and
inner-surface properties of GroEL return to those in
stage 1. Due to the much smaller EV of the folded
protein, the powers of insertion and constraint by the en-
tropic component of the PMF are suppressed. The pro-
tein is then energetically released back to the bulk sol-
vent due to the hydrophilicity of the folded protein. The
release arises from factor (E-3). It is important to note
that if the GroEL inner surface remained hydrophilic,
it would become rather difficult even for the folded
protein to be released (see Fig. 11(b)). It is apparent
that GroES acting as a lid is useful for safely preventing
the energetic release before the folding is finished.

An unfolded protein with larger EV and weak hydropho-
bicity is entropically inserted into the chaperonin cavity. The
switch from insertion to release is achieved by decreasing the
EV and turning the protein surface hydrophilic in the folding
process. For this release, in which the energetic component is
a requisite, the feature that the vessel inner surface is not hy-
drophilic plays an essential role. On the other hand, the inner
surface of the GroEL/GroES complex is hydrophilic,” and the
protein is energetically repelled from it: the protein remains
constrained within a small space well separated from them,
which is relevant to correct folding.

For a slow folder such as mitochondrial rhodanese, the
folding is not finished in one cycle of the ATP binding,
hydrolysis, and dissociation of ADP and Pi.” That is, it may
not be released from chaperonin even when it opens by the
detachment of cochaperonin. It has been observed for rho-
danese in vitro that ~25% of non-native proteins are released
and ~75% of them remain within chaperonin (in the absence
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of crowding agents as assumed in the present study).’®%
This could be interpreted as follows. A protein whose struc-
ture differs significantly from the native structure is not
released even when chaperonin enters the open state: The
protein remains within chaperonin until its structure becomes
sufficiently close to the native structure. This interpretation
does not contradict the results from the present study. On the
other hand, it has been suggested that the protein is inserted
and released in non-native structures multiple times.>”>40 If
this is true, the mechanism proposed in the present study is
not always applicable to all cases, or some other factors which
we do not account for also come into play.

V. CONCLUDING REMARKS

We have investigated the behavior of a large solute which
is inserted into or released from an even larger cylindrical
vessel by analyzing the solvent-mediated, solute-vessel po-
tential of mean force. A lid is either detached from or at-
tached to the vessel. It provides a model of the protein flux
through the chaperonin system which inserts an unfolded pro-
tein from bulk aqueous solution, facilitates protein folding,
and releases the folded protein back to the bulk solution. The
three-dimensional integral equation theory is employed in the
analyses. The theory is characterized by the following advan-
tages: The spatial distribution of the PMF is obtained only
in one calculation; and the PMF can readily be decomposed
into entropic and energetic components which give physical
insights into the PMF characteristics.

On the basis of the experimental observations manifest-
ing that the basic aspects of the protein flux is independent
of the chaperonin, cochaperonin, and protein species,”>° we
adopt a simple model system which is free from specific
chemical and structural characteristics of a protein as well
as the chaperonin/cochaperonin complex. We have succeeded
in consistently elucidating the underlying mechanism of the
whole cycle comprising stages 1-4 mentioned in the “Intro-
duction” and illustrated in Fig. 1. The mechanism uncovered
as well as the important results concerning the entropic and
energetic components of the PMF is summarized in Sec. IV.
The function of chaperonin/cochaperonin, assistance of pro-
tein folding, is exhibited by the three key factors: the hydra-
tion properties of a protein in the water confined on the scale
of a nanometer which are substantially different from those in
the bulk water; changes of the conformation and surface prop-
erties of the protein upon folding; and adjustment of the struc-
ture and properties of the chaperonin system by the chemical
cycle of ATP hydrolysis (i.e., the ATP binding, hydrolysis of
ATP into ADP and Pi, and dissociation of ADP and Pi). Some
of the results obtained should be applicable to the transporta-
tion of an antibiotic molecule across a cell-membrane protein
such as ABC transporter’>*? and TolC.>* %

A variety of self-assembling and ordering processes in
biological systems, which occur at molecular levels, are sus-
taining life. Examples of such processes are protein fold-
ing leading to a unique native structure, molecular recog-
nition, association of protein molecules forming an ordered
and often symmetrical complex, and lipid-membrane forma-
tion. Water plays imperative roles in these processes.*!"4?

