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We present an overview of the protein folding problem. We discuss difficulties associated with
this problem, its importance, the various approaches to its solution, and recent advances in the
field. We discuss two important aspects of protein folding properties: its folding thermodynamics
and kinetics. We also describe a popular protein folding scenario — folding via nucleation.

I. INTRODUCTION

Proteins [1-3] are among the most important building blocks of life (Fig. 1). They are responsible for many functions
in cell organization, reproduction, signal transduction, and cell death (apoptosis). Proteins carry out transport and
storage in living cells. Proteins inhibit or catalize chemical reactions. The most intriguing fact about proteins is that
their functions in living cells are determined by their three-dimensional structure.

Proteins are linear heteropolymers built by a combination of twenty amino acids (residues), joined by peptide
bonds (see Fig. 2). The linear polymer formed by amino acid residues linked by peptide bonds, H — (NH — C,HR; —
CO-),0H, is also called a polypeptide chain (R; denotes an amino acid). The number of amino acids in proteins
ranges from 40 to 3000.

Only the primary structure (sequence of amino acids) of proteins is encoded by DNA| i. e. only the primary structure
of proteins is genetically transfered by DNA. Thus, proteins must themselves find their unique native configuration
from the primary structure. However, if one takes a small protein of 100 residues and assumes that each residue can be
positioned, on average, 6 different ways relative to its chain neighbors!, then the number of possible three-dimensional
conformations of such a protein will be 619 x 6-1077. The vibrational mode of proteins is of the order of picoseconds,
so even if one takes 1 ps per conformation of a residue, the folding by random search will take 6 - 104 s, which is
roughly 2 - 10%® years. However, the folding time is of the order of miliseconds to seconds. This paradox was first
described by Levinthal in 1968 [4]. Therefore, there must be some conformational “information” stored in a sequence
of amino acids, which drives proteins to their native conformation. This information is a superposition of the quantum
mechanical properties of amino acids.

II. PROTEIN FOLDING PROBLEM

A simplified view of proteins is that they are molecules with specific three-dimensional structures of specific func-
tionalities that are determined by the one-dimensional sequences of amino acids. There are two principal questions
that arise from this view: (i) The “direct” folding problem: How can one predict the three-dimensional conformation
of a protein based on its sequence of amino acids? (ii) The “inverse” or design folding problem: How can one predict
a sequence of amino acids based on the three dimensional structure of the protein?

A. Inverse (design) protein folding problem

Experimental approaches to protein design have had only limited success, providing polypetides that could fold into
compact but mostly disordered conformations [5,6]. The bottleneck in the protein design problem is that the number
of sequences grows exponentially with the sequence length of the protein. For example, there are 20190 ~ 10130
possible 100 amino acid sequences. The fraction of sequences that fold into protein-like structures is negligible. Thus,
the probability that one will select, at random, a sequence that will fold into a protein-like structure is vanishingly
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low. Convincing success in the protein design problem may come from reliable theoretical approaches that make it
possible to find a sequence that folds to a unique stable native structure.

It has been pointed out [6] that experimental protein design is limited due to the poor corroboration of theory and
experiment. Recent success of Dahiyat and Mayo [7] in the design of a small protein is based on the synergism of
theory and experiment. This work demonstrates the importance of theoretical approaches in protein design. The
limitation of this work comes from the protein sequence length. Their approach requires complete enumeration of all
sequence candidates, which becomes exponentially difficult as sequence length increases. For example, Dahiyat and
Mayo [7] used a library of sequences of the size 1.9 x 10?7 for the target 28 amino acid BBa-motif, structurally similar
to the second zinc finger module of the DNA binding protein Zif268. The success of Dahiyat and Mayo [7] calls for
further refinements of the theoretical approaches to the design problem.

Because the number of possible sequences is enormous and the fraction of sequences which fold into a given struc-
ture [8] is negligibly small, the probability that one will find a sequence at random is also negligible. Even clever
experimental approaches, such as phage display [9], which bias experimental sequence searches towards targets, suffer
from technical limitations on the total number of sequences that can be surveyed.

Several design algorithms have been proposed (see e. g. [10,11] and also review [6]). A Monte Carlo algorithm [12,13]
seems to be the most advantageous [6] among all other algorithms since it converges to the canonical distribution and
its results can be understood from the statistical mechanics viewpoint [14-17]. Thus, the tools of statistical mechanics
become relevant to protein design.

B. Direct protein folding problem

The three-dimensional structure of globular proteins in cells is determined by their amino acid composition. Un-
derstanding the relevance of the interactions between amino acids to the folding process of a protein is a complex
task that has been the subject of a number of theoretical and experimental studies in the past few decades [2,18-32].
Many studies have been dedicated to identification of the dominant interactions between amino acids, i. e. forces that
drive a protein to the native state (NS) (see e. g. Refs. [27,33-35]).

