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Abstract

Proteins not only fold and unfold, but they are manifolds: they carry in-
formation about the evolutionary history of life, they function in the living
cell, and they are molecules. In this thesis, I mostly treat the last aspect
of the protein structure although the first aspect may be also relevant. A
protein is a molecule consisting of thousands of atoms which are arranged
in a specific configuration in space under the physiological condition. The
problem of how proteins adopt their specific three-dimensional conformation
should be addressed in terms of physics and chemistry. On the other hand,
a number of proteins had diverged from a common ancestral protein, result-
ing in their similar three-dimensional structures. In other words, different
proteins consisting. of diflerent sequences of amino acid residues may adopt
similar three-dimensional conformations. As more and more structures of
proteins became available, it has been recognized that a set of proteins with
stmilar three-dimensional structures can be grouped into one category which
is now termed as “fold.” From the definition, fold is conceptual and is not a
solid physical object. Even if their three-dimensional structures are similar
and they share a common fold, different proteins are different. This fact
poses a difficult problem since different proteins compose different physical |
systems which are not directly comparable. By what physical principles is a

protein fold stabilized? I attempt to answer this question by computational
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means, namely by classifying structural properties and associating them with

corresponding energy terms.

The first chapter is a general introduction to the problem addressed in
this study. [ summarize the physics of the molecular system and some known
structural aspects of proteins relevant to this study. Some definitions of ter-
minology are also presented. Emphases are put on the solvent effect and
side-chain packing which are later shown important for interpreting the sta-

bilization mechanism of the native structure and native fold.

Chapter 2 describes the methods used in the present studies such as
molecular mechanics, implicit solvent models, continuum electrostatics and
the “near-native” structure. The near-native structure of a protein is a struc-
ture with almost the same backbone conformation as the native structure,
but with different side-chain conformations. Since the backbone conforma-
tion is the basis of the definition of fold, the near-native structure is the most
crucial idea in the present study, which made possible to extract the energy

components important for stabilizing native fold.

Chapter 3 is the main body of the thesis in which various energy compo-
nents of the native, near-native, and intentionally misfolded structures are
compared for arbitrarily selected seven proteins of various structural classes.
It 1s shown that the solvent effects such as electrostatic shielding, the Born
energy, and hydration are important for the stabilization of the near-native
structures rather than the native structures themselves. The native struc-
tures are stabilized to a great extent by the packing energy. The stabilization
of the native structure by the packing energy is shown to be far larger than
the stabilization of the near-native structure by the solvent effect. Since the
near-native structure has the same fold as the native structure, it is sug-

gested that the stabilization of proteins with the same fold is attained by
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the solvent effect. Implications of these results are discussed with respect to
protein structure prediction.

Homologous proteins that are found in thermophilic and mesophilic or-
ganisms show similar three-dimensional structures but thermophilic proteins
are far more stable than their mesophilic homologs. In Chapter 4, 1 have
applied the methodology developed in Chapters 2 and 3 to the investigation
of the stabilization mechanism of thermophilic proteins relative to that of
mesophilic ones. In the current structural database, five families of ther-
mophilic p.roteins and their mesophilic homologs that were of high resolution
crystal structures and of moderate sizes were available. The energies of the
native (n), near-native (m) and unfolded {u) structures were calculated for
the five thermophilic proteins as well as for their mesophilic homologs. The
energy difference between the native and unfolded structures (AF,_,) was
decomposed into the ones between the near-native and unfolded structures
(AFE,-y), and between the native and near-native structures (AFE,_,). It
was found that the sum of electrostatic and hydration energies was consis-
tently lower for the thermophilic proteins than for the mesophilic homologs.
This trend was observed not only in AFE,_,, but also in AFE,,_,. No con-
spicuous tendency was found in AE,_,,. This result indicates that, relative
to their mesophtlic homologs, the thermophilic proteins are stabilized by the
solvent effect that determines the approximate native fold rather than the
side-chain packing that determines the precise native structure itself. A con-
sequence of this conclusion is discussed.

Finally, the results in the thesis are summarized in Chapter 5. The use

of the near-native structure and other related problems are also discussed.
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Chapter 1

Structure and Forces:
Introduction

1.1 The fundamentals

Protein is the object treated in this thesis. By “protein”, I mean a globular
(soluble) protein in aqueous solution. Not to mention the famous remark
by Feynman [25] “all things are made of atoms.” This atomic hypothesis is
especially true for proteins which are, in spite of the large size, microscopic
objects, that is, molecules. In his presentation of the atomic hypothesis,
Feynman described atoms as “little particles that move around in perpet-
ual motion, attracting each other when they are a little distance apart, but
repelling upon being squeezed into one another” (25]. This qualitative be-
havior of atoms should be quantitatively described by the non-relativistic

Schodinger equation [101] of the system of interest:
0o = E® (1.1)

where FI,@, E are the Hamiltonian operator, wave function, and energy of
the system. In our case, the system consists of a protein molecule surrounded

by a large number of water molecules. Since atoms are made of nuclei and
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Figure 1.1: A molecular coordinate system: 7,7 = electrons; «a, # = nuclei.

electrons, the Hamiltonian H in atomic unit is given as:

. Nl ) M 1 N M
Ho= -l gVi-Log V-2
NN 7.7
+ZZ—+ZZ . (1.2)
=1 j>i a=lf>a Rap

where M, and Z, are the mass and charge of the nucleus a relative to those
of the clectron. ry,, ri; and R,z are the relative orientations of nuclei and
electrons as depicted in Figure 1.1.

In principle, it is possible to investigate the energetics of protein structure
based on Equations 1.1 and 1.2. In reality, of course, it is impossible because
of the large number of freedom involved in the Hamiltonian H (Equation 1.2)
even with the advances in modern quantum chemistry [101, 74]. Furthermore,
even if the whole Schodinger equation could be solved, it is doubtful whether
we can claim that we have understood the principle of protein structure.
The system we are concerned with is very large and complicated. This in

turn leads to the solution to the Schédinger equation of the protein-solvent
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system too comtplex for us to interpret. Therelore, some approximations are
not. only necessary but indeed essential for our understanding.

In this thesis, various levels of approximations are applied. [n fact, the
main theme of the thesis is focused on a way to approximate the protein
structure, namely the concept of protein fold, which is discussed in the fol-
lowing sections. Another approximation involved is the use of the molecular
mechanics method. In stead of solving Equation 1.1, a classical Hamiltonian
is defined and used for evaluation of energy of protein molecules. Molecular
mechanics and related methods used in the present study are briefly reviewed
in Chapter 2. The energy ol a system implies the structure of the system.
But their relation is not trivial, especially for such a complex system as the
protein-solvent svstem. Hence another level of approximation is introduced
to link the energetics with structures. A long history of stucdies on protein
structure has revealed the importance of two phenomena: the solvent ef-
fect [41, 20] and tight side-chain packing [84, 85]. I will pay special attention
to these phenomena. These are briefly described later in this chapter, and

are the main subject in Chapter 3.

1.2 Some definitions

The main title of this thesis is *Computational studies on energetics of pro-
tein fold”. [t is not “Computational studies on energetics of protein strue-
ture™. The phases “protein fold” and “protein structure”™ are often used
interchangeably. If | had followed the common practice, the latter phase
could have been in the title. In this thesis, | give distinctive ineanings to the
terms protein structure and protein fold in order to more clearly define the
problem dealt in the present study. Therefore, it should he useful to give

definitions to some terms which may otherwise be confusing.
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Figure 1.2: The native structure of a protein is defined by both backbone
and side-chain atoms. The example is the PDB [8] entry 2ci2, barley chy-
motrypsin inhibitor 2 [57]. The figure was drawn with MolScript [44].

Structure of a protein Let a protein consist of N atoms (atom 1, atom
2. ....atom N). Then a structure of the protein is defined by a particular set
of the coordinates of all the atoms in the protein: {Ry,Ry.--- Ry}. The

phrase “protein structure” is often used to refer to “native structure”.

Native state (of a protein) The native state of a protein is a set of

structures of the protein under the physiological condition.

Native structure The native structure of a protein is one particular struc-

ture which represents the native state of the protein. Whenever we use the

term “native structure”. the structure is defined by the atomic coordinates
of both backbone atoms and side-chain atoms. An illustrative example of a

native structure is shown in Figure 1.2.
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Fold Since only some 100 experimentally determined protein structures
were available, it was already known that “the chain fold is an efficient cri-
terion for protein classification” [92]. Today, the number of known protein
structures are enormous and a number of databases exist that provide the
classification of proteins based on the folds. According to the structural clas-

sification of proteins {SCOP) database [62], the term “fold” is defined as

follows:

Fold: Major structural similarity

Proteins are defined as having a common fold if they have the
same major secondary structures in the same arrangement and
with the same topological connections. Different proteins with
the same fold often have peripheral elements of secondary struc-
ture and turn regions that differ in size and conformation. In
some cases, these differing peripheral regions may comprise half
the structure. Proteins placed together in the same fold category
may not have a common evolutionary origin: the structural simi-
larities could arise just from the physics and chemistry of proteins

favoring certain packing arrangements and chain topologies.

One major characteristics of the concept of fold in this definition is that it
is a relative one, rather than an absolute one. In other words, the fold of
a protein cannot be defined unless other proteins of similar structures are
given. Another characteristics is that detailed side-chain conformations and
intricate loop structures are not taken into account. The term fold merely
refers to the global feature of the backbone conformation.

However, the classification of protein structures has advanced so far that

nowadays the concept of fold appears independent of the classification, that
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Figure 1.3: The native fold of a protein is defined by the backbone topology
irrespective of side-chain conformations. The example is again the PDB (8]
entry 2ci2, barley chymotrypsin inhibitor 2 [57]. The figure was drawn with
MolScript [44].

is, it seems possible to define the fold of a protein independent of other
proteins. In this case, when we use the term fold, it means the sequence of
secondary structure elements and its relative three-dimensional arrangement,
which is also called “chain topology” or simply “topology”. In this thesis
we use the term fold and (chain) topology interchangeably. An illustrative

example of a fold is shown in Figure 1.3.

Although the native structures of proteins are implicitly assumed in the
above definition, [ enlarge the definition so that the term fold can refer
to protein-like but non-native structures. The adjective “protein-like” is
used for structures which contain as many secondary structures, and are as

compact as the native structures. If protein structures (in this case, not
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necessarilly the native ones) have similar backbone conformations, they are

said to share the common fold.

1.3 The protein folding problem

The first theory of protein folding was a theory of denaturation proposed by
Wu in 1931 [111]. At that time, no structures of any proteins were known, but
the denaturation and renaturation of proteins as well as the crystallization of
some proteins were. Based on a series of careful experiments by himself and
others and on close examination of the results, Wu [111] proposed a “theory”

which was stated in the following two sentences:

The compact and crystalline structure of the natural protein
molecule, being formed by virtue of secondary valences, is easily
destroyed by physical as well as chemical forces. Denaturation
is disorganization of the natural protein molecule, the change
from the regular arrangement of a rigid structure to the irregular,

diffuse arrangement of the flexible open chain.

It is remarkable that, to a large extent, this theory still holds true. This
theory of Wu states that protein folding-unfolding transition is essentially an
order-disorder transition. Theories of protein folding since then have been
trying to explain how this order-disorder transition occurs and what forces
determine the ordered state, i.e., the native state. One defect in Wu’s theory
is that he assumed the native structure to be like regular symimetrical crys-
tal [111]. It must have been difficult to imagine such complicated structures of
native proteins as we know today. In fact, when the first low-resolution struc-
ture of a protein, namely sperm whale myoglobin, was solved by Kendrew

and coworkers in 1958, they mentioned the structure as follows [42]:
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Perhaps the most remarkable features of the molecule are its
complexity and its lack of symmetry. The arrangement seems
to be almost totally lacking in the kind of regularities which one
instinctively anticipates, and it is more complicated than has been

predicted by any theory of protein structure.

It is interesting to note that the very first attempt to predict protein structure

failed, which seems to imply the later development of structure prediction.

The fundamental physical principle of the folding problem is now stated
as the “thermodynamic hypothesis” which was proposed by Anfinsen and

coworkers [4]. Anfinsen defined the hypothesis as follows [4]:

This hypothesis states that the three-dimensional structure of
a native protein in its normal physiological milieu (solvent, pH,
ionic strength, presence of other components such as metal ions or
prosthetic groups, temperature, and other) is the one in which the
Gibbs free energy of the whole system is lowest; that is, that the
native conformation is determined by the totality of interatomic
interactions and hence by the amino acid sequence, in a given

environment.

Based on this hypothesis, the protein folding problem can be stated in two
ways. One is to predict the native structure of a protein given its amino
acid sequence. The other is to elucidate the pathways along which a protein
folds from its denatured state to its native state. Both aspects of the protein
folding problem have been studied extensively by experimental means as well
as theoretical ones. Here, I concentrate mostly on the theoretical aspects of

the problem.
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1.3.1 Protein structure prediction

Because of the hierarchical nature of protein structures [1], there are multiple
levels in protein structure prediction. Although the ultimate level of predic-
tion is the tertiary (or quaternary) structure, earlier attempts were limited
to secondary structure predictions. In the mid 1970’s, a blind prediction test
was already performed in which the secondary structure of adenyl kinase was
predicted by various methods and compared with later solved experimental
structure [93].

The increase in the number of experimentally determined protein struc-
tures revealed rather limited variations of folds. This observation led to
estimation of underlying principles of protein folds from the physical [26]
and phylogenetic {92, 12] points of view. It should be noted that already in
1981 when some 150 protein structures were known Schulz [92] estimated the
number of basic protein folds to be about 200. Furthermore, the explosive
increase of sequence data led Chothia [12] to estimate that the number of
protein families is no more than one thousand. Each protein family corre-
sponds in general to a single protein fold. Therefore, if all the protein folds
are known, prediction of a protein fold reduces to selecting from the struc-
ture database an appropriate fold which is compatible with the given amino
acid sequence. Searching the sequence-structure compatibility is assumed to
be equivalent to finding the global minimum of the Gibbs free energy of the
protein-solvent system. The practical method for tertiary structure predic-
tion exploiting the structural database appeared in the early 1990’s. The
first successful method was developed by Bowie et al. [9]. Their method
was subsequently modified and refined by others (e.g., [37, 67]). These
methods are now called “fold recognition” or “threading”. A case study on

protein structure prediction by the fold recognition method is presented in
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Appendix A. Although many research groups have tried to improve the fold
recognition method, its reliability is still limited. The major source of the
limited reliability is the ignorance of the determinants of protein folds. In
the fold recognition method, one has to define a set of functions that measure
the compatibility of the sequence of interest with structures in the database.
This set of functions is conceptually analogous to the energy function of the
protein-solvent system although rigorous justification is absent at present.
A rigorously physical treatment of sequence-structure compatibility would
be possible if the protein-solvent system is represented in the fully atomic
detail based on Equation 1.1, but in this case the direct relationship between
fold and energetics will be obscured. The concept of fold is related more to
the human way of perception than to the physical existence. The physical
principles that govern protein folds are not trivial, and they are the main

subject in the present thesis.

