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Abstract

Better understanding of protein folding process can provide physical insights on the
function of proteins and makes it possible to benefit from genetic information ac-
cumulated so far. Protein folding process normally takes place in less than seconds
but even seconds are beyond reach of current computational power for simulations
on a system of all-atom detail. Hence, to model and explore protein folding process
it is crucial to construct a proper model that can adequately describe the physical
process and mechanism for the relevant time scale. We discuss the reduced off-
lattice model that can express a-helix and (-hairpin conformations defined solely
by a given sequence in order to investigate a protein folding mechanism of confor-
mations such as a (-hairpin and also to investigate conformational conversions in
proteins. The first two chapters introduce and review essential concepts in pro-
tein folding modelling — physical interaction in proteins, various simple models,
and also review computational methods, in particular, the Metropolis Monte Carlo
method, its dynamic interpretation and thermodynamic Monte Carlo algorithms.
Chapter 3 describes the minimalist model that represents both a-helix and (-sheet
conformations using simple potentials. The native conformation can be specified
by the sequence without particular conformational biases to a reference state. In
Chapter 4, the model is used to investigate the folding mechanism of [-hairpins
exhaustively using the dynamic Monte Carlo and a thermodynamic Monte Carlo
method — an efficient combination of the multicanonical Monte Carlo and the
weighted histogram analysis method. We show that the major folding pathways
and folding rate depend on the location of a hydrophobic. The conformational
conversions between a-helix and (-sheet conformations are examined in Chapter 5
and 6. First, the conformational conversion due to mutation in a non-hydrophobic
system and then the conformational conversion due to mutation with a hydrophobic

pair at a different position at various temperatures are examined.
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Chapter 1

Introduction

1.1 Proteins

What are proteins?

Proteins are linear polymers consisting of twenty amino acids [1-10]. The com-
binations of these amino acids make life possible and flourish. Proteins tirelessly
help an organism to sustain life in the self-regulation — the coordinated regulation
of all physical, chemical and biological process inside the organism — and in the
self-replication [2]. To describe the relationship between the primary sequence of
a protein and its function, it is customary to use an analogy, comparing a protein
molecule with a text written in twenty letters of amino acids, alphabets with a side
chain. Morse code, using only four symbols, can deliver an instruction sufficiently
hence a sequence consisting twenty amino acids can also deliver a more complicated
instruction. Written in 20 letter code, short protein chains can be compared with
short books. Then how can we interpret the text, which the nature seems to ac-
complish with ease? Is the text definite and identical in all the copies of a given
book, that is, are all the molecules of a given protein identical conformation or a
heterogeneous mixture of different conformations? How should we interpret the
exact meaning of the text, that is, how does a given primary sequence determine

the biological function of the protein? What is the role of misprint, that is, what
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Figure 1.1: A biological system has four components.

is the role of mutation [2]7 The task of deciphering the genetic code became man-
ageable recently but relating the genetic code with its structure and function is not
simple. Evolution has made it possible over the long period of time for proteins
to perform a specific function efficiently but evolution did not make it easy for us
to understand the relationship between a primary sequence and its corresponding

native conformation.

One can relate a primary sequence with a text but a protein is more than just
a text. Proteins have diverse functions and can act as the structural elements such
as bricks, plasters and girders of organisms and also provide the energy necessary
for life processes. Enzymes are proteins that catalyze biochemical reactions such
as familiar food digestion to ensure the smooth operation of a complex organism.
Transport proteins like hemoglobin facilitate the movement of molecular oxygen and
other essential compounds. Antibodies are proteins that neutralize foreign materials
that can be harmful to an organism. In a sense proteins can be regarded as vital
molecular machines [1,2,8]. It is now possible to synthesize proteins by genetic
engineering [8], and there is hope of making new proteins that work for specific
function like a new enzyme. Producing such a protein requires: the ability to
predict the most stable conformation of a given sequence, the ability to design new
conformation, the ability to predict the kinetic accessibility of the conformation,
the ability to design the precise features for a specific binding in the fold and the
ability to design the precise orientation of the groups in the protein for an efficient
catalytic function [8]. Unfortunately we are not fully in command of any of the

prerequisites at this point.
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What factor distinguishes a simple biological system from a simple system en-
countered, say, in physics? In biology there is a factor that physicists have rarely
encountered in traditional physics. For example, there are three fundamental prop-
erties of the systems in physics; structure, energy level, and dynamics. These
elements are crucial to understand biological systems. In addition to these key con-
cepts, there is another crucial property in biology that makes life possible; that is
function (Fig. 1.1). Furthermore an energy level is better to be replaced by an en-
ergy landscape. These four concepts are closely interconnected with each other but
it is difficult to establish the basic physical principles connecting each element [7].
Before understanding the function of biological systems and incorporating the func-
tion with the other elements, we must first understand the relationship between

structure, energy landscape and dynamics.

Protein folding

The first step to understand proteins, for physical scientists in particular, is to find
the native structure for a given primary sequence. It seems reasonable and feasible
to attempt to find the ground state of a given sequence because in principle it is
simply a global minimization problem or a global optimization. This seemingly sim-
ple question is not so simple. A similar type of a well-known problem, the traveling
salesman’s problem — finding the optimal path to visit several cities in the shortest
time — is notoriously difficult and many methods such as nonlinear programing,
neural network, and generic algorithm are applied to solve this problem [11]. These
mathematical algorithms are also used to find the native conformation of a protein
by mathematicians but these methods will not illustrate the mechanism of protein
folding [11].

Finding the ground state for its corresponding primary sequence became a well-
defined physical problem after Haber and Anfinsen demonstrated that ribonuclease
can spontaneously regain its full function in vitro [12]. They observed that ribonu-
clease can fold and refold without any extra unknown biological agents in vivo
and therefore concluded that the information encoded in the primary sequence of
ribonuclease contains not only the covalent structure but also the secondary and

tertiary structure of the molecule [12]. Anfinsen and Scheraga [13] later stated that
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“It is currently believed that the three dimensional structure of the native protein
in a given environment (solvent, pH, ionic strength, presence of other components,
temperature, etc.) is the one in which the Gibbs free energy of the whole system is
a minimum with respect to all degrees of freedom, i.e., that the native conformation
is determined by the various interatomic interaction and hence by the amino acid
sequence, in a gwen environment. Whether or not this local minimum in the free

energy hyperspace is the global one is at present an unsettled question.”

The basic question of the protein folding problem can be stated as: Given a
specific sequence of amino acids, how do physical and chemical forces determine
its myriad properties, especially the essential unique folded structure of a globular
protein in a given environment? This problem is often regarded as solving the
“second genetic code” and solving the folding problem would advance biotechnology,
in principle permitting the design of a totally new protein from scratch. Theoretical
studies of protein folding have focused on a number of issues [5]. First, what are
the sequence requirements for proteins to fold rapidly and be stable in their native
conformations? Second, what are the thermodynamic mechanism(s) of protein
stabilization and the kinetic mechanism(s) of folding? Third, are there special
native structures (structural motifs) that are more likely to correspond to the native
structures of foldable proteins? Fourth, what is the best approximation for protein-

folding energetics (potentials)? These are the questions often asked by theorists in
this field.

Since proteins suffer the multiple-minima problem, we can apply the ideas al-
ready developed to solve the multiple-minima problem in other fields of physical
science. One of the relevant ideas to avoid the multiple-minima trap is known
as the principle of minimal frustration [14,15]. The principle of minimal frus-
tration states that there is a smooth slope to the free energy landscape because
a protein evolved to equip harmonious cooperativity. In this formalism proteins
are regraded as minimally frustrated heteropolymers. This means that the energy
landscape of real protein folding is not globally flat with random fluctuations like
a random heteropolymer. The energy landscape is rugged but with a preferred
direction toward a unique native conformation. The folding landscape of proteins

is necessarily rugged because polypeptide chains can sample many conformations
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during their folding process and have the possibility of making inappropriate con-
tacts between residues. Roughness arises from interactions between improper pairs
and misoriendted structures in a protein. The landscape of protein folding must
have some ruggedness to reflect this diversity of energy interactions. This results
in a competition between the tendency toward the folded native state and trapping
because of the ruggedness of the funnel. The landscape cannot be flat as assumed
in the Levinthal’s paradox, which states that there are too many configurations for
a protein to find its ground state randomly [16]. He suggested that if the search
is completely random through the entire space of possible conformations, a protein
of normal size needs billions of years to search its ground state through all of the
available configurations. This led him to postulate that a protein must follow a
specific path that guides it to the native conformation and therefore folding must
be under kinetic control. According to him, “If the final folded state turned out to
be the one of lowest conformational energy, it would be a consequence of biological
evolution and not of physical chemistry [17].” The search, however, is far from ran-
dom as Levinthal had proposed. The search, is guided by the free energy landscape
that leads to the ground state or, at least, eliminates the vast majority confor-
mations as irreverent states so that protein can reach the ground state within the
time scale of cell life without ever visiting astronomically large physically irrelevant

conformations [18].

The function of a protein is closely related to its three dimensional structure,
thus we like to predict the three dimensional conformations from the primary se-
quence of amino acids. Experimental determination of a protein structure is still
a slow process and it usually requires either the X-ray crystallography or NMR
methods for relatively small proteins. For proper X-ray diffraction analysis, a
well-ordered protein crystal of size about 0.5 mm is required to produce a clear
diffraction pattern and the crystallization of proteins is still difficult [8]. Until re-
cently the correct prediction of protein conformations can be achieved better by
homology modeling [19], fold recognition methods [20] than through models gov-
erned by potentials derived from the first physical principles [21]. The group led by
Scheraga, however, has been developing the physics-based united residue (UNRES)

force field, and they manage to predict a large fragment of proteins irrespective of
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the types of structures (a, a + [ or ) with sufficient accuracy, better than some
homology methods and their results were presented at the Critical Assessment of
Techniques for Protein Structure Prediction (CASP5 and CASP6) [22]. Their ini-
tial trial conformation still relies on a generic algorithm that uses knowledge based
information and they are trying to improve UNRES such that the UNRES can
predict a conformation from a scratch only based on a given sequence without the
help of knowledge based information, that is, data previously measured in exper-
iments. Models based on physical principles are ultimately needed to understand
how a protein works and to address questions of the existence of the apparent de-
generative native state in proteins such as the prion proteins, to simulate protein
folding pathways, to understand the mechanisms of protein folding, and to study

the interactions of proteins with other biomolecules.

Misfolding

Misfolding refers to the failure of a protein to its native conformation efficiently
or the failure to maintain the conformation due to its reduced stability as a result
of either environmental change or mutation [23]. Recently a new class of diseases
were recognized and often called as conformational diseases including one of the
most puzzling medical problems such as the prion diseases and Alzheimer’s disease.
There is a clear difference between most other genetic diseases and the conforma-
tional diseases. Most genetic diseases are due to an initial misfolding of the newly
synthesized protein. On the other hand, in the conformational diseases, at least
some of the protein are correctly folded and released in their normal form — in
the beginning they are functional. For some unknown and known reasons proteins
undergo conformational conversion and transform into non-functional or weakly
functional forms, which eventually leads to the aggregation and deposition of the

proteins.

Well known examples of conformational diseases are serpins and prions. Confor-
mational disorders involving serpins — serine protease inhibitors — involve some
conformational conversion. The biologically active serpin is not at its thermody-
namically most stable conformation; over time, active inhibitor slowly converts to

a more stable inactive form [24]. This is one of the examples demonstrating that
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some protein folding reactions can be governed by kinetics rather than thermody-
namics alone [23]. Prions — proteinacious infectious particles that lack nucleic acid
— are now believed to cause the spongiform encephalopathies, the diseases char-
acterized by porous structures like a sponge in a postmortem examination on the
brain of a patient or animal affected by these diseases. Affected individuals show
the deterioration of health, loss of balance, mental capacity associated with the
loss of the basic functions of various parts of the brain [25]. The diseases include
Creutzfeld-Jacob Disease (CJD), new variant Creutzfeld-Jacob Disease (vCJD),
Gerstmann-Straussler-Scheinker syndrome (GSS) and Kuru (Kuru means shivering
in a Papua New Guinean language). While the structural details are not known, the
proposed structural change involves a transition from primarily helical structures
to primarily (-sheet structures. This conformational conversion in prion proteins
can arise spontaneously as a result of a genetic mutation in the prion. In more
disturbing cases, there is evidence that the transition is also propagated in normal
prions by introduction of abnormal form of prions [26]. This conformational in-
fection can take place either between individuals of same species or individuals of
different species as is suspected with the new variant of Creutzfeld-Jacob disease.
The abnormal form of prions is believed to act as template for the transformation
of the normal form to the abnormal one. Hence the understanding of the various
process involved in prion diseases at the molecular level is required to tackle prion

diseases.

1.2 Modeling protein structures

1.2.1 The structure of proteins
Amino acids and primary structure

Twenty natural amino acids that build up proteins can take either the L or the D
steric form where they are mirror image of each other. In natural proteins only the
L form shown in Fig. 1.2 exists. If a cup of milk consisted of D form of amino

acid proteins then its proteins have no nutritional value except as diet milk because
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Figure 1.2: Amino acids: Glycine and alanine have a hydrogen and a CHj as a side
chain, respectively and proline has a unique side chain geometry. All amino acids
are shown in the charged zwitterion forms which are the most common molecule

forms at pH 7.

biological systems distinguish these chiral difference and only use the L form of
the proteins. The origin of the handedness of the amino acids is not known and
there seems no apparent reason why the L form is the dominant form of amino
acids [2,4,6]. The overall amino acid compositions of most proteins are similar.
The 20 amino acids arise at certain frequencies that are similar in most proteins.
On the other hand, membrane proteins tend to contain more hydrophobic residues
than soluble proteins and the fibrous structural proteins tend to contain repetitive

amino acid patterns [6].

Each protein consists of a polypeptide chain made of amino acids linked by
peptide bonds. The twenty amino acids differs only in their side chains or R-
groups. The amino acids can be divided into three classes by the chemical nature
of the side chain: hydrophobic side chains, alanine (Ala), valine (Val), leucine
(Leu), isolucine (Ile), phenylalanine (Phe), proline (Pro) and methionine (Met);
charged ones aspartic acid (Asp), glutamic acid (Glu), lysine (Lys) and arginine
(Arg); polar ones, serine (Ser), theronine (Thr), cystein (Cys), asparagine (Asn),
glutamine (Gln), histidine (His), tyrosine (Tyr), and tryptophan (Trp). Glycine
(Gly) has only a hydrogen atom as a side chain and can be classified either as the
fourth class by itself or as the first one. The backbone of a protein conformation is
connected by covalent bonds. Covalent bond can be regarded as a pair of electrons

that the two connected atoms share. This sharing of the electrons results in a strong
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Figure 1.3: Peptide chain: Two generic amino acids (top) form a peptide bond and
release a water molecule (bottom). R represents a side chain, + and — indicate

partial charge.
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Figure 1.4: Co-planar atoms: A) Six atoms lie on the same plane. B) These con-
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figuration can be approximated by two backbone carbon beads and virtual oxygen

and hydrogen atoms.
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attraction between the atoms. Covalent bonds can be regarded as permanent on
the time scale of a protein’s life time. These bonds hold the protein backbone
and sidechains together. In particular two amino acids are connected by a peptide
bond, where a hydrogen atom from the NHy amino group and the OH unit from the
terminal COOH are removed to form a bond between N and C atoms (Fig. 1.3).
The peptide bond is planar which is caused by a considerable delocalization of the
lone pair of electrons of the nitrogen onto the carbonyl oxygen (Fig. 1.4). The
C-N bond is consequently shortened about 10% and it has double-bond character.

Hence the twisting of the peptide is rare except for proline residues [7,8].

The primary sequence of proteins is an unbranched polypeptide chain consisting
of L-amino acids linked by peptide (amide) bonds between the carboxyl of one reside
and the amino group of the next. A primary sequence must be unbranched because
the information of the primary sequence is stored in the one dimensional DNA
sequence and a DNA sequence chain cannot store the information of a branched
sequence [1]. A primary sequence can be cross bridged by a disulfide bond (-S-S-)

in which two cystein residues are linked by their thiol groups [8].

Secondary structure

The polypeptide chains of proteins are often organized into hydrogen-bonded struc-
tures. There are two major types of such conformations.One is the a-helix confor-
mation (Fig. 1.5) and another is the S-sheet conformation (Fig. 1.6). The a-helix
is stabilized mainly by hydrogen bonds between the carboxyl group C=0 on the ith
monomer and the amino N-H group on the (i + 4)th monomer. The C=0 groups
are parallel to the axis of the helix and point almost straight at the NH groups to
which they are hydrogen-bonded. The length of the a-helix varies from five to forty
residues and the average length is about ten residues [9]. One side of helices often is
hydrophobic character and another side is hydrophilic character. This amphipathic
nature of the helices plays a critical role in the interaction with other structures.
When helices are bundled together, the hydrophobic side of the helix faces inside
to form the hydrophobic core. An helix also has a net dipole moment since the

dipoles of the polypeptide backbone align nearly parallel to the axis of the helix.
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Unlike the curled helical structure, an extended polypeptide chain can also
form complementary hydrogen bonds with a parallel extended chain. This parallel
structure binded by the hydrogen bonds can match up with another extended chain
to build up a f-sheet structure. Two arrangements are possible: one is a parallel
(-sheet in which all the chain are aligned in the same direction, and the other is
an anti-parallel G-sheet in which the directions of chains are alternating. Parallel
(B-sheets are found in globular proteins where two separated [-strands, which are
far away from each other along the sequence, can be aligned in parallel direction.
Secondary structures are often characterized by their Ramachandran diagram [27]
defined by the range of the preferable dihedral angles ¢ and ¢ (Fig. 1.3). In the
model we discuss in the thesis, the backbone heavy atom are simplified and the

angles ¢ and v are not defined.

The secondary structural elements further pack into a compact, native confor-
mation. This three dimensional structure is called the tertiary structure of a single
protein. Larger proteins with more than about two hundreds residues may contain
organized structural units called domains. Some proteins consist of more than one
peptide chain forming a quaternary structure such as hemoglobin — four individual
proteins, or sub-units comprise the functional form of hemoglobin. The thesis will

focus mainly on the simplified secondary structure units.

1.3 Physical interactions for protein folding

To reach the accuracy required for a realistic analysis of the conformation and
dynamics of macromolecules, it is necessary to use a relatively complex form for
the empirical potential function and must be relatively simple to facilitate efficient
computations. Typical force fields for high resolution models such as all atom
models incorporate a harmonic restoring force between bonded nearest neighbors,
a relatively stiff angle potential between, a dihedral torsional potential to allow
hindered rotation about a bond, and non-bonded interactions between the sepa-
rated atoms. Reduced models tend to use more specialized potentials. For example
hydrophobic and hydrogen potentials must be explicitly incorporated because the

potentials depending on the detail interactions at the atomic level must be approx-
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Figure 1.5: Polyalanine a-helix: The atomic presentation left, and ribbon presen-
tation right.

Figure 1.6: S-hairpin of GB1: The atomic presentation left, and back bone presen-
tation right.
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imated by computationally tractable alternative potentials. Often other potentials
like a chirality factor for a conformation to reduce the degeneracies of the native
conformation are used. We will discuss simplified models in detail in the next

section.

1.3.1 Physical interactions

A typical set of key potentials of a high resolution model includes the following
potentials: the bond length, bond angle, Lennard-Jones, electrostatic and dihedral

potential terms.

bonds angle
Ay By | aq Va
2 [le.? et D—Rj.} + D, Sl cos(no—7) Y
i<j ij ] R dihedral

where each summation for the potentials covers all the non-redundant terms in each

potential and all the parameter are given in reduced units.

The term y, . K, (r—r.,)? represents the stretching of a covalent bond around
the equilibrium length r., where K, is the constant of proportionality and first
proposed by Pauling as the one-two pair interaction [28]. This term is sometime
set to a constant in simple models for simplicity. In the bond stretching, its time
scale is short and the deviation from 7., is comparatively small, this term is often
averaged out to be constant for the time scale of the rotational motion of the
residues in simple models. Strictly, the true bond stretching is not harmonic. An
alternative, more realistic bond stretching potential is the Morse potential [29]:
Vitorse = De[l — e7%"7<0)]? for each bond length where D, is the depth of the
potential energy function and a controls the width. This potential is not particularly
computationally attractive and rarely used in simple models for protein folding. To
approximate the Morse function, cubic and higher terms can be included with

properly avoiding the error associated with higher terms [35].

The term Y5 .. Ko(0 — 0cy)* represents the bending of the bonds from the

equilibrium angle 6., and the deviation from the equilibrium angle is small hence
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Ky is normally set to be large. The higher order terms in this potential are also
added to improve the accuracy in some detail calculations. For the bond angle
potential that particularly involves hydrogen atoms, the so-called Urey and Bradley
interaction, a shifted harmonic potential defined by the distance between the first
and third atoms, can be used [30,31]. Simple models, however, tend to use the

simple harmonic bending potential energy or set each bond angle to a fixed value.

The Lennard-Jones potentials are expressed as Y, _[Ai;/R;7 — Bi;/Ry;] where
R;; is a distance between the ith and jth residues and A;; and B;; are constants
specific to the atoms 7 and j. The attractive part of the potential arises from induced
mutually fluctuating dipoles. In a simple model these potentials are replaced by
a simple excluded volume term such as a hard square wall or a shifted L-J type

potential.

The term »_,_;[giq;/ DR;;] measures the electrostatic interactions where D is
the dielectric constant and for the vacuum D = 1.0. If all of the atoms and charges
in the system are explicitly represented and atomic polarization is included, the di-
electric constant should be just unity. If the solvent is not explicitly included in the
systems like many simplified models, then the dielectric constant of water is about
80 and that of the interior of a protein ranges between 2-4 in a protein [8]. This
large difference in the dielectric constants makes it difficult to select a proper di-
electric constant. The electrostatic interactions can be calculated straightforwardly
by Coullumb’s law to all the partial charges but the calculation is time consuming
because of the long range of electrostatic interactions. Fortunately the calculation
can be simplified since no monopoles, or free charges are observed inside a protein
(salt bridge are ion pairs hence dipoles), all partial charges form di- or multipoles.
Therefore the actual range of electrostatic interactions is rather short. Further in
(-sheet conformations, adjacent dipoles are antiparallel so that electrostatic inter-
actions cancel each other at longer distance. In a-helices, the dipoles form lines
cancelling each other except at both ends and consequently antiparallel helix bun-
dles are more favorable than parallel ones [3]. In practice, the last two potential
interactions, in simple models, are applied to residues separated by three or four
residues because the residues closer than this distance are interacting through the

bonding potentials like the bond length, bond angle and dihedral potential discussed
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\
Hydrogen bond

Figure 1.7: Hydrogen bonding and hydrophobic effect: Left the non-polar residues
encaged by water molecules feel the hydrophobic effect.

below.

The term ) yioqra(Va/2)[1 + cos (n¢ — )] characterizes the twisting of the di-
hedral angle defined by the consecutive four residues where ¢, V,,, n and ¢ are a
dihedral angle, its force co bnstant, multiplicity, and phase, respectively. The dihe-
dral potential of this form for ethylene and ethane was used since 1930’s [32]. These
periodic energy dependence arises from two sources: the varying extent of interac-
tion of the H’s on the carbon with the H’s on the other carbon and the orbital-
orbital interactions of the electrons centered about the two carbons [33]. These
are based on the quantum mechanical effect. To create potential field in classical
limit, it was found that the hindered rotation about a single or a partial double
bonds cannot be represented by other potentials such as the bond length, bond
angle, Lennard-Jones, and electrostatic potentials with sufficient accuracy [34]. If
non-bounded interactions ( Lennard-Jones and electrostatic potentials) are made
stronger enough to ensure the proper barrier to the torsional motion, then they
are no longer a good representation of the intermolecular interactions. Hence it is

common practice to use the dihedral angle term presented above.

In addition to these potentials, other types of phenomenological potentials,
which can be represented by the potentials listed above in principle, are also defined
in various simplified models. For instance, hydrogen bonding and hydrophobic in-
teraction terms are widely used in simple models. In some force fields, electrostatic
potentials are assumed to be able to represent partial charge interactions for the

hydrogen bonding, and the proper solvent particles can encompass the hydrophobic
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effect. Hydrogen bonding is the most common element in organic compounds and
particularly important in biological systems [7,8]. In a peptide chain, hydrogen
atoms are covalently bounded to strongly electronegative elements such as N and
O (Fig. 1.7). The hydrogen arises when two electronegative atoms bind to the
same proton. The bonds are asymmetric; the proton is at its normal covalent bond
distance from the atom to which it is formally bonded, and at a distance from the
other somewhat shorter than the usual van der Waals contact distance [8]. The hy-
drogen bonding interaction has been represented in various forms [35], and can be
described as the simple Lennard-Jones 6—12 or a Lennard-Jones 10—12 interactions
between the donor hydrogen atom and the acceptor atom. In our model we use the
shifted Lennard-Jones 6 — 12 between the virtual hydrogen and oxygen atoms whose
direction is defined by the adjacent residues. A more complicated hydrogen bonding
function is sometimes used which incorporates the directionality of hydrogen bond-
ing Viydrogen = Zi<j[(Aij/Rij)6 — (Byj/Rij)*] cos* @ where 6 is the angle spanned
by the acceptor, hydrogen and donor shown in Fig. 1.7 [36]. The importance of
hydrogen bonds was initially emphasized by Mirsky and Pauling in 1936 [37], and
they stated that the importance of hydrogen bonds in protein structure can hardly
be overemphasized. Later Kauzmann, however, suggested that hydrophobic inter-
action not hydrogen bond interactions is the dominant force in proteins [38]. The
first strong evidence that hydrogen bonds contribute favorably to protein stability
was shown in studies of the interaction of tRNA synthetase [39]. Since then many
other experimental studies have reached similar conclusions [40]. In particular the

hydrogen bonding plays crucial roles to define the secondary structures [6,8, 10].

The hydrophobic effect is induced by the interaction between polar solvent
molecules like water molecules and this effect can be integrated into the system
often by a temperature independent 6-12 Lennard-Jones potential in a reduced
model [41-43]. The detail molecular mechanism of the hydrophobic effect contin-
ues to be the subject of some debate but qualitatively the hydrophobic effect can be
explained as follows. Water is made up with a dynamic, loose network of hydrogen
bonds. The presence of a nonpolar compound imposes a local rearrangement in
this network. The water molecules like to preserve the number of hydrogen bonds

and they line up around the nonpolar molecule. The hydrophobic solute does not
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cause large enthalpy changes in the polar solvent but decreases the entropy of the
system due to the increase in local order. Consequently a hydrophobic molecule
is force to coalesce into the hydrophobic region of a protein by the regaining of
entropy of water [8] (see Fig. 1.7). It has an entropic component hence the hy-
drophobic effect is known to become weaker at lower temperature. This peculiar
nature of the hydrophobic effect results in cold denaturation of proteins [6,10]. At
higher temperatures, the entropy term becomes dominant, hence the hydrophobic
effect become stronger. In simple models the hydrophobic potential is set to be

temperature independent for simplicity [41-43].