J. Chem. Phys. 135, 185101 (2011)

As another aspect, there are proteins or protein complexes
called “molecular machines” which exhibit a variety of high
functions.'~!3:32:33.4349 These molecular machines share the
feature that they function by utilizing the chemical cycle of
ATP hydrolysis. There is a general trend that only the roles of
ATP are emphasized. We remark, however, that the exhibition
of their functions of all those molecular machines is realized
by the cooperation of water and ATP. From this viewpoint, we
have recently elucidated the mechanisms of the unidirectional
movement of a linear-motor protein along a filament? and the
directed rotation of a subunit within a rotatory-motor protein
complex.”” In the present study, the mechanism of the protein
flux through the chaperonin system is successfully elucidated.
The water-mediated potential field felt by a protein is strongly
dependent on the structure and properties of the chaperonin
system as well as those of the protein; the chemical cycle of
ATP hydrolysis adjusts the former, thus controlling the poten-
tial field.
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APPENDIX: JUSTIFICATION OF THE PARAMETER
SETTINGS FOR e/(ks T) and £/(ksT) (I = 1, 2, 3)

In potential (1), ¢ is the lowest value of potential en-
ergy between two solvent molecules. On the other hand, the
strength of a hydrogen bond between two water molecules is
larger than 5kgT at T = 298 K. One might think that the set-
ting of ¢/(kgT) > 5 should be employed. However, this setting
is pathological for the following reason. In the simple-fluid
model, increasing &/(kgT) eventually leads to the divergence
of the correlation length (and that of the isothermal compress-
ibility); It occurs at ¢/(kgT) ~ 2 beyond which a single phase
cannot exist even as a metastable state. ¢/(kgT) ~ 2 is the spin-
odal point for the liquid-gas phase transition. For a dipolar
fluid, when the dipole moment is progressively increased, the
spinodal point for the liquid-nematic phase transition is even-
tually encountered; the divergence of the orientational corre-
lation length occurs at the value that is much smaller than the
dipole moment of water.”! Thus, the equalization of the lowest
value of potential energy between two solvent molecules for
different models is physically meaningless. We have already
shown that most of the characteristics of hydrophobicity can
well be reproduced by the simple-fluid model with &/(kgT)
= 1.5.2%32 In the present study, s/(kgT) is set at 1.0, but this is
still large enough to represent solvophobicity or solvophilicity
of a solute as described below.

One of the good criteria which allows us to determine if
a solute is solvophobic or solvophilic (and its degree) is the
reduced number-density profile of solvent near the solute. In
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FIG. 17. Reduced number-density profiles of solvent molecules near a solute
with diameter dg = 5ds (ds is the diameter of solvent molecules and 3dg
= (dg + ds)/2). Solid curve: system A(e/(kgT) = 0.0 and &,/(kgT) = 0.0);
long-dashed curve: system B (e/(kgT) = 1.0 and &/(kgT) = 0.0); dotted
curve: system C (e/(kgT) = 1.0 and &/(kgT) = 1.5); short-dashed curve:
system D (¢/(kgT) = 1.0 and &/(kgT) = 3.0).

Fig. 17, the profiles are shown for the four systems: ¢/(kgT)
= 0.0 and &,/(kgT) = 0.0 (system A); ¢/(kgT) = 1.0 and
&1/(kgT) = 0.0 (system B); ¢/(kgT) = 1.0 and & ,/(kgT) = 1.5
(system C); and &/(kgT) = 1.0 and & ;/(kgT) = 3.0 (system D).
The solute is spherical and its diameter dp is set at 5dg in all
the systems. Even in system A, a layer within which the sol-
vent enrichment occurs is formed near the solute due to the
purely entropic effect.*! The enrichment is significantly re-
duced in system B because the solute is unfavorable for the
solvent, almost the same in system C, and significantly en-
hanced in system D because the solute is favorable for the
solvent. Therefore, the solutes in systems B and D are solvo-
phobic and solvophilic, respectively. It is rather difficult to
characterize the solute in system C. However, the solvation
free energy of the solute, another good criterion, takes a large,
positive value for system C (due to the large solute size), and
we consider the solute weakly solvophobic. The solute in sys-
tem B is then referred to as “a highly solvophobic solute.”
The solute in system C could be considered neutral or even
weakly solvophilic. However, what is the most important is
that the solute in system C (an unfolded protein) must be sig-
nificantly less solvophilic than the solute in system D (the
folded protein). This requirement is certainly met by the set-
tings, £/(kgT) = 1.5 and & /(kgT) = 3.0, respectively.

We have verified that the qualitative aspects of the results
described in the previous paragraph are also true for differ-
ent values of dg (e.g., dg = 3ds). Further, they are not altered
even when a curved or flat surface is treated; the surfaces with
E1/(kgT) = 0.0, &/(kgT) = 1.5, and &,/(kgT) =3.0 I =2, 3)
can be considered highly solvophobic, weakly solvophobic,
and solvophilic, respectively. All we need is that the vessel in-
ner surfaces in stages 1 and 4 are significantly less solvophilic
than those in stages 2 and 3. This requirement is certainly
met by the settings, &;/(kgT) = 1.5 and §&,/(kgT) = 3.0,
respectively.
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