1.3.2 Folding mechanism per se

Recent advances in understanding the folding mechanism have been brought
by experimentalists and theoreticians, and their cooperative efforts [2]. Most
of the theoretical methods were based on the model introduced by Go in the
1970’s [29]. From the analyses of various interactions in the native structures
of proteins, Go found that these interactions were apparently consistent with

each other. Subsequently, he put forward his argument [29]:

The consistency discussed above cannot be perfect in real pro-
teins. However it is useful to view real proteins as deviating from
hypothetical idealized proteins in which the consistency is per-
fect. The situation is analogous to the concept of an ideal gas.

No real gases are ideal. Yet, it is useful to view real gases as
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deviating from the hypothetical ideal gas. The concept of an ide-
alized protein with perfect consistency should be useful because
various energy terms in real proteins are indeed consistent with
each other in the first approximation. I propose to call this fact

the consistency principle in protein folding structure.

Bryngelson and Wolynes [10] applied spin glass theory to study the mutually
competing energetic factors in protein structures, and subsequently reformu-
lated the consistency principle as the principle of minimal frustration. The
models to which the consistency principle is applied (so called “Gé-models™)
assume that there exist only those interactions which stabilize the native
structure. In order to construct such a model, the native structure of the
protein of interest must be known a priori. Therefore, the Go-models are
not able to predict the native structure. Nevertheless, recent years have
seen many variants of the Go-model used to study the folding process of real
proteins, and thus obtained theoretical results were actually compared with
experiments with good correlations [103]. It should be noted that all vari-
ants of the Go-model use coarse-grained representation of protein structures
with no atomic detail. One of the most outstanding results was obtained by
Plaxco et al. [79]. They defined a quantity called “relative contact order”
which is the average sequence separation between contacting residues in the
native state, normalized by the length of the protein chain. They have found
that the relative contact orders of single-domain, fast-folding proteins show
a good correlation with the folding rates [79]. It was also shown experimen-
tally that proteins of the same topology fold in similar manners [30]. These
studies led to a simple conclusion: the fold (or topology) of the protein de-
termines the folding mechanism [5]. The folding mechanism seemingly does

not depend on the atomic details of protein structures.
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The success in predicting folding mechanism using the Go-models enforces
the importance of the concept of fold. However, as far as a prior: knowledge
of the native fold i1s required as in the Go-model, the problem remains: what

determines the fold?

1.4 Forces in protein structure

[t is obvious from the form of the Hamiltonian of the protein-solvent system
(Equation 1.2} that all the forces involved in the system are essentially elec-
trostatic in nature. However, as mentioned in Section 1.1, it will be easier
for us to classify the force into various classes in an approximate and intu-
itive way. Instead of giving detailed physical formulation, I present more
schematic pictures of the forces, mostly based on statistical analyses of pro-

tein structures.

1.4.1 Local and non-local interactions

Local interactions are interactions between atoms near by along covalent
bonds. This class of interactions includes bond stretching, bond bending, and
torsional motions. Standard bond lengths and bond angles are well known.
Torsion angles of the polypeptide backbone show distinctively skewed distri-
bution which was first analyzed extensively by Ramachandran and cowork-
ers [82]. They analytically calculated stereochemically allowed regions of the
backbone ¢ and 3 angles and presented graphically in the so-called ¢ —
map, or the Ramachandran plot!. Statistical analyses of protein structures
have validated the analytical result of Ramachandran and coworkers. Distri-

bution of ¢ — ¢ angles of twenty types of amino acid residues in a structural

! According to Sarma [91), the Ramachandran plot should be called as Ramachandran-
Sasisekharan-Ramakrishan (¢ — ¢) diagram, signifying equal contributions of the three
people.
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database of proteins [46] is shown in Figure 1.4.

[t can be scen glvcines and prolines have distinct features in the distri-
bution compared to other amino acid residues. A closer examination reveals
that there are differences among all types of amino acid residues. T'hese dif-
ferences are caused by the steric hindrance due to the different shapes of the
side-chain groups. The propensity of each amino acid residue for o helix {75]
or for 3 sheet [76] is at least partly attributed to these differences in steric

hindrance.

Plots similar to the Ramachandran plot can be obtained for the y angles
of side-chain groups (Figure 1.5). Compared to the distribntion of ¢ — ¢
angles, that of yy — vs seems to show clearer peaks. Ponder and Richards [80]
exploited this fact and represented all the side-chain conformation in only 67
rotameric states. ‘They applied their rotamer library to prediction of side-
chain packing given the correct backbone structure. Since then, many groups
have developed different rotamer libraries as high-resolution structures of

proteins become available [53).

It is remarkable that side-chain conformations can possibly he represented
as rotamers to a great accuracy in spite ol other non-local interactions in-
volved to achieve tight side-chain packing in the native structnre. In his
derivation of the consistency principle, Go [29] based one of his arguments

on this fact.

Non-local interactions in proteins are the interactions other than the local
interactions described above. Non-local interactions include Conlomb inter-
actions due to the partial atomic charges, van der Waals interactions due to
instantaneous polarization of atoms [77]. In the case when we are interested

in thermodynamically stable structures, entropic {force may play a role.
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Figure 1.4: The Ramachandran plots for all residue types. Shading shows
favorable backbone conformations as obtained from an analysis of 163 struc-
tures at resolution 2.0 A or better. This figure was taken from the output of

the PROCHECK program [46)].
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Figure 1.4: The Ramachandran plots for all residue types. (continued)
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Figure 1.4: The Ramachandran plots for all residue types. (continued)

1.4.2 Solvent effect

In this thesis, | actually mean two effects by “solvent effect”. One is the
electrostatic effect, the other, the hydrophobic effect. The former is rela-
tively easy to understand. The native structure of a protein is a compact
globule with a relatively rigid core. To a first approximation. the compact
globule can be regarded as a low dielectric medium. On the other hand. the
surrounding solvent is a high dielectric medium with a dielectric constant
of about 80. One of the electrostatic effects caused by the high dielectric
solvent is the electrostatic shielding caused by reorganization of the dipolar
water molecules and salt ions around the protein molecule. Another impor-
tant electrostatic effect is the Born energy which is associated with the work
needed to push a charge into the low dielectric medium. Since a charge is
more stable in the high dielectric solvent than in the low dielectric protein,
very few charged amino acid residues are observed inside proteins. Also polar
or charged groups such as those in the peptide group cannot exist inside a
protein without forming hydrogen bonds [65].

The hydrophobic effect is rather difficult to understand. Historically.

Kauzmann [41] first introduced the concept of the hydrophobic effect which
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Figure 1.5: The \; — \2 plots. Shading shows favorable side-chain confor-
mations as obtained from an analysis of 163 structures at resolution 2.0 A
or better. This figure was taken from the output of the PROCHECK pro-
gram [46].
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Figure 1.5: \; — \2 plot. (continued)

he called hydrophobic bonding;:

Since the non-polar side chains have a low affinity for water,
those polypeptide chain configurations in proteins which bring
large numbers of these groups into contact with each other, and
hence tend to remove them from the aqueous phase, will be more
stable than other configurations, other things being equal. One
can consider that the side chains of the above mentioned amino
acids? (and perhaps others) will form intramolecular “micelles”
analogous to the micelles known to occur in aqueous solutions of

soaps and detergents. This tendency of the non-polar groups of

2This refers to valine, leucine, isoleucine, phenylalanine, as well as proline, alanine and
tryptophan.
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proteins to adhere to one another in aqueous environments has

been referred to as hydrophobic bonding.

On one hand, Kauzmann’s notion is right: most non-polar side-chains are
indeed in contact with each other and are buried inside the native structures
of proteins. On the other hand, it is wrong: the native structures of proteins
are not like micelles, they are precisely and tightly packed, which is more like
organic crystals [84]. Furthermore, Kauzmann concluded that the origin of
the hydrophobic effect was the ordering of water molecules, or iceberg, around
exposed non-polar groups, which would lead to a large loss of entropy. In
other words, the native structure forms so as to minimize the loss of entropy
of water molecules. This point was strongly criticized by Makhatadze and

Privalov [55]:

If protein folding results in an overall increase of entropy, why
are proteins denatured on heating? The fact that all proteins
denature on heating means that the enthalpic factors prevail over
the entropic factors in protein stabilization. This experimental
fact, however, is ignored in the most theoretical considerations of

the mechanism of protein folding.

Based on their superseusitive calorimetric measurements of the folding (un-
folding) free energy of many proteins as well as on the hydration and sublima-
tion free energies of small organic molecules, Makhatadze and Privalov [54,
81, 55] have concluded that the van der Waals interactions between the non-
polar groups and weak polar interactions between the aromatic groups are
the main contributors to the hydrophobic effect, hydration playing relatively

a minor role.
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1.4.3 Side-chain packing

The Wu theory predicted that the native structure of a protein would be
compact and crystalline. As soon as the first protein structure was solved,
it was apparent that the protein structure, at least that of myoglobin, was

indeed compact, but it was so in spite of its irregularity [42]:

- chains pursue a complicated course, turning through large
angles and generally behaving so irregularly that it is difficult to
describe the arrangement in simple terms; but we note the strong
tendency for neighbouring chains to lie 8-10 A apart in spite of

the irregularity.

The resolution of the first myoglobin structure was 6 A, therefore even the
backbone trace was not complete. Still, the above observation by Kendrew
et al. was indicative of tight side-chain packing which was revealed in the
1970’s by the geometric analysis of Richards [83].

In order to quantitatively analyze the atomic packing in protein struc-
tures, Richards [83] introduced a measure called packing density which was
defined as the ratio of the volume enclosed by the van der Waals envelope of
a given molecule or atom to the actual volume of space it occupies. The van
der Waals envelope can be determined once the van der Waals radii of the
atoms, and their covalent geometry are given. The “actual volume of space”
each atom occupies can be defined by the Voronoi polyhedra (Figure 1.6;
[98]). Richards developed an approximate method of the Voronoi tessella-
tion to handle the heterogeneity of the protein structure which consists of
various atoms of different radii. He then calculated the packing density for
the structures of lysozyme and ribonuclease S, and found that their packing

densities were about 0.75 which is very close to the values of the crystals of
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Figure 1.6: An example of the Voronoi tessellation in two-dimensional space.
Circles represent atoms, polygons are the associated Voronoi polyhedra {poly-
gons in this case). Note that the Voronoi polyhedra cannot be defined for
peripheral atoms.

small organic molecules. Since then, the packing density has been calculated
for many other protein structures, and the finding of Richards [83] seems
to have been confirmed [85]. However, Richards did not fully take into ac-
count the covalent structure, he used instead the average values of the van
der Waals volumes for each atom type [83]. Therefore, the value of packing
density such as 0.75 may be an overestimate [85]. Nevertheless, the native
structure of a protein is well packed as organic crystals. Makhatadze and
Privalov [54, 81, 55] used this fact to estimate the energy associated with

packing in protein structures from sublimation energy of organic crystals.
Packing itself is a purely geometrical concept. The approach taken by
Makhatadze and Privalov is an attempt to link the geometry to energet-

ics. Regarding the present work, it is useful to clarify what good packing
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is. First, good packing should be associated with a large number of atomic
contacts which are located nearly at the minima of the van der Waals inter-
actions. This requirement would be relatively easily achieved for monatomic
molecules, but would be rather difficult for polymeric molecules as proteins.
Then, the second requirement is less distorted covalent geometry. The exact

definition of the packing energy used in this study will be given in Chapter 3.




Chapter 2

Strategy for Studying Protein
Energetics

2.1 Molecular mechanics

It should be possible to study the energetics of protein fold by solving Equa-
tion 1.1 in principle, which is, needless to say, impossible in practice. There-
fore, I employ the molecular mechanics method which treats the physical
system in the framework of classical mechanics. The molecular mechanics
method consists of various components: the energy function or force-field,
construction of atomic models, optimization procedures such as energy min-
imization or molecular dynamics. In the present study, I used the molecular
mechanics program EMBOSS [63] which was kindly provided by Biomolec-
ular Engineering Research Institute, Osaka, Japan. EMBOSS was originally
developed for experimental determination of protein structure by nuclear
magnetic resonance spectroscopy. One major feature of EMBOSS is that it
can perform simulated annealing mass-weighted molecular dynamics in four-
dimensional space [34, 63]. Earlier versions of EMBOSS included only the
distance geometry force-field. The distance geometry force-field includes only

the local geometry terms and soft-repulsion terms apart from the terms for

23
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distance and dihedral angle restraints. The local geometry terms are the ones
to keep local geometry such as bond lengths, bond angles, chiral volumes,
etc.- to their ideal values. The soft repulsion term is used to avoid van der
Waals clashes. The repulsion energy between the atoms 7 and j are defined

as

ksoft(?"?j - r?j,c)Qv if 75 < Tije (2.1)

0, if ryj > rije (2.2)

where k7, 1s the weight of the term, rj; is the distance between two interact-
ing atomes 7 and j,and ry;. is the sum of their van der Waals radii. This term
is the only non-local interaction term in the distance geometry force-field. As
can be seen, this force-field is actually a set of penalty functions that penalize
deviations from the ideal geometry of polypeptide chains, and therefore, it
1s suitable to construct molecular models solely by geometrical restrictions,
independent of more “physical” molecular mechanics energy function. This
feature of the distance geometry force-field is exploited in the studies given
later in this thesis.

The version 5.0 of EMBOSS includes the AMBER all-atom force-field [109]
which is described in the next section. I have added a subroutine to calculate
the hydration free energy based on the solvation model of Qoi et al. [70] in

the minimization routine of EMBOSS, which will be described in Section 2.3.

2.2 Energy function

It is difficult, if not impossible, to know the true energy function of the pro-
tein in water. Among various energy functions so far developed, the ones for

molecular mechanics calculations should be the best possible choice because
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of their relatively clear physical background. Commenly used molecular me-

chanics energy functions are composed of several terms:

E = 3 ka(ba— 802 + Y ko(6s — 05)2 + Y- Vo(1 + cos(n, 6, +6,)
o g ¥

S W B

i; A\ i B i \ig Ty

where the first three terms represent the energies associated with bond lengths
{by ), bond angles (#3) and torsion angles (¢, ), and the last three terms repre-
sent the non-bonded energy such as van der Waals and Coulomb interactions,
and hydrogen bonds, respectively. The hydrogen bond term may be absent
in more recent force-ficlds (e.g., [18]). The parameters such as k., kg, V,, A;;,
Bij, and ¢; etc. are determined either by experiments or by ab initio quantum
mechanics calculations. Most molecular mechanics energy functions ignore
the polarization effect of atoms. There are a number of molecular mechan-
ics energy functions proposed. In the present study, we use the AMBER
all-atom energy function (force-field) [109].