The transition of short proteins from the unfolded to the folded state is accompanied by a drastic reduction of
entropy (see Fig. 3 and Fig. 1 in [24]). It was proposed that the folding transition for short proteins is analogous
to the nucleation process at a first order transition [19,20,23,24,32]. In this scenario, there is competition between
two minima of the free energy, the folded state with low energy and entropy and the unfolded state corresponding
to high energy and entropy. Levinthal pointed out that the time scale for a random search in the space of protein
configurations would be incompatible with biological folding times [4]. Specific scenarios, in which a fraction of the
contacts play an important role in reducing the time scales for folding, have been proposed by different authors
[19,20,23,24] and confirmed experimentally [36-38]. Thus, the determination of this set of contacts is a step towards
the solution of the direct protein folding problem.

C. Why it is hard to solve the protein folding problem

The vast dimensionality of the protein conformational space [4] makes the folding time too long to be reachable by
direct computational approaches [2,23,24]. While the folding of a real protein occurs on the time scale of 1ms - 1s,
the traditional molecular dynamics (MD) algorithms are able to resolve only the nanoscale time region. More realistic
MD, based on the quantum mechanical calculations of the states of all atoms, limit the study only to polypeptides of
five amino acids in length. However, the stability condition requires that the chain contains at least 20 amino acids,
since the stabilization energy is of the order of 0.1 kT per amino acid [34], where kpT is the average energy of the
environment.

Simplified models [14,18,19,21,25,26,34,39-41] became popular due to their ability to reach reasonable time scales
and to reproduce the basic thermodynamic and kinetic properties of real proteins [1,2,42]: (i) unique native state,
i. e. there should exist a single conformation with the lowest potential energy; () cooperative folding transition
(resembling first order transition); (iii) thermodynamical stability of the native state; (%) kinetic accessibility, i. e.
the native state should be reachable in a biologically reasonable time [28,41].

Monte Carlo (MC) simulations on lattices (see, e. g., [18,24,25,39] and references therein) appear to be useful
for studying theoretical aspects of protein folding. The Monte Carlo algorithm is based on a set of rules for the
transition from one conformation to another. These transitions are weighted by some transition matrix, which reflects
the phenomena under study. The simplicity of the algorithm and the significantly small conformational space of



the protein models (due to the lattice constraints) make MC on-lattice simulations a powerful tool for studying the
equilibrium dynamics of protein models.

However, lattice models impose strong constraints on the angles between the covalent bonds, thereby greatly
restricting the conformational space of the protein-like model. The additional drawback of this restriction lies in the
poor capability of these models to discern the geometrical properties of the proteins.

Time in MC algorithms is estimated as the average number of moves (over an ensemble of the folding = unfolding
transitions) made by a model protein. It was pointed out [43] that MC simulations are equivalent to the solution of
the master equation for the dynamics, so there is a relationship between physical time and computer time, which is
counted as the number of MC steps. However, a number of delicate issues — such as the dependence of the dynamics
on the set of allowed MC moves — remain outstanding, so an independent test of the dynamics using the MD approach
is needed.

To address the questions with sensitivity to geometrical details, it is useful to study off-lattice models of protein
folding. Thus far, several off-lattice simulations have been performed [44-46], which demonstrate the ability of the
simplified models to study protein folding.

D. A rapid tool to perform off-lattice simulations

Recently, a new approach for simulations of model proteins, discrete molecular dynamics (DMD), has been imple-
mented [20,32,47,48] to study the dynamics of homo- and heteropolymers (proteins). This approach permits the rapid
testing of the folding properties of proteins within reasonable processor time. This MD algorithm has proven to be a
powerful tool to study the thermodynamics and kinetics of the folding = unfolding transition of simplified models of
proteins [18,39].

The potential of interaction between pairs of residues is modeled by a “square-well”, which allows an increase in
the speed of the simulations [20,32,47,48]. This approach is based on the tracing of collision events in the simulated
system, such that it is not necessary to follow the dynamics of the system during times when there are no events (i.e.,
collisions). This is a crucial difference between traditional MD and DMD. In addition to increasing the speed of the
simulation, the DMD algorithm allows for the tracking of “realistic” (not discretized) time. It has been shown that
the DMD algorithm is able to resolve in time the collapse transition for a wide range of temperatures.

In addition, such an algorithm can be a useful compromise between computationally heavy traditional MD and
fast, but restrictive MC. It has been demonstrated in [20] that a model protein reproduces the principal features of
folding phenomena (i) — (iv) described in Section IIC.

E. A path to solution of the protein folding problem

There are two questions that might shed light on the protein folding problem and are the subject of this dissertation.