Including the hydrodynamic effect in simple protein models is difficult [45,46].
This is partly because the hydrodynamic effect is a force not a potential, hence it is
difficult to approximate the hydrodynamic effect with a simple tractable form. In
the frame work of a Monte Carlo algorithm, the hydrodynamic interaction can, in
principle, be incorporated by using Oseen tensor [44], but in practice this approach
has not been usually taken [45]. In one recent study, the hydrodynamic effect is
examined in the study of homopolymer collapse and protein folding [46]. It was
shown that the hydrodynamic effect speeds up homopolymer collapse in a simple
model [46]. In their model the polymer dynamics was simulated by MD and the
dynamics of the solvent is computed by special stochastic calculation method. They
found, however, that there is no significant impact on the overall dynamics of protein
folding of three systems, an a-helix and S-hairpin of 21 residues and a helix-bundle
of 65 residues in a simple, native contact biased Go model, which is explained
in the next section. They argued that the hydrodynamic effect will influence the
dynamics of the folding process of a polymer chain if the solvent motion, which is
generating the hydrodynamic effect, is sufficiently correlated. In a homopolymer
collapse, the solvent motion become sufficiently correlated to induce the collective
flow that accelerate the chain collapse. On the other hand, in the protein folding
process, the interaction in a protein system is heterogeneous and consequently the
solvent will not collectively flow in a specific direction and the hydrodynamic effect

does not particularly accelerate the folding process in the studied systems [46].
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1.4 Models for protein folding

1.4.1 Molecular dynamics simulations

Molecular dynamics (MD) methods have provided atomistic details on biomolcular
systems on equilibrium properties such as free energies in explicit or implicit solvent
environment and it can characterize detail atomistic movements for a short time
scale [31,47]. All-atom approach for the elucidation of proteins is fundamentally
hampered by the limitation on the integration time-step of MD simulations, which
is around a femtosecond (107'°) for typically more than 10000 particles. In order
to encompass the timescale of tens of microseconds in a conventional MD method
even for a small protein, 10'° integration steps are necessary, and this seems to
be beyond reach of contemporary computational power [48]. One of the longest
molecular dynamics simulation for complete folding of a protein is performed by
Duan and Kollman who have managed to simulate a complete folding process of a
villin headpiece subdomain (36-residues) for a micro second range [49]. Statistically
reliable sampling of folding trajectories, however, requires just more than a few tra-
jectories. In order to overcome the limitation of the folding timescale, several tricks
have been invented such as smoothing protocols to accelerate dynamics, overcom-
ing the energy barriers by using umbrella potentials, simulating along a reaction
path without explicit reference to time, optimization protocols instead of physical
ones, high temperature method, Langevin dynamics, massively distributing com-
puting and so on [48]. The last three methods can properly estimate the time scale
of the dynamics. The high temperature MD is used to study the conformational
conversion between a- and [-conformations [50]. The massively distributing com-
puting scheme assumes that a single timescale dominates the process and computes
a large number of independent trajectories, then once they observe a reactive tran-
sition, they will restart the massively distributing computing from the conformation
obtained from the reactive transition, and repeat this process until a sufficient sam-
pling has been obtained. From this calculation, the rate of the folding process can
be calculated and this method was applied to S-hairpin folding [51]. Another ap-
proach to overcome the difficulty of timescale is to use Go-potentials, in which the

native contacts in the system are given higher priority [52,53] and a Go-model is
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used for (-hairpin folding study [54].

A proper empirical force field, similar to the one described in the previous
section, is essential for an all-atom simulation, and it is best to use a force field
that has previously been shown to be the most effective for a particular system.
Many force fields for biomolecular systems have been developed. Widely used
empirical force fields are CHARMM [55] and AMBER [56], which are developed
to represent the various forces among biomolecules derived from the experimental
data sets in the frame work of classical mechanics. There are a large number of
other force fields specialized for particular physical systems; for example, BMS
for nucleic acids [57], ECEPP for proteins [58], GROMOS for biomolecules [59],
OPLS for biomolecules [60], and PFF for proteins [61]. One can find more detail
information on the force fields in the original papers cited above or books [35,62]
and which provides a good starting point on molecular forces and computational

chemistry.

1.4.2 Simple Models

Simple on- and off-lattice models

The first exact enumeration of short chains on lattices was performed by Orr [63]
who enumerated all the possible self-avoiding conformations on lattice for chains
less than 10 monomers in length. Longer chains were explored in the polymer
theory including scaling laws in end-to-end distances and renormalization-group
methods [64]. At first, it may not be clear that simple lattice models can be ap-
plied to investigate the general features of protein folding behavior. Single domain
proteins do not exceed much beyond 200 residues. Specific interactions that lead
to the unique architecture of native conformation cannot be fully represented by
lattice models. The dynamics simulated on the lattice with limited move sets by
the Monte Carlo method seems not so ideal for the dynamics of a protein in aque-
ous solution. Despite these concerns, a large number of protein lattice models have
indeed demonstrated a number of predictions many of which have been affirmed in
experiments on the general protein folding [18,65,66] and on the chaperone pro-

tein GroEL [67]. In the context of protein folding, lattice model models were first
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‘ Hydrophilic (P)

- Hydrophobic interaction

Hydrophobic (H)

Figure 1.8: Two dimensional HP lattice model:

introduced by Go and coworkers [52], then Dill, Chan and coworkers have popular-
ized the HP model — using only two types of residues — for protein folding and
applied it to diverse topics [18,65]. They used exact enumeration for thermody-
namic characteristics and the Metropolis Monte Carlo method to measure folding
kinetics [68].

In the early development of a simple off-lattice model for protein folding, Levitt
and Warshel pioneered the attempt to simplify the model of a globular protein and
used a simplified model using a bead per a residue for pancreatic trypsin inhibitor.
Every backbone residue is a sphere with stiff rigid side chains and successive residues
are linked by the virtual bonds. The model is governed by torsional, van der
Waals, hydrogen bonding, hydrophobic type, and non-bonded local interactions.
In addition, the model has non physical pushing and pulling potentials to overcome
local energy barriers, which were later criticized [69]. A simple off-lattice model
became popular only after the computational power became sufficiently fast in the
early 90’s, while increasing sophisticated on-lattice models have been developed by

Kolinski and coworkers since late 80’s [69].

HP models

The HP model reduces 20 amino acids to only the two types, hydrophobic (H)
and polar (P) [65,70]. For example, in Fig. 1.8 the native conformation of 2D-
lattice model of sixteen residues is shown. There are five attractive hydrophobic
HH interactions in the native state. All the other contacts like HP and PP have
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zero energy contribution to the system.

The model is one of the simplest models possible and its simplicity enables to
perform calculation that is not possible in more complicated models. The HP model
and its variants have been used as a convenient toy model to experiment ideas and
they became valuable tools. The strengths of the HP model are as follows [65]. 1)
All the conformations can be enumerated. 2) Exact nature of a model is valuable
for precise analysis. This means that models have two components: the physical
model itself and the mathematical approximations for further analysis. Keeping
the number of parameters minimum makes it possible to understand the conse-
quences of a model, rather than the consequences of the choices of parameters. 3)
Models with the least microscopic detail and the greater extraction of principle can
provide broad information about how protein-like behavior is encodable in other
types of chain molecules than proteins. Even a failure of the HP model provides
some insights on the requirement for proteins. 4) Simple lattice models that ex-
plicitly account for specific monomer sequences, chain connectivity, and excluded
volume are useful for testing analytical theories such as mean-field treatments of
heteropolymer collapse and spin glass models. They found that homopolymers do
not collapse to unique states and heteropolymers collapse to very few structures
hence heteropolymers are suitable for protein folding models, and larger code alpha-
bets promote uniqueness of the conformation [65]. The HP models are widely used
as on-lattice models, but they are also used as off-lattice models in order to discuss
the fitness of sequences against mutations in evolution (long time scale) [71,72] and
general folding properties depending on HP sequences in shorter chains [73-75] and
longer chains [76,77] and adsorption on patterned surfaces including a many-body
interaction version of the HP potentials [78]. The simple secondary structures are
also discussed in the HP model [65].

Go-like models — native contact biased models

The Go-model was initially developed by Go and coworkers who investigated
the dynamics and thermodynamics on the square lattice models as idealized pro-
tein systems [52,53]. A simple Go-model contains only native contact potential.

For example, the HP model shown in Fig. 1.8 can be transformed into a Go-
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model if the hydrophobic interactions are restricted to the native contacts, that is,
H4H,3, HsHo, H;Hy5, HgHy; and Hy1Hy4. While in the original HP model, an H
monomer interacts with any other H monomers, but in the Go-version HP model,
a H monomer only interact with its corresponding native pair partners. Hence the
native biased potentials can reduce the energy frustration in the system. Go et
al. originally constructed a set of more complex potentials [52,53]. The original
Go-model included three types of interactions: short range local conformational
propensities, long range native biased potentials and hydrophobic potentials. The
trajectories are sampled by the Metropolis Monte Carlo method. They found long
range interactions increase the folding cooperativity but the local native residue
propensities decrease the folding cooperativity — tendency for residues to change
their physical properties as a group [33], in this case, tendency for residues to
change conformations as a group — but speed up the folding process and stabilize

the native conformation.

Go-models have been enjoying renewed interest after some experimental and
theoretical analysis suggested that the topology of the native conformation might
be a determinant factor for the folding rate [79,80]. Various types of Go-models
currently exist; one dimensional residue-based phenomenological Ising like mod-
els [81-83], lattice models [84,85], and off-lattice coarse grained [88,90-93], or all
atom models [54,94,95]. Ising like models simplify the systems in such a way that
only native or non-native state exists. Some model further simplifies the system by
allowing only continuous sequential native state [82] in order to reduce the param-
eter and formulate a problem in analytical form. Lattice and off-lattice Go-models
can be constructed that folds into a preferred native conformation, and used to ex-
plore the biologically pertinent questions that may be difficult to formulate and be
tested in conventional non-Go-models. One of the most attractive features of Go-
models is that the folding is faster in Go-models than the models with non-native
interactions. Hence statistically sufficient sampling is possible even for detailed all
atom models. One of the weakness of Go-models is that Go-models can not be
used for a structural prediction from a given sequence, and that Go-models ignored
non-native interaction with little physical justifications. Even though the all inter-

action is attractive in Go-models and there is small local energetic frustration, but
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topological constrains can still cause the frustration in the systems. The solvent
averaged free energy of the chain configuration E tends to decrease because inter-
actions are mostly favorable, but the formation of the native conformation results
in more specific order in the systems hence the loss of chain entropy S. At temper-
ature T, the free energy ' = E — T'S has a barrier along the reaction coordinate

due to the loss of chain entropy that is not compensated by the gain in E [96].

Torsional potential models

The pioneering works on the simple off-lattice models — presenting the residue
with a single bead — with a set of minimal number of potentials were developed
by Thirumalai’s group. The models are governed by local interaction potentials
such as bond angle potentials, conformation specific dihedral angle potentials to (-
or a- conformations and for a flexible turn residues and by long range interaction
potentials such as hydrophobic interactions and excluded volume interactions. The
models are used for a (-bundle [41] and an a-helix bundle [86]. In these models
there is no side chain or the hydrogen bonding interaction. Later these models
were improved by the additional hydrogen bonding between virtual hydrogen and
oxygen atoms — which do not have any volume — that interact only with the
native contact pair [87,88]. The models are later applied to study a combination
of a- and -conformations [90]. The -bundle models with Go potential applied to
its hydrophobic interactions have been also studied to examine mutational effect of
the systems [91,92].

Conformational independent models

It is desirable to design a model that can form an a-helix and a #-hairpin depending
only on a given sequence. This seemingly simple task is probably impossible and
has never been accomplished with any model that presents one particular residue as
only a single bead, which can be classified as a one-bead model [89]. One bead model
can not define a conformation without reference dependent potentials like the native
biased dihedral potentials discussed above. In order for a model to be independent
of a reference conformation, some additional factors must be implemented in the

model. This can be done by adding an extra residue for a side chain or a virtual
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hydrogen donor and acceptor which improve the specificity of local interactions,
and the model become closer to a real peptide chain. Our models presented in this
thesis are one of the first generations of such models and of the simplest models
that can accommodate the helical and (-sheet conformations [97-100]. In other
models, additional virtual hydrogen donors and acceptors have also improved the
ability to have particular conformations, but their hydrogen bond interaction kept
a native bias contact and its dihedral angle are - and a-conformation specific and
their models remained the reference dependent ones [87,88]. There are two bead
models for protein systems but they are specialized for the system but they are not

designed to investigate general protein folding [89].

Four or six bead models are used in various physical systems to investigate
protein folding and notably conformational conversion in proteins which we discuss
in Chapter 5 and 6. In four-bead models developed by the group led by Hall, the
side chain is presented by a single bead and three heavy atoms on the backbone N,
C, and C (Fig. 1.3) are also presented in the models and can describe the hydrogen
bonding explicitly. The model is used to examine simple a-helices [101] and a-helix
bundles [102]. They investigated the conformational conversion between a-helix and
[-hairpin structures in polyalanine chains [103], and also intermolecular aggregation
of [B-sheet structures [104]. The model is simplified compared to all atom models
but it is still too demanding for straight forward molecular dynamics to cover the
long time scale of full trajectories and obtain the sufficient sampling, therefore they
used a discontinuous molecular dynamics method which uses simplified potentials

with a set of rules defined to facilitate faster calculation of trajectories [106].

A six-bead model contains the 3 backbone heavy atoms N, C, and C as well as
the atom H attached to N, the atom O attached to C and the sidechain in six beads
of different size. In these models the hydrogen bonds are naturally defined between
the atom H and O and the hydrophobic interaction is between sidechains. This
approach was developed by Takada and coworkers and Irback’s group. Takada
and coworkers [107-109] investigated general aspects of protein folding while Ir-
back’s group have focused on the a-helix bundles [110-112] and the secondary
structures [113] and an extended version of this six-bead model has also been inves-

tigated by others [114]. These models have not been explicitly used to investigate
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conformational conversion.

A totally different approach to the modeling of protein structures has been de-
veloped by considering two simple topological parameters; the thickness of the tube
r and the range of the attractive interaction R [115]. When the sizes of these two
parameters are comparable or the ratio of the two is around unity, helical and sheet
conformations arise. When the tube is slightly thinner, that is, r/R is slightly less
than one, the tube forms a helix. When the tube is slightly thicker, that is, r/R is
slightly greater than one, the tube forms a hairpin [115]. The model can accommo-
date the various conformations such as a (-hairpin and a 3-sheet, a helix and others
but the model can not be meaningfully used to investigate protein folding. Later
the model has been improved and the new model contains the directionally biased
hydrogen potential normal to the plane defined by three consecutive monomers,
whose definition is similar to those in [116,117] and that used in this thesis, the
hydrophobic interaction, local and non-local radius of curvature constrains. The
improved model can tackle biologically relevant problems like complicated phase
diagram containing a-helix and (-sheet structures [118]. Note that the conforma-
tions accommodated in this model are remarkably similar to our model and this
is due to the emphasize on the directionality of the residue orientation in the two

approaches.

Miscellaneous models

Various lattice models at higher resolutions have been investigated by Kolinski
and coworkers since the 1980’s [69,119,124]. The lattice model has an advantage
over the off-lattice model for the computation efficiency because the number of
the possible interaction energies can be calculated beforehand and be saved as a
look-up table. Hence the computational time is shorter than that of off-lattice
models. The most serious weakness of the simple lattice models is the geometrical
constrains. Monomer cannot move freely like off-lattice continuous models. High
resolution lattice models, however, can partly overcome this weakness and the ca-
pability of accommodating the complicated structures has improved over the years.
Side chains can be added to lattice models and can be installed on-lattice as well as

off-lattice [119]. Some lattice models were improved by implementing the side chain
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as a simple representation of the hydrogen bonding for (-conformations [120,121]

and for a- and [-conformations [122].

There are many other simplified models for protein folding and we have only
discussed the models pertinent to the thesis. Those who are interested in these
models can check many excellent reviews such as the ones on HP models [21,65,123]
and the ones on various other simple models [69,89,119,124-126].

1.5 Outline of the next Chapters

In the coming chapters, we will discuss an off-lattice reduced model which is sim-
ple and efficiently sample conformations, but at the same time it can present the
essential secondary structures of proteins defined by a given primary sequence. In
Chapter 2, we will discuss main computational techniques, Monte Carlo algorithms
and particularly the Multicanonical algorithm and the weighted histogram analysis
method for efficient thermodynamic calculations, used throughout the thesis. In
Chapter 3, we will present a model which is the basis for the models in later chap-
ters. We show that the model can present both a-helix and (-sheet conformations
using simple potentials. The native conformation can be specified by the sequence
without particular conformational biases to a reference state. In particular, we show
that we can transform an a-helix to a f-hairpin by inserting a neutral monomer,
whose the effective strength of hydrogen bonds, into the middle of the a-helix. We
also show that many other complicated conformations composed of a-helices and 3-
sheets are possible. In Chapter 4 we discuss the folding mechanism of S-hairpins. A
[B-hairpin is a simplest secondary structure unit, but its folding and thermodynamic
properties have not been sufficiently examined experimentally. This experimental
difficulty of B-hairpins are caused by their strong tendency to aggregate and unfold
in solution with sufficient concentration for experimental measurements. After the
experimental benchmark on the kinetics of (-hairpin folding had been set, many
computational studies have been performed but no exhaustively study on the fold-
ing mechanism of has been done. Introducing a hydrophobic interaction into the
model, we can exhaustively investigate the folding mechanism of -hairpins in the

presence of a hydrophobic pair by using the dynamic Monte Carlo and a thermody-
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namic Monte Carlo method. We show major folding pathways are found to depend
on the location of a hydrophobic pair and we observed all the folding pathways
previously described by others. In Chapter 5 and 6, the conformational conversions
between a-helix and [(-sheet conformations are examined. These discussions are
one of the first to study the conformational conversions in computational models.
We introduce idealized mutational effects on the hydrogen bonds in the middle of
the chain and illustrate the conformational conversions by using the reduced free
energy with respect to o and f-conformations in Chapter 5. Then the conforma-
tional conversions due to mutation in the presence of a hydrophobic pair at different
positions are examined in Chapter 6. The phase diagrams are used to describe the
conformational change influenced by the effective strength of the hydrogen bonds
in the middle of the chain, scaled temperature and a hydrophobic pair at various
positions. We suggest possible implications to biological systems that may display
similar conformational conversions. In Chapter 7 we summarize the results and

discuss further applications of the model.
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Chapter 2

Simulation methods

2.1 Introduction

The Metropolis Monte Carlo (MC) was originally developed for calculating equi-
librium properties of physical systems [1-3]. The method can be generalized to
describe stochastic processes of a non-equilibrated system if a physically realistic
move in the system, which satisfies the detailed balance condition [2], is used [2-4].
The dynamic interpretation of the MC algorithm for the protein folding process
has been widely used in many studies [4-7]. MC has solidified the theoretical basis
of protein folding based on statistical mechanics and made it possible to perform
exhaustive calculations in various aspects of protein folding and the role of MC in

this field cannot be overemphasized [8-11].

2.2 The Metropolis Monte Carlo method

In the Metropolis algorithm, configurations are generated from a previous state
using the transition probability which depends on the energy difference between
the initial and final states and a simulating temperature [12]. This trajectory
is called a Markov chain. The Markov chain is developed by Markov who tried

to establish the limiting laws of probability in their most general form and later

40
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established a Markov chain: a sequence of random variable in which the future
variable is determined by the present variable but is independent of the way in
which the present state arose from its predecessors — the formal definition can
be found in reference [13]. The sequence of conformations generated by a Markov
process follows a time ordered path. Time steps are measured by Monte Carlo
steps — the number of each move attempt divided by the number of the residues
that can be moved. The time dependent behavior can be described by a master

equation
OP,(t)

0

== [Pa(t)Woamn — P() Wi, (2.1)

n#m
where P,(t) is the probability of the system being in the conformation n at time ¢,
and W,,_,, is the transition rate for n — m. In equilibrium 0P, (t)/0t = 0 and the
two terms on the right-hand side of 2.1 should be equal. This leads to the detailed
balance relationship
Po(O)Wym = P (t) Wi (2.2)

The probability of the nth state in a classical system is given by
P,(t) = e En/ksT | 7 (2.3)

where Z is the partition function. The partition function is usually unknown at
this point but one can eliminate the partition function by the use of a Markov
chain — each new conformation is generated directly from the preceding one. If we
obtain the nth conformation from the mth conformation, the relative probability
is the ratio of the individual probabilities and therefore the denominator can be
canceled. Hence only the energy difference in the two conformations is required for
the computation;

AE =FE,—E, (2.4)

Any transition rate which satisfies detailed balance is acceptable and, in the Metropo-

lis method, the transition rate is defined by

Wi = 15t 88T )7 AE >0 (2.5)
= 75! AE <0 (2.6)
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where 7p is the time required to attempt to move a single residue. 7y depends on
the type of the move set and the number of the movable residues in a given peptide

system.

A typical Metropolis Monte Carlo calculation for a peptide chain, including a
simple single local move, consists of the following steps.
1. Choose an initial state.

2. Choose a residue 7.

3. Rotate the residue around the axis defined by the neighboring residues within

the range of a constant constrain.

4. Calculate the energy change AFE after the move. Typically only the energies
associated with the moved residue ¢ need to be calculated to save computational
time because the rest of energies among residues that did not moved are unchanged.

This may be obvious but many beginners will not notice this.
5. Generate random number r of range 0 < r < 1.
6. If r < exp(—AE/kgT) accept the move.

7. Go to the next residue and go to step 3.

Using the steps described above, one simulates a folding dynamics from a well-
thermalized initial conformation to the native state and obtains the statistics for
the folding time and other folding properties and also can obtain the equilibrium
properties of a system after sufficiently long simulations. The sampling by the
Metropolis algorithm becomes inefficient at a lower temperature because the system
tends to be trapped in and can not escape from local minima and consequently fails

to efficiently sample a proper distribution.

2.2.1 Move set in Monte Carlo algorithm in polymeric sys-

tems

The calculation of equilibrium systems can take advantages of various efficient al-

gorithms to speed up the calculation — simulated tempering, generalized ensemble



Chapter 2. Simulation methods 43

techniques, and many specialized move sets such as cluster algorithms [2]. The
dynamical calculation, however, mostly relies on the basic Metropolis algorithms
with a basic local move set that should be dynamically correlated such that time
steps as well as dynamical trajectories can be interpreted as dynamical quantities.
Only recently histogram methods have been applied to calculate the nonequilibrium

properties of the systems but their use is currently limited to small systems [14].

Residues in an off-lattice model are not confined on the lattice grids, therefore
the movements of residues are more flexible than those of on-lattice models. Con-
sequently more realistic motion and geometrical presentation are possible [2]. In a
simple cubic lattice model, in particular long chain systems, one must ensure that
a move set should satisfy the ergodicity, that is, all the conformations should be
accessible given sufficient time, even though some inaccessible conformations may

not significantly contribute to the overall distribution of the conformations [2].

In order to implement dynamics using Monte Carlo algorithms only local moves
can be legitimately used. Often local kink-jump method (Fig. 2.1) is sufficient
for a simple small system. In larger systems, some other global move sets may be
required for an efficient computation. Global moves such as pivot, wave-like and
reptational-like moves (Fig. 2.2) are often used but these moves must be used with
care and the ratio of the use of the various move sets must be properly designed
to avoid distortion of dynamics by a particular move set type [15]. The pivot
movement is often used to accommodate the diffusional movement of a secondary
structure unit. In our study physically appropriate local rotational moves known
as kink-jump moves [2] are used in all simulations, starting with the selection of
a monomer at random. If the selected monomer is not a terminal, the monomer
is rotated around the axis connecting the two adjacent monomers; if the selected
monomer is a terminal, which has only one neighboring monomer, the monomer is

rotated around the axis defined by the nearest and second nearest monomers.
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i+2 i+2

Figure 2.2: Global move: a) pivot, b) reptation.

2.2.2 Dynamic interpretation of the Metropolis Monte Carlo
method

A trajectory generated through the Metropolis Monte Carlo method is correlated
since each new conformation is generated directly from the preceding conforma-
tion [3]. This correlation can be regarded as a dynamic correlation of a well defined
model with stochastic dynamics; hence the base of the dynamic interpretation of
the MC method. It is possible to associate the scale of time ¢ of subsequent confor-
mations. The time is usually normalized such that N single residue transitions are
performed within a unit time. The dynamic evolution of the probability P, (t)W,

is governed by the master equation

OP, (1)
ot

= = S PO Wam — Prat) Wi, (27)

n#m

and it represents a transition probability per unit time. Hence the Monte Carlo

dynamics can be considered as reasonable microscopic dynamics — the numerical
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realization of a master equation in discrete time.

This stochastic dynamics can not be expected to reproduce dynamical processes
on the time scale of C-C bond length or bond angle vibrations (1074 —10""3s) [3,16].
Conformational and structural relaxation on the longer time scales, however, arise
by rotational motions around a torsional angle along the chain (=~ 107''s). These
rotational motions are activated processes that arise with a waiting activation time
distribution depending on the Newtonian dynamics on the shorter time scale [3].
For relaxation processes consisting of many of such jumps, the dynamics can be
approximated by a stochastic process, and on these time scales the Monte Carlo
dynamics can be expected to be a representation of the real physical dynamics of
the system [3]. For a shorter time scale, molecular dynamics on an all-Atom model

is suitable to calculate near equilibrium properties [16,17].

Rey and Kolinski [7] demonstrated that the MC dynamics in a high resolu-
tion lattice model can reproduce similar folding pathways of a two-helix bundles
obtained by Brownian dynamics on the off-lattice version of the system and hence
they demonstrated the MC dynamics is suitable and efficient for the examination of
the dynamical aspect of protein folding for the long time scale. Kikuchi et al. [18]
have directly shown by using a simple system that the MC dynamics can be used
to solve the Fokker-Planck equation, an approximation to the the master equation
for Markov processes. Cieplak et al. [19] demonstrated that the MC calculation
using a simple lattice protein folding model matches the time evolution of the na-
tive conformation with the time evolution based on a Master equation formalism.
Chubykalo et al. [20] have shown that MC time steps can be converted to real time

steps in a magnetic system.

2.3 Efficient thermodynamic Monte Carlo algo-
rithms
The appropriate simulation techniques is required to efficiently solve the multiple-

minima problem in order to adequately characterize thermodynamic pictures of the

systems. To overcome the multiple-minima problem, we adapt a multicanonical
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WHAM Monte Carlo algorithm, which is a hybrid of the standard multicanoni-
cal Monte Carlo method and weighted histogram analysis method (WHAM). In
this method, the standard multicanonical process that determines a multicanonical
weight factor is regarded as a set of trajectories that is performed under a different
umbrella potential to obtain proper sampling in the potential energy space. Then
the statistics obtained by these trajectories with non-Boltzmann weight factor is
reweighed and normalized into the properly weighted statistics by using the WHAM

algorithm.

The merit of this method is that it does not require to find a multicanonical
weight factor that yields a sufficiently flat probability distribution histogram, which
can be quite tedious and problematic for complex systems, thus computational
time is greatly reduced. We briefly review the multicanonical algorithm, which is
the basis of our thermodynamic calculations, and the weighted histogram analysis
method.

2.4 Multicanonical Method

The efficiency of canonical simulations of complex systems such as spin glasses and
biopolymers at fixed temperature is severely limited by the multiple-minima prob-
lem. At lower temperatures the systems tend to get trapped in one of many local
energy minima, thus it is very difficult to obtain an accurate canonical distribution

at lower temperatures by conventional canonical Monte Carlo methods.

It is desirable to construct the simulation algorithm which can compute accurate
thermodynamic pictures of complex physical systems with multiple local minima
over a wide range of temperatures, in particular at lower temperature where the
multiple minima problems become increasingly amplified and the transition between
local minimum states becomes so slowed down that the sufficient sampling becomes
practically impossible [30]. One way to overcome this multiple-minima problem is
to simulate a system in a generalized ensemble where each state is weighted by
non-Boltzmann probability weight factor so that potential energy space is properly

sampled in the range where one tries to investigate. This non-Boltzmann weight
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enhances the probability that those unlikely states between local maxima occur
more frequently and hence increasing the sampling range, accuracy and efficiency.
Finding such a non-Boltzmann weight is not trivial and requires multiple trials and

errors and many algorithms have been developed for this purpose in the past.

One of the most popular non-Boltzmann, generalized-ensemble methods is a
multicanonical algorithm. Similar algorithms which are based on the similar math-
ematical principle are developed under various name such as entropic sampling
first applied on Potts model [21], adaptive umbrella sampling of the potential en-
ergy on the alanine dipeptide [22], random walk algorithm on the threonine and
met-Enkephalin [23], and density of states Monte Carlo on Ising and Potts mod-
els [27]. We will briefly discussed some of the similarities and differences among

these methods after the outline of the basic of the multicanonical algorithm below.