The most realistic molecular mechanical treatment of protein-water sys-
tem will include the protein itself with a large number of explicit water
molecules around it (Figure 2.1). In this case, the equation (2.3) takes into
account the interactions between protein atoms, between protein and water
atoms, and between water molecules. Although such calculation is possi-
ble and has been actually carried out, it is computationally very heavy and
prohibits comprehensive studies. Therefore, some kind of approximation is
needed as far as it does not lose the structural details of the protein molecule.

There are several possible ways to approximate the protein-water system.
The most simple approximation is to ignore water molecules. If we are inter-
ested only in the native structure of the protein, this approximation works

rather well. It is suggested that the protein molecules are extremely stable in
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o O O COe— Water

Protein

Figure 2.1: Schematic picture of the protein-water system

vacuo [95]. However, if we are interested in other states of the protein such
as the unfolded state, ignoring water molecules is not appropriate. Novotny
et al. [68] showed that the vacuum energy function could not discriminate
the native structure from a deliberately misfolded structure unless some kind
of solvent effect was taken into account [69]. Since we are interested in the
stability of the protein structure, it is crucial to consider states other than
the native one. Therefore, the effect of water molecules on the protein can-
not be ignored. Then the next step of approximation is to treat the water

molecules implicitly, which is discussed in the next section.

2.3 Implicit solvent model

2.3.1 Theoretical background

[ follow the formulation by Lazaridis and Karplus [48] in this sub-section. If

the Hamiltonian H of the protein-water system is additive, it is expressed as
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follows:

H=H,+ Hy, + Hyu (2.4)

where H,, H,,, and H,. represent the intramolecular interactions within
the protein, protein-water interactions, and water-water interactions, respec-
tively. The configurational canonical partition function Z of the protein-

water system can be calculated as
7= / exp (—fH)drdR (2.5)

where § = kgT', and r and R are the water and protein degrees of freedom,
respectively. We define the potential of mean force W by integrating out the

Boltzmann factor exp (—3H) by the water degrees of freedom:

exp(—8H)d
exp (—gw) = L2 DA (2.6)
Zos =fexp(—ﬂwa)dr. (2.7)
Using Equation (2.4), we obtain
exp (~W) = exp (- H,) L2 e Z Plundlt )

wa
The last part of Equation (2.8) can be regarded as the ensemble average of

exp (—BH,,) in the pure water system:

[ exp (=B Hpw) exp (— B Hyy )dr
Z’LULU

= (exp (_6pr)>0 (29)

This ensemble average is related to the standard solvation (in the present

case, hydration) free energy AG*".
—kgT ln{exp(—FHy))o = AG™® (2.10)
Now, Equation (2.8) becomes

exp(—BW) = exp(—BH,) exp(~BAG™) (2.11)
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or

W(R) = H,(R) + AG*"(R) (2.12)

Thus, the effective energy function of the protein-water system is represented
by the sum of the intramolecular energy of the protein H, and the solvation
free energy AG**"™. H, is simply the conformational energy of the protein in
vacuo, which is readily calculated. The problem now is the realization of the

hydration free energy AG®.

2.3.2 Practical representation

There are a number of implicit solvent models to date. Basically all the
implicit solvent models are based on the decomposition of the solvent effect
to atomic contributions.
AGH(R) = Y AGPM(R) (2.13)
atom 1

The next assumption is that the contribution of cach atom AG$" can be

represented as follows:

AG¥"(R) = 0;A(R) | (2.14)

where o; is a constant which depends on the atomn type of the protein atom
t, and A; is the measure of “accessibility” of the protein atom 7 to the solvent
which is defined by the global structure of the protein. Differences in implicit
solvent models emerge from the difference in the definition of the accessibility

A. [ briefly review a few implicit solvent models.

The excluded volume model The excluded volume model was intro-
duced by Gibson and Scheraga [28]. This model was later called the hydration
shell model [39]. In this model, the accessibility A; is defined as the number

of water molecules around the protein atom 7. If other protein atoms exist
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near the atom z, water molecules will be excluded from the neighborhood
of the atom ¢. The number of water molecules excluded from the neighbor-
hood is assumed to be proportional to the total volume of the protein atoms
occupying the nearest neighbor of the atom ¢. Kang et al. [39] refined the
model by developing an analytical method for the calculation of the excluded

volume.

The accessible surface area model The accessible surface area (ASA)
introduced by Lee and Richards [50] is the most popular measure of accessi-
bility. Chothia [11] found a linear relationship between the hydrophobicity of
amino acid side-chain groups and their accessible surface area which justifies
the assumption of Equation 2.14. Eisenberg and McLachlan [21] derived the
atomic solvation parameters ; from experimentally measured free energy
change of amino acid side-chains from octanol to water to estimate the hy-
drophobicity of the atomic groups. In a similar manner, Ooi et al. [70] derived
their atomic solvation parameters for seven atomic groups from experimen-
tally measured free energy change of many small rigid molecules from the gas
phase to water to complement the molecular mechanics energy function in
vacuo. Wesson and Eisenberg [110] derived the atomic solvation parameters
similar to Qoi et al. [70], but for five atomic groups including charged ones.

Various methods for calculating ASA, either numerically or analytically,
have been proposed. The analytical method was proposed and proved by
Richmond [86]. Basically all the analytical method for the calculation of
ASA is based on the Gauss-Bonnet theorem [43] which was used by Rich-
mond himself [86]. Although the analytical method is computationally more
demanding than numerical ones, it has an advantage that the derivative

of the ASA with respect to the atomic coordinates can be calculated. The
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derivative of the ASA is useful for energy minimization and molecular dynam-
ics simulations. Wesson and Eisenberg [110] actually carried out molecular

dynamics simulations using an ASA-based implicit solvent model.

The solvent contact model The solvent contact model introduced by
Colonna-Cesari and Sander [17] is computationally less demanding than other
models described above. The accessibility measure A; of this model is sim-
ply the number of contacts that the protein atom : makes with other protein
atoms subtracted from the maximum possible number of contacts the atom ¢
can make. The maximum possible number of contacts are derived empirically
from, for example, a database of protein structures. The residual number of
contacts is supposed to correspond to the number of contacts with water
molecules. Since the calculation of the accessibility involves simply counting
the number of contacts, this model is easy to implement and to compute.
Stouten et al. [97] employed this model to simulate a solvated bovine pan-
creatic trypsin inhibitor. Lazaridis and Karplus [48] developed an implicit
solvent model that is a combination of the excluded volume and solvent con-
tact models. They derived the parameters o; from the experimental results of
Makhatadze and Privalov [54, 81, 553]. Their model also involves modification
of the partial charges of protein atoms and a distance-dependent dielectric
constant.

For my study, 1 have employed the implicit solvent of Ooi et al. [70]
which is based on the accessible surface area of protein atoms. The excluded
volume model is very complicated and computationally complex. In this re-
spect, the solvent contact model seems attractive, but it did not give much
improvement in side-chain packing prediction (Haruki Nakamura and Aki-

nori Kidera, personal communication). One fundamental difficulty in the
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solvent contact model is that the interactions with water is reduced to essen-
tially a two-body problem. In other swords. the solvent contact model cannot
represent the manv-body nature of the solvent effect. The accessible surface
area model can take into account at least four-body interactions, and it is
computationally more feasible than the excluded voluime model. Therefore,

it is reasonable to employ the accessible surface model.

2.4 Validation of the energy function

In order to test the general ability of the molecular mechanics energy func-
tion, | have applied it to the problem of discriminating the native structure
out of hundreds of decoys. The four-state reduced decoy sets created by Park
and Levitt [73] were obtained from a web site {http://dd.stanford.edu/).
Each decoy set consists of more than 600 decoy structures. The structures
of the Park and Levitt decoy sets were first energy-minimized for 300 steps
using the AMBIZR potential function, excluding electrostatic and hydrogen
bond terms, with the positional restraints on the backbone heavy atoms.
Another 100 steps of coujugate gradient energy minimization were carried
out using AMBER with the implicit solvent term of Qoi et af. (QONS) [T0].
In order to take into account the solvent shielding effect, we used a distance-
dependent dielectric constant € = 2r where r 1s the distance between two
interacting atoms.

[ used only three sets (lctf, 169, 3ich) out of the seven sets by eliminat-
ing those having disulfide bonds or iron-sulfur cluster in order to make the
comparison of different structures possible. Also the decoy set for 2cro (434
Cro protein) was not used because it is similar to 1r69 (434 repressor).

Figure 2.2 shows the minimized energy values (AMBER + OONS) for

the decoy sets. For all the three cases, the native structure has the energy
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Figure 2.2: Results for the Park and Levitt decoy sets. The horizontal axis
is the RMSD (A) of the decoy from the native structure. The vertical axis
ts the minimized energy of the decoys. The dashed line indicates the energy

of the native structure.
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lower than any other decoys. For 3ich, there is one decoy which has only 0.7
kcal/mol higher energy than the native. However, this structure is actually
very close to the native one with C, root mean square deviation (RMSD) of
less than 2 A. Thercfore, the energy function in the present study is proved
to be sufficiently good for the use in discrimination of the native structure

from misfolded structures.

2.5 Electrostatics

Although discrimination of the native structure out of hundreds of decoys
was successful, it is simply a necessary condition that an ideal energy func-
tion must satisfy. We used the AMBER energy function with a distance-
dependent dielectric constant ¢ = 2r combined with the hydration term of
Ooi et al. One of the deficiencies of the present energy function is the lack of
appropriate treatment of the solvent shielding effect. Also there is no penalty
for buried charges which should be given as the Born energy [65]. Although
the hydration term of Qoi et al. takes into account the direct interactions
with the water molecules in the first hydration shell, it cannot represent in-
teractions of more indirect nature such as solvent shielding and the Born
cnergy. As pointed out in an earlier section, fully molecular treatment of the
protein-water system (Figure 2.1) is impractical at present. This is especially
true for the treatment of long-range electrostatic interactions. One conve-
nient way to calculate the electrostatic potential of the protein-water system
is to treat the system as a continuum dielectric medium and to solve the
classical Poisson equation [6] or the generalized (linear) Poisson-Boltzmann
equation [58]. The continuum dielectric model of the protein-water system
(Figure 2.3) treats the protein as a low dielectric medium and the water as

a high dielectric one.
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Solvent region
€ = €, K = Kg

Boundary region
€ =¢€p, k=10

Figure 2.3: Schematic picture of continuum dielectric model of the protein-
solvent system.

In order to apply the continuum electrostatics, the protein-solvent system
is first divided into three distinct regions: the protein, solvent, and boundary
regions. The protein region is defined by the region enclosed by the molecular
surface which in turn is defined by the van der Waals radii of protein atoms
and the radius of water molecule (1.4 A). The boundary region is defined as
the region between the molecular surface and accessible surface of the protein
molecule. The remaining region outside the accessible surface of the protein
is defined to be the solvent region (Figure 2.3). Dielectric constant and ionic
strength are assigned to each region as schematically shown in Figure 2.3.

The solution to the following generalized linear Poisson-Boltzmann equa-

tion gives the electrostatic potential ¢(r) of the protein-solvent system [65].
V. e(r)Ve(r) = —4m Y qid(r — 13} + ¢,67(r) (2.15)

where ¢(r) and ¢(r) are the dielectric constant and the electrostatic potential

at the position r, respectively. ¢; and r; are the charge and the position of
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the i-th protein atom. €(r) is set to ¢, in the protein region, and to ¢, in the
solvent region. x is the Debye’s shielding parameter which is meaningful only
in the solvent region. The atomic charges and van der Waals radii were taken
from the AMBER force-field in this study. The dielectric constants of the
solvent region (¢,) and the boundary region (¢,) were set to the macroscopic
value of water, 80. The dielectric constant ¢, of the protein is not trivial
because of the heterogeneity of the protein molecule. Nevertheless, it is
a common practice to set it to a value between 1 and 20 throughout the
proiein region. The values ¢, = 10 and 4 were used in Chapters 3 and 4,

respectively. More specifically, the Poisson equation
¢, Vid(r) = —4x Z g:6(r — r;) (2.16)
is solved in the protein region, and the Laplace equation
Vig(r) =0 (2.17)
is solved in the boundary region, and the Poisson-Boltzmann equation
V24(r) = K2(r) (2.18)

is solved in the solvent region with appropriate boundary conditions to
smoothly connect the electrostatic potential of the different regions.

The partial differential equation (Equation 2.15) can be readily solved
by numerical methods. For numerical integration, a large box containing the
protein molecule is set which is partitioned into a large number of small cubes.
The side length of each cube is set to 1 A to retain the numerical accuracy.
The self-consistent boundary condition [66] is imposed at the edges of the
box so that the electrostatic potential approaches zero at infinitely distant

points.
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In order to avoid the divergence of the electrostatic potential due to the
self Coulomb energy of the point charges of protein atoms, we solve the above
equation twice, one for the protein-solvent system (e, = 80), the other for
the protein in vacuum (€, = €,). Thus we obtain two solutions #** and ¢**,
respectively. By taking their difference, we obtain the reaction field, ¢"**<! =
¢*! — ¢ from which the self energies and Coulomb interaction energies are
eliminated. Finally, the electrostatic energy of the protein-solvent system
(Ey—s) is given by

E, .= Z ¢react (r:) +Z &gy (2.19)
<] Cp|r1 - rJl
The second sum in the right hand side of this equation is the Coulomb
interaction energy, which is calculated only for 1-4 and 1-5 interacting pairs
of atoms as is done for usual calculations with the AMBER force-field. In
this case, no distance cut-off is applied for the Coulomb interaction term.

The electrostatic energy E,_; given by Equation (2.19) includes, in ad-
dition to intramolecular Coulomb interaction energy, the solvent shielding
effect and the Born energy. However, it should be noted that the heterogene-
ity of the protein molecule is neglected in the continuum dielectric model.
Furthermore, dielectric constants are originally defined for macroscopic ob-
jects instead of microscopic ones such as protein molecules. Therefore, the
electrostatic energy E,_, obtained by the continuum dielectric model should

be taken as a first approximation.

2.6 “Near-native” structures

A protein is made of atoms. A protein structure is defined by the atomic
coordinates. Whereas the fold of a protein is an artificial concept in which

atomic details are neglected, calculation of molecular mechanics energy re-
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quires the atomic details of the protein structure. Then how can we study
the energetics of protein fold? Comparative study of the structures of homol-
ogous or analogous proteins have been a powerful method to elucidate the
determinants of protein fold. For example, the seriés of works by Chothia
and coworkers 7, 32, 13] have shown that a set of the key residues shared
by the members of each superfamily of proteins are the determinants of their
fold. Murzin [61] showed that this comparative approach was extremely pow-
erful in structure prediction of proteins with no homologous structures in the
database. However the “determinants” in their sense are evolutionary ones,
rather than energetic ones. In this study, 1 try to solve the conceptual conflict
between protein structure and protein fold by introducing a class of atomic
models called near-native structures.