1. What are the thermodynamic properties of proteins and what are the structural properties of the protein near
the folding transition? For example, it has been shown [20] that more than 50% of all of the inter-residue
contacts are present near the folding transition temperature Ts. This set of contacts is called the core of the
protein.

Definition 1 The core is a subset of residues, which maintains the backbone of the structure at temperatures
close to the folding transition temperature.

Identification of the protein core is a challenging task, both in real experiments and computer simulations. A
method describing the identification of the core of a model 65-mer has been described in [20].

2. What are the kinetic properties of proteins at the folding transition? This question is specifically important
since it is directly connected to the mechanism of protein folding. Several scenarios of protein folding have been
proposed [6,23,32,40,49-53]. Simulations of the off-lattice model 46-mer [32] confirmed the nucleation scenario.

Definition 2 The nucleus is the structure (few contacts < 5%) that appears in the transition state and results
in rapid folding. If the nucleus is disrupted in the native state, then the structure is unfolded.



The difference between the core and the nucleus of a protein is crucial: while the core is a persistent part of the
structure at equilibrium, the nucleus is a fragment of the protein structure, which is assembled in the transition state
(TS) — the folding = unfolding barrier (see Fig. 3 and Fig. 1 in [24]).

In addition, the nucleus is defined kinetically, and has “physical” meaning — like bubbles that appear in liquid
during boiling. On the contrary, the core is defined thermodynamically, and refers to the geometrical properties of
the protein which persist near the folding transition temperature.

III. THE SIGNIFICANCE OF THE PROTEIN FOLDING PROBLEM

The solution of the direct and inverse protein folding problems will impact modern medicine, biology, and biomolec-
ular engineering [1]. One important clinical outcome would be effective drug design. For example, Benjamin and
McMillan [54] underline the crucial significance of the heat shock family of stress proteins (HSPs) in cardiovascular
conditions such as cardiac hypertrophy, vascular wall injury, ischemic preconditioning, and aging. HSPs serve as part
of the defense strategy to ensure survival of the cell. They are engaged in response to various physiological stresses
(e. g., heat, hemodynamics, mutant proteins, and oxidative injury) and in decisions to repair or degrade misfunctional,
damaged proteins. Therefore, the development of proteins similar in function to the HSPs may aid the protection of
essential cellular proteins.

In addition, solving the protein design problem would shed light on the relation between protein structure and
function. For example, the mechanism of muscle contraction rests upon several proteins, namely myosin and actin
filaments [55] and titin [56,57]. Though the physical mechanisms of these proteins are thought to be known, the global
picture of muscle contraction is still unresolved.

Specific interest has been generated by the special class of transmembrane proteins, integrins, responsible for the
transduction of the mechanical signals between cell and extracellular matrix (ECM), cell-cell adhesion, and also
involved in a vast variety of intercellular phenomena (e. g. “tensegrity”) [58]. The distinguished feature of integrins
and titins is the strong binding affinity due to the special region called type III repeat [59]. This motif constitutes 2%
of all proteins in the cell. Type III repeat fold will be used as a target model in my design procedure.

Important breakthroughs may also come from the understanding of (%) the expression mechanisms of growth factors,
e. g. vascular endothelial growth factor (VEGF) [60], which are synthesized and secreted by differentiated cells in
response to stimuli including hypoxia; (i) the function of the low density lipoprotein (LDL) receptor [61], which
mediates cellular uptake of lipoprotein particles. The LDL receptor plays a key role in cholesterol homeostasis.

The role of proteins in the cell is essential. Proteins are involved in most cellular and intercellular functions. The
above mentioned proteins constitute just a small subset of all the proteins involved in various structural, regulatory,
and defense processes. The knowledge of the thermodynamics and kinetics of the protein folding process and the basic
mechanisms that govern the folding process might aid us to solve the protein folding problem. The ability to predict
the structure of a protein from its sequence and the ability to predict the sequence of a protein from its structure will
not only allow us to understand protein function and develop new drugs, but also to open the door to yet unforeseen
discoveries.
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FIG. 1. Hemoglobin (deoxy) molecule (Brookhaven Protein Data Bank [62,63] accession code 2H HB) is responsible for
oxygen transport. The left image is the ribbon representation; the right image is the spacefilling representation.
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FIG. 2. Schematic representation of the polypeptide chain. Ri, R, etc. are the side groups attached to a-carbons (Cq) of
the amino acids.
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FIG. 3. The probability distribution, P(E), of the energy states E of the 46-mer maintained at the folding transition
temperature Ty = 1.44 [32]. The bimodal distribution indicates the presence of two dominant states: the folded (region F') and
the unfolded (region U) states. The transition state ensemble belongs to region TR of the histogram {—110 < E < —90}. The
insets show typical conformations in the folded and unfolded regions.