We follow the basic implementation of the multicanonical MC algorithm devel-
oped by Berg [32] and Hansmann and Okamoto [33]. The multicanonical MC can
be performed in the following steps [33].

1. Perform a canonical Monte Carlo simulation at a sufficiently high temperature

Ty where the system is well above any transition. The weight factor is given
by the W(E) = e PP with 50 = 1/kBTO

2. Initialize and set each bin of S(E) to zero, where E is discretized with bin
width JE.

3. Collect the energy distribution obtained in the previous multicanonical loop
— the simulation computed with a particular multicanonical weight factor —

as a histogram H(F) which has an equally partitioned bin width as S(E).
4. After a single multicanonical loop, update the array S(E) defined by
Skr1(E) = Sk(E)+In H(E). (2.8)

where the subscript k indicates the entropy is accumulated to approximate

the weight factor of the next simulation loop.
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5.

6.

7.

Construct the continuous function S’(E) from the discrete S(E) between Fyyi,
and F... In our calculation, E;, is set to slightly smaller than the ground
state energy and FE,.. is around E = 0, below which meaningful conforma-
tions arise. In the standard construction of the multicanonical parameter,
a(E) and ((F) are used to approximate the S(F) with

S(E) = B(E)E + a(E). (2.9)

This determination procedure is not unique and various alternative methods
are possible. We approximate the function S’(E) by using Lagrange Interpo-
lation which will be described below, and therefore the 3(FE) factor that is

identified as an inverse of temperature is not used.

Begin a new loop with the multicanonical weight factor defined by

W (F) = ™58, (2.10)

[terate step 3 through 6 until the obtained distribution becomes reasonably

flat with acceptable deviation of an order of magnitude.

Once the multicanonical weight factor is estimated then for the production run of

the multicanonical MC, one proceeds with the following steps [33].

SMU-

Imu.-

10Mmu.

With this obtained multicanonical weight factor, perform a multicanonical
simulation at one given temperature slightly higher than the characteristic

transition temperature of the system.

During this simulation, collect statistics for the physical variables of interest
such as the energy, dihedral angles for the conformations, radius of gyra-
tion, structural order parameters and so on. These variables will be weighted

according to the multicanonical distribution.

From this single simulation, the canonical distribution at any temperature for

a wide range of temperatures using a reweighting technique.
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Once the production run is finished then we can obtain proper canonical statis-
tics of the physical quantities by reweighting. Remember that, in the canonical
ensemble, distributions are weighted with Boltzmann factor wg(E) = e ¥ and the
resulting probability distribution can be written as

_ g(Byus(E.p)

pB(E7ﬁ) ZB

(2.11)

where g(F) is the density of states and Zg = >, e #Fi the partition function. In
the multicanonical ensemble, the probability distribution is defined by

9(E)wmu(E)

pmu(E> = 7

= constant (2.12)

where Zy, = ), e~5(F) ig the multicanonical partition function. This relation tells
that all the energies have equal weight. This feature enables the system to sample

configurations that may be suppressed in canonical distribution.

The relevant reweighting technique widely used today was proposed in a multiple
histogram method [37,38]. Despite its advantage over the canonical MC for more
efficient sampling, the reweighting can be done simply by choosing the inverse
temperature ( and solving for the Boltzmann probability distribution using the

following expression

pB<E7 ﬁ) _ pmu(E)wgl(f/%Zi)/wmu(E)‘ (213>

Using this expression, we can now obtain an estimate for a given physical quantity
in the canonical distribution. The average value of some quantity A, obtained

through the canonical distribution, is given as
(A)p = Z Aips(E;, B) (2.14)

where ¢ is a sum over the physical variables obtained using Boltzmann statistics.
The average value of A which is obtained from multicanonical simulation scheme is
weighted by the multicanonical distribution and it can be properly reweighted into
canonical Boltzmann statistics by the relation

(A)p = Z AinZ(f/i’Zi)u/ L, (2.15)
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The statistical properties at an arbitrary temperature can be obtained from this

expression.

2.4.1 Multicanonical and entropic sampling algorithms

The name of multicanonical method stems from its use of the inverse temperature
B(E) factor to approximate the entropy S(FE) of the system accumulated in the
form of a histogram expressed by Equation 2.9. However this linear approximation
of S(E) by using the 3(F) and «(F) factor is arbitrary and calling G(F) as an
inverse of temperature is called to be artificial by Scheraga and Hao [29]. In our
simulation we have approximated S(E) by a(E)E? + b(E)E + ¢(E) except for the
bins corresponding to F,,;, and E,,.. as described in the next subsection. The pri-
mary physical significance lies on the value of the entropy S(F) and not the value of
individual coefficients a(E), b(F) and ¢(F) and the weighting function can be con-

veniently written as e =5

without introducing any additional arbitrary parameters
in our systems. The name multicanonical is used here mainly because the computa-
tional procedure described above are given by Hansmann and Okamoto who named
the method multicanonical algorithm [33]. A similar computational iterative pro-
cedure was also described in less details and it was named entropic sampling [21].
While we will discuss only the MC method in this thesis, the generalized-ensemble

method can also be applied to molecular dynamics methods.

2.4.2 Estimating smooth continuous entropy S'(F) from a

histogram

Suppose that we have a histogram H(FE) and that we would like to estimate a line
between the middle points of F; 5 and F; 3 in the situation depicted in Figure 2.3.
We first obtain the two curves L1 which passes the middle point of E;,1, F;,s and
E; 5 and L2 which passes the middle point of FE;.5, F; 3 and E; 4 by Lagrange
interpolation and then the line we like to define is expressed by (L1+ L2)/2 between

points F; o and E;, 3. If no neighboring point exists such as the energy bins of F,;,
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Ny

L2

S(E)

Ei Ei+1Ei+2Ei+3Ei+4

Figure 2.3: Constructing the continuous function S(E) from the histogram S(E).

and F.., then we simply approximate these lines by a straight line passing through

Emin and Emin-l—la and Emax—l and Emax-

This approach connects the points located in the middle of bins, that is (F;41 +
Eii2)/2 and (E;y0 + Fii3)/2 instead of the left or the right edges these energy
bins as has been done in [33]. This makes the continuous curve closer to the
real distribution of states. The advantage of this curve fit estimation over the
simple linear fit estimation is observed to be insignificant in the computations in
simple systems [34]. We have not measured quantitative differences in two methods
but it was noticed that the selection of the left or the right edges in the linear
approximation made differences in calculations [35]. Hence, the curve fit estimation
using the middle points should provide better computational results even though

the improvement might be small.

2.5 Reweighting trajectories computed with mu-

ticanonical weight factor

The multicanonical weight factor wy,(F) is not known a priori. Obtaining the

proper weight factor that can sample evenly over the wide range of energies is
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not trivial and tedious for complex systems such as biopolymers and protein sys-
tems [30]. The obtained weight after many trials and errors still often fails to
sample sufficient conformations, and the system is often stuck at the lower energy
conformations. In practice, it is impossible to obtain the ideal multicanonical factor
with a completely flat potential energy distribution, and it is considered to be a
sufficient weight factor as long as one gets a random walk in potential energy space

with a tolerance of an order of magnitude deviation [30].

How can we improve this computational procedure? One way to do this is to in-
vent more efficient estimation method of the multicanonical weight factor wy, (E).
Another way is to interpret the multicanonical Monte Carlo procedure in different
perspective. We can make use of the fact that the proper energy sampling is al-
ready achieved during the preparation process of the multicanonical Monte Carlo
simulations, during which one tries to estimate the proper multicanonical weight
factor wy, (F). Hence we can treat each simulation of a multicanonical Monte Carlo
loop as an individual simulation performed with a different umbrella weight S(E).
From the kth loop we can obtain the estimate of gi(F) by using the single histogram
method developed by Ferrenberg and Swendsen [36]. After many loops, we can com-
bine the results of the data calculated with the multicanonical weight at each loop.
Then we obtain the optimal estimate for the density of states to obtain a wide range
of parameter values in the form of continuous functions by the weighted histogram
analysis method (WHAM) [37,38]. The weighted histogram analysis method can
reweigh and normalize the trajectories computed with non-Boltzmann weight to the
trajectories with proper statistical weight. This multicanonical-l WHAM can pro-
vide similar statistical information of the trajectory without a long multicanonical
production run. Single histogram method, a algorithm much simpler but similar
to the multicanonical method described above, can calculate the thermodynamic
properties at temperatures other than the simulated temperature if a sufficiently
accurate density of states is estimated in the relevant energy range. Hence ther-
modynamic quantities near the simulated temperature can be sufficiently obtained.
The multiple histogram method optimally combines simulated data sets obtained
at many different temperatures and can provide the thermodynamic quantities at

a wider range of temperature. The weighted histogram analysis method estimates
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the density of states from data computed with umbrella potential, which can be
applied to various quantities such as temperature, distance, entropy and energy

and others.

After we computed sufficient trajectories with the multicanonical-type non-
Boltzmann weights, we needed to estimate the probability of the system in a par-
ticular bin in an ensemble defined by the potential E and temperature T. The

probability of obtaining the variable A can be written as
P(Aj) = Z; ") g(E)e Pkt (2.16)
E

An optimal estimate of the density of states can be obtained by combining the
results of all M simulations and then minimizing the statistical error of the density
of states 6%g(E) [37,38], and is determined by the set of self-consistent equations

known as WHAM equation, given in our case by

g(B) = - , (2.17)
Znizfle_si(E)
=1
o= Y g(E)e P i=1 . M (2.18)
E

where g(F) is the density of states and N;(E) is the number of observations of a state
with a particular F collected from the trajectory saved during the ¢th simulation
and n; is the number of snap shots taken during the same period. A self-consistent
solution g(F) of the coupled equations 2.17 and 2.18 can be iteratively determined.
g(E) is then used to define the following weight function

HE) = 9(E)

Hence, to determine I'( E') we need to collect statistics on variables E. The probabil-

(2.19)

ity of variable A; can be now calculated through the saved trajectories by weighing
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each configuration by a corresponding factor given in the following expressions

P(A) =23 ) i N(A;(t;))e P/t D(E(t)) (2.20)

i=1 t;=1
where
M n;
Zo=)_ Y e P/ . D(E(t)) (2.21)
i=1 t;=1

and N(A;(t;)) is the number of observations of A; in the ith simulation. The

average value of a variable A; can be then calculated by using the relationship
(A4;) = Y A;P(4))
M n;
= YAZY Y N(A () PO D(B(r)). (2.22)

i=1 t;=1

We have discussed, in this chapters, background information on main computa-
tional methods required in the thesis. In the next four chapters we introduce the
reduced protein model and apply it to the protein secondary structures, G-hairpin

folding and conformational conversions in proteins.
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Chapter 3

Universal model for a-helix and

f-hairpin structures in protein

We introduce a unified potential-energy model that successfully repro-
duces the directionally dependent hydrogen bonding effect in proteins.
The model can be used to represent well defined secondary structures,
both a-helices and [-hairpins, whose conformations are solely deter-
mined by the sequence of the modelled protein. The model provides
structural insight into the physical mechanism of such problems as struc-
tural conversion due to mutation and double native conformations with

different a-helix and J-sheet contents.

3.1 Introduction

The current understanding of the characteristics of protein folding is widely based
on statistical-physics models of polymers that capture the essential interactions in
real protein systems (see, e.g., [1-3] and also the first chapter of the thesis). The
reduction of the degrees of freedom of the coordinates in such a model, compared
to those of all-atom models, allows the accumulation of adequate statistics in com-

puter simulations. These models, commonly called “minimal models”, have been

29
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Figure 3.1: Sketch of an a-helix (A) and a (-hairpin (B). In the model, we have
defined a virtual-oxygen atom (the red spheres) and a virtual-hydrogen (the blue
spheres) atom for each polymer bond that are capable of making an OH bonding
based on the vector relationship (see text). The size of a volume-excluding monomer

(green) has been reduced in this plot for visual ease.

successfully used to explore the underlying physical mechanism of structural for-
mation, folding dynamics and protein-protein interaction. A more challenging task
is to relate minimal models to real protein conformations in which a-helix (Fig.
3.1A) and [F-hairpin (Fig. 3.1B) are two essential types of secondary structures.
Residue-based minimal models that separately deal with each of these two types of
structures have been extensively studied in recent years [3—10]. In most cases, in-
dividual residue must be given a dihedral-angle potential energy that is specifically

biased to the a-helix or 3-sheet structures.

Until recently there has been no off-lattice minimal model that can describe
the protein secondary structures solely based on its sequence without a predefined
reference conformation. Many important structural-biology problems, such as the
effects of mutation of protein sequence on the native structures [11] and the double
native states in a prion protein [12], rely on a deeper understanding of the roles
played by basic potential interactions, such as hydrogen bonding and hydrophobic

Interactions.
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Hence, it is indispensable to develop a reduced potential-energy model that can
universally represent the physical mechanism of both a-helix and 3-sheet formation.
From the protein-folding perspective, the three-dimensional native conformation
of a given sequence of a heteropolymer, is entirely determined by global energy
minimization and may contain different secondary structure contents for a different
sequence. For this purpose, we present in this chapter a simple novel model that
captures the intriguing a-helix and 3-sheet duality of structural information, which
can be used to reproduce both a-helix and (3-sheet, mixed a-helix and (-sheet, and

a-helix bundles according to residue sequence in the model.

3.2 The model

We consider a simple chain system which can fold into a f-hairpin, an a-helix or
a helix-turn-helix conformation depending on the presence of neutral monomers in
the middle, whose effective strength of their hydrogen bonds are set to be zero, and

the length of the chain and possible native conformations are shown in Fig. 3.1.

A chain consists of various numbers of monomers connected linearly by bonds
of fixed length [. Monomers are allowed to rotate about the axis connecting the
adjacent monomers, subject to a stiff harmonic potential energy [3] that prefers
a bond angle of § = 1.833rad (105°) among three successive beads and it can be

written as

2
where kg = 20¢,/(rad)? where €, is the strength of the hydrogen bond in unit of

Vo (6 — 6p)? (3.1)

energy in this model. Other reduced models, based on residue-level approximations,
contain an additional potential energy that controls the preferred torsional angle
formed by three consecutive bonds, relating four consecutive residues; such an
energy is usually defined to drive the local bond arrangement to an a- or a f3-

configuration [3,4,8,10]. This type of torsional potential is not used in our study.

In our model the preferred torsional angles are directly determined by a combi-

nation of a directionally biased interaction [15], as described below. The formation
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of the f-hairpin and a-helix, for example, can be formed by hydrogen bonding be-
tween non-local monomers that are far apart along the chain. The excluded volume
occupied by a monomer has a diameter of 6//5 and two nearest-neighbor residues
are not subject to excluded-volume interaction. This diameter is somewhat greater
than the bond length and reflects the geometry of amino acids in proteins. The
hydrogen bonding is effectively described by the interaction between any pair of
virtual oxygen O and hydrogen H; in particular, for the ¢th monomer that is de-
scribed by the position vector 75, an O; and a H; were placed at the tips of the

vectors 7’50) and f§H) respectively, directed away from 77;:

1
RO = S(Fias = 75) + 31/5 (3:2)
Ti = 5(7“1‘4_1 — Ti) — 3[/5m (33)
where 77; is the normal direction of the plane defined by the (7 — 1)th, ith, and (i +
1)th monomers and expressed as 7;=(7% —75_1) X (7, —73) /[ (75 = 75-1) X (T, —73)|.

Except for the first and second nearest neighbors, any pair of O and H interact with

each other through a shifted Lennard-Jones potential,

I 12 I 6
(r+ro) B (7“—1—7“0)

where 79 = 21/6 x 51/6 is the optimal bonding distance, and r is the OH distance.

VOH = 4e (34)

The strength of an effective hydrogen bond among a non-perturbed OH pair yields
a bonding energy —e for » = 0. The strength of an effective hydrogen bond as-
sociated with a neutral monomer is set to be zero. This hydrogen bonding of the
12-6 Lennard-Jones potential (Eq. 3.4) can be replaced by a 12-10 Lennard-Jones
potential without significantly affecting the essential physical mechanism of struc-
tural formation. The main focus of this chapter is to describe conformations gener-
ated by hydrogen bonding, but we can incorporate hydrophobicity by introducing
an hydrophobic potential energy between hydrophobic residues; non-hydrophobic
monomers do not participate in the interaction. Again, we use a simple Lennard-
Jones form,

Vi = 4eg[(61/5r)% — (61/57)°] (3.5)
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where ey = (0.7¢ represents the effective strength of a hydrophobic potential and r
is the distance between hydrophobic residues. Irbéck and coworkers [5] investigated
the effect of relative strength of hydrophobic and hydrogen attractions in similar
reduced models; they have used a similar directionally biased hydrogen bond po-
tential designed for a-helical bundles where ez = 0.78¢. We have examined systems
corresponding to various values of ey, ranging from 0.3¢ to 1.2¢, by introducing a
pair of cross-strand hydrophobic residues in our model and in this chapter we use

ey = 0.7e.

3.3 Results and discussion

We have generated a large number of different types of native structures displayed
in Fig. 3.2 with the model. Figure 3.2A shows the native conformation correspond-
ing to the global energy minimum, obtained from multicanonical-annealing Monte

Carlo simulations [14].

Homopolymer: No symmetric native conformation is observed in the systems
shorter than N = 5 and the a-helix structure becomes stabilized starting at N = 6.
On average, each OH bonding formed in a right-handed helix as displayed in Fig.
3.2A yields an energy -0.82¢. We have successfully generated these single helical
structures from N = 6 to N = 35. Though a single helix is in principle the ground
energy state for N > 35, we have not verified this due to the inefficiency in current
computational power. We have also observed in our simulations that a higher local
energy minimum is possible, corresponding to a rather stable left-handed helix (not
shown) which contains one hydrogen bonding less than the right handed helix does.
The key factor to make the right-handed helix more energetically fovorable, as in
real proteins, is the introduction of the 1/3] bond shift used in defining vectors
that give rise to virtual O and H positions. In an earlier, preliminary version of the
model [15], both left- and right-handed helices are energetically equal.

Next, we consider a series of heteropolymers in which up to three neutral
monomers that have no OH binding are introduced in the middle of the polymer

chain. Practically, the virtual-O and H atoms associated with any bonds connected
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Figure 3.2: Native structures of homopolymer (A) and heteropolymer (B-D). In

heteropolymers the hydrogen bonding has been removed from the black bonds. In
plot (A) N = 10, 16, 20, 26, 30 polymers are shown as the representatives of the
a-helix structure. In plot (B) one neutral monomer is introduced in the middle.
No identifiable structures are shown in the first two plots for N = 8, 10 polymers.
N = 12, 14 polymers show [-hairpin conformation and N = 16, 18, 20 polymers
show a-helix conformation. In plot (C) two neutral monomers are introduced in the
middle. N = 9 polymer has no clearly identifiable structure and N = 11, 13, 15, 17
polymers display a (-hairpin turn. Starting from N = 19, polymers from helical
structures with a kink in the middle. In plot (D) three neutral monomers are
introduced in the middle. Polymers with number of monomers less than N = 10
display no particular structure. N = 12, 14, 16, 18, 20 polymers are shown to

display (-hairpin conformation.
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to the neutral monomers are removed. All other physical conditions, including

bond-angle and excluded-volume constraints, remain the same as above.

Heteropolymer with a neutral monomer: The neutral residue disrupts
the OH bonding in the middle. While no particular structures can be identified
for global energy minima of chains with N < 10, polymers of lengths N = 12
to N = 14 display [-hairpin native conformations, as displayed in Fig. 3.2B.
The first OH bond near the -turn is weak because of the angular constraint of
the middle neutral bonds. On average, the OH bonding energy is —0.87¢ in a f3-
hairpin conformation. To shorten the bonded OH distance, the two arms of the
polymers twist themselves and the (-hairpin is not completely flat, as can be seen
in Fig. 3.2B. N = 16 presents the critical polymer length beyond which an a-
helical conformation becomes the native conformation. This can be understood by
a simple examination of the number of OH-bonds. Six OH bonds can form in a
N = 16 (-hairpin with a total energy —5.2¢. Although this S-hairpin conformation
can be shown to correspond to a local energy minimum, a single a-helix would
produce seven OH bonds with an energy approximately —5.6¢, corresponding to the
global energy minimum. Beyond N = 16, the global energy minimum corresponds
to a structure that contains two helices connected to a kink in the middle. The
introduction of every new monomer yields a new OH bonding in helix, whereas
two new monomers are needed to form an OH bonding in a two-stranded (-hairpin

conformation. We have successfully produced such helical conformations up to
N = 32.

Heteropolymer with two neutral monomers: No particular structures can
be identified less than N = 11. Polymers with total monomer length N = 11 to
17 display a flat S-hairpin conformation corresponding to the ground-state energy
minimum. The three bonds connected to the two neutral monomers can make
a much better hairpin turn with the given bond angle constraints. As a result,
each OH bonding attains an average energy of —0.98¢. N = 19 represents the
critical polymer length beyond which a-helices can be stabilized in a ground state.
These helical structures contain two-a helices connected to the two middle neutral
monomers and each separate arm forms an almost perfect right-handed helix. For
N = 18, the a-helix structure has the total OH bonding energy —7.2¢, which can be
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compared to a local energy minimum of —6.9¢ corresponding to a double stranded

(-hairpin.

Heteropolymer with two neutral monomers: More configurational free-
dom exists in the middle section. The polymer can form a much better hairpin turn.
For polymer length from N = 12 to N = 20, the ground-state energy minimum
corresponds to a G-hairpin conformation. An average OH bonding energy of —1.05¢
can be achieved, implying an almost perfect OH bonding which would yield —e per
bond without the angle bond penalties. The lower value of the average bonding
energy less than minus one is attained through a weaker interaction between nearby
OH pairs that are not directly bonded.

A critical polymer length of N = 20 exists, beyond which a-helices become sta-
ble structures. Notice that the conformational preference to §- and a-conformations
of the N = 20 chain differs from the previous two critical systems. Here, the (-
hairpin structure corresponds to a global minimum and the kinked a-helical struc-
ture to a local minimum, yielding energies —7.4¢ and —7.1€ respectively. The a-
helix structure, though, is more kinetically accessible than that of the lower-energy
[B-hairpin, due to the amount of non-local OH bonding needed to form a (-hairpin.
This observation is similar to the one obtained by Borg and coworkers who intro-
duced directional hydrogen bonding into a well known lattice model to enhance
the secondary structures. They found that a metastable a-helix is easily attainable
while a groundstate [-hairpin exists [16]. The upper limits of the strand length in
antiparallel double stranded (-hairpins in peptides [17] have recently been exam-
ined using NMR by Stanger et al. [18]. They have shown that beyond a certain
number of residues, two-stranded (-hairpin will destabilize, in agreement with our
modeling result here.

So far, we have described the native conformations associated with the ground-
state energies for both homopolymers and heteropolymers. A detailed free-energy
study at finite temperatures will provide us more information on the structural
stability and folding pathways, as will be presented elsewhere [19]. In the reminder
of this chapter, we discuss a number of possible applications of this model in protein

folding.

The structural conversion due to mutation in a protein sequence is an area of
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crucial biological importance [20]. Despite numerous models developed for protein
folding problems, transforming a-helices into B-hairpins or vice versa by a simple
mutation of the sequence has been rarely reported in molecular simulation stud-
ies [21,22]. One exception is the recent study by Nelson and Onuchic, who have
investigated mutational effects and developed a quantifying method for mutation
using a simple off-lattice alpha carbon model, however, with no specific secondary
structures identifiable. The stability of a-helices and (-hairpins can be affected by
introducing mutants in the sequence placed at strategic locations. Recent experi-
ments performed by Cordes and coworkers have suggested that mutations adjacent
to the antiparallel B-sheet of the Arc repressor are sufficient to change the local
secondary structure to a right-handed helix [11]. From the mutation perspective,
we may view the heteropolymer structures described above as the mutated coun-
terpart of the homopolymer of the same length or vice versa. With the mutation of
the middle monomers in a homopolymer model, we see that an a-helix (Fig. 3.2A)

undergoes a structural conversion to a (-hairpin (Fig. 3.2B, 3.2C and 3.2D).

Protein structure design is another area where a good minimal model is highly
desirable. We stress that only OH bonding is effectively considered in the simple
model above. This does not preclude us from introducing other types of interac-
tions, such as the hydrophobicity, into the model. We can show that the introduc-
tion of additional isotropic attractions between monomers stabilizes more complex
native structures with mixed a-helices and (-sheets [19]. For example, Fig. 3.3 is
the ground-state-energy conformation of a N = 32 heteropolymer chain based on
our model presented above, in which neutral-monomer insertions have been placed
at strategic positions, shown in black. This motif is representative of the zinc fin-
ger domain of the CysyHiss type that is the most abundant DNA binding motif
in eukaryotic transcription factors [23]. In another example, by placing neutral
monomers at the (16 — 18)th and (34 — 36)th positions of a N = 51 homopolymer
and introducing a weak hydrophobic attraction between monomers, whose strength
is 0.3¢, we have reproduced a bundled structure with three helices (Fig. 3.4). The
interplay of the hydrophobic and hydrogen-bonding interactions has been the recent
subject of study [5]. Irbéck and coworkers, for example, studied the three a-helix

bundle structure in detail and examined the significance of the magnitude of hy-
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Figure 3.3: The a-f motif obtained with the help of additional hydrophobic attrac-
tion that stabilizes the tertiary structures. The bonds in black are neutral. Hy-
drophobic atoms are placed at monomer ¢ = 2,3,7,8,12, 13, 28, 30, and 32, counted

from the beginning terminal of the « helix.

Figure 3.4: Three bundle a-helices: Hydrophobic atoms are placed at monomer ¢ =
4,5,9,10,14,15,22,23,27,28, 32, 33,40, 41, 45,46, 50, and 51, and nutural residues
are placed at i = 16,17, 18, 34, 35 and 36. counted from the upper left terminal end
of the a-helix.
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Figure 3.5: Multiple beta stranded (-sheets: Each (-turn contains three neutral

residues and each strand contains five residues.

drogen bonding in the system. Similar structures have been extensively studied by
a number of other authors [3,6,24]. Multiple stranded (-sheet conformations are
also possible by inserting neutral residues at proper -turn sites. The [-sheets with
three, four and five strands, which were computed by the canonical MC method,
are shown in Fig. 3.5. These conformations shown do not contain hydrophobic
interactions. Similar types of multiple S-hairpin conformations are studied in ex-

periments [27-29] and computations [30].

Finally, our model can be used to study proteins with dual native conformations
that form different a-helix and (3-sheet contents. For example, prion proteins are
known to display completely different native structures of similar energies [12]. An
a-helix dominated normal structure is kinetically more accessible, and a [-sheet
rich disease structure is energetically more stable. The two native conformations
are partitioned in the energy landscape [25]. Chen et al. [26] have recently extended
the model presented here to simulate the energy landscape and folding kinetics of a
minimal prion-like homopolymer model. They have shown that the competition be-
tween the hydrogen bonding and hydrophobic interactions yields two energetically
favorable secondary structures, an a-helix and a two stranded (-hairpin (see also
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Ref. [16] ). The numerical evidence also shows that the folding from a denatured
random conformation prefers to yield an a-helix, although the (-hairpin structure

has a lower energy.

3.4 Conclusion

We have carried out numerical simulations of a new minimal model of proteins which
sufficiently addresses the ability of directionally biased hydrogen bonding that can
define the secondary structures in proteins. Both a-helix and (-hairpin conforma-
tions as well as more complicated conformations such as an «/f-compound, helix
bundles and multi-stranded [-sheet structures can be stabilized in hetero-polymers
following the information encoded in the sequence without a priori biased poten-
tials to a specific native conformation. This simple model, which is based on a
residue-level approximation with an explicit introduction of virtual hydrogen and
oxygen atoms interacting through a shifted Lennard-Jones potential, gives rise to a
large variety of protein-like conformations and can be used as the base for further

extension to other models.