If there should be any physicochemical factors that determine the fold of
a protein, then these factors may be recognizable even when the precisely
determined native structure is perturbed as far as the perturbed structure
shares the common fold with the native structure. Since the fold is deter-
mined by the backbone conformation irrespective of the side-chain confor-
mation, the perturbation is applied to the side-chain conformation while the
native backbone conformation is retained. I call thus constructed structure
the near-native structure, An example of the near-native structure is shown
in Figure 2.4,

Near-native structures as depicted in Figure 2.4 are constructed by min-
imizing atomic overlaps with positional restraints on the backbone atoms so
that the fold is the same as, while the side-chain conformations are different
from the native structure. The positional restraints are imposed as a penalty
function £, |

1
Epos = 51:3'1"02'[1“ — 02 (2.20)
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Figure 2.4: Stereoview of superposed native and near-native structures. The
thick line indicates the native structure of the PDB entry 1tmy [105]. The
thin line indicates a near-native structure based on 1tmy. The figure was

drawn with MolScript [44].

where kg is the Boltzmann constant and T is an absolute temperature set to
300 K, and r; and r? are the atomic coordinates of the i-th atom of the near-
native and crystal structures, respectively. The prime (') on the summation
indicates that the sum is taken for the backbone heavy atoms only. The
near-native structure is an operationally defined, artificial object. In nature,
the probability that the near-native structure exists will be extremely low.
Conformational states like the near-native structure have not been observed
to date. Nevertheless, I will show that the near-native structure is method-
ologically useful for the study of the energetics of protein fold. Since the
backbone conformations of the native and near-native structures are almost
the same, energetic factors shared by them strongly suggest themselves to
be the determinants of the fold. The details on how to construct near-native
structures will be given in later chapters (Chapters 3 and 4). It should be
stressed that the near-native structures are constructed solely from geometric
restraints based on the backbone conformation of the native structure and

the intrinsic steric hindrance of protein atoms using soft repulsive terms de-
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scribed in Section 2.1. Hence, it is expected that the near-native structures
should be independent of any particular force-field employed to evaluate their

energy.




40

CHAPTER 2



Chapter 3

Energetic Determinants of
Protein Fold

3.1 Introduction

This chapter is the main body of this thesis. The problem regarding the
energetics of protein fold is directly addressed in an intuitive manner. A

formal and abstract formulation of the problem is presented in Appendix B.

The phrases like “protein structure prediction is one of the most impor-
tant but unsolved problems in the field of biophysics™ are already classical,
but they still hold true. These statements refer to the cases when there is no
apparent homology between the sequence of the protein of unknown struc-
ture and sequences of known structures. The ultimate goal of the protein
structure prediction problem is the prediction of the native structure which
is defined by both the backbone and side-chain conformations. It is believed
that the native structure of a protein is of the lowest energy conformation.
Therefore, given the correct energy function, predicting the native structure
is equivalent to finding the conformation with the lowest energy. Since find-
ing the global minimum conformation seems very difficult, one often tries to

predict the native “fold” of a protein. Although the definition of a “fold”
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is in general artificial, it is usually interpreted as a set of similar backbone
structures of proteins. A problem arises when one tries to find the native fold
because a structure with the native fold is not necessarily the same as the na-
tive structure, and therefore there is no known physical factors that determine
the native fold. For the prediction of the native fold, coarse-grained protein
models, in which residue-wise interactions are taken into account, are often
used. Then the fold at the minimum of such residue-wise interaction poten-
tial is assumed to be the native fold. Threading in general and some ab initio
methods utilize such a strategy but their success is currently limited. Typical
residue-wise interaction potentials are derived from structural databases [96].
Not only because the structural databases contain the sources of errors and
noises, but also because the functional form of the potential depends on one’s
intuition, it is often difficult to identify what is wrong with the potentials,
which in turn makes it difficult to improve them. It is therelore preferable to
use more physically well-grounded potential functions. Although the “true”
potential function is difficult to know, the conventional molecular mechanics

force-fields should be a best possible choice.

Since the pioneering work by Novotny et ol [68], it has widely been
believed that the molecular mechanics energy function is unable to discrim-
inate the native structure from the misfolded ones. However, some authors
recently have begun to claim that a molecular mechanics energy function
combined with a hydration term can discriminate the native structure from
the misfolded. Janardhan and Vajda [36] investigated the use of a molecu-
lar mechanics energy function combined with solvation and entropic terms
for selecting near-native structures among homology-based models. They
showed that the solvation and molecular mechanics energy terms are useful

for selecting models with good side-chain packing and well-built Ioops; re-
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spectively. Vorobjev et al. [107] developed an elaborate method to calculate
conformational free energy of proteins combining molecular dyvnamics sinn-
lation with explicit and implicit solvent models. Their method incorporates
conformational entropy as well as the solvation [ree energyv. They applied the
method to the native and misfolded structures of 9 small proteins and found
that the native structures always gave lower conformational free energies
than the misfolded. Lazaridis and Karplus [48] have developed an effective
energy function that combines the conformational potential function with a
simple solvent model. Their eflective energy function was successful in dis-
criminating the native structures from misfolded structures and hundreds of
decoys [47].

In this chapter, I investigate the physicochemical factors that are neces-
sary for discriminating between the native folds and misfolds. To do so, 1
construct “near-native” models as represcuntatives of the native (1.e., correct)
fold. The backbone structure of a near-native model is almost. the same as
that of the native structure. but its side-chain conformation is different from
that of the native structure. These near-native medels are constructed by
the same procedure as misfolded models. From the comparison of the energy
components of the native structure, and near-native and misfolded models, it
became possible to identify the factors that are necessary for the prediction

of the native fold.

3.2 (Generation of correct and incorrect folds

[ arbitrarily selected seven proteins of various structural classes (all o, all
3, o/8 and o + 3) which are composed of approximately 100 amino acid
residues. These proteins are called *target” proteins (Figure 3.1 and Ta-

ble 3.1) and 1 construct correctly and incorrectly folded models of these
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1Imb4 [molA Iple lrgeA
| |
‘ i
| |
1thx 2hmzA 3chy
Figure 3.1: Structures of the target proteins
Table 3.1: Target proteins
Target” Nres” class® name reference
1lmb4 92 all @ lambda repressor [16]
lmolA 91 o+ 3 monellin [104]
Iple 99 all 3 plastocyanin (31]
lrgeA 96 o + /3 ribonuclease Sa [94]
Ithx 108 /3  thioredoxin [88]
2hmzA 113 all @ hemerythrin [35]
3chy 128 a/3  CheY protein [106]

“ The Protein Data Bank (PDB) codes of the target proteins. The fifth letter.
if present, indicates the chain identifier. "Number of residues of the target
protein. “Structural classification according to the SCOP database [62].
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target proteins. All the protein structures were obtained from the Protein
Data Bank (PDB) (8] and the names of all the proteins in this chapter are
referred to by their Protein Data Bank (PDB) codes. The target proteins do
not have disulfide bonds in the structural core. For those having a disulfide
bond (i.e., IrgeA and 1thx), I deleted the disulfide bonds so that all the cys-
teine residues are treated in their reduced form. The backbone structures of
correctly or incorrectly folded models of a target protein were selected using
a conventional threading method in the following manner. Each target se-
quence was threaded through structures whose number of residues are larger
than that of the target in a fold library without gaps using a threading pro-
gram S3 (71]. The program S3 employs a sequence-structure compatibility
function which were statistically derived from a structural database. The
compatibility function consists of four terms: side-chain packing, hydration,
local conformation, and hydrogen bonds. These terms are similar to those of
Matsuo et al. [56] but local structures are treated in more detail [71]. The
candidates for the predicted structures were selected from those giving the
top 10 scores. Those candidates are called “templates” and are listed in Ta-
ble 3.2. In order to avoid non-compact structures, only those proteins whose
sequences are longer than the target at most by 5 residues were used and the

obtained template structures are indeed compact (Table 3.2).

Since only the backbone atoms are represented explicitly in the threading,
we next have to build the side-chain conformations in order to apply the
molecular mechanics energy function. The model building was done as shown
in Table 3.3 using the program EMBOSS [63] which was originally developed
for the structure determination by nuclear magnetic resonance spectroscopy.
EMBOSS can perform eflicient conformational sampling by the simulated

annealing mass-weighted molecular dynamics in four dimensional space [34,
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Table 3.2: Templates obtained by ungapped threading.

Target Correct Incorrect - R, ratio®
NN¢ HM® MA° misfolded?

1llmb4  1lmb4 IfrrA° lmolA 1InsgB Ipdr 0.93 (0.05)
lIrgeA Iris 1sxl Zhgf 2vgf

ImolA  lmolA ThsbB Inct lple lprtl lris  0.95 (0.03)
Istfl lsxt 2acy 2rgf

Iple Iple lag2 laudA IbftA IdepC 1.06 (0.04)
1hsbB LlktA LIt5D 1tlk 1tul

lrgeA  lrgeA laps laudA 1hsbB liuz Inct 1.04 (0.04)

Ipes tstfl 1tiiD 2nem
Ithx Ithx 2trxA Itof  IbepD lcewl lesyA lkpeA 1.06 (0.06)
IpicA 1rblM Irtu

2hmzA  2hmzA 2mhr lcd8 IdutA 1lhed 1kb5A  1.02 (0.04)
1pbk 1rot 1tvdA 2rspA
3chy 3chy 1351 1a25A  ladl laizA 1.06 (0.07)

1bbhA 1b{f lcpg IftpA Lkuh

“The templates for “near-native” models. *The template for a “homologous”
model. “The templates for “misaligned” models. The templates for “mis-
folded” models. © Average ratio (and its standard deviation in parentheses)
of the radius of gyration of constructed models to that of the native structure.

63]. A random coil was given as the initial conformation. After the simulated
annealing in four dimensional space, the weight %, of the 4-th dimensional
energy is increased to compress the fourth coordinate and to obtain the
three-dimensional structure. From stages 1 to 4 in Table 3.3, the distance
geometry force-field was used, which consists of only local geometry terms
and long-range soft repulsion terms, but with no attractive term. Positional
restraints on all the backbone atoms (Equation 2.20 on page 37) were imposed
throughout the optimization steps so that the backbone structure of the
model becomes the same as the coarse-grained model used in the threading.

Note that side-chain conformations are determined by only the repulsive
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Table 3.3: Protocol of simulated annealing optimization.

A random coil is generated as the initial structure

stage 1 500-steps conjugate gradient minimization (kip = 0.05)
Distance geometry force-field

stage 2 5,000-steps molecular dynamics at 1000 K (ksp = 0.05)
Distance geometry force-field
atomnic mass 1,000 Da, step size 50 fs, coupling constant 40 ps

stage 3 100,000-steps molecular dynamics to 1 K (kyp = 0.05)
Distance geometry force-field
atomic mass 1,000 Da, step size 50 fs, coupling constant 40 ps
cooling rate 1 K/100 steps

stage 4 3,000-steps conjugate gradient minimization (kyp = 10.0)
Distance geometry force-field

stage 5 500-steps conjugate gradient minimization

AMBER force-field with QONS®

Positional restraints on all the backbone atoms (Equation 2.20) are imposed
throughout the stages. *The weight of 4-th dimension. ®*For the calculations
shown in Figure 3.3B, OONS was not included.

term, that is, they are determined simply by minimizing the atomic overlaps
with each other and with backbone atoms. A residue-based cutoff scheme
was applied. The cutoff length of 6 A was used through the stages 1 to 4
in Table 3.3, and 12 A was used when a minimization involved the AMBER
force-field. The interaction tables were updated every 100 steps through
stages 1 to 4, and every 20 steps for all other cases. For comparison, the native
structure of each target determined experimentally was also minimized for
500 steps of the conjugate gradient method with positional restraints on the
backbone atoms (Equation 2.20). By the minimization, the native structures
deviated from the experimental structures by RMSD (all heavy atoms) of at
most 0.3 A.

Computations were done on a VPP500 (Fujitsu) with vector processors

and AP3000 (Fujitsu) workstations with Ultra SPARC-1I (206MHz) CPUs.
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A typical modeling procedure from the stage 1 to 4 took about 1 hour for
each model on the VPP500. 100 steps of conjugate gradient minimization
with AMBER and the implicit solvent term took about 3 minutes for each
model of 1thx (108 residues) on the AP3000.

3.3 Evaluation of correct and incorrect folds

The conventional ungapped threading search was performed for each target
in Table 3.1 using the program S3 [71]. The ten structures giving the best ten
scores of 53 were selected as the template structures for the target, and were
subject to all-atom modeling and the energy minimization by the method
described in Section 3.2. In all the cases I tried, the native conformations
were ranked at the top as expected [38]. The selected structures are sum-
marized in Table 3.2. All the templates are of protein-like structures in that
they are compact and contain significant amount of secondary structures. A
model based on the native backbone structure itself is called “near-native”
model. Note that the side-chain conformations of the near-native models are
completely reconstructed in the same manner as other models. Structural
differences between the native and reconstructed near-native structures are
shown in Table 3.4. For the target 1thx, two homologous structures (2trxA
and ltof) were inci‘dental]y found (Table 3.2). The alignment of 1thx and
2trxA is correct. We call the model “Ithx-2trxA” (the model of the tar-
get “1thx” based on the template “2trxA”) the “homologous” model. The
alignment of 1thx and 1tof is partly incorrect (Figure 3.2A), thus we call the
model 1thx-1tof the “misaligned” model (Table 3.2). Based on the align-
ments by the threading, the sequence identity of the templates 2trxA and
Itof with the native sequence of 1thx is 42.6% and 17.6%, respectively. The
backbone RMSD of the models 1thx-2trxA and lthx-1tof from the native



ENERGETIC DETERMINANTS OF PROTEIN FOLD 49

Table 3.4: The difference hetween reconstructed near-native models and the
native structures.

mode] RMSD (A) x correct (%) ©
backbone® all® x| X2
1lmb4-1lmb4 0.136 1.62 78.6 80.0
ImolA-TmolA  0.116 1.90 76.5 72.7
Iple-1ple 0.121 1.45 70.8 222
IrgeA-1rgeA 0.104 1.51 824 83.3
Ithx-1thx 0.130 1.57 64.3 88.9
2hmzA-2hmzA  0.117 2.01 655 79.2
3chy-3chy 0.123 1.55 75.0 85.7
Average 0.121 1.66 73.3 73.1

*RMSD for backbone heavy atoms between the native and near-native model.
PRMSD for all the heavy atoms between the native and near-native model.
“The fraction of correctly predicted x angles of buried residues. Residues are
defined to be buried if the solvent accessible surface area is less than 10% of
extended Gly-X-Gly conformation. y angles with deviation from the native
less than 40 degrees are considered to be correct.

structure (1thx) is 1.2 A and 3.7 A, respectively. For the target 2himzA, one
homologous structure (2mhr) was found by threading and their alignment
1s partly incorrect (Figure 3.2B) with the sequence identity of 33.6%, thus
the model 2ZhmzA-2mhr is another misaligned model. Its backbone RMSD
from the native (2hinzA) is 3.4 A. The native, near-native, homologous and
misaligned models are defined to be “correct” models. Other models are of
totally different fold from the native structure with RMSD of more than 8
A, thus they are called “misfolded” models, accordingly, they are defined to
be “incorrect” models (Table 3.2).

After the all-atom modeling and the energy minimization, the electro-
static energy based on the continuum dielectric model was calculated for
each model. The results of the energy calculations are shown in Figure 3.3A.

In this figure, the total energy is defined as the sum of the AMBER energy
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Figure 3.2: The alignments of misaligned models obtained by ungapped
threading. A: The alignment for the model 1thx-1tof. B: The alignment
for the model 2hmzA-2mhr. The region bound by a solid box coincides with
the correct alignment. The region bound by a dotted box indicates incor-
rectly aligned sites. The secondary structures (“H” for a helices, “E” for
3 strands) are also shown. The alignment sites with identical residues are
marked with asterisks.

without the Coulomb interaction terms, and the QONS hydration free en-
ergy, and the electrostatic energy F,_, obtained by Equation (2.19). Large
energy gaps of more than 100 kcal/mol were found between the native struc-
tures and the near-native or any misfolded models. Although the near-native
structures have much higher energies than the native, their energies are nev-
ertheless lower than those of the misfolded ones (Figure 3.3A). Even the
misaligned models have fairly low energies compared to the other misfolded
models. It is because their backbone topologies are similar to those of the
native as mentioned above and in Figure 3.2. The homologous model 1thx-

2trxA has higher energy than the near-native model 1thx-1thx, and lower
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energy than the misaligned model 1thx-1tof. This trend is reasonable con-
sidering the structural similarity of these three models to the native structure
of 1thx. This result shows that the present energy function is also able to
discriminate the correct folds from incorrect ones. In the following section,
I examine combinations of energy terms in search of physicochemical deter-

minants of the native structure and the correct fold.

3.4 Solvent effects

In order to see the eflect of the solvent, I carried out the minimization without
the hydration term (Figure 3.3B). In this case, the compared energy is the
AMBER force-field with a distance-dependent dielectric constant (¢ = 2r).
The native structures always have lower energies than any other near-native
or misfolded structures. Although the near-native structures have lower en-
ergies than the misfolded structures, the energy difference is small (less than
15 kcal/mol) for targets such as 1lmb4 and 1molA. Also, the homologous
model 1thx-2trxA has higher energy than the misaligned model 1thx-1tof in
contrast to the result for the total energy discussed above (Figure 3.3A). It
seems that the solvent effect is important for stabilizing near-native struc-
tures rather than the native structure. The solvent effects are further dis-
cussed in the following paragraphs.

The “hydrophobic interaction” is believed to be a dominant factor in sta-
bilizing protein structures [20]. In the present study, the hydration effect is
taken into account in terms of the implicit solvent model of Qoi et al. [70].
Figure 3.4A shows that the correct structures, including the native, do not
necessarily have lower hydration free energy than incorrect structures. This
trend is also observed by others [108, 107, 47]. Makhatadze and Privalov [55]

showed that the main contributors to the hydrophobic interactions are van
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Figure 3.3: Total energies of the native structures, correct and incorrect mod-
els. The horizontal axis indicates target proteins. The symbols are defined
as follow: “e”, native structures; “o”, near-native models; “+”, homologous
model; “A”, misaligned models; “x”, misfolded models. See Table 3.2 for
the nomenclature of the models. A: The sum of the bond length, bond angle,
torsion angle, improper torsion angle, 1-4,1-5 van der Waals and hydrogen
bond terms of the AMBER force-field, and the OONS hydration free energy,
and the continuum electrostatic energy. B: The AMBER force-field energy
with the dielectric constant ¢ = 2r.
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Figure 3.4: A: The hydration free energy. B: The “hydrophobic energy”
which is the sum of van der Waals energy and hydration free energy. The
symbols are defined as in Figure 3.3.
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der Waals interactions in addition to the hydration effect. Therefore, I com-
pared the sum of van der Waals energy and hydration free energy as the
“hydrophobic energy”. Figure 3.4B shows that all the correct structures
can be readily discriminated from their misfolded counterparts. The differ-
ence of the hydrophobic energy between the native structure and near-native
model is in most cases less than 50 kcal/mol, which is small compared to the
difference of the total energy (compare Figure 3.4B with Figure3.3A). This
fact suggests that the hydrophobic interaction stabilizes near-native structure

more than the native structure itself.

The electrostatic energies E,_; based on Equation (2.19) are shown in
Figure 3.5A. Except for the target 2hmzA, the native structure has the low-
est electrostatic energy and for most cases, the near-native model has the
next lowest electrostatic energy. For the target 2hmzA, there are buried glu-
tamates which bind to irons in the experimental structure. Since these irons
are ignored in the calculation, the electrostatic energy of the native structure
of 2hmzA is not the lowest. This exception demonstrates the importance of
the Born energy which penalizes the buried charges. To see the importance
of the solvent-shielding and the Born energy, I also examined the ‘Coulomb
energy as calculated with a distance-dependent dielectric constant, ¢ = 2r
(Figure 3.5B). In this case, although all the native structures have the low-
est Coulomb energy, the near-native models show the energy value close to,
or even higher than, their misfolded counterparts. The stabilization by the
solvent-shielding and the Born energy, in other words, the contribution of the
solvent to the electrostatic energy, seems more important for the near-native

models than for the native structures.
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Figure 3.5: A: The electrostatic energy calculated by solving the Poisson
equation of protein-solvent system (See the section 2.5). B: The electrostatic
energy calculated with a distance-dependent dielectric constant (¢ = 2r).
The symbols are defined as in Figure 3.3.
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3.5 Side-chain packing

Vorobjev et al. [107] reported that “packing energy”, that is, the sum of lo-
cal geometry terms (bond lengths, bond angles and torsion angles) and van
der Waals energy was in favor of the native structure. The present results
are consistent with their observation (Figure 3.6A). The native structures
have about 100 kcal/mol more stable packing energies than other models.
This amount of stabilization is significant compared to the hydrophobic en-
ergy (Figure 3.4B) and electrostatic energy (Figure 3.5A). We also find that
the near-native structures have lower packing energy than any other mis-
folded structures, but the energy difference is marginal in a few cases. While
the native structures always have significantly low van der Waals energy, van
der Waals energy alone cannot necessarily discriminate near-native from mis-
folded structures (Figure 3.6B). Therefore, local geometry and van der Waals
energies are consistent only for the correct models, but this consistency alone
is not enough to give the correct models significantly lower packing energy
than the misfolded ones. In other words, the packing energy is a good index
for discriminating the native structure, but it is not so for discriminating
near-native structures, The native structure of a globular protein shows
specific and close packing of side-chains [85]. The constructed near-native
models have the side-chain conformations similar to the native structures
(Table 3.4), but Figure 3.3 and Figure 3.6 show that the differences are sig-
nificant from the energetics’ point of view. Note that the difference of van der
Waals energy between the native structure and near-native models are about
50 kcal/mol, which is small compared to the difference of the packing energy.
This shows that not only the close packing, but also the less distorted local

geometry contributes significantly to the stabilization of the native structure.
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Figure 3.6: A: The “packing energy”. In our case, the packing energy is
defined as the sum of the terms for bond lengths, bond angles, proper and
unproper torsion angles, and 1-4 and 1-5 van der Waals interactions. B: The
sum of 1-4 and 1-5 van der Waals energy terms. The symbols are defined as

in Figure 3.3.
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Janardhan and Vajda [36] reported that the solvation term was impor-
tant, but the molecular mechanics energy was useless, for selecting near-
native models with good packing. But their molecular mechanics energy did
not include the van der Waals term, and their electrostatic energy did not
incorporate the solvent shielding and the Born energy. Therefore, their re-
sult for the molecular mechanics energy is more or less similar to Figure 3.3B
in our case. In the mean time, they used the atomic solvation parameters
whose reference state was an organic solvent to complement the absence of
the van der Waals term, whereas the reference state of the parameters by Ooi
et al. [70] is the vacuum. Hence, their solvation free energy corresponds to
the hydrophobic energy in our case (Figure 3.4B). The results of Janardhan

and Vajda [36] are actually consistent with the present observation.

Sahasrabudhe et al [89] applied a homology modeling method [52] to
model the structure of an RNA-binding protein using two kinds of template
proteins, a ferredoxin-like fold as the correct fold and cold shock protein A as
an incorrect fold. They found that the former had a plausible negative value
of the energy, while the latter showed an unrealistically high value [89]. In
addition to the molecular mechanics energy in vacuum, they used structural
restraints derived from both the backbone and side-chain conformations of
the template. Consequently, the side-chains of their incorrect model were
forced into unrealistic conformations, hence the unrealistically high energy.
In our case, no restraints were imposed on side-chains. Therefore, the side-
chains of the incorrect folds can adopt relatively relaxed conformation com-
pared to the case of Sahasrabudhe et al. [89]. Nevertheless, the present result
(Figure 3.6A) indicates that structures with good packing (i.e., the native
structures) can be readily discriminated even in the absence of any artificial

restraints for side-chain conformations.
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3.6 Implications for structure prediction

[ have shown that the stabilization by the solvent effects such as “hydropho-
bic energy”, solvent shielding and the Born energy are good indexes for the
discrimination of near-native models from misfolded ones. Also the homol-
ogous model 1thx-2trxA was found more stable than the misaligned model
1thx-1tof when solvent effects were included (Figures 3.3A, 3.48 and 3.5A).
These results indicate that the solvent effects does not depend on structural
details, but depend on more global features such as the pattern of hydropho-
bic and hydrophilic residues in the three-dimensional space. Hydrophobicity
and the Born energy arc effectively taken into account in the compatibility
functions for threading [65]. This is one of the reasons for the success of

threading in predicting approximately correct folds.

Although the hydrophobic energy can well discriminate the global fold
of the native structure (Figure 3.4B), its contribution is rather small com-
pared to that from the packing energy (Figure 3.6A). In fact, the large energy
gap between the native structure and near-native model comes mainly from
the specific side-chain packing (Figure 3.3A and Figure 3.6A). Consequently,
the lack of detailed treatment of side-chain packing may be the reason for
the false positives often found by threading. In fact, some attempts have
been made that incorporate more or less detailed representation of side-
chain packing into statistical potentials and their results show significant
improvements in recognizing the native folds [56, 90]. However, since thread-
ing involves alignment of the target sequence to structures, exact modeling
of side-chain conformations is in principle impossible. Also, it is difficult to
model the side-chain conformations based on a distantly related template

structure whose backbone conformation differs to some extent from: that of
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the native structure of the target protein [14]. Therefore, we cannot adopt
any conventional algorithms for side-chain packing prediction which require
the rigorously fixed backbone conformation [51]. Instead, we have to allow
the backbone to move to the extent at which correct side-chain packing can
be achieved. The present study treats the backbone conformation restrained
to a given template, but allows it more or less to move. In order to solve the
more general side-chain packing problem allowing the backbone movement,
and to reach the true native from a near-native structure, it will be necessary
to employ powerful conformational sampling techniques such as generalized
ensemble methods (e.g., [64, 99]). The computation might be accomplished
by sufficient and adequate conformational sampling in the optimization pro-
cess, as far as the native structure is located at the global minimum of the

energy surface of the protein molecule.

3.7 Concluding remarks

For all of the seven protein sequences examined in the present study, the na-
tive conformation, minimized from the x-ray structure, was always the lowest
m total energy among those conformations selected by threading. This fact,
together with the test runs performed for decoy models (see Figure 2.2 and
Section 2.4), validates the energy function employed. Misfolded conforma-
tions always have relatively higher energies, and correct models including the
near-native and homologous models, situated inbetween the native and mis-
folded conformations (Figure 3.3A). The near-native model, reconstructed
according to the native backbone as the template, has an almost identical
backbone conformation to the native (Table 3.4), but different side-chain con-
formations which were attained by minimizing atomic overlaps. Therefore, a

distinct energy difference between the native and the near-native conforma-
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tions (Figure 3.3A) is mainly attributed to the difference of the side-chain
conformations between them. However, the difference is little (Figure 3.5A)
or small (Figure 3.4B) in electrostatic and hydrophobic energies, respectively,
indicating that these energy terms are relatively insensitive to the side-chain
conformation. On the other hand, the packing energy alone seems to yield
the net change between the native and near-native structures (Figure 3.6A),
although distinction of the near-native from misfolded models hecomes some-
what unclear in the packing energy than in the total energy. Taking all these
results into account, the energetic contributions to a native protein are sum-
marized into two categories: one mainly depending on the topology or back-
bone conformation of a protein molecule (i.e., electrostatic and hydrophobic
terms), and the other depending on the detailed side-chain conformation
(i.e., packing energy). Importance of the both contributions to the protein
stability delineates the limit of the threading treatment in which the side-
chain is in principle simplified as a norm and therefore detailed side-chain
packing must be totally neglected. Given an approximately correct topology
(backbone conformation) alone, the next step for us to go is realizing the
true native conformation for whole protein atoms. This would be one of the

necessary steps toward ab initio predictions.
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Chapter 4

Stabilization Mechanism of
Thermophilic Proteins

4.1 Introduction

This chapter presents an application of the near-native structure as a use-
ful tool to analyze protein stability. The stabilization mechanism of pro-
teins from thermophilic organisms have attracted interests for many years.
Recently, the accumulation of both sequence and structural data of ther-
mophilic proteins as well as their mesophilic homologs has made it possible
to study structural properties that are likely to stabilize the thermophilic
proteins (e.g., [102, 45, 40]). Although comprehensive, most of these stud-
ies are limited to statistical analysis of some structural parameters such as
amino acid compositions, the number of ion pairs, the number of cavities,
etc. Thus, in these studies, the energetic bases of the thermostability were
not directly addressed. However, since early statistical studies indicated the
importance of jon pairs in some thermophilic proteins, the electrostatics of
thermophilic proteins were studied intensively (e.g., [112, 22|). These stud-
ies confirmed the importance of the electrostatic interactions in thermophilic

proteins although other energetic factors remained to be clarified. Lazaridis

63
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et al.[49] investigated the thermostability of the rubredoxin from the hy-
perthermophilic archaeon Pyrococcus furiosus and the one from mesophilic
Desulfovibrio vulgaris by unfolding molecular dynamics simulations at vari-
ous temperatures. Although the computational complexity of the molecular
dynamics simulation inhibited extensive analysis to draw definitive conclu-
sions, some interesting insights were obtained regarding the energetic factors

and the rigidity of the hyperthermophilic protein [49].