In the following chapters we will apply this model S-hairpin folding in details

and to the interconversion between [-hairpin and a-helix conformations.
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Chapter 4

Dependence of folding kinetics
and structural stability on the
location of a hydrophobic pair in

(f-hairpins

We study the dependence of folding time, nucleation site and stability
of a model F-hairpin on the location of a cross-strand hydrophobic pair,
using a coarse-grained off-lattice model with the aid of Monte Carlo
simulations. 6500 independent folding trajectories have been produced
dynamically by our simulations, forming the basis for extensive statisti-
cal analysis. Four folding pathways, zipping-out, middle-out, zipping-in,
and reptation, have been closely monitored and discussed in all 7 se-
quences studied. A hydrophobic pair placed near the S-turn or in the
middle section effectively speed up folding; a hydrophobic pair placed
close to the terminal ends or next to the S-turn encourages stability of

the entire chain.

74
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4.1 Introduction

4.1.1 General

A deeper understanding of the physical mechanisms behind the unique structural
and folding properties of proteins has recently emerged from both experimental
and modelling approaches. The remarkable diversity and simplicity of structures
are mainly controlled by a balance between a few essential types of non-covalent
interactions: van der Waals, hydrogen-bonding, hydrophobic and electrostatic inter-
actions [1]. These interactions, together with the conformational entropy (reflecting
the freedom in bond fluctuations), are also responsible for the overwhelming effi-

ciency of the dynamical properties such as folding in proteins.

In this chapter we are particularly concerned about the key factors that influence
the folding dynamics and structural stability of a simple (-hairpin (see Fig. 4.1),
consisting of two antiparallel strands. The physical mechanism for the formation
of the a-helix has been a more traditional topic and extensively explored both
experimentally [2] and theoretically [3]. In contrast, much less attention has been
paid to the (-sheet, until Munoz and Eaton et al. [4] presented their seminal work
on the folding timescale and mechanism of a 3-hairpin — the C-terminal of protein
GB1. Unlike the a-helix in which local interactions involving neighboring residues
are mainly responsible for the structural stability [5], the location of the cross-
strand interactions of a (-hairpin sequence, which are mostly non-local, has been
identified as one of the major factors influencing the structural properties [6-9].
The effects of the cross-strand interactions on the (-hairpin stability and folding
efficiency, dependent on the peptide sequence, have been the main focus of some
recent experimental and modelling studies [4,6-36]. These studies have provided a
clear evidence of the importance of cross-strand interactions; the conclusions from

these studies, however, are not always consistent.

Recent computer simulations have been performed to address issues related to
B-hairpin folding based on two categories of models: all-atom [23-31] and minimal
models [4,22,32-39]. All-atom models have been used to directly generate the mi-

croscopic folding trajectories of a (-hairpin — mostly for the C-terminal of protein
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Figure 4.1: Summary of major folding pathways seen in our computer simulations:
(A) zipping-out, (B) middle-out, (C) zipping-in, and (D) reptation. Zipping-out
was observed in all 7 sequences and is more common in sequences containing no
hydrophobic pair or a hydrophobic pair close to the g-turn. Middle-out was ob-
served in sequences containing a hydrophobic pair located in the middle or near
the terminal ends. Zipping-in was more often observed in sequences containing a
hydrophobic pair located near the terminal ends. In reptational folding the chain
makes a displaced [-hairpin first and then shifts the strands to finally reach the

native (-hairpin, step by step; this pathway has observed for all 7 sequences.
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GBI in previous studies, in connection to experimental observations. These models
offer a unique perspective on the detailed physical properties of protein folding un-
der a given environment; such details and idealized environment cannot always be
achieved by current experimental techniques. However, the complexity of all-atom
models is also computationally too demanding for thorough characterization of the
thermodynamics and dynamics in a systematic way; a comprehensive investigation
of all-atom models for the (-hairpin, which requires the consideration of a class of
sequences and multiple simulations of folding trajectories for a given sequence, is
beyond the reach of current computational capacity. Therefore, one must make a
proper choice between the faithful representation of a real system and the necessary
simplification without sacrificing the essential physics. A simple minimal model,
constructed from a careful parameterization of essential physical features, can be
used to characterize the generic properties of (-hairpin systems. The advantages
of minimal models lie in their ability to rapidly accumulate meaningful statistics
on folding pathways, dynamics and thermodynamics, and in the ease of controlling

most relevant parameters to the systems [40,41].

In this chapter, we use an off-lattice minimal model to systematically explore the
effects of cross-strand hydrophobic interaction of a §-hairpin on the folding time and
structure stability. The model contains monomers that can interact with reach other
through effective hydrogen bonding and hydrophobic interactions. Our treatment
does not invoke the simplification of native contact-energy approximation, known
as the Go-approximation, used in some other models [42]. The Go-approximation,
however, does not reflect the actual dynamics in which non-native-contact residues
can interact with each other. The current model is an extension to the previous
work on characterizing the folding pathways for a prion-like model [38,39] and
the structural conversion between the a-helix and S-hairpin due to mutation in a
peptide sequence [39]. In protein folding modeling, one of the major challenges is
to find a single universal set of potential parameters for any protein conformations
that can properly fold into a native conformation depending on only information

encoded in the sequence [43] and our model meets this criterion.

Most analysis, based on computations performed to simulate the (3-sheet forma-

tion, examined the free energy landscape, which is a thermodynamic perspective.
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[2-2] [3-3] [4-4] [5-5]

Figure 4.2: The native conformation and native hydrogen pair arrangement. Large
gray monomers stand for a-carbon, small white spheres virtual Oxygen residues,
and small black spheres virtual Hydrogen residues. One non-hydrophobic and six
hydrophobic sequences have been studied in this chapter; for the latter, a cross-
strand hydrophobic pair is selectively placed at symmetric residues. The native
hydrogen bonding pairs are identified by the notation [2 — 2], [3 — 3], [4 — 4] and
[5— 5.

Only a limited number of computer simulations have directly been used to repro-
duce the entire folding trajectory. In this chapter, we examine both thermodynamic
properties and dynamic folding events; the latter is based on 6500 independent fold-
ing simulations starting from a random conformation of the modelled chain, for the
7 sequences considered at various temperatures. Both multicanonical and canonical
Monte Carlo techniques have been used in this chapter: the former has been used to
produce the thermodynamical properties and the latter the dynamics. These fold-
ing simulations have been carefully analyzed in relationship to previously reported

folding pathways of a f-hairpin, as summarized in Fig. 4.1.

4.1.2 Experimental and theoretical works on (-hairpins

The B-hairpin is structurally simple, but experimental determination of the struc-
tural properties has been challenging, partially because most natural 5-hairpins are
unstable in water and often form aggregates [8]. Recent improvements in the NMR
technique as well as in selecting and creating a stable S-hairpin have made it possi-

ble to characterize the stability of the §-hairpin, in particular the effects caused by
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the position of a hydrophobic pair and other long range interactions. However, it is
too early to draw a conclusive physical picture based on the experimental findings

alone.

Some groups have found that a cross-strand interaction placed near the turn
or the middle part enhanced the stability of -hairpins and one placed near the
terminal ends only weakly enhanced the stability. For example, Espinosa et al. [11]
reached this conclusion, using NMR analysis to examine the positional effect of a
hydrophobic pair on the stability of 3 isomeric, S-hairpin forming peptides; these
peptides contain the same residues but differ only by the separation between the D-
Pro-Gly (-turn and the hydrophobic pair. In a different study, Santiveri et al. [12]
examined a series of sequences that only differ by the location of two residues and

have made a similar conclusion.

On the other hand, others have stressed the importance of cross-strand inter-
actions far away from the §-turn. Kiehna and Waters [13] demonstrated that the
substitution of a hydrophobic Phe-Phe pair, placed close to the turn or at the end
terminals, would in each case increase the folded (-hairpin population in the sam-
ples. Griffiths-Jones et al. [14] found that a salt bridge at the terminal ends, between
the cationic side-chain of Lys and the C-terminal carboxylate group, contributes
to stability of a 16-residue S-hairpin consisting of natural amino acids using NMR
analysis. Drawing a similar conclusion, Ciani et al. [15] found that a salt bridge
near either the g-turn or the terminals can enhance stability of a #-hairpin; Fesin-
meyer et al. found that the salt bridge between two lysine residues and a glutamic
acid in mutant trpzip4 [-hairpins can enhance the stability [16].

The first experimental determination of the folding rate of a [-hairpin, GBI,
was reported by Munoz et al. [4] using infrared spectroscopy coupled with laser-
induced temperature-jump technique. The temperature dependency of the native
(-hairpin population of GB1 was also measured and the native hairpin population is
estimated around 80% at 273K and 45% at 298K. Using a similar laser temperature-
jump technique, Xu et al. [17] found that a synthesized (-hairpin of fifteen residues
has a broad conformational transition but folds fast, only a few time slower than
an a-helix. Dyer et al. [18] analyzed the formation rate of various (-hairpin and

argued that the sequence whose hydrophobic pair is placed closer to the turn folds
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faster than the sequence whose hydrophobic pair is placed further away from the
turn, which is predicted by the theoretical model of Munoz and Eaton et al. [4,22]
This acceleration was attributed to a direct reduction of the entropy in a smaller
loop. The issue, however, has not yet been settled because some contradictory

observation [19] and prediction [33,34] exist.

Computational modelling enables us to gain microscopic insight into the folding
mechanism of #-hairpins, in complementary to experimental investigations. Munoz
and coworkers [4,22] have developed an Ising-like model, which was used to calcu-
late the thermodynamic quantities analytically, to further investigate the physical
mechanism in conjunction to their experimental observation [4] They suggested that
the folding starts from the nucleation of the native structure near the turn and then
would follow by the propagation of other hydrogen bonding. This folding scenario,
called “zipping-out” in Fig. 4.1, was also supported by other numerical evidences
based on various models. For example, Kolinski et al. [32] studied a high-resolution
lattice model using Monte Carlo dynamics and entropy-sampling Monte Carlo, and
obtained a similar physical picture. Klimov and Thirumalai [33,34] constructed a
simplified off-lattice model containing side groups of 16-residues to represent the
C-terminal fragment of protein GB1; they used the multiple histogram technique
to study the thermodynamics and Langevin method to study the folding dynam-
ics. They suggested that a hydrophobic cluster closer to the B-turn reduces the
folding cooperativity and stability and leads to slightly longer folding times; they
also suggested that the hydrophobic interactions closer to the hairpin ends enhance
cooperativity and stability and speed up folding rates. Note that their finding is
different from the suggestion made by Munoz and Eaton et al. [4,22] and the ex-
perimental observations [17, 18] that the folding time is shorter in a system where
a hydrophobic pair is placed closer to the turn. These two groups [32-34] also de-
tected a small number of the hydrophobic core driving the folding process in their
folding trajectories. For comparison, in this study, we found that “zipping-out” is
one of the most frequently observed pathways (probably mixed with other path-
ways) in all types of sequences, no matter where the hydrophobic pair is placed. A
hydrophobic pair placed near the S-turn or in the middle section effectively speeds

up folding; a hydrophobic pair placed close to the terminal ends or next to the
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[G-turn encourages stability of the entire chain.

Dinner et al. [23] have stressed a different folding mechanism of the C-terminal
of protein GB1 — hydrophobically driven folding pathway; the nucleation mainly
starts from the hydrophobic cluster and then the entire native structure forms next
to nucleation. Their study was based on the free energy analysis obtained by the
multicanonical Monte Carlo method on an all-atom model with an implicit solvent
treatment at 300K. This hydrophobic driven folding pathway has been supported
by other all-atom model studies, including the molecular dynamics simulations
performed by Pande and Rokhsar [24], the molecular dynamics simulation per-
formed by Zagrovic et al. [25] using a distributed-computing/ensemble-dynamics
approach, the free-energy analysis made by Garcia et al. [26] using the replica ex-
change method, and the discontinuous molecular dynamics simulation performed by
Zhou and Linhananta [27] based on an all-atom model with the Go-approximation.
For comparison, in this study, we have also found that the location, where the
hydrophobic hair is placed, has a high probability to become the nucleation site.
Depending on where the location is, the hydrophobic driven pathway could corre-
spond to one of the “zipping-in”, “middle-out” and “zipping-out” pathways shown
in Fig. 4.1. For a given sequence, other folding pathways may coexist with the

hydrophobic driven pathway (also see Zhou et al. [28]).

In addition to these folding pathways, Wei et al. [20-31], based on an energy
minimization technique [45], have suggested yet another possibility — reptational
folding (Fig. 4.1D). Previous models based on native contact energies would have
missed the reptational folding because these models do not incorporate the non-
native interactions necessary for reptational folding. Wei at al. observed the ex-
istence of displaced (-hairpins, which may be related to reptational folding (Fig.
4.1D). In simulations [23,25,32,35] these conformations are often regarded as off-
pathway conformational traps rather than molten globular conformations leading
to the native states. The presence of displaced [-hairpins are, however, rarely
reported in experiments. For comparison, in this study, we found an adequate evi-
dence that non-native bonding, in particular corresponding to displaced (-hairpins,
is significant during the folding. We have also found a clear evidence, through dy-

namic folding simulations, of a dynamic stage that produces the final move in the
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reptational folding.

Furthermore, a computational and modelling approach that does not necessarily
incorporates the basic concepts of Monte Carlo and molecular dynamics has also
been used to study relevant systems [36]. In a Gaussian-potential treatment where
the potential between residues is written in a quadratic form — which is accurate
only for small deviations from the native state — Guo et al. [36] noted that the
formation of a [-hairpin starts from the turn in the system of weak hydropho-
bic interaction and it starts from the hydrophobic core in the system of stronger

hydrophobic interaction.

4.2 The model and method

4.2.1 The minimal model

In recent years, a number of minimal models have been developed for com-
putational studies of a (-hairpin, [4,22,32-38] and (-barrels that contain more
exotic structures [47,48]. The minimal model used for the current chapter is an
extension of a previous model proposed by our group [37-39]. In particular, we
consider a chain consisting of 16 monomers connected linearly by bonds of fixed
length [, which, when folded into a (-hairpin, has a native conformation shown in
Fig. 4.2. Monomers are allowed to rotate about the axis connecting the adjacent
monomers, subject to a stiff harmonic potential energy that prefers a bond angle of
105°. Most other minimal models, based on residue-level approximations, contain
an additional potential energy that deals with a preferred torsional angle formed
by the three consecutive bonds between four consecutive residues; such an energy
is usually proposed to drive the local bond arrangement to form an « or 3 configu-
ration. This type of torsional energy, however, is not considered here. In our model
the preferred torsional angles directly follow from a combination of directionally
biased interactions, [49] as described below. The formation of the S-configuration,
for example, could be driven by the hydrogen bonding between non-local monomers

that are far apart along the chain [37,39].
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The excluded volume occupied by a monomer has a diameter of 6{/5 and two
nearest-neighbor residues are not subject to excluded-volume interaction. This
diameter is somewhat greater than the bond length and reflects the geometry of the
resulting « helix, in matching real systems [37]. The hydrogen bonding is effectively
described by the interaction between any pair of virtual oxygen O and hydrogen H;
in particular, for the ¢th monomer that is described by the position vector 7, an O;
o

and a H; were placed at the tips of the vectors and f§H) respectively, directed

away from 77;:

1

O = 5 (e = 7%) + 31/5ii; (4.1)
2

7?§H) = g(ﬁ‘ﬂ — 7i) — 31/51; (4.2)

where 7; is the normal direction of the plane defined by the (¢ — 1)th, ith, and
(7 + 1)th monomers. Except for the first and second nearest neighbors, any pair of
O and H interact with each other through a shifted Lennard-Jones potential,

l 12 l 6
<r+r0) B (7’4—7’0)

where 79 = 2Y/¢x 61 /5 is the optimal bonding distance, and 7 is the OH distance. An

Vo = 4¢ (4.3)

effective hydrogen bonding is reached when r = 0 that allows the system to acquire
a bonding energy —e. According to this model, we have previously demonstrated
that a-helices and [-hairpins can be stabilized as the chain length, temperature,
and sequence vary [37-39).

In order to extend this previous model to include hydrophobicity, we consider
here an additional hydrophobic potential energy between pairs of hydrophobic
residues; non-hydrophobic monomers do not participate in the interaction. Again,

we use a simple Lennard-Jones form,
Vi = 4ey[(61/5r) — (61/5r)°] (4.4)

where ey = 0.7¢ represents the effective strength of a hydrophobic potential and
r is the distance between two hydrophobic residues. Irbéck and coworkers [50] in-

vestigated the effect of relative strength of hydrophobic and hydrogen attractions
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in similar minimal models; they have used a similar directionally biased hydro-
gen bond potential designed for a-helical bundles and considered ey = 0.78¢. In
this chapter, we use ey = 0.7¢ to investigate of the impact of a cross-stranded

hydrophobic pair on (-hairpin formation.

Physically, the stabilization of a S-hairpin is critically dependent on the residue
type near the g-turn. The basic strength of a backbone hydrogen bonding con-
necting a residue pair does not widely vary among different pairs [51]. Some amino
acids, however, have significantly different side-chain conformation than others and
they can promote or disrupt the formation of hydrogen bonding in the secondary
structures. For example, glycine has a proton on the side chain hence is flexi-
ble, and proline has a unique ring structure hence the backbone hydrogen can not
contributes to 3-sheet formation [52]; these residues often disturb and break the
hydrogen-bond network of an a-helix and (-strands, and they frequently comprise
a reverse turn of the g-sheet where no intra-strand backbone hydrogen bonding is
formed [1]. In addition, a non-standard amino acid, c-amino isobutyric acid (Aib),
which contributes weaker backbone hydrogen bonding, was designed for enforcing
a O-turn as well [53]. This can be reflected in our model by effectively erasing Vou
for these residues. Schematically, the residues at the g-turn, labelled mq, msy and

mg, are shown in Fig. 4.2 without the associated virtual O and H.

In this chapter, we focus on the effects caused by the hydrophobic interaction, as
the sequence of the 16mer model varies. We systematically investigate the physical
properties of 7 separate sequences, including a chain containing no hydrophobic
interaction (labelled by S0) and 6 chains, each containing a hydrophobic pair located
at (1,1), (2,2), (3,3), (4,4), (5,5) and (6,6) (labelled by S1, S2, S3, S4, S5, and
S6, respectively); All these seven sequences display a native conformation of a (-
hairpin, found by an energy minimization procedure, with the specific interaction

parameters mentioned above.

In comparison to all-atom models, we have made several approximations to
remove atomic details. By keeping the essential features of proteins in the model,
we are able to examine the most important structural properties. This simplification
allows us to investigate the entire folding process with sufficient statistics, which is

currently not possible in more elaborate all-atom models.
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4.2.2 Computational methods

We used the Metropolis Monte Carlo (MC) method [55] to perform the computer
simulations required for both equilibrium and folding studies. MC was originally
developed for calculating the equilibrium properties of physical systems; [55,58] its
generalization to describing a stochastic process of a nonequilibrate system is also
possible if a physically tractable move and the Boltzmann weights are used [58-60].
The thermodynamic and dynamic interpretation of such a MC algorithm for protein
folding has been the basis of recent theoretical studies [41,61,63-68]. Rey and
Kolinski [61], for example, have shown that the MC dynamics in a fine lattice model
can reproduce folding pathways of a three-helix bundle similar to those obtained by
the Brownian dynamics. In another example, Cieplak et al. demonstrated that the
MC computation matches the time evolution of the native conformation obtained
through the Master equation formalism for a simple lattice model [62]. To be
suitable for simulating the dynamical trajectories presented in Sects. 4.3.2 to 4.3.4,
only local MC moves have been designed and the Boltzmann weight have been used
with a selected T'. If a monomer is not terminal along the chain, the monomer was
rotated around the axis connecting the two adjacent monomers; if a monomer is
terminal, with only one neighboring monomer, the monomer was rotated around
the axis defined by the nearest and second nearest monomers. The acceptance of
the move is then determined by a MC criterion. The rotational angle is a random
number selected from the range [—7/2, 7/2], which leads to an acceptance rate of
about 20 — 30% [69]. A Monte Carlo step (MCS) in the simulation amounts to 16
attempted moves as the system contains 16 monomers. Whenever the concept of
time is used in this chapter, we use one MCS as the basic dimensionless time unit.
The relationship between the time measured here and the real physical time can be
estimated up to an undetermined constant factor. In all 6500 folding simulations
conducted in the current chapter, all reached the native conformation as the final

structure — some may take a long computational time.

To obtain the thermodynamic properties presented in Sects. 4.3.1 and Sect.
4.3.6 with sufficient conformational samples, we computed simulation trajectories
according to a biased weighing factor (the so-called multicanonical scheme) that

enables a system to sample the energy space uniformly without being trapped
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in local minima [56]. The bias in the weighing scheme is then removed by the
weighted histogram analysis method (WHAM), [57] which translates the physical
observables measured with the biased non-Boltzmann weight into those normalized
by the Boltzmann weight [57].

In the rest of this section, we describe the technical procedure used to find the
physical quantities characterizing the system; these include the structural overlap
parameter, native state, (-hairpin, displaced [-hairpin, nucleation site, various

characteristic times, and the free energy landscape.

4.2.3 The structural-overlap parameter x

The structural overlap parameter x is a measurement of the microscopic confor-
mational similarity between the configuration under examination and a reference

configuration. Computationally, = is defined as [70]

Z Y 0D, — lry — 1), (4.5)

i j>i+3

where N’ is a normalization constant, r;; = |r;—r;| the distance between the ith and
jth residues of the examined configuration, and r?j is the same pairwise distance

but based on the reference configuration. 9((¢) is the step function,

1 0
@(O:{d gio

and in the current chapter, D, is set at 0.2[. This value D, = 0.2/ is same as that
used in [70]. This value allows to eliminate possible ambiguity in the conformational
measurement that may arise for larger D, values but at the same time this value al-
lows some conformational fluctuation. We consider all non-redundant, inter-residue
square distances of a given configuration except those between the adjacent residues
— the latter is always fixed. This definition ensures that = becomes unity when
the two configurations are almost identical. The use of x is computationally more
efficient in comparison with computing the root mean square deviation (RMSD)
that requires minimization in its calculation. This is particularly true when the

evaluation of z needs to be performed frequently.
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4.2.4 Native hydrogen bond and native state

Computationally, the configuration of the native state is obtained from energy
minimization of the total potential energy, and corresponds to the global energy
minimum. For all 7 sequences considered in this chapter, the native states have
the configurations displayed in Fig. 4.2. We define that the formation of (-like
hydrogen bonds (BHB) is associated with not one single pair, but two consecutive
OH pairs, each pair reaching a distance within 0.4/; this definition ensures that
proper anti-parallel hydrogen bonds are actually formed. For example, the notation
[2 — 2] refers to native BHB between monomers 2 and 2, when two OH pairs circled
in Fig. 4.2 form. For the current system, a native §-hairpin contains five pairs
of OH bonds but the number of BHB is four. In the computation, the chain is
considered to have reached a native state when two conditions are met: all 4 native
BHBs formed and the structural-overlap parameter z is greater than 2/3. Though
the final native configurations, obtained from global energy minimization, differ
slightly from each other in the 7 sequences considered here, we have found that
the structural-overlap parameter x efficiently registers all these conformations as

equivalent conformations (x = 1).

4.2.5 Nucleation site

During folding, a nucleation site with well defined local structure would form first
and the rest follows. Computationally we identify a nucleation site when a native
BHB forms as the precursor to the final approach to the native state. Note that
starting from a random configuration, a particular BHB may form and then break
during the entire folding process; the initially formed BHB, if it is short-lived,
might not be the actual nucleation site. Technically, after the native conformation
is reached, we trace back trajectories in time to find the configuration where the first
native pair has permanently formed; this site is then considered as the nucleation
site. The transition time from the formation of the nucleation site to the formation

of the native state is denoted by 7.
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4.2.6 Folding time, unfolding time, equilibrium simulations

and other characteristic time measures

Starting from a random conformation equilibrated at a high temperature T =
kT /e > 1, we measure the first-passage time that the system takes to reach the
native state and define it as the folding time. For each given sequence, the average
folding time 7¢,q discussed below is based on 400 independent simulations of folding
events for T = 0.12 and 0.11, 300 independent simulations for T = 0.13and 0.14,
200 independent simulations for 7 = 0.10 and 0.15, and 100 independent simula-
tions for 7' = 0.09. The unfolding time 7yup1q 18 measured by the number of MC
steps the system takes to undergo the transition from the native S-hairpin to an un-
folded state where z < 1/3; the average unfolding time of the system is obtained by
averaging over 400 events. The relative errors of the folding and unfolding times can
be estimated to be approximately four, six, eight and ten percent for folding times
based on 400, 300, 200 and 100 simulations, respectively. For equilibrium proper-
ties discussed below, we have performed eight independent simulations for every
sequence, each consisting of 7 x 107 MCS after 10% of the computation spent on
initial equilibration. The measurements of the physical properties were performed
at every other 150 MC steps.

4.2.7 Free energy

The reduced free energy as a function of order parameters is obtained from the
statistics accumulated in folding by dynamical MC method. We measure the num-
ber of times, histogram Q(z, R/{), that a particular state — specified within a grid
system that is spanned by R and x — is visited by the system during the simulation.

The reduced free energy is then calculated from
F(z,R/0)/kgT = A —InQ(x, R/0) (4.6)

where A is a normalization factor to set the base line of the reduced free energy
zero. 'This dynamic free energy is not strictly thermodynamic free energy. For
equilibrium systems, the reduced free energy is calculated by a Multicanonical-
WHAM algorithm.
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Figure 4.3: The reduced heat capacity C,/kp, structural overlap parameter z and
the reduced root mean square radius of gyration, R/l, as functions of the reduced
temperature T = kgT/e. Each row of the plots belongs to the same sequence and

each column contains the plots for the 7 sequences considered in this chapter.

4.3 Results and discussion

4.3.1 Thermodynamics

The characteristics of the folding properties are dependent on the selected tem-
perature. To start with, we examine the thermodynamic properties of the se-
quences as a function of temperature, in particular, the heat capacity C,/kp =
(((E/€)?) — ((E/€))?)/T? calculated from the fluctuations in energy, root mean
square radius of gyration R, and structural overlap parameter x defined above.
The computation was carried out by the use of the multicanonical technique and

reweighted by WHAM, [56,57] which allows us to examine these thermodynamic



Chapter 4. (3-hairpin folding mechanism 90

quantities (see Fig. 4.3) as functions of the reduced temperature, in one single long

production run for each sequence.

The most distinctive feature of the C,/kp plots is that all 7 sequences display
strong peaks somewhat above T' = 0.1, which is a signature for structural transition
from a coil state, stable at high temperatures, to the native state, stable below the
transition temperatures. The width of the peak, however, varies from sequence
to sequence. For the non-hydrophobic case SO, for example, the peak starts at a
lower temperature than those of other systems (Fig. 4.3). When the temperature
is lowered from a large value, the heat capacity remains small until approximately
T = 0.15 and reaches a maximum approximately located at 7' = 0.11. This rapid
increase is accompanied by a reduction of R, which decreases from 2.2¢, symbolizing
the approximate size of a denatured chain, to approximately 0.18] above T = 0.10
as the chain collapses into a more compact conformation. The final folding in the
native state, which can be characterized by a relatively large x, would not occur
until 7' = 0.08; at this temperature, the chain attains an elongated conformation,

hence corresponds to a slight increase in R.

This physical picture is significantly altered for sequences containing a hy-
drophobic pair (S1-S6). As the temperature is lowered, the chain collapses at higher
temperatures, both reflected by the earlier reduction in R, and by the formation of
a smaller secondary elevation on the right side of the peak of heat capacity plot. In
addition, their folding temperatures, which can be defined by equating x with, say,
0.4, are higher than that of SO, which can be seen in the 2 — T plots. The extra hy-
drophobic interaction in these sequences promotes the intra-chain attraction, which
in turn encourages earlier formation of compact structures as the temperature is
lowered.