In this chapter, I investigate various energy components of thermophilic
and mesophilic proteins by the molecular mechanics method. In order to
find the factors that are common to different thermophilic proteins, we have
employed a computationally more feasible method than Lazaridis et al. [49],
and have investigated five protein families of reasonable sizes. Basically, [
have analyzed the energy difference between the native and unfolded struc-
tures of proteins. In addition, I also calculated the energy of artificially
constructed near-native structures (Section 2.6). The near-native structures
are so called because they have almost the same backbone conformation as
the native one, but their side-chain packing is significantly distorted. From
the study in Chapter 3, the near-native structures are shown to be useful to
extract the dominant factors that stabilize the the native fold irrespective
of the detailed side-chain packing. To summarize the results in Chapter 3,
the sum of local geometry and van der Waals terms is the dominant factor
that stabilizes the native structure which is defined by both the backbone
topology and precise side-chain packing, whereas the electrostatic and hydra-
tion terms are the factors that stabilize the native topology or fold relatively
independent of the details of packing (Chapter 3). I exploit the artificially
constructed near-native structures to analyze in more detail the energy differ-

ence between the native and unfolded structures. Operationally, the energy
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difference between the native and unfolded structures can he divided into
two parts: one between the native and near-native, the other between the
near-native and unfolded structures. As will be shown later, this strategy
made it possible to understand more clearly the stabilization mechanism of
thermophilic proteins.

I'rom statistical analyses, it is suggested that hyperthermophilic proteins
from archaea are stabilized by different mechanisms than thermoplilic eu-
bacteria {Szilagyi and Zavodszky 2000). Moreover, the distant evolutionary
relationship between archaea and other organisms would make the compar-
ison difficult. Therefore, I restrict the present analysis to the proteins from
thermophilic eubacteria and their homologs from mesophilic organisms in the

present, study.

4.2 Energy function and decomposition of en-
ergy difference

The energy function for the final evaluation of structures is composed of the
AMBER all-atom force-field [109] together with the hydration term of Qol
el al. [T0] and the electrostatic contribution from the solvent. The electro-
static contribution from the solvent (reaction field) was calculated based on
a continuum dielectric model of the protein-solveut system [66, 65]. The di-
electric constants were set to 4 in the protein region. and to 80 for the solvent
and boundary regions. The ionic strength was set to 0. The details of the
calculation procedure are given in Chapter 2

In order to make the comparison of proteins of different sizes easier, the
energy values were normalized by the molecular weight of each protein. Hence
the energy unit cal/g is used instead of more often used keal/mol.

Thus calculated energy values were analyzed as follows. Let £, be the
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Figure 4.1: Structures of the thermophilic proteins.

energy of the native structure of a protein, and [, be the average energy of
unfolded structures of the same protein. The first quantity we investigate is
the energy change between these states: AE,_, = E,— E, which corre-
sponds to the enthalpy change during folding transition. Next, we define F,,
as the average energy of the near-native structures of the protein of interest.
and AE,_,, = E, — Epn, AE,_, = E, — E,. Accordingly, we decompose
AE,_, into two terms: AE,_, = AE,_n+AE,,_,. We can regard AF,,_,
as the energy change associated with the formation of an approximate native
fold. and AE, _,,. the one with the formation of specific packing to reach the

precise native structure.

4.3 Preparation of structures

All the protein structures were extracted from the Protein Data Bank (PDB) 8]

[ have selected proteins from thermophilic eubacteria and their mesophilic
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Table 4.1: Target proteins from thermophilic bacteria.

PDB®* name species R®
lcz3A  Dihydrofolate reductase  Thermotoga maritima® 2,10
1dz3A SPO0OA Bacillus stearothermophilus? 1.65
lstvA GroEL apical domain Thermus thermophilus® 1.70
ltmy  CheY Thermotoga maritima® 1.9
2prd  Inorganic pyrophosphate Thermus thermophilus® 2.0

*PDB codes and chain identifier. *Resolution of the crystal structure (A).
Optimum growth temperatures are °80 °C, ¢52.5 °C, 75 °C according to
ref [102].

homologs that are solved by X-ray crystallography with 2.5 A or better resolu-
tion, and are composed of less than 200 residues. Proteins from thermophilic
eubacteria were sclected by database search with the keyword ‘THERM’ in
the SOURCE field of the PDB file. Thus found thermophilic proteins were
used as queries for the BLAST [3] search against the PDB sequence database.
Only those targets whose appropriate mesophilic homologs existed in the
PDB were retained. After all, we obtained five thermophilic proteins (Fig-
ure 4.1 and Table 4.1) and their mesophilic counterparts (Table 4.2). Note
that in the present study thermophilic proteins from archaea are not treated,

but all the target thermophilic proteins are from eubacteria.

For the analysis of energy components, we calculated energies for three
states of each protein: the native, near-native, and unfolded structures. The
native structure was obtained from the X-ray structure and its energy was
minimized by 500 steps of conjugate gradient method with the distance ge-
ometry force-field followed by 500 steps of conjugate gradient method the
AMBER force-field without 1-5 electrostatic term to remove close contacts.
The distance geometry force-field includes only the local geometry terms and

non-local soft repulsion terms but no attractive term [63] (see also the sec-
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Table 4.2: Homologs of the target proteins.

Thermophile®* Mesophile®  species ID%®  Re
lcz3A (164)  laoeA (192)  Clandida albicans 52.7  1.60
ldyjA (159)  Escherichia coli 53.5  1.85
1dz3A (123)  IsrrA (119)  Bacillus subtilis 646 1.9
IsrvA (145)  lkid (193) FEscherichia coli 826 1.7
1tmy (119) 2chf (128) Salmonella typhimurium  60.7 1.8
Jchy (128) Escherichia coli 59.5 1.66
2prd (174) lobwA (175) FEscherichia coli 66.5 1.9

*PDB code and chain identifier with chain length in the parentheses. *Percent
sequence 1dentity with the thermophile. “Resolution of the crystal structure

in A.

tion 2.1). The positional restraints on the backbone atoms (Equation 2.20)
were imposed so that the minimized structure did not deviate much from the

experimental coordinates.

The procedure for generating the near-native structure is shown in Ta-
ble 4.3. First a random coil was generated which was minimized for 500 steps
of conjugate gradient method. Then the random coil was subject to 55000
steps of a simulated annealing molecular dynamics in four dimensional space
using the computer program EMBOSS [63]. The temperature was set to 500
K for the first 5000 steps, then cooled exponentially to 1 K. Next, 3000 steps
of conjugate gradient minimization was applied with an increased weight for
the fourth dimensional energy to compress the fourth dimension and to obtain
the three dimensional structure. Finally, 500 steps of conjugate gradient min-
imization with the AMBER force-field without the 1-5 electrostatic energy
term completed the generation of a near-native structure. Except for the final
stage, the distance geometry force-field was used. Throughout the stages, the

positional restraints {Equation 2.20) were imposed on the backbone atoms
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Table 4.3: Generation of near-native structure®

A random coil generated as the initial structure

stage N steps’ protocol® FFe  kypt
1 500 mini DG 0.05
2 5000 MD (T = 500 K) DG 0.05
3 50000 SAMD (T =500 - 1K) DG 0.05
4 3000 mini DG 10.0
5 500 mini Am

“Positional restraints on the backbone atoms are imposed throughout the
stages. *Number of optimization steps. *Optimization protocol: mini, con-
jugate gradient minimization; MD, molecular dynamics at constant temper-
ature; SAMD, simulated annealing molecular dynamics (temperature is de-
creased exponentially). “Force-field: DG, the distance geometry force-field;
Am, the AMBER force-field without 1-5 Coulomb term. The weight of 4-th

dimensional energy.

so that the near-native model has the same backbone structure as the native
structure. Since the main optimization stages employ the distance geometry
force-field which does not include any attractive term, side-chain conforma-
tions are determined solely by steric hindrance. Other characteristics of the
near-native structure arc presented in Chapter 3. Twenty near-native struc-
tures were generated with different initial conditions (random coils and initial
velocities) for each protein and the average energy and energy components

were used for the analysis given below.

The unfolded structure was generated by almost the same procedure as
the near-native structure (Table 4.4). The differences are that the starting
structure was the native structure, that the simulated annealing molecular
dynamics was performed in the three dimensional space, that the minimiza-
tion following the simulated annealing lasted only for 1000 steps, and that
the restraints were imposed so that the structure deviated from the native

one by the root mean square deviation (RMSD) between 8 A and 12 A [23].
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Table 4.4: Generation of unfolded structure®

The native structure is given as the initial structure

stage N steps protocol FF  kip
1 500 mini DG oo
2 5000 MD (T = 500 K) DG o
3 50000 SAMD (T =500 1K) DG oo
4 1000 mini DG oo
5 500 mini Am o0

“RMSD restraints (Equation 4.1) were imposed on the backbone atoms
throughout the stages.

The RMSD restraint [23] is given as a set of penalty functions Eparsp:

YkaToM (p — p({r}))? (for p < pi)
Ermsp = 0 (for pr < p < pu) (4.1)
%kBTUM(pu - P({r}))2 (for p > pu)

where kg i1s the Boltzmann constant, 7Ty is an absohllte Lémperature set to
300 K, M is the number of backbone atoms, and p, and p, are the lower
and upper limit of the instantaneous backbone RMSD p({r}) between the
unfolded and native structures. In the present case, p; and p, are set to 8 A

and 12 A, respectively. p({r}) is given by

(4.2)

where r; and r! are the atomic coordinates of the i-th atom of the unfolded
and native structures, respectively. The coordinates of the native structure is
superposed onto the instantaneous unfolded structure by the method of Ih-
amond [19} every time Egppmsp is calculated so that the coordinate deviation
arising from the translational and rotational degrees of freedom is removed.
Thus constructed unfolded structure shows a global chain topology somewhat
similar to the native structure, but is significantly expanded and contains no

residual secondary structures. An example is shown in Figure 4.2. Again,
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Figure 4.2: An example of the unfolded structure. A: the native structure
of the PDB entry 1tmy [105]. B: An unfolded structure of 1tmy. The amino
and carboxyl termini are marked with N and C, respectively. The figure was
drawn with MolScript [44].

twenty structures were generated with different initial velocities for each pro-
tein and the average energy and its components were used for the analysis

below.

4.4 Energy difference between the native, near-
native and unfolded structures

Table 4.5 summarizes the average radius of gyration (R,) calculated for all
heavy atoms of each protein together with RMSD of near-native and unfolded
structures from the native one. It can be seen that the near-native structures
have slightly larger R, because of their imperfect packing. The unfolded
structures show much larger R, than the native structure indicating that
they are indeed unfolded. The RMSD of the unfolded structures are all close
to 12 A which is the upper limit of the RMSD restraints imposed {see above).

Table 4.6 shows AFE,_, (the energy difference between the native and

unfolded structures) and its components, and some combinations of the com-
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Table 4.5: Radius of gyration calculated for all heavy atoms (A).

protein® native near-native® unfolded®

tlcz3A 15.3 15.5 (0.16, 1.81) 22,5 (11.8)
mlaceA 16.2 16.3 (0.14, 1.88) 23.4 (ll 9)
mldyjA 15.1 153 (0.17, 1.99)  21.9 (11.7)
tldz3A  16.5 16.6 (0.11, 1.66) 22.9 (11.7)
mlsrrA  13.0 13.1 (0.16, 1.69) 20.5 (11.8)
tlsrvA 13.8 13.9 (0.15, 1.59) 21.1 (11.7)
mlkid 16.5 16.6 (0.13, 1.60) 23.9 (11.8)
tltmy 12.7 12.8 (0.14, 1.52) 20.3 (11.7)
m2chf 13.1 13.4 (0.13, 1.76) 21.0 (11.8)
m3chy 13.1 13.3 (0.12, 1.65) 21.0 (11.8)
t2prd 15.0 15.2 (0.15, 1.75) 22 3 (11.9)
mlobwA 15.1 15.2 (0.13, 1.74) 2 (11.8)

*The PDB code and chain identifier with the first letter “t” or “m” indicating
that the protein is either thermophilic or mesophilic, respectively. *The num-
bers in the parentheses are RMSD (A) from the native structure; the first
number was calculated for backbone atoms, the second for all heavy atoms.
‘RMSD (A) from the native structure calculated for backbone atoms.

ponents. Thermophilic proteins show lower total energy changes than their
mesophilic counterparts in four out of five groups of proteins {the only excep-
tion is 1tmy). To the contrary, only one thermophilic protein, 2prd, shows
lower energy in vacuo than its mesophilic homolog. These observations sug-
gest that the solvent effect may be crucial for the stabilization of thermophilic
proteins. The electrostatic energy has been shown important for the stabi-
lization of thermophilic proteins [112]. In our case, the electrostatic energy is
defined as the sum of the Coulomb and reaction field terms in Table 4.6. Al-
though most of the thermophiles show lower electrostatic energy than their
mesophilic homologs, 1¢z3A does not. However, AE,_,(EH) (the sum of
the electrostatic and hydration terms in AE,_,) is consistently lower for

all the thermophiles than in the mesophiles. This observation confirms the
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Table 4.6: AE,_, and its components (cal/g)®

protein” tot loc vdW Cou HB Oo Real vac pac EH

tlcz3A -13.53 0.05 -28.91 -18.03 -2.65 8.29 27.72| -49.54 -28.85 17.98
mlaceA -10.30 0.83 -28.16 -25.08 -2.49 10.60 34.00| -54.90 -27.33 19.52
mldyjA -10.81 0.40 -29.10 -17.41 -2.56 11.11 26.76| -48.68 -28.70 20.45
tldz3A -15.79 0.25 -25.43 -12.68 -2.61 6.01 18.67| -40.47 -25.18 12.00
mlsrrA  -14.88 1.94 -29.68 -19.56 -2.86 7.61 27.67| -50.16 -27.74 15.72
tlsrvA -15.57 1.11 -29.23 -21.66 -2.69 7.03 29.87| -52.47 -28.12 15.24
m1kid -14.72 -0.50 -29.08 -21.64 -2.90 8.79 30.61| -54.12 -29.58 17.76
tltmy -15.60 1.17 -27.66 -25.35 -3.03 7.03 32.25| -54.88 -26.49 13.93
m2chf -12.87 0.65 -30.89 -22.41 -3.05 9.16 33.66| -55.69 -30.24 20.41
m3chy -18.04 -1.18 -32.03 -21.72 -3.23 9.19 30.93| -58.16 -33.21 18.40
t2prd -12.36 -0.39 -30.29 -22.26 -2.76 10.16 33.18|-55.70 -30.68 21.08
mlobwA -819 -0.22 -30.35 -9.36 -2.53 9.86 24.42| -42.46 -30.57 24.92

*The energy value of thermopbhiles is typed in boldface if it is lower than the
corresponding values of any other mesophiles. *See the caption of Table 4.5.
The notation of the energy components are the following: tot, total energy;
loc, local energy which is the sum of bond length, bond angle, torsion, and
improper torsion terms; vdW, the sum of 1-4 and 1-5 van der Waals terms;
Cou, the sum of 1-4 and 1-5 Coulomb interaction terms; HB, hydrogen bond
term; Qo, hydration free energy term of Ooi et al. [70]; Rea, electrostatic
contribution from the solvent, i.e. reaction field energy; vac, total energy in
vacuum, which is equal to tot - Qo - Rea; pac, packing energy which is the
sum of local and vdW terms; EH, the sum of Cou, Rea and Qo terms.

importance of the solvent effect.

In Chapter 3, 1 have shown that the “packing energy”, i.e., the sum
of bond length, bond angle, torsion angle and van der Waals terms [107],
is the dominant factor for determining the precise native structure. Ta-
ble 4.6 shows that the packing energy, AE,_.(pac), of each protein is of
a large negative value but only two thermophiles, 1cz3A and 2prd, show
lower AE,,_,(pac) than their mesophilic counterparts. Furthermore, the dif-
ference of the AF,_,(pac) of these two thermophiles from their correspond-

ing homologs are small (-0.1 and -0.15 cal/g, respectively) compared to the
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Table 4.7: AE,,_, and its components (cal/g)*

protein tot loc vdW Cou HB Oo Real vac pac EH

ticz3A -3.19 541 -23.13 -13.44 -2.30 6.87 23.39| -33.46 -17.72 16.83
mlaceA -0.66 575 -22.43 -17.27 -2.04 B8.65 26.69| -35.99 -16.68 18.07
mldyjA -2.33 5.01 -22.81 -12.07 -2.23 8.58 21.19| -32.11 -17.80 17.70
tldz3A -8.59 3.29 -21.75 -9.93 -2.39 4.86 17.33{ -30.78 -18.46 12.26
mlsrrA -5.62 4.84 -25.32 -13.97 -2.48 6.47 24.83| -36.92 -20.47 17.33
tlsrvA  -5.30 5.41 -24.94 -16.21 -2.53 6.67 26.30| -38.28 -19.53 16.76
m1kid -6.30 4.63 -25.53 -17.64 -2.66 7.68 27.23| -41.20 -20.90 17.27
tltmy -8.03 3.13 -24.85 -17.79 -2.69 6.52 27.64|-42.19 -21.72 16.37
m2chf -5.85 4.83 -25.52 -12.52 -2.60 6.10 23.87| -35.81 -20.69 17.44
m3dchy  -6.90 4.07 -26.29 -14.07 -2.73 7.01 25.12| -39.02 -22.22 18.05
t2prd -2.19 4.70 -24.58 -14.07 -2.39 7.32 26.82|-36.33 -19.88 20.07
mlobwA -0.24 3.67 -24.67 -8.82 -2.23 8.15 23.65| -32.04 -20.99 22.98

“See Table 4.6 for explanation of the columns.

difference of AE,_,(EH) (-1.5 to -3.8 cal/g, respectively). Thus, the rela-
tive stability of the thermophilic proteins are dominated by the difference
in AE,_,(EH). The electrostatic and hydration energies have been shown
to be important for determining the native fold regardless the specific pack-
ing, rather than the native structure itself (Chapter 3). Therefore, the trend
of Ak, _.(pac) and AE,_,(EH) in Table 4.6 suggests that the thermophilic
proteins are stabilized irrespective of detailed packing. This point is further

discussed in the following paragraphs.

Table 4.7 shows AE,,_, (the energy difference between the near-native
and unfolded structures). Also shown are their components and some com-
binations of the components. Thermophilic proteins from four out of five
groups show lower total AFE,,_, values than the corresponding mesophiles.
The thermophile 1tmy has lower AE,,_, than any other homologs although
1t has higher AE, _, than its mesophilic homolog 3chy (Table 4.6). The op-
posite trend is found for 1srvA which has higher AFE,,_, than 1kid. As
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implied in the analysis of AE,_,, AFE,,_,(EH) is consistently lower for
the thermophiles than for the mesophiles. None of the thermophiles shows
AE,, _.(pac) lower than the mesophiles. Therefore the relative stability of
the thermophiles associated with the formation of the fold is also dominated

by AEn_o(EH).

The stabilization by the formation of the specific packing can be seen in
AE,_., (Table 4.8). The stability of thermophilic proteins are not so conspic-
uwousin AF,_,, asin AF,_, and AFE,,_,. Three out of five thermophiles show
lower total AFE,_,, than their mesophilic hemologs. Only two thermophiles,
lcz3A and 2prd, show lower AE,_, (pac) than their mesophilic homologs.
The AF,_,.(pac) of thermophilic 1tmy is significantly higher than those of
2chf and 3chy. This observation shows that although good packing stabi-
lizes some thermophilic proteins, it is not the universal mechanism for the
thermostability of thermophiles, which confirms the statistical analysis by
Karshikoff and Ladenstein [40]. AE,_,(EH) are lower for the thermophiles
than for the mesophiles, except for 1dz3A. The AEn_m(EH) of 1dz3A is less
stable than the AFE,_,,(EH) of lsrrA by 1.35 cal/g. But this difference is
overwhelmed by the difference in AE,,_,(EH) (-5.07 cal/g).

The side-chain packing of the near-native structures are largely distorted,
and the electrostatic and hydration energy components are known to stabilize
the correct fold even in absence of the detailed packing (Chapter 3). Thus we
can conclude that the thermophilic proteins are stabilized by the force that
stabilizes the correct fold or topology rather than by the force that stabilizes

the detailed packing.
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Table 4.8: AF, _,, and its components (cal/g)*

protein tot  loc vdW Cou HB Oo Real vac pac EH
tlez3A -10.34 -5.36 -5.78 -4.59 -0.35 1.41 4.33| -16.08 -11.14 1.15
mlaoeA  -9.64 -4.93 -5.72 -7.81 -0.45 1.95 7.30| -18.90 -10.65 1.45
mldyjA  -848 -4.61 -6.29 -5.34 -0.33 2.53 5.57| -16.57 -10.90 2.76
t1dz3A -7.20 -3.04 -3.68 -2.75 -0.22 1.151.34| -9.68 -6.72 -0.26
mlsrrA -9.26 -2.90 -4.36 -5.59 -0.38 1.14 2.84| -13.24 -T7.26 -1.61
tlsrvA  -10.27 -4.30 -4.28 -5.45 -0.16 0.35 3.57|-14.19 -8.58 -1.52
mlkid -8.42 -5.13 -3.55 -4.00 -0.23 1.11 3.38| -12.92 -B.68 0.50
tltmy -7.56 -1.97 -2.81 -7.56 -0.35 0.51 4.61| -12.68 -4.78 -2.44
m2chf -7.03 -4.18 -5.37 -9.89 -0.45 3.06 9.80| -19.88 -9.55 2.97
m3chy -11.15 -5.25 -5.74 -7.65 -0.50 2.18 5.81| -19.14 -11.00 0.34
t2prd -10.17 -5.09 -5.72 -8.19 -0.37 2.84 6.36(-19.37 -10.81 1.01
mlobwA -7.95 -3.89 -5.69 -0.54 -0.30 1.70 0.77] -10.42 -9.58 1.94

*See Table 4.6 for explanation of the columns.

4.5 Discussion

From Tables 4.6 and 4.7, we can see that AE,_,(pac) and AFE,,_,(pac) are of
large negative values whereas AF,,_,(EH) and AF,,_,(EH) are of large pos-
itive values. This means that while the packing energy stabilizes the native
and near-native structures, the EH energy destabilizes them. Therefore, the
conspicuous tendency that AF,_,(EH) and AFE,,_,(EH) are always lower
for the thermophilic proteins than for the mesophilic ones indicates that the
relative energetic stability of the thermophilic proteins are due to destabiliza-
tion of their unfolded state. This tendency is not scen in AE,_,,(EH) and
not all the thermophiles show lower AE, _,,(EH). Therefore the main differ-
ence of the thermophilic from the mesophilic proteins resides in between the
near-native and unfolded states. The near-native structures are a set of hy-

pothetical structures which represents a set of structures somewhere between

the native and unfolded states, in which overall chain topology or fold is well
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formed but the side-chain packing is not vet fully achieved. On one hand,
since the overall native topology is well formed m the near-native structure,
there should be a large entropy loss with respect to the unfolded structures.
On the other hand, the energetic stabilization of the native structure is mostly
attained by the precise packing, AF, . (pac), which is not yet realized in the
near-native structure. Therefore the near-native structures would be ther-
modynamically unstable. These characteristics of the near-native structures
are gualitatively similar to the transition-state structure of proteins [24, 953].
If we assume that the near-native structures are a representative set of the
transition-state structures, then the stability of the thermophilic proteins can
be explained as follows (Figilre 4.3).

First, the less positive values of A, _, (EH) of the thermophilic proteins
(Table 4.7) indicate less stable unfolded state, hence lower AG’? (the activa-
tion free energy of folding). Second, since there is not a significant difference
in AE,_,or AE,_.(pac) (Table 4.8), AG? (the activation free cnergy of un-
folding) should not. be different between thermophiles and mesophiles. These
result in larger negative value of overall folding {ree energy AG of the ther-
mophilic proteins. This schemne for the stabilization of thermophilic proteins
implies that these proteins fold faster. The faster {olding of thermophilic pro-
teins is actually suggested by a study of amino acid compositions (5. Fukuchi

and K. Nishikawa, unpublished results).

That the thermophilic proteins show less stable AL, _, (pac) suggests
their near-native structures structurally more flexible or entropically more
stable compared to the mesophilic proteins. The entropic stabilization of a
thermostable protein was observed by the hydrogen exchange and neutron
scattering experiments [27]. At a glance, this conclusion contradicts the re-

sults of Lazaridis et al. [19]. However, the protein they investigated was from
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Figure 4.3: The suggested stabilization mechanism of thermophilic proteins.
'_\(}'J}. the activation free energy of folding; AGY. the activation free energy of
unfolding; AG. the free energy of folding and unfolding. “T™ and “M" stand
for the unfolded state of thermophilic and mesophilic proteins, respectively.

an archaeon. It is suggested that one of the factors that stabilize the pro-
teins from archaea is a better packing, but it is not the case for the proteins
from thermophilic eubacteria (Szildgyi and Zavodszky 2000). In any case.
the present conclusion is limited to the proteins from thermophilic eubac-
teria. Since the precise side-chain packing will be difficult to maintain at
a high temperature because of the thermal fluctuation, it may be possible
that the thermophilic proteins have evolved so that they can rapidly recross
the transition state to recover the native state. Perl et al. [T8] compared
the folding and unfolding kinetics of thermophilic cold shock proteins with

their mesophilic homolog. In that study, the large difference between the
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thermophiles and mesophile was observed in the unfolding rather than in the
folding, which contradicts our prediction. However, the transition state of
a cold shock protein is known to be extremely anomalous {79]. Clarke et
al. [15] studied the folding process of divergent proteins sharing a common
fold, namely the immunoglobulin-like 3-sandwich fold. They found that there
was a strong correlation between AGn_p (N and D stand for the native and
denatured state respectively) and the refolding rate whereas no correlation
was found between AGy_p and the unfolding rates [15]. Although the pro-
teins Clarke et al [15] studied are all presumably mesophilic, the mechanism
as depicted in Figure 4.3 may be present. Similar experimental studies on

other proteins are required to validate the results of this chapter.
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Chapter 5

Energetics of Protein Fold:
Conclusion

5.1 The role of solvent effect

It was shown in Chapter 3 that the electrostatic and hydrophobic energies
are the main contributors to the discrimination of the correct (native) fold.
Both of these energy terms include the solvent effect, namely, the reaction
field energy in the former and the hydration (free) energy in the latter. To
summarize, the solvent effect stabilizes the correct fold, whereas the side-
chain packing stabilizes the native structure. This trend is schematically
shown in Figure 5.3.

It should be noted, however, that the “pure” solvent effect does not sta-
bilize the native fold. In Figure 3.4A, the hydration energy (OONS) is not
always lowest for the near-native structure. Also, we can see from Table 4.6
that the contributions from the reaction field and hydration actually desta-
bilize the native fold with respect to the unfolded structures. The native fold
and structure are undoubtedly stabilized by the intramolecular attractions
in the protein. The intramolecular attractions are the Coulomb and van der

Waals interactions in terms of the present study. The magnitudes of these
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interactions are quite large as can be seen in Figures 3.5B (page 55) and
3.6B (page 57). As a result, the native structure of a protein is expected
to be extremely stable in vacuo. However, in the absence of the precise
side-chain packing of the native structure, the intermolecular attractions by
themselves are not able to discriminate the correct fold, they seems to stabi-
lize any compactly folded structures, even misfolded ones (Figures 3.5B and
3.6B on pages 55 and 57, respectively). The fact that adding the solvent
contributions to these attractions improves the discrimination of the correct
fold {Figures 3.5A and 3.4B on pages 55 and 53, respectively), together with
the fact that the solvent effect actually destabilizes compact structures (Ta-
bles 4.6 and 4.7 on pages 73 and 74, respectively), suggests that the solvent
effect helps folding of the protein by destabilizing incorrect foids to a larger

extent than the correct folds (Figure 5.1).

5.2 The role of side-chain packing

The results obtained in Chapter 3 clearly shows that the packing energy,
which is the sum of local geometry and van der Waals terms, stabilizes the
native structure to such a great extent that the total energy difference be-
tween the native and misfolded structures (Figure 3.3A on page 52) may be
almost completely attributed to the difference in the packing energy (Fig-
ure 3.6A, page 57). This conclusion is illustrated in Figure 5.2.

In contrast with the solvent effect, we can see from Table 4.6 on page 73
that the packing energy actually stabilizes the native structure with respect
to the unfolded structure. As discussed in the subsection 1.4.3, a good side-
chain packing is characterized by both a large number of atomic contacts and
less distorted local geometries. In the unfolded structure, it is easy for local

structures to satisfy their ideal geometries because the influence from other
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Figure 5.1: A schematic picture of how solvent effect stabilizes the correct
fold. The intramolecular attractive forces (dotted arrows) stabilizes compact
structures while the solvent effect (solid arrows) favors the unfolded structure.
The correct fold (in the circle) is less destabilized than other compact folds.
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near—native structures

native structure

Figure 5.2: The side-chain packing significantly affects the stability of the
native structure. Small differences in the side-chain packing may accompany
a large energy difference. The upper figure is a stereo diagram of many near-
native structures (side-chain bonds only) superposed on the native structure
(the lower figure also, all bonds shown) of the PDB entry 1tmy [105]. This
figure was drawn with MolScript [44].
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non-local interactions is expected to be minimal in the unfolded structure.
The small absolute values of AE,_,(loc} in Table 4.6 indicate that the energy
value associated with local geometry in the native structure is actually not so
much different from those of the unfolded structures. On the other hand, the
values of AF, _,, (loc) in Table 4.8 on page 76 are rather large, indicating that
the local structures in the near-native structures are significantly distorted
from the ideal geometry. The destabilization caused by these distortions are
imdeed comparable to that caused by insuthcient atomic contacts which 1s
associated with AL, _, (vdW) in Table 4.8. These observations show that
the local and non-local interactions in the native structure are consistent
with each other. This is nothing but a concrete example of the consistency

principle proposed by Go [29] (see page 10).