Note that in about a 20% range of the reduced temperature, z varies from x = 0
(reflecting the random-coil state) to = a~ 0.8 (the (-sheet state). The magnitude
of the temperature range is comparable to that resulting from a two-state model,
presented by Munoz et al. [4,22], where only two states, random coil and §-hairpin,
are believed to be sufficient for characterizing the system. The issue of whether or
not other, relatively stable intermediate states exist in a simple #-hairpin have been

debated recently [20,21,23]. We see no clear thermodynamic indication of a stable
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intermediate state from our simulations. The dynamic stages of folding, described
in the next few subsections, are presented for the convenience of analyzing the
process; most folding events display the cooperative behavior. The only exception

to this is the reptation folding pathway, discussed in Sect. 4.3.8.

4.3.2 Folding time

We have conducted a large number of folding simulations for the 7 sequences at
various temperatures. Each simulation event displays a complete folding process
starting from a denatured configuration to the final formation of the native state.
The amount of Monte Carlo steps, taken to accomplish this, is considered as the

folding time. The average folding time, 7,4, is listed in Table 4.1.

The selection of the temperature for the folding simulations has a profound
impact on the simulation efficiency hence the folding time. Consider any given se-
quence at various simulation temperatures. At a low temperature (lower than those
corresponding to the peak in Fig. 4.3) the system is most likely to be trapped in
local minima, showing the glassy behavior [68]. On the other hand at a temperature
higher than the folding temperature, the thermal fluctuations prevent the system
from forming a native bonding and therefore the folding time also become increas-
ingly longer. Within the numerical errors, the shortest folding time can be related

to a temperature at which the heat capacity attains a maximum, i.e., T =0.12.

At a reduced temperature above T = 0.12, the folding times are shortened as
a hydrophobic pair is introduced into the chain. The folding time is drastically
shortened when the hydrophobic pair is located near the turn and becomes higher
as the location of the hydrophobic pair moves further away from the g-turn. The
dependence of the folding time on the location of the hydrophobic pair agrees well
with the dependence suggested by Mufioz and Eaton et al [4,22] and Kolinski
et al. [32], despite the difference between the modeling techniques. As well, this
dependence agrees with experimental results of of Xu et al. [17] and Dyer et al. [18]
On the other hand, a recent experimental [19] and theoretical [33,34] studies have
demonstrated a folding-time dependence that is very different from that described
in Table 4.1.
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At a reduced temperature below 7' = 0.11, however, the folding time becomes
longer in some hydrophobic sequences. Because of the isotropic nature of the hy-
drophobic interaction, the hydrophobic pair can attract each other more easily
in folding; once the monomers reach a distance shorter than the force range of
the attraction, the two monomers are bounded in an energy trap which cannot
be overcome at a low temperature. An interaction that would otherwise stabilize
the native conformation may actually create a kinetic trap to frustrate the energy
landscape; Viguera has recently described such an observation in a small (-sheet
protein Bergerac-SH3 [71]. Hence, the change in the folding time after the introduc-
tion of the hydrophobic pair is dependent on both the location and the simulation

temperature.

Practically the optimal choice of the folding temperature that can be used in
computational study is approximately the location of the peak in the heat capac-
ity. In our study we also face another dilemma; that is, we wish to use the same
simulation temperature for all 7 sequences, in order to make a comparison. For this
reason, we used T = 0.12 to perform the folding simulations for all 7 sequences.
The native structure nucleation, described in the next section, was examined at
other adjacent temperatures as well and we found that the nucleation probability
is more greatly affected by the location of the hydrophobic pair than by 7. Our
selection of the simulation temperature for dynamics is similar to the approaches
taken in other simulation studies [26,28,32,33, 36, 72].

It is interesting to note that this selection of temperature is also consistent with
that used in experimental determination of the folding dynamics. For example, to
determine the folding time of the C terminal of protein GB1 (a (§-hairpin) [4] and
other synthesized [-hairpin systems, [17,18] the experiments have been performed
at approximately 300K. This temperature is slightly higher than the peak of the
heat capacity curve measured in the cooling experiments of the C terminal of the

protein GB1 by differential scanning calorimetry [73].
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Average time | Bonding Sequence
(10*MCS) site T S0 S1 S2 S3 S4 S5 S6
Told all 0.09 | 732.86 827.85 894.85 564.98 963.43 1037.01 1017.68

0.10 | 179.26 213.73 183.07 201.46 215.77 277.83 302.23
0.11 | 93.96 64.61 7734 77.26 97.56 131.54 140.40
0.12 | 86.38 38.60 47.65 48.41 55.71 7541 78.77
0.13 | 123.08 36.96 36.90 38.45 45.51 58.88 75.71
0.14 | 245.85 49.69 49.13 42.90 47.54 75.58  98.06
0.15 | 619.93 105.54 69.58 70.36 72.08 97.86 160.49
Tzip any 0.12 2.38 1.94 1.49 1.41 1.31 1.55 1.60

[2—2] 281 205 163 170 140 1.68 170

B-3] 1.78 124 124 088 141 1.74 168

[4-4] 0.85 038 035 050 078 099 141

[5-5] 2.85 084 037 080 048 131  0.94

TP - 0.12 — 039 1.85 296 254 229  1.08
Thirst any 0.12 | 757 460 465 565 450 430  4.04
[2—2] 16.11 7.53 732 1245 16.73 19.39  17.09

[3—3] 22.28 1582 11.32 12.79 13.67 20.61  18.50

[4—4] 17.43 12.68 14.26 1055 809  9.85  11.99

[5— 5] 10.58 843 9.73 934 547 522 461

Tlifetime 2—2] | 012 | 0311 0.765 0314 0.255 0.111 0.188  0.167
B-3] 0.158 0.151 0.228 0.191 0.185 0.099  0.151

[4-1 0.101 0.087 0.093 0.123 0.126 0.153 0.104

[5-5] 0.053 0.051 0.064 0.062 0.062 0.079 0.188

Tiifatimeo all 0.12 | 0.036 0.038 0.035 0.037 0.033 0.041 0.093
2-2] 0.366 0.858 0.431 0.325 0.278 0.324 0.339

[3-3] 0.245 0.257 0.265 0.255 0.295 0.305  0.450

[4-17] 0.121 0.121 0.110 0.130 0.128 0.218  0.253

[5— 5] 0.046 0.041 0.040 0.042 0.046 0.060 0.152

Tunfold 012 | 154 195 138 144 1.68 835  9.19

Table 4.1: Characteristic times for g-hairpin folding in MCS measured in the com-
puter simulation of our model. 74,4 is the first-passage time between the starting
point of folding from a denatured state to the first approach of the native state.
T,p 18 the time duration between a native BHB nucleation and the first approach
of the native state. To analyze the system further, we have also measured 7i'L | he
time duration for the system to collapse from a denatured state to reach a compact
state where the first contact of the hydrophobic pair occurs and 7., Where the
first contact of a native BHB occurs. To characterize the molten globular stage of
the folding, we measured the average lifetime of a particular native BHB during
the folding, Tifetime- Which can be compared with the average lifetime of the same
native BHB in an equilibrium state Tligtime. Tunfold 18 the average transition time

the system takes to reach a denatured state starting from a native state.
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Probability | Bonding Sequence
site T | SO S1I S2 S3 S84 S5 S6
Phucleation [2—2] |0.12 | 63.5 83.6 64.0 64.2 45.3 42.5 39.8
[%] 3 —3] 26.5 10.9 32.0 27.8 38.7 32.3 30.3
[4— 4] 78 33 38 7.0 13.0 20.2 22.4
5 — 5] 22 22 03 1.0 30 50 75
Prast [2—-2] [0.12| 40 05 4.8 4.0 58 8.0 202
3 3] 15 1.8 1.0 05 22 43 55
[4 — 4] 0.7 1.0 02 15 1.7 27 3.0
[5— 5] 93.8 96.7 94.0 94.0 90.3 85.0 71.3
Pt [2—-2] |0.12|30.5 51.7 46.0 25.8 11.3 10.5 10.8
(3 — 3] 11.2 5.5 20.5 17.7 5.7 3.5 5.2
[4— 1] 13.3 9.3 9.7 26.7 17.5 16.0 6.2
[5 — 5] 45.0 33.5 23.8 29.8 65.5 70.0 77.8

Table 4.2: Characteristic probability: P,ucleation 1S the probability that a certain
native BHB would form as a nucleation site in the final approaching to the native
state. P is the probability that a particular native BHB would form as the final
step in the folding. To analyze the initial stage of folding, we have also collected
Pist, the probability a certain native BHB forms first when the chain collapse from
a denatured state.
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4.3.3 Nucleation sites and the zipping time

We now examine the nucleation process that leads to the final formation of the
native structure. The nucleation sites that initiate this final stage of folding are

dependent on the sequence.

For the case of no hydrophobic interaction (S0), nucleation most frequently
starts near the (3-turn; the probability of forming the first native BHB ([2 — 2])
dominates the rest, with a significant probability of forming the second BHB pair
([3 — 3]) as well — see Table 4.2 for details. Consequently the bonding that first
takes place near the S-turn is the most favorable pathway in SO (the “zipping-out”

scenario in Fig. 4.1).

From the same table, we see that the additional hydrophobic interaction in the
hydrophobic chains, S1 to S6, is particularly effective in promoting and stabilizing
the formation of a native BHB near the hydrophobic site, and consequently the
nucleation probability increased near the hydrophobic pair. In S2, S3, and 5S4,
the “middle-out” folding pathway is approximately 30%, which is significant in
comparison with the relative occurrence of the “zipping-out” folding pathway —
still one of the major folding pathways. In the case of S5 and S6, there is a
significant increase of nucleation events near the ends of the chain, with comparable
probabilities of native BHB nucleation at sites [2 — 2], [3 — 3], and [4 — 4]. This is
very different from the scenario in SO — the “zipping-in” events are almost equally

important as the “zipping-out” and “middle-out” events.

We have also observed the zipping time, starting from the formation of a nucle-
ation site, to the formation of a native state, for different sequences. For a given
sequence, the overall zipping time for nucleation starting at any sites, and the zip-
ping time for nucleation starting at a particular site, are listed in Table 4.1 for
comparison. Generally, the time scale is less than 5 percent of the folding time
listed in Table 4.1, which indicates that the chain spends most of its time searching
in the conformational space for the right nucleation event to happen; once nucle-
ates are formed, the chain folds into the native state relatively quickly. This rapid
growth of the interstrand native contacts in the final stage of the (-hairpin for-

mation was also observed in the model without the Go-approximation.?® In the
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Go-type models, on the other hand, the final growth stage appears much earlier

and the number of native contacts grows more smoothly [33].

In Table 4.1, we see that the folding time for the non-hydrophobic sequence SO
is much longer than that of a hydrophobic chain, at 7' = 0.12. The zipping time is
also relatively longer than those with hydrophobic interactions. This suggests that
the existence of a hydrophobic pair, placed at the correct position, can enhance
the earlier formation of a nucleation site by bringing the corresponding monomers
together and in the final zipping stage, it also helps the formation of a correct

hydrogen bond.
Although the zipping times in Table 4.1 are similar, there is a subtle difference

in magnitude as well. Two features can be deduced from this table. First, Consider
the occurrence of a nucleation site [2, 2] for all sequences, which would correspond
to a zipping-out scenario. For sequences SO and S1, the chains spend more time to
zip out than, say, sequences S5 and S6. The latter sequence contains a hydrophobic
pair near the ends of the chain, which encourages the zipping-out process, hence
shortens the zipping time. Second, consider the zipping-in scenario that starts
with a nucleation site at [4, 4] near the end. Sequence S6 spends more time in the
final stage in comparison with others. The earlier bonding of monomers 4 and 4
might have introduced improper orientations of the bonds that actually prevent
the sequence from easily relaxing into a native structure. Sequences S1, S2, S3,
S4, and S5 contain additional hydrophobic interactions in the middle of the chain,
which enhance the interaction of those monomers. As the result, the zipping time

is reduced.

To further examine the physical picture of the final folding process, we identified
the last native BHB that forms during the entire folding process. The percentage
of occurrence of a particular native BHB as the last site is summarized in Table 4.2

as Plast .

Taking sequence S0 as an example, we see that the majority of folding events
are “zipping-out”, that they start with the correct native BHB near the g-turn (see
Prucleation), and they end with the last native BHB at [5 — 5]. Now taking sequence
S6 as an example, we see that there is a significant probability that the chain starts

with a nucleation site near the ends ( see Puycleation for [4 —4] and S6 a “zipping-in”
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scenario). The percentage that native BHB [2 — 2] is the last pair to form is almost

the same as the percentage that [4 — 4] is the nucleation site.

In all sequences, [5— 5] is always more likely to be the final native BHB to form.
This is largely associated with the fact that the terminal ends are more mobile (high
local entropy) in the system, therefore the [5—5] native BHB can be easily detached
in the middle of the folding process. Theoretical studies of thermodynamics of the
B-hairpin of GB1, whose hydrophobic pair is located at the middle section of the
strands, have shown that the hydrogen bonding probability of the terminal ends is
less than 10%, even at low temperatures [23,26,28]. The instability of the hydrogen
bonds at the terminal end of a S-hairpin was also suggested based on experimental

observations [11].

4.3.4 The collapsing stage of folding

In a typical folding process, the chain starts with a denatured state and then folds
into a more compact conformation; the initial collapsing is often driven by the for-
mation of a hydrophobic core in a hydrophobic sequence and by the formation of
a non-native hydrogen bond in the non-hydrophobic sequence. The chain, then,
spends most of its time re-arranging the positions of the monomers, until the final,
relatively short folding (zipping) stage begins. During this rearrangement period,
the chain has an adequate probability of forming, detaching and reforming indi-
vidual BHB without initiating the final folding process. For a given sequence, the
nucleation site discussed in the previous section is not necessarily the first BHB to
form because the first BHB can be detached in the molten globular stage. In this

section, we examine the initial collapsing stage.

In the initial collapsing stage of hydrophobic sequences, typically a hydrophobic
core forms and then the first native BHB properly forms. The time duration for
the chain to make the first hydrophobic contact, 71E | and the time duration for the
chain to make the first native BHB contact, 74,4, are characteristic of the beginning
stage of the process. As can be seen in Table 4.1, 715 is less than several percent
and Tg,e 1s approximately 10% of the entire process. This is consistent with the

collapsing scenario that has been discussed previously [23-29].
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The time scale of 74l depends on the proximity and the mobility of the hy-

: : . HP
drophobic residues; 74,4

of S1 is the shortest because the hydrophobic residues are
located close to each other; the hydrophobic residues in S6 are not located close
to each other, but these residues are more mobile hence have more chance to find

each other. 7fL

of the middle section is longer because these hydrophobic residues
are less mobile and other monomers prevent them from moving closer during the
collapsing. In this initial collapsing stage of the folding, hydrophobic interactions
introduce additional attractions between monomers; hence, 74, for hydrophobic
sequences (S1-S6) is generally shorter than that of S0, which is consistent with ex-
pected polymer behavior. Note that the overall 74,4 (the first row of 74,5 in Table
4.1) has been calculated from the average time of the shortest 7, of all conditional
first contact times (the other rows of 74, Where a certain pairing [...] was consid-
ered); hence the overall 74, can be shorter than 74, of a typical conditioned first

contact time.

In Table 4.2 we have summarized the probability that a certain native BHB
forms first during folding, Py.. For the non-hydrophobic sequence SO, we see that
the terminal [5 — 5] has a relatively large probability to form; this can again be
explained by the fact that the terminal ends are more mobile, so that they have
a greater probability to sample a larger conformational space in a short time, in
order to make the contact. The larger Py for [5 — 5] can be contrasted with the
smaller P,udeation for the same site; the [5 — 5] bond is short lived, again, because

of the very reason that makes the first contact possible: larger mobility.

Hydrophobic interactions at a particular site generally enhance the probability
that the neighboring monomers form the first native BHB. This can be viewed from
Table 4.2 for S1-S6 where we can see a shifting pattern of enhanced first-contact
probability to the terminal ends, as the location of the hydrophobic interaction

moves the same way.

4.3.5 The molten globular stage of folding

The formation of a first native BHB symbolizes the finishing of the initial collapsing

of the chain. In the molten globular stage, monomers move around, in a compact
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conformation, to adjust the positions, by possibly dissociating a certain BHB. At
this stage, the average lifetime of a native BHB, Tjjetime, is characteristic of the
system. As can be seen from Table 4.1, Tjetime 1S approximately 2 to 3 orders of
magnitude smaller than the entire folding time. Though this time scale is heavily
influenced by the temperature used in the simulation, it is a good indication of the
number of times that a particular native BHB would form, detach and re-reform,

before the final folding stage.

For a given sequence, the relative lifetime of a particular native BHB is an
indication of the stability of native BHB. As an example, for sequence S0, the [5—5]
bond is short lived in comparison with the [2 — 2] bond, consistent with the general
picture that the end terminals are more mobile. As another example, for sequence
S6, the [5 — 5] bond is highly stabilized by the hydrophobic interaction, hence has
a longer lifetime. In general, there is an one-to-one correspondence between the
location of the hydrophobic monomers and the stability of the native BHB near
those sites. The only exception to this is the [2 — 2] bond; the fluctuations are
reduced by the properly formed SB-turn and hence Tietime of [2 — 2] is significantly

longer.

The statistics collected in Table 4.1 are based on folding simulations, a dynamic
process. The molten globular stage, however, can be related to a thermodynami-
cally equilibrium system. After the beginning stage, the system is no longer in an
extreme non-equilibrium state. We have performed separate computer simulations
for these sequences at thermal equilibrium as well, in order to measure the lifetime
of a particular native BHB in an equilibrium state, Tll;jfztime, summarized in Table
4.1. These lifetimes can be compared with Tjetime in the molten globular stage of

the folding — they have similar order of magnitude.

4.3.6 Free energy

To further explore the folding pathway of the 7 sequences studied above, we charac-
terize the free energy landscape associated with the systems. For this purpose, we
collected the histogram of visited states, specified by the structural overlap param-

eter x and root mean square radius of gyration R, from the computer simulations.
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Figure 4.4: The “Dynamic” free energy as a function of the structural overlap
parameter x and root mean square radius of gyration R observed in the folding
simulations, for sequence S0, S1, S3, and S6 (left panel). For comparison, the free
energy is also computed by a thermodynamic Monte Carlo algorithm at T, 0.108,
0.114, 0.114 and 0.115 in S0, S1, S3, and S6, respectively. The free energy is shown

in contour plots where the value is specified by the side bars.
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The free energy landscape can then be illustrated according to Eq. 4.6. Strictly
speaking, the free energy is a concept of a thermodynamically equilibrium system
and therefore the one calculated from dynamic folding differs from the free energy
obtained in a fully equilibrated system. As we argued in the previous section, how-
ever, the molten globular stage of the folding, which dominates the folding process,
can be regarded as a quasi-equilibrated state where the concept of the free energy
still provides the insight into the properties of the system. For example, the dynamic
free energy has been applied to describe the dynamic folding of a S-hairpin previ-
ously [25,27]. Conversely, in related systems, the free energy landscape, computed
thermodynamically, has been used to characterize the folding dynamics [23,26, 28],
which is a non-equilibrium phenomenon. Here, we have examined both free energy
defined thermodynamically, and a dynamic free energy, defined through Eq. 4.6.

The results are shown in Fig. 4.4 by using contour plots.

For sequence SO, the dynamic free energy displays a low value in areas corre-
sponding to denatured states (z < 1/3), which is an indication that the system
needs to explore a wide range of conformation space before it reaches the native
state. The contour curves of the low free energy area do not extend to the native
conformation region near x = 1 and R = 1.8/ and the pathways to the native
state become narrower as x increases (Fig. 4.4(S0)). For comparison, we have also
shown the free energy computed in a separate simulation after the system reached
thermodynamic equilibrium (Fig. 4.4(S0)), which displays a similar structure. This
confirms the previous analysis that the chain spends most of its time in the molten
globular stage, and this stage is close to a thermodynamically equilibrium state. To
study the final stage of folding, we have also plotted the dynamic free energies, Fig.
4.5(50-A), computed from the MC data covering steps 3.0 x 10* MC to 1.5 x 103> MC
steps before the completion of the folding, and Fig. 4.5(S0-B) for the last 1.5 x 103
MC steps before the completion of the folding. The low free energy region now
shifts gradually towards the native state. To reach there, the chain must elongate
itself, reflected in these plots by the motion of the low free energy region to a higher
R/¢.

For sequences with hydrophobic interactions, the most prominent feature of

the free energies in Fig. 4.4, is that the R has smaller fluctuations about a value
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Figure 4.5: The

“Dynamic” free energy as a function of the structural overlap

parameter x and root mean square radius of gyration R observed near the final

stage of the folding simulations, for sequence S0, S1, S3, and S6. The left plots
labelled (S0-A), (S1-A), (S3-A), and (S6-A), represent Eq. 4.6 generated from the
histogram covering the MC steps 3.0 x 103 to 1.5 x 10® before the completion of
the folding. The right plots labelled (S0-B), (S1-B), (S3-B), and (S6-B), represent
Eq. 4.6 generated from the histogram covering the last 1.5 x 103> MC steps before

the completion of the folding.
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corresponding to the collapsed state. Additional hydrophobic interactions drive
the system into a more compact form. Within this compact form, = fluctuates in a
wider region, leading to states that are closer to the native state. The chains spend
most of the time visiting these states, which is a process that can be compared with
that in a thermodynamically equilibrated state whose free energies are also shown
on the right-hand side of Fig. 4.4. The widened fluctuation regions in x enable the
systems to find the pathway to the final folding stage faster. Because this molten
globular stage dominantly contributes to the folding time, 7¢,q is reduced in a chain
containing a hydrophobic pair(also see Table 4.1).

In sequence S6 where a hydrophobic pair is located near the chain ends, the
hydrophobic interaction encourages configurations which contain bounded terminal
ends and restricts the conformational freedom of the system. This is related to the
bottle neck around z = 0.44 and R = 2.0¢ which can be seen in Fig. 4.4(S6). This

bottle neck causes slowing down of the molten globular folding process.

The theory of protein folding based on statistical mechanics suggests that pro-
tein folding involves a reduction in the configurational entropy of a chain, as sta-
bilizing interactions within the developing fold are formed. Therefore the folding
should be more efficient if the conformational space available to the system during
the folding is more limited [74]. The results obtained above support this general
idea. The conformational space of the non-hydrophobic (-hairpin SO is broader in
R than that of a sequence containing a hydrophobic pair. On the other hand, the
formation of excessively strong attraction within a polypeptide chain may produce
local minima on the energy surface; these can act as kinetic traps that prevent a
protein from proceeding efficiently to the native state [68,74]. Sequence S6, for
example, shows this behavior to a certain degree. The small region in R (Fig. 4.5)
indicates tight binding and the loss of conformational freedom at the ends too early,
before the proper formation of native BHB near the turn; as a result, it becomes
a time consuming process to rearrange native BHBs in order to reach the native
state. The high stability at the ends of the strands, however, prolongs the stability
and lifetime of the (-hairpin once the correct conformation is achieved, as seen in

an experiment [13].
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L{1lm mems 1 23 4 5
6 [0 2 5 9 14 20 27 35 44
5 11 3 6 10 15|21 28 36 45
4 4 7 11 16 |22 29 37 46
3 8 12 17 |23 30 38 47
2 13 18 |24 31 39 48
1 19 25 32 40 49
my 26 33 41 50
mo 34 42 51
ms 43 52
1 53

Table 4.3: The label L for possible binding pairs, native and non-native, in our
model, used in Fig. 4.6. Native BHB pairs are given in bold font, and the pairings

that gives rise to displaced (-hairpins are given in italic font.

4.3.7 Formation of non-native hydrogen bonds

The model used in this chapter allows for interactions between non-native residues,
which is characteristically different from a Go-type model, where non-native hydro-
gen bond interaction are often entirely or partially suppressed [4,32,33]; ignoring
the non-native hydrogen bonding artificially reduces the energy frustration of the
system and increases cooperativity of the folding process. The significance of non-
native hydrogen bonds is explored in this section. In order to consider all interacting

pairs, we have used a labelling parameter L defined in Table 4.3.

The histograms of occurrence of all possible BHBs, native and non-native, are
displayed in Fig. 4.6 for all 7 sequences, observed in our folding simulations. Not
surprisingly, native BHBs, shown in black, indeed occur most often. Next to the
native BHBs, binding between a monomer and the nearest neighbor of the native
counterpart is also very significant. A partially folded chain would bring monomers
close enough to form possible native pairs; however, this also gives rise to a possi-

bility that a hydrogen bond might form between wrong neighboring pairs. For SO,
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Figure 4.6: The unnormalized histogram of occurrence of all possible 3-like hydro-
gen bonds, both native and non-native, collected from 400 folding simulations. The
horizontal axis is the pairing label L defined in Table 4.3. The histogram columns in
black indicate native 3-like hydrogen bonds. Grey columns correspond to displaced
(B-hairpins whose hydrogen bonds are between a residue and the nearest neighbor of
a native counterpart. The columns with tilted shades are for displaced [-hairpins
whose hydrogen bonds are between a residue and the next nearest neighbor of a

native counterpart.
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Transition time Sequence

Trep (10*MCS) | SO S1 S2 S3 S4 S5 S6
1.5 < Tep < 3.0 | 3.8 27 5.0 47 42 7.7 3.5
0<Twep <15 |3563704863 7358

Table 4.4: Reptational transition: The percentage of reptationnal-folding events
(according to a less restrictive definition — see text) observed in 400 folding simu-

lations. For comparison, see the last raw of Table 4.1 for the unfolding time.

the [2 — 2] bond, the native BHB next to the turn, is the most stable, which can
be seen from the highest column in the figure. Adding hydrophobic interactions at
various monomer pairs enhances the stability of native BHB between these pairs
and this can also be seen from the figure; as a hydrophobic pair is placed further
away from the (-turn, the location of maxima of the histograms moves to the right

— towards the terminal ends.

The white histogram columns in Fig. 4.6 are indication of hydrogen bonds
occurring in the neighborhood of the native monomers. These bonds indicate im-
properly formed structures that are fairly different from the native structure. Any
improper bonding needs to be overcome in folding and can be related to the folding
time itself. For a given sequence, the summed area of the white columns is repre-
sentative of the time spent in resolving these wrong configurations, hence is related
to the folding time of a given sequence. Sequence S0, for example, has the largest
total white area in Fig. 4.6, therefore has the longest folding time; sequence S1 and
S2 have the smallest total white areas, therefore have the shortest folding times.
Going from S1 to S6 sequentially, we see an increase in the total white area, which

can be related to the increase of the folding time displayed in Table 4.1.

4.3.8 The reptational folding pathway

The statistics in Fig. 4.6 show significant non-native neighboring bonds. There is
a possibility that these non-native hydrogen bonds reflect a process in a specific
folding pathway — the reptational folding pathway (Fig. 4.1D), as suggested by
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Wei and coworkers [29-31]. However, the significance of the statistics of these bonds
is necessary but not sufficient for the existence of the reptational folding pathway.
In such a pathway, a chain would form displaced BHBs where every monomer on
one strand binds the neighbor of the native counterpart as the first stage. Following
that, the binding moves to a closer neighbor of the native counterpart, and so on,

until finally reaches the native state.

To further clarify the possibility of this folding pathway, we concentrate on
quantifying the transition from a displaced (-hairpin, whose strands are shifted
by one residue in comparison with the native §-hairpin, to the native structure
(the final step of a possible reptation move). A restrictive definition of reptation
necessitates the disassociation of three BHBs, which are constantly formed before
the transition, followed by the immediate formation of 4 native BHBs in the next

step; such a transition has not been observed in our folding simulations.

Taking a less restrictive (and more realistic) definition, we monitor the simulated
trajectories that contain a three-BHBs to four-BHBs (native) transition, where the
transition period may contain other types of bindings. During the observation,
if the displaced [-hairpin unfolds and refolds back to a conformation with three
BHBs, we take the newly formed structure as the starting point of the observation

of a reptation event.

The time taken to make this transition, however, has to be relatively short,
shorter than a typical unfolding time of a near native structure — otherwise such
a three-BHBs to native transition would simply correspond to a misfold-unfold-
refold process, which is not characteristic of reptation. For this purpose, we have
independently computed the average unfolding time, Tyuo1q, based on 400 unfolding
simulations for each sequence. The last raw of Table 4.1 displays the average

unfolding time, for the 7 sequences considered in this chapter.

We have selected to observe two transition times, 1.5 X 10°MCS < 7p <
3.0 x 10*MCS, and 0 < 7 < 1.5 X 10*MC'S, and collected the statistics of fold-
ing events that contain a reptation-type transition. The percentages of folding
events that correspond to this less restrictive definition of reptational folding are
listed in Table 4.4. From the table, we can conclude that the reptation represents

a significant possibility for f-hairpin. We also see that the reptational pathway
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is more frequent in hydrophobic sequences (S1-S6) than in the non-hydrophobic
sequence S0. In hydrophobic sequences, the hydrophobic attraction provides addi-
tional force along the (-hairpin strands that promotes the next stage of a repta-

tional, anti-parallel crawl.

4.3.9 Limitation of the model

In this model, the hydrogen bonding in the middle section of the chain, where the
B-hairpin makes an anti-parallel turn, is erased. In real peptide systems, these
monomers (such as Pro and Aib) may have weak hydrogen-bonding propensities,
which are not identically zero. In our model, because the middle monomers do
not actively seek to form the f-turn by themselves, the formation of the S-hairpin
depends on the interactions between long-range monomers. This type of approxi-
mations can also be found in other models for the S-sheet [33,34,47]. The incor-
poration of some, probably weaker, middle-section hydrogen-bonding propensities
in the model may have a few impacts in the dynamics and even the native struc-
ture observed here. First, some unknown molten globular states could be stabilized
because of the participation of hydrogen bonding associated with these monomers
in these states. Second, the reptational folding pathway could be encouraged be-
cause the favorable hydrogen bonding in a shifted S-hairpin. Third, with a sizable
hydrogen-bonding propensity in the middle section, the native structure can be con-
verted to an a-helix [39,54]. The further inclusion of an effective, middle-section
hydrogen-bonding parameter in our model is beyond the scope of the current chap-

ter but discussed in the references [39,54].

4.4 Conclusion

The dynamic properties of simple 3-hairpins, where a hydrophobic pair has been
placed at various positions, have been thoroughly investigated by using a simple
protein model. Extensive Monte Carlo simulations have enabled us to observe the

characteristic transition times, binding probabilities and the free energy landscapes.
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We have found that the folding time is shorter in the sequences where the hy-
drophobic pair is placed closer to the B-turn. This result agrees well with the
theoretical prediction made by Munoz et al. [4,22] and the corresponding experi-
mental observation reported by Dyer et al. [18]. Four types of folding pathways,
zipping-out, middle-out, zipping-in, and reptation, dominate the folding scenario.
For a specific sequence, the former three may present with comparable probabili-
ties. The reptational folding pathway is less frequently observed in our model, but
significant in all sequences (Fig. 4.1). We also found that non-native hydrogen
bondings can not be completely ignored and contribute significantly to the molten
globular stage of folding, and are the physical mechanism that yields the reptational
folding pathway. The “dynamic” free energy landscape of the entire folding process
is similar to that of the equilibrium state. This justifies the use of the free energy

for the study of [-hairpin.
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Chapter 5

Conformational conversion of
proteins due to mutation:

hydrogen bonding effect

We investigate the mechanism of conformational conversion, specifi-
cally between an a-helix and a [-hairpin, due to sequence perturba-
tions mainly in non-hydrophobic sequence. The dynamics and thermo-
dynamics of the folding behavior were analyzed by the canonical and

multi-canonical type Monte Carlo simulation techniques, respectively.

5.1 Introduction

Perturbations such as mutation or environmental change can be tolerated by some
proteins and this is the key to the survival of biological stability from the evolution-
ary perspective [1]. In some cases, however, such perturbations to protein sequences
can destabilize the protein three-dimensional conformation and this mystifies the
researchers in the field. Cordes et al. [2] found that a two-residue mutation can
drastically transform the local secondary structures in peptides. Other examples of
conformational change include chaperone proteins that adopt different conforma-

tions related to interaction with their environment [3] and muscle acylphosphatase
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that converts to a different conformation in amyloid aggregation [4]. Grishin and
Kinch have systematically described various recurrently observed mechanisms of
conformational conversion in proteins [5]. Conformational misfolding caused by
minor or unimportant alteration in proteins or the environment is suspected to
lead to the formation of beta amyloids associated with neurodegenerative diseases,

including fatal prion diseases and Alzheimer disease [6,7].

The physical mechanism of conformational conversion in proteins has not been
well established. All-atom computer simulations, for example, are currently too
computationally expensive to address this issue as a whole even though these mod-
els have become increasingly powerful in addressing the detail description of the
equilibrium and short time scale properties of protein folding [8]. Most minimal
models have been designed to accommodate a pre-assumed target structure, hence
cannot be used to simultaneously model both a-helix and S-hairpin structures (see
structural sketch in Fig. 5.1), the commonly seen secondary structures affected in
conformational conversion. However, some simple polymer models have recently
been developed to handle the a-helix and S-hairpin structural duality [9,10]. For a
concise informative review of the recent development of simple models, see Kolinski
and Skolnick [11].

In this chapter, we present a full characterization of the conformational stabil-
ity of a simple protein model, based on our earlier unified potential model [10], to
study the a-helix and [-hairpin conformational dependence on protein sequences.
We show that the competition between the local hydrogen bonding (that prefers
a-helix) and non-local hydrogen bonding (that prefers S-hairpin) gives rise to a
conformational transition when the residues in the middle are affected by hypo-
thetical mutations. We also show that the efficiency of folding critically relies on

key residues along the sequence.

5.2 The Model and method

The polymer chain model consists of 13 monomers connected linearly by bonds

of fixed length I. The bond angle is fixed at 105° by utilizing a stiff harmonic
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potential [12]. No further torsional constraint involving three adjacent bonds is
imposed in this model which differs from others [9]. Non-neighboring monomers
along the backbone interact with each other in the form of an excluded volume of
diameter 1.2] and an effective potential representing hydrogen bonding [13]. The
effective diameter of the residue is slightly larger than the bond length and the
backbone residues lightly overlap each other. This excluded volume incorporates
the existence of a virtual oxygen O and a virtual hydrogen H which by themselves
do not have any excluded volume. The hydrogen bonding is defined between these

virtual residues, in particular for the ith monomer whose position is described by

75, an O; and H; were placed at the tips of the vectors Ff-o) and ’FZ(H), directed away
from 77;: .
A = (P = 7) + 061 (5.1)
2
A = S (i — 7)) — 0.607, (5.2)

where 7i; is the normal direction of the plane defined by the (¢ — 1)th, ith, and
(¢ + 1)th atoms. Except for the first and second nearest neighbors, every pair of O
and H interact with each other through a shifted Lennard-Jones potential,

Vor = 4e(I/(r + 1) —1°/(r +10)°) (5.3)

where ry = 216 x 1.2[ is the optimal bonding distance, and r is the OH distance.
The effective hydrogen bonding reaches its optimal energy —e as » = 0. This
hydrogen bonding depends significantly on the orientation of adjacent residues and
is the determinant factor for the stabilization of the secondary structures; other
minimal models have also demonstrated the importance of hydrogen bonding in a
similar fashion [14]. Some minimal models showed that secondary structures can be
attained without the explicit description of hydrogen bonding; rather, a torsional

angle potential was required for each type of secondary structure [15].

We apply perturbations on the strength of the hydrogen bonding interaction of
the 7th and 8th monomers. The strength of the hydrogen bonding interaction of
virtual atoms in the two nearest neighboring bonds of these monomers, with any
other virtual atoms along the chain, is set to nVpy. That is Equation 5.3 now takes
the form

Vi = dne(l)(r +19)" =1/ (r + 10)°). (5.4)
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The key parameter n determines the effective strength of hydrogen bonding of
these particularly specified monomers. By varying the parameter n, we can study
the stability of the three-dimensional native structures of the modelled chain. The
upper right corner of Fig. 5.1 shows the native a-helix structure, obtained by an
energy minimization procedure for n = 1; the lower left corner shows the native
(G-hairpin structure, for n = 0. The native state changes from a (-hairpin to an
a-helix at the conversion point 7. = 0.627 as 1 increases from 0. The native state
energy of a (-hairpin depends on n weakly as shown by the solid line in Fig. 5.1,
because the 7th and 8th monomers are not extensively involved in forming hydrogen
bonds in a [-hairpin conformation. On the other hand, the native energy of the

a-helix depends on the magnitude of 1 more significantly, as shown by the long
dashed line.

Physically, the optimal strength of a backbone hydrogen bond in different amino
acids does not vary widely [16]. Some amino acids, however, has significantly
different conformation than others and therefore they can promote or disrupt the
formation of hydrogen bonding in the secondary structures; for example, glycine
is very flexible while prolin is twisted and these residues often act as a breaker of
hydrogen bond network of an a-helix and (-strands. These residues often make
up a reverse turn of -sheets where backbone hydrogen bonds are missing [17]. To
incorporate these characteristics of amino acids into our model, we introduced n
to control the effective strength of the hydrogen bonds of key mutational residues.
The variation of n from 0 to a higher value can be regarded as coarse grained
mutation to the middle residues in a [-hairpin by different amino acids that has
higher tendency to form a hydrogen bond. As a result of the mutation, a native
a-helix conformation is obtained in our model. Therefore, this model provides an
opportunity for investigation of conformational instability due to a hypothetical

idealized mutation in a simple framework.

Next we analyze the foldability and its relationship with the mean folding time
for various 7. Klimov and Thirumalai argued that folding rates are related to the
underlying thermodynamic properties and they described several methods that can

be used to relate these kinetic and thermodynamic characteristics of a system [18].

The foldability parameter measures the closeness of the collapsing and folding
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n

Figure 5.1: The energies of the native (-hairpin at lower left corner and a-helix

at upper right corner conformations as a function of n. Large and small spheres
represent the backbone monomers and virtual atoms, respectively. The size of
backbone monomers is reduced for visual aid. Dotted line and solid line represent
the energies of the a-helix and (-hairpin conformations. Below 7. = 0.627, the

(G-hairpin is stable and above 7., the a-helix is stable.

temperatures and is defined by
o= [Ty —Ty|/T (5.5)

where T} is the collapsing temperature, above which coil configurations dominate
the polymer conformation, and 7% is the folding transition temperature, below
which the polymer reaches the native conformation. In the following we use a
reduced temperature T = kgT/e. Computationally, Ty can be determined from the
maximal peak of the reduced heat capacity Cy /kg = (((E/€)?)—(E/€)?)/T?; Ty can
be estimated from the temperature at which the variance of the structural overlap

function 8y = (x*(T)) — (x(T))? is maximum, where y measures the fraction of the
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number of the residue pairs that are closer than a conditional distance. In general,
a small ¢ implies that a sequence folds into a native state as it collapses from a
denatured state, without stable intermediate states that prevent the formation of
the native bonds. A large ¢ indicates the presence of stable intermediate states or

another competing native state.

This measurement is useful for comparing the systems whose native confor-
mations are nearly identical but some of their residue types are different. These
systems have nearly the same contact order [19], which measures the locality and
non-locality of the native bonding and is consider to be a reasonable characteristic
measurement of folding properties. When the systems are perturbed by the muta-
tion and o in these systems changes, the change is closely related to the alteration
of the folding mechanism and o is considered to be a good measurement connecting
kinetic and thermodynamics of the system examined here. One must be cautious
to apply this measure on more complicated systems. For example, a protein of
completely different conformation composed of different secondary structures has
a different folding mechanism that can not be sufficiently characterized by a sim-
ple foldability index. If the folding mechanism is very different, ¢ can not reflect
the complexities of the folding mechanisms of proteins, whose conformations and
chemical compositions are vastly different. For example Millet et al. [20] argued
that a variant of the foldability index that is defined as a function of the concentra-
tions of denaturant instead of a function of temperatures does not correlate with
the folding timescale of five small proteins whose native conformations and size are

significantly different.

Computational results for the thermodynamics were obtained from an improved
multi-canonical algorithm, in which the weights determined in the weight-determination
runs [21] were directly used for thermodynamic-property computation according

to the weighted histogram analysis [22].

5.3 Results and discussion

As shown in Fig. 5.2a, the (-hairpin conformation is relatively robust with respect

to sequence variations within a certain small range of o. ¢ increases as 7 is increased
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from 0.0 to 7., indicating less stability as n approaches the conversion value 7.
Local interactions that prefer to settle into structural domains typical to a-helix
start to cause frustrations for the non-local bonding in  hairpin. Near n. =
0.627 where a [-hairpin and a-helix yield approximately the same energy —3.95¢,
two competing iso-energy native states complicate the folding pathways. (See Fig.
5.2A). Going beyond 7., o decreases rapidly as the tendency to form local hydrogen

bonds increases.

In order to confirm this physical picture, we have directly conducted dynamic
folding MC simulations, performed at a relatively low T where the configurations
are stable in comparison with the native structures. We measured the first-passage
time tg at a temperature slightly above Tf, below which the simulations tend to
be trapped in local minima. A structure was considered to reach the native state
when all native OH pairs have formed. The mean folding time weakly depends
on the selected temperature used in the folding simulations [23] and a different
choice of T' in the range [Tf, T@] does not significantly affect the order of magnitude
estimate of (tg4) presented in Fig. 5.2B. For each data point shown in Fig. 5.2B,
80 folding simulations were performed separately from different denatured initial

conditions.

The overall qualitative shapes of the two plots in Fig. 5.2 are similar and o
indeed is a useful indicator for the folding timescale; a smaller ¢ implies a faster
folding and vice versa. A notable feature of Fig. 5.2B is that at low 7, a (-
hairpin folds approximately 15 times more slowly than an a-helix of the same
polymer length. This finding agrees with previous experimental and theoretical
conclusions that the folding of a -hairpin is considerably slower than that of an
a-helix of similar peptide length [24]. It is known that the helical formation is
driven mainly by local contacts and opposed by conformational entropy that arises
from the formation of correct consecutive backbone structure. On the contrary the
formation of a S-hairpin requires multiple local and nonlocal hydrogen bonding that
includes the formation of the turn and the bonding across the two (3 stands. As will
be demonstrated elsewhere, we found that the folding exponent \ in (tg.) o< N*,
where N is the number of residues, is much greater in the (-hairpin formation

in comparison with that in the a-helix formation [26]. This finding qualitatively
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agrees with the result obtained by Cieplak and coworkers who have been extensively

investigating scaling in realistic conformations in simple models [27].

The folding properties and landscape can be further examined by thermody-
namic quantities such as the heat capacity, radius of gyration, bond formation rate
as well as the order-parameter-dependent free energy F'. The heat capacity C,/kp
as a function of T for three 1 values shows that the characteristic transitions arise
differently in Fig. 5.3. At n = 0, C,/kp has a large sharp peak around T =0.1.
The shape of the C,/kp line indicates that the collapsing and folding arise almost
simultaneously. For n = 7., C,/kp has two moderately elevated peaks with a broad
skirt spanning wider T due to a complex folding mechanism arising at different
Ts. For n = 1, the overall shape of the C,/kp is similar to that of n = 0 but is
shifted to higher T and its skirt becomes wider. The plot of the radius of gyration
of the systems (Fig. 5.4) shows the characteristic volume change in the chain is
also different in these systems. For the system with n = 0, the chain collapses into
a compact conformation with some 3-hairpin contents around 7' = 0.1 and then
expanded its strands to reach the native (-hairpin. For the system with n = 7.,
the radius of gyration settle around 1.45[, but the radius gyration, in this case fails
to reveal accurate conformational compositions at lower temperature as we will see
more clear pictures in the free energy plots of the same system. For the system
with n = 1.0, the chain gradually reaches to a-helix conformation as its volume con-
tinuously decreases. In Fig. 5.5 the bond formation rates of right handed helical
hydrogen bonds and S-hairpin hydrogen bonding describe similar physical pictures
described above for each n = 0 and 1. For n = 7, the bond formation rates imply

there exists a complicated mix of S-hairpin and a-helical conformations at lower 7.

For the free energy, we define an order parameter x that characterizes the con-

formational similarity to two reference states, and it is defined as
z = (D’ — D)/ Dy

where D, is a normalization factor and D? and D® are the root-mean-square-
deviation distances between a conformation of interest and the ideal -hairpin and
a-helix, respectively. The root-mean-square-deviation distance is the measure of

the conformational deviation between two conformations that are optimally aligned
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with each other. This order parameter x is normalized and yields approximately 1
and —1 for an ideal a-helix and S-hairpin respectively, and it is close to 0 when a
conformation substantially differs from both an a-helix or a (-hairpin. Using this

order parameter we can calculate the reduced free energy
F(z,T)/kT = A — kgTnQ(x,T)

where Q(z, T) is the the histogram distribution at 2, 7. A is a constant for the base
line of the reduced free energy to become zero. Figure 5.6 shows the reduce free
energy F(z,T)/kpT as a function of z for various 7. For = 0 (Fig. 5.6A) and
n =1 (Fig. 5.6C), as T is lowered, F(x,T) shows the development of a minimum
around x = —1 and = = 1, respectively. The descend to the minimum experiences
small rugged areas, but on average the slope is directing the system to the native
states.

The short folding time and low ¢ in the low 7 (0.0 to 0.3) and high 7 (0.8-1.0)
regimes reflect the fact that both a -hairpin and an a-helix are frequently appear-
ing, relatively stable conformations of protein with respect to sequence variations.
These conformations are highly designable by nature, and survived the evolution
process [28]. The initial rapid raising of ¢ in 1 (form 0 to 0.2) also indicates that
a (-hairpin turn is somewhat sensitive to sequence variations; only limited num-
bers of types of amino acids (for example, glycins and prolines) can form a (-turn
easily. In contrast, the minuscule change of ¢ and its persistently small value in
the regime from 0.8 to 1 suggest that an a-helix is generally more stable and less
sensitive to sequence variations, which is consistent with experimental observations

by Balaram’s group [29].
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Figure 5.2: (A) The foldability parameter o and (B) the mean first passage folding
time (fg,5) versus 1. o was calculated by using an analysis of the thermodynamic
properties and (tg,s) was calculated by direct folding simulations. Eighty folding
simulations were performed at a selected temperature for each data point. These
temperatures were: T = 0.095 for n = 0,0.1,0.2,0.4 and 0.5, T = 0.105 for n =
0.627, T = 0.115 for n = 0.7,0.8 and 0.9, and T = 0.135 for n = 1.0.
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Figure 5.3: The heat capacity. Solid, dash, and dotted lines correspond to the
system with n = 0, n = 7., and n = 1. Sequences with 7 close ton =1 or n =0
have relatively sharp peak heat capacity peak, and sequences with intermediate
value of n have more complex folding pathways that leads to multiple peaks in heat

capacity.

Figure 5.4: The radius of gyration: Solid, dash and dot lines denote the systems at
n=0,n=mn.and n=1.
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Native helical and beta bonds

Figure 5.5: The bond formation rates: Solid and dot lines denote the formation
rate of the native (-hairpin hydrogen bonds at n» = 0 and the formation rate of
a-helical hydrogen bonds at n = 1. For the system with 1 = 7., the formation rate
of both a-helical and native -hairpin hydrogen bonds are shown as marked with

the letter a,. and f3., respectively.
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Figure 5.6: Reduced free energy F(z, T) as a function of the order parameter x and
the reduced temperature 7" for (A) n = 0, (B) 7 = 1. = 0.627 and (C) n = 1. In
plot (A), dashed, dotted and solid lines correspond to T = 0.10, 0.08, and 0.015.
In plot (B) dashed, dotted, and solid lines correspond to T = 0.13, 0.10 and 0.02.
In plot (C) dashed, dotted, and solid lines correspond to T' = 0.13, 0.10 and 0.02.
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The folding of the [(-hairpin is critically dependent on the formation of the
hairpin turn near the middle of the polymer sequence, which can be identified as a
hot nucleation site in folding. For low 7, such a hot site exits, but for n < 7. near
7N this hot site is no longer dominating, thus prompting the long folding time in
this regime. At n = 7., both structures are relatively stable. F'(z, T) develops two
minima at x = +1 as the temperature is lowered. These two states are separated
by a partition barrier, which clearly identifies the two separate folding funnels. In
the vicinity of 17 = 7., the free energy landscape is similar to that in Fig. 5.6b; the
only difference is that one of the minima is lower. As the protein folds, it may take
the funnel to the metastable state. The proximity of 7., thus, corresponds to much
longer folding times. The sequences are highly frustrated due to the existence of
the uncertainty to fold into an a-helix or a f-hairpin. The low foldability of these
sequences implies that the sequences are more likely to be eliminated by evolution
— we observe proteins with the ability to make a-helix and (-sheet transition only

in rare systems.

So far our model presented in this chapter has been controlled by one parameter
only: n. By introducing the hydrophobic attraction into the system and shifting the
energy balance in a conformation, we also observe similar conformational conversion
discussed above. In a sequence with n = 0.7, for instance, the native conformation is
transformed into an a-helix from a 3-hairpin which has a hydrophobic pair near the
turn when the magnitude of hydrophobic force is increased and the energy balance
is shifted to favor the a-helix. It is also possible to transform the ground state
into a (-hairpin from an a-helix, which has a hydrophobic pair near the ends by
increasing the magnitude of the hydrophobic attraction. The (-hairpin in this case
becomes a native conformation. It is also observed that the native conformation
shifts from a (-hairpin to an a-helix by increasing the strength of the hydrophobic

attraction near the turn.

Similar conversions have been seen in experimental observation by Takahashi,
Mihara and coworkers [30]. They have found that hydrophobic defects would cause
the formation of helical aggregates and subsequently led to the formation of 3-sheet
structures, and they have suggested that the key mechanism of the a-f transition

is the conversion from local-monomer attractions that stabilize an a-helix to the
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non-local interactions that stabilize the 3-sheet conformation.

5.4 Conclusion

In summary, we have demonstrated a coarse-grained minimal model that is suitable
for studying the structural stability of the secondary structures in proteins, a-helices
and (-hairpins, and structural transformation between these two as the effective
strength of mutation in the sequence varies. The perturbative change onto the hot
site (the middle monomers) in the sequence drastically converts the entire structure
of the modelled protein. Our model offers a first step towards the understanding of
structural transformation due to mutation recently observed experimentally [2,30]
within the framework of the simple model. In the next chapter we will illustrate

conformational conversions in the presence of the hydrophobic interaction.
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Chapter 6

Conformational conversion
between the a-helix and S-hairpin

in proteins: hydrophobic effect

We investigate the conformational conversion between a 3 hairpin and
an a-helix conformation induced by the perturbation on hydrogen bonds
at the middle of the chains and by the insertion of hydrophobic pair at
various position using a reduced model. The conformational stability is
examined by the phase diagram maps and the transition mechanisms
are also studied by the heat capacity. These thermodynamic properties
were computed by Multicanonical Monte Carlo and wighted histogram
analysis method algorithms. The conformational phases are found to
depend on the strength of perturbation on the hydrogen bonds in the
middle and on the position of inserted hydrophobic pair. Kinetic acces-
sibility of a (8 hairpin and an a-helix conformation are also examined
in the systems where these two conformations have same the energies.
The (-hairpin is found to be more accessible in most of the system. The
detail conformational thermodynamic and kinetic analyses obtained by
the reduced model provide insights to the mechanism of the conforma-

tional interconversion between a [-hairpin and an a-helix.
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6.1 Introduction

Structural transitions in proteins that involves major conformational change can be
induced by varying the chemical or physical conditions in the system. As have been
observed experimentally, sometimes the transition can be caused by perturbative
variations in the chemical or physical conditions: the mutational replacement of a
few monomers or small changes in the environment surrounding the molecules [1—4].
Such conformational transitions in proteins are relatively rare but can be crucial to
their normal functions if they arise, and can be contrasted with the fact that most
proteins have relatively stable conformations. In general, the three dimensional
structural information of the protein is encoded in the primary sequence [5,6], and
the common belief is that various perturbations in proteins can be tolerated by
proteins and this tolerance is considered to be a key to the survival for the biologi-
cal stability from the evolutionary perspective; the native conformation must have
evolved and adjusted to overcome or accommodate various perturbations in chemi-
cal or physical conditions with only minor local conformational changes if any [7,8].
In other cases, however, such perturbations can reshape a global three-dimensional
conformation. In experiments, various types of mechanisms that cause the confor-

mational conversion in proteins [9,10] and peptides [11] have been observed.

One of the most drastic conformational conversion involves the transition be-
tween an a-helix domain and a 3-sheet domain found in natural and synthesized
sequences. In peptides, the conversion can be initiated by adjusting solvent con-
ditions such as pH [12,13], temperature [14], salt or organic concentration [13,15],
and oxidation-reduction reaction [16]. Such conformational conversion in other sys-
tems can be induced also by other factors directly associated with chain systems; a
change in the length of the polypeptide [22], a mutation replacement of residues in
the sequence [23-25], interchange of residues within a polypeptide [26]. It can be
also induced by the interaction of a chain with a solid substrate [27], and it can arise

in the normal folding process of a mainly -content dominant (-lactoglobulin [28].

The effort to advance the understanding of conformational diseases [29,30] has
been a major driving force of recent studies in the conformational conversions be-

tween a-helix and [(-sheet structures. A minor alteration in protein sequences or
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a change in the environment is suspected to be a mechanism that causes protein
misfolding leading to a conformational conversion resulting in irreversible amyloid
protofilaments [29,30]. The formation of amyloid protofilaments is linked to neu-
rodegenerative diseases, including fatal prion diseases such as bovine spongiform
encephalopathy, Creutzfeldt-Jakob disease, Kuru and Alzheimer’s disease. The
formation of ordered amyloids is observed in a wide range of systems; it can be
fatal while harmless in other cases [31]. The diversity in sequences of known
amyloid fibrils suggests that the amyloid fibril formation is not driven by the se-
quence specific side chain interactions, rather it should be driven by the sequence
non-specific backbone hydrogen bonding and hydrophobic interactions [31]. For
exploring the interconversion between an a-helix and (3-sheet and the formation of
amyloid fibrils from normal polypeptides, polyalanine chains provide unique simple
test systems because alanine residues have the highest propensity for the helix con-
formation [45-47] and yet polyalanine chains can form (-sheet conformations. This
observation suggests that the environment such as a solvent significantly influences
on the conformation of the system. In experiments, for example, the intercon-
version of polyalanine chain induced by the implicit solvent effect was observed
by using circular dichroism, Fourier-transform infrared spectroscopy and reversed

phase liquid chromatography [17,18].

In this work, we present an off-lattice protein model that can portrait the de-
pendence of the structures on the effective hydrogen-bonding formation propensity
or the hydrophobicity on a few key residues; depending on the values of these pa-
rameters, the overall native structure of the modelled peptide can form one of the
two ground states: an a-helix (Figs. 6.1-A1 and 6.1-A2) or a S-hairpin (Figs. 6.1-
B1 and 6.1-B2). We consider the impacts of the hydrogen bonding propensity of
the middle section of the chain systems (at the locations labelled by my, ms and
mg in Fig. 6.1) and the hydrophobicity of a residue pair (at the locations labelled
by n and 7 where n = 1,2,3,5 in Fig. 6.1), on stabilizing the native structure,
a-helix or [-hairpin, of the model. Three themes can be illustrated on the ther-
modynamics of the systems. The first theme is modifying the effective strength
of middle-section hydrogen bonding, which can be accomplished experimentally by

replacing the corresponding residues with de novo amino acid residues, tailored to
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control the ability for a residue to form the backbone hydrogen bonding or/and
varying the solvent quality toward the peptide [32]. The second is modifying
the hydrophobic interaction strength of a special pair of residues, which can be
accomplished experimentally by controlling the solvent condition directly [33, 34]
or by replacing them with another natural or synthesized residue pair of different
hydrophobicity, properly avoiding or minimizing any undesirable change in phys-
ical properties other than the hydrophobicity [35,36]. The third is on possible
conformational conversions initiated by temperature variation; we show that in a
few special regions of the interaction parameter space, i.e., for specially designed se-
quences, our model portraits a series of structural transitions: from coil (stable at a
denaturing temperature) to 3-hairpin (stable at an intermediate temperature) and
then from [-hairpin to a-helix (stable at a lower temperature). The preliminary
results of the first theme above were reported in [37]. In addition to these thermo-
dynamic pictures, we consider the kinetic accessibility of an a-helical to a S-hairpin

conformation when the two conformations have same energies in the systems.