5.3 Summary of energetics of protein fold

Thus, the major conclusion of the present study is that the energetic deter-
minants of the native structure of proteins can be divided into two categories
(Figure 5.3): one 1s attributed to the solvent effect swhich stabilizes the na-
tive fold (or approxiimate native structure). the other is associated with the
side-chain packing which significantly stabilizes the native structure itself.
As a consequence, it became possible to compare the relative contributions
of these two categories of energy components. [t was shown that the con-
tribution of the solvent effect is small compared to that of the side-chain
packing.

At this point, it is interesting to relate the above conclusions to the
structural properties shared by the proteins of the same fold. Russell and
Bartou [87] compared structural properties such as side-chain to side-chain

contacts, secondary structures, and residue-based solvent accessibility in pro-
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Figure 5.3: Summary of the energetics of protein fold. The solvent eflect sta-
bilizes the correct fold. the side-chain packing stabilizes the native structure.
The stabilization by the latter is comparable to the total stabilization of the
native structure.

teins sharing common folds. They found that virtually none of the specific
structural properties were conserved in proteins with the same fold. How
well a particular sequence adopts a particular fold was found to be gov-
erned by general features such as “hydrophobic residues buried in the core
of proteins, and polar residues on the surface™ [87]. This finding means that
detailed structural properties such as side-chain to side-chain contacts are
the particular characteristics of a particular native structure. whereas gen-
eral structural properties such as buried hydrophobic residues and exposed
polar residues are the general characteristics of folds. The results of Rus-
sell and Barton [87] exactly correspond to the conclusion of this thesis. The
structural and energetic properties of the factors that determine the native

fold and native structure are summarized in Table 5.1.
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Table 5.1: Summary of structural and energetic deterrminants of the native
fold and structure.

native structure

Structural: Tight and precise side-chain packing.

Energetic: Less distorted local geometry, and many favorable van der Waals
contacts.

Remark: Extensive stabilization and specificity attained.

native fold

Structural: Buried hydrophobic and exposed hydrophilic residues.

Energetic: Reaction field, hydration together with intramolecular attrac-
tions.

Remark: Only loosely specific, selected by less destabilization relative to
misfolds.

5.4 On the use of the near-native structure

Throughout the thesis, the key idea is the use of the near-native structure.
As already mentioned in Chapter 2, a near-native structure is an artificial
object in silico which is unlikely to exist in nature. A question may arise
whether it is appropriate to use such an object to study the energetics of
proteins. The answer to this question is a pragmatic one.

The very definition of protein fold is subjective. It is based more on the
human way of perception than on the physical reality. In this sense, the
energetics of protein fold is an attempt to interpret the abstract concept in
terms of physicochemical interactions. Therefore, as far as protein folds are

related to energy functions, the use of the near-native structure should be
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justified.

Furthermore, in Chapter 4, the use of the near-native structure actually
helped interpreting the stabilization mechanism of thermophilic proteins. In
such a study, the basic method will be to compare the energy difference
between the native and unfolded structures which is all the information we
can obtain. By using the near-native structure, we were able to extract
more information about not only energetic factors, but also structural fac-
tors regarding the thermostability of the proteins. This, in turn, was possible
because the relationship between the protein structure and energy compo-
nents has been elucidated as summarized in Figure 5.3 and Table 5.1. The
use of the near-native structure thus provide us with a wealth of information

regarding structures and energetics.

Although the near-native structure has been proved useful, we must be
cautious of their physical meaning. In Chapter 4, the near-native struc-
ture was related to the transition state of the protein folding process by a
qualitative argument. It is only qualitative. At present, by no means the
near-native structure can be quantitatively related to any physical existence.
Some modifications and extension of the near-native structure are required
to meet them with reality. The near-native structures constructed in the
present study were forced to adopt almost the same backbone conformations
as the native structure {Table 3.4 on page 49 and Table 4.5 on page 72). One
possible modification will be to loosen the restraints on the backbone atoms.
This can be achieved, for example, by imposing the RMSD restraints [23]
so that the backbone conformation can deviate from the native structure
by several A. Such a modification may give more realistic representation of
physical objects such as the transition-state structure. It will be also useful

for the structure prediction problem in which an approximate fold of the tar-
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get protein 1s given and the true native structure 1s to be searched, provided
that an extremely powerful method for conformational search is available

(see Section 3.6).

5.5 What are missing

So far, we have been concerned with the energetics in its most limited sense,
that is, energy is the only quantity treated throughout the thesis. However,
as discussed in Chapter 1, the fundamental physical principle of the pro-
tein structure is the thermodynamic hypothesis [4]. Recalling the notion by
Anfinsen on page 8, not only the energy but the Gibbs free energy of the
protein-solvent systemn which matters. Since protein volumes change very
little upon folding [33], the Gibbs free energy under a normal pressure is
expected to be well approximated by the Helmholtz free energy A = E - TS
where £, T and S arc the energy, absolute temperature and the entropy of
the whole system. In the present study, only £ was fully taken into account.
Although the entropy arising from the solvent’s degree of freedom was im-
plicitly treated (Sections 2.3 and 2.5), the chain entropy of the protein was
completely neglected. Since the enthalpic factors prevail over the entropic
factors in protein stabilization [55] as mentioned on page 19, the neglect of
the chain entropy seems adequate to the first approximation. Regarding the
study in Chapter 3, the chain entropy may not affect much. Vorobjev et
al. [107] reported that there was no distinctive difference between the chain
entropy of the native structure and that of misfolded ones. However, regard-
ing the study in Chapter 4 where the native as well as unfolded structures
are taken into account, treatment of chain entropy remains to be a problem
to be overcome. Exact calculation of the chain entropy requires exhaust enu-

meration of all possible structures of the protein chain, which is impossible.
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Thus, some great simplicifation is needed. One possible way is to select a set
of representative structures of each thermodynamic state of the protein and
to perform extensive conformational sampling around these representative
structures. The latter will be possible in the near future with recently de-
veloped extremely powerful conformational sampling techniques such as the
multicanonical algorithm [64}, the replica exchange algorithm [99], or algo-
ritms combining both [100]. The former seems more difficult and will require

further experimental studies on protein folding and unfolding.



Appendix A

The CASP3 Experiment: A
Case Study on Structure
Prediction

This appendix presents a case study on protein structure prediction by the
fold recognition method. In 1998, the third meeting on the critical assess-
ment of techniques for protein structure prediction (CASP3) [59] was held.
This meeting is often called the “structure prediction contest.” In CASP,
amino acid sequences of soon-to-be-solved protein structures are provided to
predictors who submit predicted models of those protein structures before the
structures are experimentally solved, and the models are subsequently eval-
uated after the experimental structures become available. There were three
categories of prediction in CASP3: comparative or homology modeling, fold
recognition, and ab initio prediction. In the comparative or homology model-
ing category, the amino acid sequences of target proteins {i.e., proteins whose
structures are to be predicted) show clear homology to the proteins of known
structures so that the main emphasis is put on detailed prediction of side-
chain packing and loop structure building. In the fold recognition category,

proteins which show structural similarity with the proteins of known struc-
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tures in spite of no apparent homology are predicted. What ab initio predic-
tion means is quite confusing, but at the time of CASP3, it meant prediction
methods other than comparative modeling or fold recognition methods.

My colleagues (Motonori Ota, Takeshi Kawabata and Ken Nishikawa) and
I organized the team UNAGI and participated in the fold recognition category
of CASP3 [71]. We employed an “cooperative approach” [71], that is, we
used multiple methods to predict the folds of the target proteins together
with biological knowledge from the literature. By combining various sources
of information regarding the target proteins, we decided the final predictions.
We submitted 56 model structures for 25 target proteins. The whole results
is listed in Table A.1.

To summarize the results in Table A.1, we successfully predicted the folds
of 9 out of 21 proteins whose experimental structures became available. In
addition, 3 new folds were correctly predicted to be so. However, the criti-
cal assessment [60, 71] revealed that most of the predicted three-dimensional
models were of poor quality even though the correct fold was assigned. This
was mostly due to the inaccurate alignment of sequence to structure. We
noticed that different methods often yielded totally different predictions. If
those different predictions are effectively managed, we may predict at least
the correct folds of proteins. Nevertheless, this observation reveals the imma-
turity of the prediction methods. The main programs for fold recognition we
employed different sequence-structure compatibility functions [67, 56, 72, 71].
As was discussed in Chapter 3, development of these compatibility functions
embodies intrinsic difficulties such as the noises in structural database of
proteins, or functional forms of the functions which heavily depend on one’s
intuition. One of the discussions in Chapter 3 aims at eluctdation of the

physical background of sequence-structure compatibility functions.
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Table A.1: Summary of the UNAGI’s predictions
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Target Len M1 M2 M3 M4 M5
T0043(HPPK) 158 lcus 1ble 2fx2
T0044(RTCA) 347 lasyA latiA  3hsc lscuB 2admA
T0045(YBAK) 158 none 1lhrdA 1tmy lbtmB
T0046(ADG) 119 2mem  1tul 1fivA 1slcA
T0051({GLME) 483 1reqB
T0052(CV-N) 101 none 1pczAB
T0053(CBIK) 264 1akl
T0054(VANX) 202 none  1lbu 1vhh
TO0056(DNAB) 114 none 1bmfD 1lhulA
TO061(HDEA) 89 Ingr lam3 none
T0062{UBIB) 232 2cnd
TO063(IF5A) 138 1rsy 2snv
T0067(PBP) 187 none Lhurb
T0068(PGL2) 376 1rmg
T0071(ADAC) 238 none  1tf4A 1slcA 6fabH
T0072(CD5) 110 1vfaA 1noal
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T0074(EPS15) 98 2scpA
T0075(ETS-1) 110 none  laoca
T0077(L30) 105 1tmy  1div
TO0078(TESB) 288 none
TO07T9(MARA) 129 1pdnC lsfe
TO080(3MG) 219 none  laO0i
T0081(MGSA) 152 1rnl
TO083(CYNS) 156 1r69  none
T0085(C554) 211 1fgjA

rr
£
+ =

FR
Fw
F?
F R
F R

LANNN SN L S B
&
=
=

D= e =

Len: Number of amino acid residues. M1 ~ M5: five models submitted
as prediction. 3D: Whether the experimental structure was available at the
time of evaluation (1/) or not (blank). C: Category of prediction: F, targets
for fold recognition; C, targets which eventually turned out to be those for
comparative modeling. SE: Self-evaluation of the models (R, correct model
predicted; w, wrong prediction; N, correct “prediction” of new fold; ?, un-
sure.) AE: The evaluation by the assessor [60] (The quality of correct models
are ranked in the order of A (good model) to F(poor, but correct, model); +,
may be correct model; o, almost correct; N, new fold correctly “predicted.”)
The correctly predicted models are typed in boldface.
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Appendix B

An Abstract Formulation of the
Problem

In this appendix, | present an abstract formulation of the main problem
of the thesis, the energetics of protein fold. What is investigated in the
present study is not specific determinants of particular folds, but universal
determinants of various folds. In order to clarify what is meant by the above
statement, let us define three types of sets or spaces (Table B.1).

The term “fold” in Table B.1 is defined as in the common practice, for ex-
ample, as in the SCOP database (page 5, [62]). In this definition, fold is a set
of native structures with similar backbone structures. Each native structure
corresponds to one amino acid sequence, and vice verse. Therefore, although
the explicit definition of fold is based on a set of structures, it is implicitly

defined on an amino acid sequence space. On the other hand, a confor-

Table B.1: Sequence space, conformation space, energy component space

51 Set of amino acid sequences of proteins which adopt fold 1.
Ci Set of conformations a protein .

e; Vector of energy components of a conformation of a protein i.
E; Set of e; of a protein i. (Energy component space.)
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mation space of a protein is based on one particular protein by definition.
An energy component vector is defined by a set of values of energy com-
ponents: ¢ = (by, -+, ay, --,01,---,m, -+, Ay,---), which is a set of values
of particular bond length, bond angle, torsion angle, non-bonded, hydration
energy terms, efe. Accordingly, the energy component space is defined as
E; = {e e, ---}. Anelement s of Sy corresponds to a particular element

2 of C; which is the native structure of the protein s:
sES — Lel, (B.1)

Hereafter, the superscript “0” represent the native structure. An element ¢
of C; is related to an element of E; through the energy function f; of the
protein z:

fii . € Cir—re; € E; (B.2)
Given a particular fold [, the energetic determinants of the fold may be found

by studying the set of the energy components of native structures:
T ={ele), - €2 ] a)b, - me S} (B.3)

On the other hand, the study of the structural determinants of the fold

corresponds to the study of the set

CY={d¢, . &lab,-,me S5} (B.4)

Y Um

However, since the proteins a, b, - - m compose diflerent physical systems (in
general, || # |e]) , what the set £9 means is not trivial. The origin of
the difficulty is that fold is defined on the sequence space. Thus, in this
study, I have substituted the problem with the one defined on conformation
space, dealing with different conformations of one particular protein. This is

equivalent to studying the conformation space:

Ci={ e}, | de(?, ) < ep, YR} C C; (B.5)
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Here, a similarity measure (distance) between two backbone conformations
of ¢? and ¢ of the same protein is given as d.(c?, ¢!), and the threshold that
the two backbone conformations can be regarded as sharing a common fold
is given as €x. In the present study, ¢! etc. are the near-native structures.
Now, how can we study the energetic determinants of fold? We first de-
fine a similarity measure (distance) between two energy component vectors,
d.(e?, e?), which is the absolute value of total energy difference between the
two structures ¢ and ¢?. If ¢} is a near-native structure such as ones in Chap-
ter 3, d.(e?,e}) is about 100 kcal/mol which is quite large. Next, we define
an operator g defined by a characteristic . The operator ¢* transforms

one e; to another:

g+ Ei— Gl CE; (B.6)

g7 is supposed to “project” some energetic properties represented in F; onto
the subspace GG7. An element & of G? is related to an element ¢ of C;
by £ = ¢ o fi(¢?), where f; is the energy function of the system defined
in Equation B.2. Finding the energetic determinant of fold can be ideally

formulated as follows:

Problem A Let C; be a set of structures that share a common fold
with the native structure of protein i. Find the transformation

g% that minimizes d (€7, £F) for ¢f € C; and that maximizes it for

cf ¢ C.

Thus found ¢, and therefore the characteristics ¢, is defined to be an en-
ergetic determinant of the fold of the protein i. Furthermore, since we are
interested in universal determinants, the determinant g* obtained for one
particular fold should be also a determinant of other folds. That is, we im-

posed a condition that g of one protein 7 is equivalent to g; of another
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protein j in the sense that ¢gf and g¢ are both based on the characteristics

« and they satisfy the conditions stated in Problem A above:

g ~ g (B.7)

In Chapter 3, it was shown that the electrostatic energy and hydrophobic
energy were likely to determine protein folds, and the side-chain packing
determines the precise native structure. Therefore, & of g7 in the last section
is either the “electrostatic energy” or the “hydrophobic energy.” On the other
hand, the packing energy may be regarded as a function ¢ that maximizes

do(c, ¢F) for ¢ € C; N {cF}.
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