To investigate the conformational conversion between a S-hairpin and an a-helix
which have totally different arrangement of the backbone hydrogen bonding, a suit-
able model must accommodate the a- and (-conformations solely based on a given
sequence. Many conventional simple models use conformational specific dihedral
angle potentials that impose steric bias toward an a- or a (J-conformation [52, 55]
and/or use Go type potentials that are based on predesigned native contact po-
tentials for a single reference conformation [38] and these models are not suitable
to explore conformational interconversions in proteins. All-atom models can in
principle define a native conformation based on its sequence and accommodate
multiple native conformations. Hence they are suitable to investigate conforma-
tional conversions [19,39-41] and can provide microscopic folding trajectories of
a small protein providing a unique perspective on detailed physical properties of
protein folding under various idealized environments. However, to thoroughly char-
acterize the thermodynamics and kinetics and explore the various of perturbative
effects such as mutation and change in a solvent conditions, the complexity of
all-atom models is still computationally too demanding, particularly in the time

scale involved in the conformational conversion or aggregation, which can be sub-
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D13

Figure 6.1: Two typical native conformations for the 13mer and 14mer models
considered in this work. For this figure, we have considered the results from a
global energy minimization of the model for n = 0 (left two plots) and n = 1
for the sequences D13S0 and T14S0 (see Table 6.1 for definition). Large gray
monomers represent a-carbons, small white spheres virtual oxygen atoms, and small
black spheres virtual hydrogen atoms. In the 13mer model, the a-helix is a stable
structure when all monomers interact with each other through a hydrogen-bonding
interaction; after the two middle monomers (labelled m, and ms) being replaced by
G-turn formers, the displayed (-hairpin is stabilized. Such a mutational replacement
of monomers is realized in our model by changing the mutation parameter n from
1 to 0.
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stantially larger than the time scale commonly observed in normal protein folding
process. To overcome the difficulty of the long time scale, several intermediate
resolution models are developed along with efficient computational techniques and
are applied to describe the interconversion phenomena. All of these models no-
tably incorporate the hydrogen bonding potential explicitly, which is the essential
physical parameter for the conformational interconversion of between helical and
(-sheet conformations [20,21,37,42]. A reduced model, such as our current model,
constructed from a judicious parameterization of essential physical features, can be
used to characterize the generic properties the conformational conversion in pro-
teins. The advantages of reduced models lie in their ability to rapidly accumulate
meaningful statistics on folding pathways, thermodynamics and dynamics, and in

ease of controlling the most physically relevant parameters of the systems [43,44].

On the conformational interconversion, a number of computer simulations have
been performed on polyalanine chain systems [19-21] because polyalanine provides
a simple test system that display the conformational conversion between a- and
beta-conformations [17,18]. Levy et al. [19] calculated the free energy landscapes
of polyalanine in vacuum, representing a hydrophobic medium, and in an aqueous
hydrophilic solution in an all-atom model with molecular dynamics — large confor-
mational spaces were surveyed at higher temperature and then the conformational
areas of interest were sampled at physiologically feasible temperatures. They found
that an a-helical and (-hairpin conformations with some coils are more stable in
non-polar and polar solutions, respectively. Ding et al. [20] examined the conforma-
tional interconversion between an a-helix and a (-hairpin for a 16mer polyalanine
chain and for a sequence having hydrophobic and polar interactions using an in-
termediate resolution model with an efficient discrete molecular dynamics method.
Performing ten simulations at various temperatures, they observed that intermedi-
ate [-hairpin conformations arise in a system where the a-helix is the true native
state and a stable conformation in the system depends on the simulating tempera-
ture. They also argued that weakening the relative sidechain interactions, simulat-
ing environment changes induced by the solvent quality, may lead to a (-hairpin
intermediate and the stronger hydrophobic interaction tends to drive the chain into

a compact globular state. Nguyen et al. [21] have investigated the thermodynamic
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properties of a polyalanine chain for various temperatures and for various effective
strengths of hydrophobic interactions using an intermediate resolution model with
a discrete molecular dynamics algorithm. They found that the environmental fac-
tor has a significant impact on the stability of various structures such as o and

(-conformations at various temperatures.

Other peptide chain systems such as prion proteins that undergo the conforma-
tional interconversion are also investigated in computational studies. Daidone et
al. [40] investigated the interconversion in a prion system — the spontaneous tran-
sition to the S-hairpin conformations of the Syrian hamster PrP peptide H1 and of
the A (12-28) fragment without change in environments or any mutational effect
by using long timescale MD simulations in an all-atom model with explicit water
and they suggested that the system undergoes the spontaneous interconversion be-
cause the system is highly frustrated and contains the hydrophobic residues that
are susceptible to further intermolecular aggregation. Ikeda et al. [41] performed
multicanonical molecular dynamics on an all-atom model of a sequence in the yeast
MAT 2/MCM1/DNA complex, known as the chameleon sequence, that folds into
an a-helix or a [-hairpin depending on the surrounding and they observed such
conformational conversions in their simulations. Malolepsza et al. [48] have simu-
lated possible conformational autocatalysis propagation of 3-sheet structures as a
protocol for amyloid formation using a reduced, high resolution continuous model
through the replica exchange Monte Carlo sampling method. Hoang et al. [49]
investigated a simple tube model emphasizing geometry and symmetry imposed
by the hydrogen bond steric effect and hydrophobic attraction, which explored the
phase diagram of the system in terms of geometric parameters and solvent me-
diated energies. They found that the compactness and directionality induced by
the hydrogen bonding are found to be the key determinant factors for the confor-
mations. Our group [42] has demonstrated helix/g-hairpin interconversions in the
presence of the hydrophobic attractive wall by using canonical and multicanonical
Monte Carlo algorithms using the model similar to the current model Peng and
Hansmann also investigated similar conformational interconversion in the presence

of another (3-sheet structure by using an all-atom model and multicanonical Monte
Carlo method [39].
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In this chapter we investigate the conformational conversions of the simple sys-
tems that can form [-hairpin and a-helical conformations depending on the ef-
fective strength of hydrogen bonding 1 and the position of hydrophobic pair and
reduced temperature. We examine the phase compositions of the systems and ex-
plore implications to possible conformational conversions in proteins. To consider
the underlining physical mechanism behind the phase diagram, we examine the
heat capacity and, further, the free energy maps are used to unearth the more de-
tail phase compositions that cannot be captured by the phase diagram maps, and
they show complex phase conformations, mostly either [-hairpin or a-helix and
few others at a conversion point 7. where a [-hairpin and an a-helix have same
energies. In addition, the folding rate to a 3- or a -conformation from a random
coil is examined by using canonical Monte Carlo algorithm for the systems with
1. where - and a-conformations have same energies. The transition rate from
the (-hairpin to an a-helix and from the a-helix to a [-hairpin is also examined.
We found that theses dynamic results agree with the physical pictures obtained by

thermodynamic analysis.

6.2 The model

The reduced model used in this chapter is an extension of a previous off-lattice
model, capable of describing both a-helix and -sheet structures, proposed by our
group [42,50,51]. The advantage of this built-in duality is particularly important,
which allowed us to study the physical properties of structural conversion between
these two native structures [37,42]. The preliminary report in Chapter 5 [37] on
the study of structural conversion have shown that the conformational propensity
to a-helix and (-hairpin conformations depends on the effective strength of the
hydrogen bonding in the middle of the chain, which is controlled by the parameter
1. The dynamic and thermodynamic properties are also shown to be modified by
n. We extend the previous chapter to include the hydrophobic interaction and
also examine the impact of the size of mutations by studying the triple mutant
chains in addition to double mutant chains in this work. The sequence we examine

here is listed in Table 6.1 where residue types P, H and B represent for a polar,
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hydrophobic and S-turn former (perturbed residue) — these residue type specific
interactions are explained below. In this chapter, we mainly focus on two model
sequences, one consisting of 13 monomers, and the other of 14 monomers and the
sequences we examine is listed in Table 6.1. the D13 sequence consists of two
middle residues, whose adjacent hydrogen bonding strength are controlled by 7,
and similarly the T14 sequence consists of the three middle residues. The sequence
without a hydrophobic pair is named as D13S0 and T14S0. The hydrophobic
sequence, whose hydrophobic pair is located at (2,2), (3,3), (5,5) for 13mer is
named as D13S2, D13S3, and D13S5 respectively, and at (1, 1), (3,3), (5,5) for the
14mer named as T14S1, T14S3, and T14S5 respectively (Table 6.1).

A reduced peptide chain system is governed by bonded and non-bonded poten-
tial interactions. The monomers along the chain are linearly connected by bonds
of fixed length [, and non-terminal monomers are allowed to rotate about the axis
connecting the two adjacent monomers. Each bond angle is controlled by a stiff
harmonic potential energy

Vg = ko/2(0 — 0y)?

where kg = 20¢/(rad)? where ¢ is the effective strength of a hydrogen bond in units
of energy in this model and 6y is 1.833 rad (105°). Many other reduced models,
based on residue-level approximations, contain conformational specific potentials
and/or an additional potential energy that deal with a preferred torsional angle
formed by the three consecutive bonds, relating four consecutive residues; such an
energy is usually proposed to assist the model in driving the local bond arrangement
to form one of the two typical secondary structures, either a-helix or [-strand
conformation [52-58]. The model does not adopt this type of torsional energy
in order to efficiently encompass the conformational conversion between an a-helix
and a [-hairpin. In our model the final torsional angles formed in a native structure
follow directly from a combination of directionally biased hydrogen-bonding type
potential energies between monomers [59] as formulated below. The formation of
an a-helix, # hairpin, or combined configurations, for example, is the result of the

hydrogen bonding between local and non-local monomers [37,51].

In addition to the bond-angle potential energy, three types of non-bounded

interactions are invoked between any pair of monomers along the chain. First, any
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two monomers interact with each other through an excluded volume, characterized
by a monomer diameter of 6//5. This diameter is somewhat greater than the
bond length [ and reflects the geometry of the resulting a-helix, to match that
of real systems [51]. As exceptions, a hydrophobic residue interact with another
hydrophobic one through a hydrophobic interaction defined below and two nearest-
neighbor residues are not subject to this excluded-volume interaction since these
residues are already constrained by the bond-angle potentials. Second, any two
monomers can interact through an effective hydrogen bonding, generated by the
interaction between a virtual oxygen (O) and hydrogen (H), separately associated

with each of the two monomers. In particular, for the 7th monomer that is described

by the position vector 7;, an O; and a H; were placed at the tips of the vectors Fl(O)
and 77§H) respectively, directed away from 77;:
1

R = S(Fin = ) + 3015 (6.1)

_H) 2, . .

= g(TiH —73) — 3Cul/51; (6.2)
where 77; is the normal direction of the plane defined by the (i — 1)th, ith, and (i 4+
1)th monomers and expressed as 7;= (7% —75_1) X (7, —73) /| (75 = 75-1) X (T, —75)|.

The coefficients, (o = 1.3 and (g = 0.7, are chirality factors, introduced to mimic
the specific chirality of a right handed a-helix in real systems. These chirality
biases were explicitly used in a similar intermediate resolution model [60]. Except
for the first and second nearest-neighbors, a pair of a virtual oxygen and hydrogen
associated with unperturbed residue types, hydrophobic H and polar P, interact
with each other through a shifted Lennard-Jones potential,

Vor = 4e [(l/(r + T0)>12 —(l/(r+ 7"0))6] (6.3)

and where 1y = 2!/6x5[/6 is the optimal bonding distance, and r is the OH distance.
Any pair of a virtual oxygen and hydrogen associated with the perturbed residue

type, S-turn former B, interacts with any type of a residue through a potential,

Vo = 4ne [(1/(r +10))"* = (1 (r +10))°] . (6.4)

An effective hydrogen bonding is reached as r = 0, that allows the two involved

monomers to acquire a bonding energy Vou = —e or V3, = —ne (for n # 0)
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depending on types of residues involved. Previous models based on a similar pa-
rameterization have been used to study the dependence of structural stability and
folding dynamics of a-helices and (-hairpins, on chain length, temperature (kg7 '/€),
and the effective hydrogen bond strength of the middle residues [37,42,51]. One
of the two strands is longer than the other by one residue because the directional-
ity of the hydrogen bonding for the ith residue is defined by the (i — 1)th residue
therefore an additional residue is attached to define the directionality for the first

active residue.

Third, in our model, a pair of hydrophobic monomers can interact through an

effective hydrophobic interaction. We use a simple Lennard-Jones parameterization,
Vi = 4ey[(61/5r) — (61/5r)°] (6.5)

where e = 0.7¢ represents the effective strength of a hydrophobic potential, and r is
the distance between the two interacting monomers. Irbéack and coworkers [61] have
investigated the effect of relative strength of hydrophobic and hydrogen attractions,
eg/€ in a similar approach; for comparison, they have used a similar directionally
biased potential designed for a-helical bundles and gave example results for the
case of ey = 0.78¢. By using a similar model to that described in this section, we
have recently examined the physical properties of 3 hairpins that contain a pair
of hydrophobic monomers placed on selective monomers, by varying ey from 0.3¢
to 1.2¢ (unpublished results). In the current work, the value ey = 0.7¢ is used to

investigate the impact of a hydrophobic pair on the a-3 conversion.

The middle segment of the peptide chain significantly influences its folding and
stability. Two factors can affect on the middle section of systems discussed: one
is the mutational effect on the strength of the hydrogen bonding and another is
a hydrophobic pair. The strength of a backbone hydrogen bonding is difficult to
control without altering other physical properties that should be preserved. It
can be, however, altered by residue replacement using a natural and synthesized
amino acid or/and by modification on solvent condition [32] . Recently site-specific
amide-to-ester mutations were applied to perturb the backbone hydrogen bonds
at a specific site of various small proteins to control the strength of the backbone

hydrogen bonding, whose strength in natural amino acids does not significantly
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Sequence Residue type Ne

D13so | PPPPPPB B PPPPP 0.543
D13S2 | PPPPHP B B PHPPP 0.482
D13S3 | PPPHPP B B PPHPP 0.669
D13S5 | PHPPPP B B PPPPH 0.670
54321mimams12345
T1450 | PPPPPPB B BPPPPP |0.576
T14S51 | PPPPPHB B BHPPPP |0.563
T14S3 | PPPHPP B B BPPHPP |0.644

T14S5 | PHPPPP B B B PPPPH | 0.666

Table 6.1: The sequences: P, H and B stand for a polar, hydrophobic and (-turn
former (perturbed residue). 7, is a ) value at which a-helix and S-hairpin become

the same energy.

vary [62]. For example amide-to-ester mutations were used to examine the site
dependency of the backbone hydrogen bonding in a small three stranded (-sheet
protein of the PIN WW domain [63]. Some amino acids, also, have significantly
different side-chain conformation than others and they can promote or disrupt the
formation of backbone hydrogen bonding in the secondary structures. For example,
glycine, whose side chain is just a proton, can take a wide range of steric conforma-
tions, and proline is sterically constrained because of its unique ring structure and
its backbone hydrogen bonds that can not contribute to the G-sheet hydrogen bond
network [64]; these residues often disturb and break the hydrogen-bond network of
an a-helix and a (-sheet, and they frequently comprise a reverse turn of 3-sheets
where no intra-strand backbone hydrogen bonding is formed [34]. These direct and
indirect perturbative effects on the backbone hydrogen bonding can be reflected
in our model by effectively perturbing Voy for these residues. Schematically, the
residues at the (-turn, labelled my, my and ms, are shown in Fig. 6.1 without the
associated virtual O and H, and these perturbed residues are also present in the

helices of Fig. 6.1, but are not shown for clarity. The strength of hydrogen bonding
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of all O’s and H’s associated with the perturbed middle residues is controlled by the
parameter 17 — see Fig. reffigrmodel2, where small, dark (light) spheres representing
virtual O’s (H’s) are shown for other monomers. For n = 0, a 8-hairpin is the dom-
inant conformation, and as 7 increases, then the helical conformation, consisting of

consecutive local hydrogen bonding, becomes a more preferred conformation.

Hydrophobic interactions play significant role in proteins [62] and the position
of the hydrophobic pair crucially influences the stability of a system. We investigate
how the hydrophobic interaction modify the conformations in a simple system by
examining the change in phase diagrams. The hydrophobic pair placed on various
positions can stabilize the S-hairpin conformation differently as we will demonstrate
and also it can stabilize the a-helix content but it can also destabilize a-helix
content when the hydrophobic pair is placed at an unfavorable location for the a-
helical conformation. The middle residues can become the effective S-turn formers
or a part of a regular a-helix, depending on the value of n and the position of
the hydrophobic pair if it is present. For example for = 0 they become most
effective S-turn formers (helix breakers) and for n = 1 a regular helical segment.
For intermediate values they may participate in both conformations. As the value
of 1 changes from zero to one, the native conformation of the system switches from
a (-hairpin to an a-helix, and somewhere in the middle each system will go through
a conversion point for some 7 value where both (-hairpin and a-helix conformations
have the same energies. That value of 7 is called the conversion value denoted by 7.
and its value depends on the position of the hydrophobic pair because the position
of the hydrophobic pair shifts the energy balance of the S-hairpin and the a-helix.

The value of 7. is listed next to its corresponding sequence in Table 6.1.

6.3 Simulation method

The above model contains coarse-graining approximations to reduce atomic com-
plexities in all-atom models. Focusing on the essential features of proteins, we are
able to examine the most important structural properties and to investigate the

entire folding process with sufficient statistics generated by a computer simulation.

To obtain the thermodynamic properties with sufficient conformational sam-

ples, especially at low temperatures where the Metropolis Monte Carlo method [65]
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becomes increasingly inefficient, we computed trajectories according to a biased
weighting factor (in the so-called multicanonical scheme), which enables a system
to sample the energy space uniformly without being trapped in local minima [66].
The bias in the weighting scheme is then removed by the weighted histogram anal-
ysis method (WHAM) [67], which translates the physical observables measured
with the biased non-Boltzmann weight into those normalized by the Boltzmann
weight [67]. For the folding simulations, we have used a Boltzmann weight at a fixed
temperature and used a local rotational move on a randomly selected monomer.
The Metropolis Monte Carlo method was originally developed for calculating equi-
librium properties of physical systems; [65, 68| the generalization to describing a
stochastic processes of nonequilibrate system is also possible once a physically fea-
sible move is adopted [68-72]. For example, Kikuchi et al. [70] have directly shown
that MMC can be used to solve the Fokker-Planck equation, an approximation
to the the master equation for Markov processes and Rey et al. [71] have shown
that MMC can reproduce the folding mechanism obtained by Brownian dynam-
ics. Chubykalo et al. [72] have shown that MC time step can be converted to real
time steps in a magnetic system. As for local moves in the model, if the selected
monomer is terminal, which has only one neighboring monomer, the monomer was
rotated around the axis defined by the nearest and second nearest monomers. If
the selected monomer is not terminal, the monomer was rotated around the axis
connecting the two adjacent monomers. The rotational angle is a random number
selected from the range between —7/2 and /2, which leads to an acceptance rate of
approximately 20—30% [73]. A Monte Carlo step (MCS) in the simulation amounts
to 13 or 14 moves for a system containing 13 or 14 monomers. Whenever the con-
cept of time is discussed below, MCS is used as the basic units. The relationship
between the time measured here and the real physical time can be estimated up
to an undetermined constant factor. The dynamic folding rates are determined by
more than 23000 full folding events through canonical Monte Carlo simulations in
total.
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Figure 6.2: State diagrams for the eight sequences considered in this work. The
parameter space filled with a dark blue (or light yellow) color represents the regime
where a [ hairpin (or a-helix) is stable, as characterized by the structural order
parameter (z). The vertical side bar indicates the value of () in the state diagram,
varying from light yellow ({(z) = 1, a-helix), through purple ({(x) ~ 0, random
coil), to dark blue ({x) ~ —1, f-hairpin). The down triangles on top of each
diagram indicate the structural conversion point, whose values are listed in Table
6.1. The contour lines in pink, dark blue, and green, outline (z) = —0.5,0, and 0.5,

respectively.

6.4 Results and discussions

6.4.1 State diagrams

The physical properties, in particular the structural conformation of the current
model, are completely determined by parameters such as the number of monomers
N(= 13 or 14), reduced temperature T = kgT'/e where kg is the Boltzmann con-
stant, and the mutation parameter 7. For fixed N and T =0, depending on
the magnitude of the parameter 7, there could be two clearly identifiable native
conformations, a-helix and [-hairpin, in our model; to quantitatively describe the
coordinates of the monomers, two characteristic native structures have been sepa-
rately obtained, for 7 = 0 and 7 = 1 respectively, through an energy minimization
scheme on the systems and these two reference conformations are displayed in Fig.
6.1 for each chain length, N = 13 and 14.
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Figure 6.3: The state diagram for a non-hydrophobic sequence of 12 residues with

a single mutation.

To describe the “distance” or similarity between a given conformation and that
of a specific reference native conformation, one usually uses the root mean square
deviation between all involved coordinates of the two as a measure. The problem
at hand, however, requires to compare a given conformation with not one, but two
reference native conformations. For this purpose, we introduce an order parameter
x?

z = (D? — D*)/D, (6.6)

where DP (or D®) is the root mean square deviation of monomer distances between
a certain conformation and the reference coordinates in a [-hairpin (or a-helix).
Note that D? (or D?) is computed after minimizing itself for all possible relative
rotations and translations of the two conformations. Dy above is a normalization
factor. The order parameter x can properly handle the distinction between the
two target conformations; for a structure similar to a -hairpin, x — —1 and for a
structure similar to an a-helix, x — 1. Otherwise, if the considered conformation
is very different from both a-helix and [-hairpin, x approaches 0. For any point
in the parameter space, we consider (x) where angular brackets (...) represent the

thermodynamic average with respect to all conformations.

Using the averaged order parameter (r) as a measure, we can plot a state
diagram, displayed in Fig. 6.2, as a function of T and 7 for each sequence defined
in Table 6.1. In such a state diagram, the parameter regime of a particularly stable

conformation is measured by the color code, corresponding to the magnitude of
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(x) displayed on the side bar. Taking sequence D13S0 for example, at n = 0 a
(-hairpin is stable below T ~ 0.12, reflected by the deep blue color, which, by the
side bar, indicates that (x) is close to —1; for fixed T =0, the stability of phases
depends on the magnitude of n — a [-hairpin is stable below 7. =~ 0.4 and an a-
helix (represented by light yellow color) is stable beyond this 7.. The stable §-turn
regime is confined approximately in the regime 0 < 1 < 7, and 0 < T° < 0.12.
Between n = 0.4 and n = 0.57, () is close to zero. The free energy maps discussed
in the coming sections indicate that §-hairpin, a-helical and also some small portion

of non-specific conformations coexist in this regime.

Applying the backbone hydrogen bond and steric perturbation in the middle of
a designed helix, and changing the condition of the solvent, Awasthi et al. have
investigated the conformational interconversion between a well defined «/3; he-
lical and (-hairpin conformation. This conformational interconversion is possible
because the conformational propensity of the peptide chain is not so strong to ei-
ther a helix nor a #-hairpin and can adapt one of two conformations depending on
the solvent [32]. They showed that backbone hydrogen bonding can be perturbed
by changing the properties of the solution as well as introducing an ester-to-amide

replacement.

When a hydrophobic pair is introduced in the sequence (see sequences D13S3,
D13S5, and D13S7), the overall physical pictures of the existence of two separated
(B-hairpin and « helix regimes are not significantly changed, but we do observe some
changes. One of the major changes is that the stable regimes of [-hairpin and
a-helix shift in the space of temperature and 7. Since the anisotropic hydropho-
bic effect starts interacting at higher temperature than the directionally specific
hydrogen bonding interaction, the 3-hairpins become stable at higher T for all hy-
drophobic systems D13S2, D13S3 and D13S5. The position of the hydrophobic
pair in the sequence also affects the stability of the S-hairpin and also the a-helix.
The hydrophobic pair at any location enhances the overall S-hairpin contents and
this leads to the expanded (-hairpin regions shown in blue and dark blue in the
phase diagram of D13S2, D13S3 and D13S5. The hydrophobic pair, however, en-
hances a-hairpin contents only in D13S2 where the hydrophobic pair can form the

folding core of an a-helix conformation at the middle — this can be observed in
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the enlarged yellow region in D13S2. In D13S3 and D13S5, the hydrophobic pair
stabilizes 3-hairpin contents and consequently hinders the helical formation. This
leads to the dwindled domains of the a-helical conformation in the temperature
space seen for D13S3 and D13S5. In other words, the a-helix becomes stable only

at lower 7' in these systems.

The state diagrams for the 14mers (the second row of Fig. 6.2) share many
qualitatively common features of the 13mers; in particular there is close similarity
between the sequences whose hydrophobic pair is placed at a similar location. A
major difference from the 13mersis the expansion of the stable S-turn regime to a
higher value of 7 in the 14mers. This is because the number of perturbed hydrogen
bonds those with a hydrogen bonding strength of ne in the middle section is in-
creased to six from four, which leads to a major interruption of the helix in the core.
In the meantime, the energy of the native (-hairpin is kept almost the same. In
addition, the overall S-hairpin propensity in the 14mer model is slightly increased
because a proper J-turn can now be formed more easily with three residues in the
middle section, in comparison with two residues in the 13mers. Consequently, the
(-hairpin conformation becomes more stable in the 14mers, in comparison with
their counterpart 13mers. We have further tested the influence of the number of
the perturbed residues in the middle using a sequence of 12mers that contains only
a single perturbed residue in the middle (Fig. 6.3). Its phase diagram indicates a
more unstable #-hairpin conformation, that is, a smaller dark blue region, because
the the (-turn of one residue is unstable and a helix is not so seriously disturbed
as in the D13 and D14 systems. Note that the 12mer differs from the D13 and
T14 systems because the 12mer system has a ground state that does not belong

to either (- or a-conformation even at the lowest temperature for 0.25 < 7 < 0.38

(Fig. 6.3).

6.4.2 Biological interpretation of the state diagrams

What structural implications can we draw based on these state diagrams? Con-
sider a sequence whose native conformation is discordant to the conformation pre-

dicted from the residue secondary structure propensity. This sequence, under some
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perturbation, might seek to switch the conformation to one that is close to the
conformational propensity of the residues [1]. Given another sequence that has
no overwhelming preference for specific local backbone conformation at individual
residues, then an overall resulting conformation can be determined by balancing
between intrapeptide and solvent-peptide hydrogen bonds [32]. In the current sys-
tems, the stability of various conformations is determined by the effective strength
of the backbone hydrogen bond 7, the position of the hydrophobic pair and the
number of perturbed residues in the middle, and temperature. It is possible to
envision that the current model can be used to explore at least three types of

structural-conversion experiments.

First suppose that we sample a real peptide sequence that contains two mid-
dle monomers which do not carry strong backbone conformational propensity to
a specific secondary structure. An example of such a peptide is an octapeptide
containing -Aib-Gly- residues in the middle investigated by Awasthi et al. [32].
The overall native state of the peptide falls into the light yellow regime of a state
diagram and the stable structure is an a-helix. Now, if the two middle residues
have been replaced by residues that contain a weaker hydrogen-bonding propensity
(i.e., a sufficiently small 1), the native state of the peptide would fall in the deep
blue regime. Proline and a-amino isobutyric acid (Aib), for example, are known to
have less hydrogen-bonding propensity and to be g-turn formers as well. Hence,
the mutational replacement of the middle residues with different hydrogen-bonding
propensity can yield a structural conversion between an a-helix and a (-hairpin.
Indeed, in a recent experiment, Balaram’s group has demonstrated such a confor-
mational conversion [32]. The current model offers a simple modelling tool for the

theoretical study of these mutational experiments.

Second, the current model also predicts another possible structural conversion
scenario based on mutations. Take sequence D13S0 and select two middle monomers
that have an 7 value of 0.55. The native structure of the peptide would fall into the
light yellow regime of the state diagram in Fig. 6.2 at low T (a point approximately
at 7 = 0.55 and T = 0). The native structure is hence the a-helix. Instead of
mutational replacement of residues at the middle (m; and ms) to enforce a (-

turn, we can consider the replacement of one pair of residues, at positions that
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correspond to the native contact across the two proposed [-strands, by residues
with a stronger hydrophobicity [for instance, residues 3 and 3 (see Fig. 6.1)]. Such
a replacement would take a point at n = 0.55 and T ~ 0 in the state diagram Fig.
6.2 (D13S0) directly to the same point in the state diagram Fig. 6.2 (D13S5). As
can be observed in the figure, the latter point corresponds to a deep blue color,
so that the stable state is a (-hairpin. Hence, the enhancement of attraction on
residues native to a proposed S-hairpin by either mutating the residues with more
hydrophobic residues or amplifying the hydrophobicity of the residues with solvent
modification can cause a structural conversion between an a-helix and a S-hairpin
as well. The current model can be used as a tool to understand this provisional
theoretical interconversion. Such a structural conversion has not been observed so

far in experiments.

Finally, for a fixed sequence that contains a certain range of the hydrogen
strength parameter, the current model also predicts possible structural transition
induced by temperature change. An example of this can be seen for sequences
D13S3, D13S5, T14S3, and T14S5. Assume that one can design a sequence with
an interaction parameter 7 ~ 0.75. As the reduced temperature T is increased
from a low value to approximately 7" = 0.15, the current model predicts that the
structural state of this peptide undergoes a structural conversion from an a-helix
to a [-hairpin, through an intermediate regime where no definitive structure is
stable. Similar structural conversion between a- and f-conformations induced by
temperature change is observed in various peptide systems [14, 74-78] though the
interconversion between a helix and (-hairpin has yet to be observed because of

the difficulties in the experiments associated with a G-hairpin system.

In experiments, designing a specific peptide system that undergoes intercon-
version under controlled environmental parameters has paramount importance to
characterize the physical mechanism of conformational interconversion. It is desir-
able to have a residue that specifically affects the only physical property that one
likes to examine without disturbing the other physical quantities of the system. For
this goal, the twenty natural amino acids provide only limited physical variation
and non-standard amino acids provide far more wider tools to manipulate the prop-

erties of targeted physical quantities without undesirable side effects. For example,
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Figure 6.4: Heat capacity maps for the 8 protein sequences considered in this work.
The vertical side bar on the right side indicates the value of the reduced heat

capacity C, for every given 1 and T.

non-standard amino acids can endow a wide range of specific streochemical con-
strains and also flexible sidechain functionality [79-81]. In addition, the backbone
hydrogen bond strength can directly be controlled by ester-to-amid replacement
without affecting the steric and sidechain properties, which is not possible by using
natural amino acids. This technique was applied to investigate the role of the back-
bone hydrogen bonding in (-sheet of a segment of WW at various sites and they
found the degree of destabilization due to elimination of the backbone hydrogen
bond depends on the site [63], and in helices composed of depsipeptides, peptides
originated from natural antibacterials, it is found that a small backbone hydrogen
perturbation, caused by the replacement of an alanine by a lactic acid containing
an ester, can be tolerated with minor conformational adjustment [82,83]. With a
set of flexible non-standard amino acid, it is interesting to see a designed de novo
sequence that exhibits similar conformational phase diagram shown in this chapter
by controlling the solvent condition.

6.4.3 Heat capacity map

The state diagrams presented in Sect. 6.4.1, however, are not proper indicators of

the intensity of the state transition across the state boundaries. The location of the
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maximum in a heat-capacity curve, C,, as a function of T" for a fixed sequence, is
normally used to characterize the location of a major structural transition. Because
we are dealing with finite systems of size N here the variation of C, is smoother
and cannot be compared with that of a system undergoing a real phase transition.
Nevertheless, the intensity of the heat capacity peak indicates the nature of the
structural transition between two well-defined state regimes. In this work, the

reduced heat capacity, C,/kp, was computed based on energy fluctuations [84]
Colkp = Cy = (B/e)?) = (B/e))®)/T*. (6.7)

The heat capacity maps in Fig. 6.4 display a few characteristic features of the
structural transition in the system. First, the magnitude of the C, peaks tends to
be larger around 7 = 0 (or n = 1) where a (-hairpin (or a-helix) is much more
stable in comparison with the occurrence of the same structure in other sequences
that have 7 # 0 (or n # 1). This is reflected in the heat capacity maps by the
highlighted narrow string of regimes. The transition between the coil state, above
the highlighted curve, and the S-hairpin (or a-helix), below the highlighted curve,
as T is lowered for 7 = 0 (or n = 1), displays a more definitive structural transition
signature across the corresponding transition temperature. We have previously
focused on the coil - f-hairpin transition for a system with n =0 [50] and the coil

- a-helix transition for an model that is equivalent to n = 1 [85,86].

The coil - B-hairpin transition temperature remains nearly the same as that of
the n = 0 sequence. This is because the magnitude of the hydrogen bonding energy
of the g-turn formers marked with B in Table 6.1 does not influence the total poten-
tial energy of the native S-hairpin. In contrast, the coil - a-helix transition, where,
in the current model, the total potential energy of the native a-helix depends on
all those participating in hydrogen-bond formation — hence the hydrogen-bonding
propensity n of the middle monomers. This dependence yields the variation of the

coil - a-helix transition temperatures in 7 (Fig. 6.4).

Finally, for sequences D13S3, D13S5, T14S3 and T14S5 at n =~ 0.75, two per-
ceivable stages of transitions could be observed in Fig. 6.2, as T is lowered. The
transition from the §-content dominated regime in blue to the intermediate stage,

which occupies between the blue and green contour lines in the figure, is marked by
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a weak, broad yet perceivable peak in heat capacity in Fig. 6.4. On the other hand
there is no clear heat capacity peak in Fig. 6.4 for the conformational change from
this intermediate stage to the regime of complete a-helix conformation depicted in
the light yellow, which arises only at very low T. Hence this second conformational

change is smooth and cannot be clearly identified as a structural transition.

6.4.4 Free energy

To further analyze the conformation properties of a particular sequence for a fixed
n, we consider the free energy landscape F(T', ), a function of both 7" and order

parameter x. Computationally, the reduced free energy F/kgT is obtained by
F(T,z) = F(T,z)/kgT = A—InQT, x) (6.8)

where Q(T, z) is the histogram for occurrence of a given T with a 0.0027" increment
and z with a 0.03z increment, found in the computer simulation of a sequence with
a specified 7. A constant A has been introduced to set the base line of the free

energy zero, so that the reduced free energy is always positive.

Three characteristic values of 7 in the systems, n = 0, n = n. and n = 1, are
considered for all 13mers and also for all 14mers for comparison. As can be seen
in Fig. 6.2, at sufficiently low temperature, S-hairpin and a-helix conformations
are stable at 7 = 0 and 1, respectively, reflected by (z) = —1 (f-hairpin) and
(x) =1 (a-helix). Also at sufficiently low temperature, the average order parameter
(x) vanishes at n = n.. However, (x) = 0 is no indication of definitive structural
information and two scenarios may exist; this may imply that all the conformations
at this parameter point in the state diagram is very different from both a-helix
and [-sheet (hence x = 0) and this may also imply that there is a coexistence of
conformations corresponding to x ~ 1 and x ~ —1. By examining the free energy

as a function of x itself, we are able to characterize the system more unambiguously.

The reduced free energies are shown in Fig. 6.5 in a map form again, with
color contours imposed on top. A few interesting features can be seen in these
plots. First, for any n at a high temperature, say T = 0.25, the random coil

conformation, characterized by x & 0, occurs most frequently; both a-helix with
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Figure 6.5: Maps of free energy as a function of the reduced temperature 7' and
order parameter z for a fixed sequence. The first (fourth), second (fifth) and third
(sixth) rows correspond to the 13mers (14mers) considered in the current chapter
for n = 0, n. and 1, respectively. See Table 6.1 for the value of 7. used in these
plots. According to the side bars, dark areas correspond to low free energies and

light areas high free energies.
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x = 1 and S-hairpin with z = —1 are structures rarely present, as indicated by the

relatively high (light yellow) free energies.

Second, as the temperature is lowered, approaching the reduced temperature
approximately corresponding to the coil - a-helix or coil - S-hairpin transition,
characterized by the heat capacity peaks in Fig. 6.4, a wide range of conformations
become accessible to the system, indicated by the narrow range of color across
x at those transition temperatures. The system undergoes rapid fluctuations be-
tween all types of conformations at these temperatures, hence creates large energy

fluctuations or large C,.

Third, for systems corresponding to n = 0 (or n = 1), below T =~ 0.10, a deep
free energy minimum develops, located near x = —1 (or x = 1 for n = 1). The
system is dominated by conformations with structures close to the native S-hairpin
(or a-helix for n = 1). This observation based on the reduced free energy agrees

well with that based on the state diagrams specified by (x), in Fig. 6.2.

Fourth, at low temperatures for systems corresponding to 7. (second and fifth
rows in Fig. 6.5), the reduced free energies show double minima at = ~ 1 and
x =~ —1, separated by an energy barrier around x ~ 0. This is an indication that
at a low temperature such as T = 0.02 the intermediate regimes having (x) =~ 0,
shown in Fig. 6.2 between the a-helix and (-hairpin regimes, contain a mixing of
a-helix and (-sheet conformations. The comparable probabilities of the occurrence
of both a-helix and (-hairpin represent a frustration in the energy landscape — the
system cannot clearly choose which conformation should be the native structure.
The window for such a frustrated system is restricted to the vicinity of n. and is
small. Interactions in real proteins, between residues that produce an equivalent
effective 7. in our model, would rarely fall into this window in their normal condi-
tion. However, there are cases where two energy minima, one corresponding to a
normal a-content dominated PrP® and the other to a $-content dominated PrP5¢,
are believed to be the cause of conformational conversion in prion proteins [3,4,87].
There is also some evidence that some proteins are intrinsically unstructured by

design and hence a system of 7. may carry some advantage on its own [88].

The free energy maps for the 14mers are qualitatively similar to those of the

13 mers. There are, however, a few differences in the maps. First, at n = 0, the



Chapter 6. Conformational conversion I/ 162

lower free energy area expands toward the native (-conformation regime xr = —1.
This physical pictures are also observed in the state diagrams Fig. 6.2. Second, at
1 = 1., the B-conformation becomes more dominant than the a-conformation, and
consequently there is no free energy bridge connecting (- and a-conformations that

existed for in some 13mer systems (Fig. 6.2 n = 7. of 13mers and 14mers).

Frustration in a protein arises when the local propensity and the environmen-
tal condition does not match. If the local propensity overwhelmingly surpasses or
matches the environmental condition then the sequence folds into the structure gov-
erned by their propensity without frustration and it is called a well-behaved system.
If the environmental condition overwhelmingly surpasses the local propensity then
the local residues should settle to the conformation imposed by the environment
condition. If, however, the local propensity does not match the environment con-
dition, neither parts can overwhelm the other, then the system remains frustrated
and this systems is called an equivocal sequence. It is known that the secondary
structure of the well-behaved sequence is easily predicted in knowledge based pre-
diction algorithms [45,91-93], but often these algorithms fail on equivocal sequences
because they only explicitly consider the interaction between local amino acids close
in sequence but not global interactions. For a primary sequence to be a fast folder
and to have stable native conformation, it is advocated that the sequence must
satisfy the “principle of minimal frustration” [94-96]. A system which undergoes
the conformational interconversion is far from the minimally frustrated state. The
frustration in our systems can be increased or reduced by perturbation on the hy-
drogen bond strength and the hydrophobic interaction at various positions and the

present model is suitable to examine this type of a frustrated system.

6.4.5 Folding rate

When two conformations have same energies in systems, which correspond the
systems at 7., it is not clear which conformation is dominant. It became clear only
after the phase maps of these systems were drawn. The stability of the (-hairpin
and a-helix are not same in the systems at 7.. The stability depends on the presence

of the hydrophobic pair and its position, and also the number of mutated residues.
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Probability Sequence D13
(%) T | so S22 S3 S5
Py 0.09 | 58.7 72.0 88.0 86.7

0.10 | 48.0 68.3 87.0 80.8
0.11 | 44.2 63.3 87.3 73.0
0.12 | 39.7 59.8 83.5 68.7
0.13 | 42.8 64.3 88.7 61.3
0.14 | 44.0 64.8 82.3 59.5
0.15 | 47.3 78.0 73.7 53.0
P, 0.09 | 41.3 28.0 12.0 13.3
0.10 | 52.0 31.8 13.0 19.3
0.11 | 55.8 36.8 12.8 27.0
0.12 | 60.3 40.2 16.5 31.3
0.13 | 57.2 35.6 11.3 38.7
0.14 | 56.0 35.3 17.8 40.5
0.15 | 52.7 22.0 26.3 47.0

Table 6.2: The probability to reach the o or 8 conformation in D13: P, and Ps
denote the probability to reach the a or § conformation starting from a random

coil for the first time, respectively.
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Probability Sequence T14
(%) T | SO S1 S3 S5
Py 0.09 | 69.7 63.5 81.3 82.7

0.10 | 63.7 70.7 87.3 84.4
0.11 | 65.7 63.3 85.7 82.3
0.12 | 65.3 65.3 89.7 76.3
0.13 | 63.7 68.0 95.0 74.3
0.14 | 70.3 73.3 90.0 73.7
0.15 | 82.3 84.3 90.3 77.0
P, 0.09 | 30.3 36.5 18.7 17.3
0.10 | 36.3 29.3 12.7 15.6
0.11 | 34.3 36.7 14.3 17.7
0.12 | 34.7 34.7 10.3 23.7
0.13 | 36.3 32.0 5.0 25.7
0.14 | 29.7 26.7 10.0 26.3
0.15 | 17.7 15.7 9.7 23.0

Table 6.3: The probability to reach the o or 3 conformation in T14.
Figure 6.6: The schematic diagram of conformational transition from a random-coil

state to the a- or (-conformation.
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Now we like to determine which conformation is more kinetically accessible. If we
consider their energies only, either one of two ground state conformations can be
equally accessible. Considering these results, we expect that kinetic accessibility of

these two conformations depends on the position of the hydrophobic pair.

To study the kinetic accessibility of these two conformations, two types of folding
rates are examined One is the average folding probability and time from a random
conformation to the S-hairpin and the a-helix denoted by Ps and 75 and P, and 7,
respectively. Another is the average interconversion time from (-hairpin to a-helix
and from a-helix and S-hairpin denoted by 7,3 and 73_.,, respectively. The latter
is to calculate the transition time between two conformations explicitly since the
folding time 75 and 7, do not explicitly quantify the interconversion transition time
between the two conformations while the probability can quantify the time scale of

the relative interconversion time.

Folding rate from a random coil to a f-hairpin or an a-helix

Overall, in a non-hydrophobic chain D13S0, the folding rate to an a-helix is higher
than that of a S-hairpin and in other hydrophobic systems, the folding probability
to a [-hairpin is higher than in the non-hydrophobic system. This indicates a
significant shift in the kinetic folding rate in the presence of a hydrophobic pair.
Temperature dependency of the folding probability is complex and reflects the
entangled phase composition of the system at 7. shown in the state diagrams in

Fig. 6.2 and also in the free energy maps in the free energy maps in Fig. 6.5.

We now consider the folding rate in more details. For D13S0, the a-helix and 3-
hairpin is first reached in 60% and 40% of all cases, respectively, and this is similar
to the results which we have observed in the previous analysis on a similar non-
hydrophobic chain [37]. The a-helix is always reached first in this system except
at lower temperatures (Table 6.2). In D13S2, the [-hairpin is first reached more
frequently while P, is comparably large compared to other hydrophobic systems.
Its hydrophobic pair contributes to stabilize both a-helix and S-hairpin and also it
reduces the populations of intermediate conformations since few mixed conforma-

tional states are seen in the phase map of D13S2. This results in a shorter folding
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time 7, and 73 because the systems are not trapped in mixed non-specific compact
conformations. In D13S3 and D13S5, Pjs increased due to the hydrophobic pair
that contributes to lower the energy of the (-hairpin but not the a-helix. In more
than 80% of the cases, the S-hairpin is first reached in D13S3 and 68.7% in D13S5.
The domination of the [-hairpin is apparent from the phase map of D13S3 and
D13S5 (Fig. 6.2). The folding time for both conformations in D13S3 and D13S5
increase because there are more intermediate conformations that prevent the chain

to reach either the a-helix or the -hairpin.

In T14 systems, B-hairpin are more dominant in the systems for .. Py is larger
in all the T14 systems because of the increased number of the perturbed residues
in the middle that severally disrupt the helical bonds. In the T14 systems, the
B-hairpin is reached first in more than 65% of the cases and further the S-hairpin

is reached first in all temperatures.

In the current systems, the [(-hairpin is the more kinetically accessible con-
formation, whereas the previous study [42] showed that a $-hairpin conformation
is kinetically difficult to reach and conformations with helix contents are more
accessible. These differences arise because the perturbative mechanisms for the
conformational conversion in the two systems are different. In the current systems,
a-helical bonding was disrupted in the middle, which makes the propagation of the
helical conformation difficult. The hydrophobic interaction stabilizes the S-hairpin
and make it more accessible, but it does not stabilize the a-helix except for D1352
and T14S1, in which the hydrophobic interaction contributes stabilizing both of
the conformations. On the other hand, in the previous study [42], a S-hairpin was
induced by the interaction between the attractive wall and the chain system. Heli-
cal hydrogen bonds at the middle of the chain were not disturbed and consequently
helical conformations was more accessible, even when the true ground state was the
(B-hairpin attached to the wall.

Interconversion time between a (-hairpin and a-helix

In the previous section, we saw the probabilities that the system reaches either the

(- or a-conformation, and from this probabilities we expect that if Pj is higher
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Transition Time Sequence

(101 MCS) T S0 2 83 S5
D13 7,5 |0.12 580 347 814 1057
Tooa | 0.12|41.2 584 765.9 147.0
SO S1 S3 S5
T14 7,5 |0.12]53.0 346 55.7 93.9
Tsoa | 0.12|83.3 83.1 1263.9 359.2

Table 6.4: The average transition time between two conformations: 7,3 and 75,4
denote the average transition time from (-hairpin to a-helix and from a-helix to

(-hairpin, respectively.

7~

———~

“.

Figure 6.7: The transition between an a-helix and a §-hairpin.

than P, then 7,3 should be shorter than 73_,, because the higher Pj indicates
that the (-hairpin is reached faster than the a-helix. The transition rates in Table
6.4 qualitatively agree with the relative transition time scale that can be deduced

from the corresponding probabilities in Table 6.2 and 6.3.

In D13S0, 73_.4 is shorter than 7, and this reflects that P, is larger than Ps
— an a-helix is a more easily accessible conformation than a -hairpin at 7' = 0.12.
In D135S2, 13-, is slightly longer than 7,—.3. In D13S3 and D13S5, however, 7,3
is much shorter than 73_,, which agrees with the expected interconversion rate
implied by the fact that Pz is substantially larger than F,. In T14 systems, a
[B-hairpin becomes more stable due to the ease of formation of the turn because of
less angle potential constrain in the turn section, and an a-helix is more perturbed
in the helical hydrogen bonding. 7, is shorter in most systems and 73_.,, becomes

longer than that of the D13 systems. The dependence in the transition time on the
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position of a hydrophobic pair is similar to the D13 systems. The results for the
interconversion are in good agreement with the physical picture we obtained from

the phase diagram maps, free energy maps, folding time and folding probability.

Inspecting these results more closely, we see that the interconversion rate be-
tween a (-hairpin and an a-helix is influenced by mainly three factors. First, the
stability of the starting native conformation — the chain can be trapped around
the starting conformation. Second, intermediate conformations are more stable
than the two native conformations so that the chain is trapped in the intermediate
conformational basin. Third, the accessibility and stability of the target native
conformation. To see which factors are influencing the interconversion time, we
have also examined the dynamic free energy maps of the D13 systems (data not
shown) that are similar to the ones extensively used in chapter 4 on the -hairpin
folding. The transition time 73_, is large in D13S3 because the compact globular
conformation is highly stable and spends most of its time being trapped in these
conformations and fluctuating around without reaching the a-helix. On the other
hand in D13S5, 73_., is relatively large for different reasons: the chain fluctuates
around the conformations close to the -hairpin rather than being trapped in the
random conformations. As for the transition time 7,3, T,—g of the D13S3 and
D13S5 are larger than the D13S0 and D13S2 systems. This is partly because the
a-conformation is more stable because the values of 7 is larger in these systems

which results in stabilizing the helical conformation.

In Chapter 4, we found that in the hydrophobic system, a system whose hy-
drophobic pair is placed closer to the turn folds to a B-hairpin from a random coil
faster rate, and we observed similar trends in the folding rate 7,5 of the D13
and T14 systems. The folding rate was measured differently in Chapter 4 and this
chapter so the direct comparison of these folding rates is not simple, but the results
here suggest that the main folding mechanisms would not be completely altered
in the presence of perturbation in the middle of the chain, and the folding rate
is more influenced by the position of the hydrophobic pair. These folding rates
obtained in this section and the results obtained in Chapter 4 [50] show that con-
formational preference significantly change one over another owing to the position
of the hydrophobic pair and the number of the perturbed hydrogen bondings in the
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middle.

6.5 Conclusion

We have demonstrated that simple peptide systems can be designed to form a
B-hairpin and an a-helix depending on the strength of perturbation of the hydro-
gen bonds in the middle of the chains, depending on the position of a hydrophobic
pair and depending on reduced temperature. We illustrated by using the thermo-
dynamic phase maps that conformational conversions between a (-hairpin and an
a-helix can be induced by various changes in a system itself and/or by in its en-
vironmental conditions. These modelled systems provide unique physical insights
to the conformational conversion observed in experiments [32] and also in similar
conversions in various contexts, including protein folding, misfolding and confor-
mational switches. In addition we have investigated the kinetic folding rates from
a random coil to a [-hairpin or an a-helix in the systems with 7. where the -
hairpin and a-helix have same energies. We found that the folding probability to
a (-hairpin is higher in the most systems except in the 13mer non-hydrophobic
sequence. In addition the transition time from an a-helix to a (-hairpin is faster

than the transition time from a [-hairpin to an a-helix.
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Chapter 7

Conclusion

7.1 Summary

We have developed a simple protein model by improving a simple polymer model
that was designed for a helix conformation [1]. The current model can accommodate
the a- and [-conformations, and therefore the model can illustrate a wide range
of conformations in proteins such as helices, helix bundles, S-hairpins, (-sheets of
various sizes and also a combination of these conformations as a ground state of a

given sequence. These conformations were described in Chapter 3.

In Chapter 4, the folding mechanism of a §-hairpin was discussed. (3-sheet con-
formations in proteins are almost as abundant as a-helix conformations but the
experimental and theoretical studies on [-sheet conformations had not been per-
formed as intensely as these studies on a-helices until Munoz et al. [2] provided
the experimental folding kinetics for a f-hairpin system. Experiments cannot yet
characterize the microscopic folding mechanisms of #-hairpins, hence currently only
computer simulations can provide physical insights of the microscopic folding mech-
anisms. No simulation has exhaustively simulated the impact of the hydrophobic
pair in complete folding processes so far. We have investigated the folding mech-
anism of (-hairpins by the MC dynamics and found that the hydrophobic pair
significantly affect the folding mechanism, and also found that the folding time de-

pendence on the hydrophobic pair position agrees with experiments and theoretical
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prediction, but further experimental investigations are required to determine their

dependence conclusively.

In Chapter 5 and 6, we discussed the conformational conversion between a (-
hairpin and an a-helix conformation induced by the perturbation on the hydrogen
bonds at the middle of the chains and by the insertion of hydrophobic pair at a
various position. The phase diagrams showed that the conformational conversion is
possible by various perturbative effects such as the change in the effective hydrogen
bonding strength at the middle part of the chain, the change in the hydrophobic pair
location, the change in the temperature, and change in the number of the perturbed
residues in the middle. The closely related conformational change was observed by
Baralam’s group in their experiments [3]. Conformational conversions in proteins
discussed in thesis are considered to be closely related to the conformational diseases
such as Alzheimer’s and prion diseases for which currently no adequate treatment

has been developed [4].

The current model developed in the thesis can now explore biologically relevant
phenomena. It should be possible to improve the model by implementing some
additional factors into the model. First, weak, general dihedral potentials may
reduce the conformational space, and overall folding behavior of a system in the
model may improve. Reference independent dihedral potentials are often used in
medium and high resolution models. Second, introducing the variation in residue
diameters, reflecting the geometric steric constrain, may provide better packing and
hence stabilize native state while destabilize other nonnative conformations. Third,
a side chain can be also incorporated a monomer. This can be achieved either by
a virtual type (non-excluded volume by itself) or a normal residue type approach.
Fourth, Miyazawa-Jarnigan type potentials — knowledge based residue specific
contact interactions — make it possible to investigate residue specific mutational
effect. It is worth while to try to incorporate these factors into the model for
improvement. The design of a model is depends on physical and time scale of a
system that one is interested in therefore it is possible to adjust many parameters
to a desirable model for a given problem. Unfortunately, there is no reference that
covers the details of various peptide models and one often has to check its original

paper for a specific model.
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7.2 Future work

There are many phenomena that remain to be answered in protein folding and
biological processes. The current model, with some additions and modifications,

should be able to investigate the following problems.

1. Proteins interacting with a hydrophobic wall: An attractive wall was demon-
strated to induce the conversion from an a- to a [-conformation [5]. To
explore this process further we can simulate the conformational conversion
on the system discussed in Chapter 5 and 6 in the presence of an attractive
wall. This simulation should yield different phase diagram obtained in the

previous paper [5] and provide a further insight to the conversion mechanism.

2. Chaperon proteins: Some large chaperon molecular such as a GroEL-GroES
complex perform an annealing process that provides the environment for the
nascent protein chain to reconfigure misfolded configuration. How does the
chaperon identify the misfolded conformation? A misfolded conformation or
unfolded are recognize by their exposed hydrophobic areas [8] and the GroEL
cavity can change the properties of the inner wall between hydrophobic and
hydrophilic. When the inner wall becomes hydrophobic, a conformation ex-
posing the hydrophobic residue is captured by the wall of the chaperon, and
therefore misfolded /unfolded chains will stay in the chaperon as long as their
hydrophobic core is exposed to the surrounding. Once the hydrophobic core
is properly concealed and the chains have properly reached the native confor-
mation, they are released from the chaperon. To simulate this protein folding
process in a chaperon-like cage, we can turn on and off the hydrophobic at-
traction on the wall of a spherical cavity and see if this process helps misfolded
chain to reach the native conformation without being trapped in misfolded

states.

3. Chain aggregation and prion propagation: There are competing interactions
when more than one chain is present in a system; inter and intra chain in-
teractions. Aggregation in proteins is considered to be a key factor in the

amyloid formation [6]. The simple model that includes the chain stiffness
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and electrostatic interaction was used to attempt to explain images obtained
by the atomic force microscopy technique along with a polymer kinetic the-
ory [7]. Similar interaction between peptide chains is observed in prion pro-
teins. Prion proteins undergo the conformational conversion by autocatalytic
process but the conformational conversion can be induced by other infectious
form of prion proteins. To study this prion propagation [9], we can insert a
rigid seed like (-hairpin structure among a-helices and test if we can see the

propagation of the (-structure either intra or/and inter chain interaction.

Significant progress has been achieved in experimental and theoretical works of
protein folding in recent years. We hope simple models will continue to provide
valuable insights in many aspects of protein folding and also biological systems.
We believe that the models discussed here will find wider applications in proteins

and other peptide systems.
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