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ABSTRACT

Proteins are building units of genomes. There exist a correlation between sequence, structure and function of
proteins, and function is closely related to structural dynamics. To understand how genomes and proteomes
give rise to biological functions, it is necessary to go from the three to the fourth dimensional pictures of
proteins; that is their conformational space. Proteins are not static but dynamic entities and they undergo
conformational changes described by their multidimensional energy landscape for their function. The dynamic
nature of proteins depends on them being flexible. The observed conformational changes may involve both
local motions involving a few residues and global cooperative motions of several residues. The information
about the flexibility and dynamics of proteins could partially be inferred through experimental means, yet
computational approached in recent years has complemented experimental studies and contributed to the
understanding on how proteins are in action. A few case studies are presented here demonstrating the use of
computational techniques.
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PROTEIN DINAMIGi
OZET

Proteinler genomlarin &nemli yapi taslarindandir. Proteinlerde dizi-yapi-islev paradigmasinin anlasiimasi
genomun islevinin anlagilmasinda dnemli bir asamadir. Proteinlerin ii¢ boyutlu yapilarindan dért boyutlu
yapilarina bu proteinlerin konformasyonal uzaymn elde edilmesi ile gidilebilir ve bu proteinin islevinin
anlasilmasi i¢in 6nemlidir. Proteinler statik konumda olmayip dinamik haldedirler, islevlerini yapmak {izere
konformasyon degisiklikleri yaparlar. Dinamik yapilar1 esnek olmalarindan kaynaklanir. Gozlenen
konformasyonal degisiklikler yerel ve yalnizca birka¢ aminoasiti igeren hareketlere sebebiyet verebildigi gibi
birgok aminoasitin uzayda konumunu degistirmesini gerektiren global -kolektif- hareketler anlamina da
gelebilir. Proteinlerin konformasyonal esnekligi ve dinamigi ile ilgili su anda var olan bilgi kismen deneysel
¢aligmalardan gelmekte olup, son zamanlarda gelistirilen hesapsal yaklagimlarin da katkilariyla proteinlerin
davraniglarini anlamak miimkiin olabilmektedir. Burada hesapsal yontemler ile protein dinamiginin ¢alisildigt
bir kag drnek ¢alisma verilmistir.

Anahtar Sozciikler: Protein dinamigi, konformasyon, molekiiler simulasyon, elastik ag yap1 modelleri.

Proteins Are In Motion

In living organisms, almost all biological processes require protein dynamics. Proteins are in
continuous motion through sampling ensemble of conformations, interacting with other proteins,
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or other biological molecules, as they function in a particular biological process. To this end, it is
of significant interest to go from the structures to the ensemble of conformations, where their
dynamic personalities are described. [1]

How is the connection between dynamics and function? With the progress of genomics
projects, a large number of nucleotide and amino acid sequences have become available which are
collected in the related databanks (Fig. 1.a). Along, thousands of low- to high-resolution protein
structures are obtained with the efforts in the structural genomics field. Nevertheless, the
knowledge of sequence and structure is not enough to understand how genomes and proteomes
work.
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Figure 1. a) Amino acid sequences for biological function b) Hierarchical organization of
biological molecules from amino acids to molecular machines.

Life could be described with a complex pyramid architecture [2], where bottom level
(level 1) consists of cell’s functional organization; genome, transcriptome, proteome,
metabolome, which are the constituents of protein-protein interaction networks and metabolic
pathways (level 2) that take part in the formation of the functional modules (level 3) making up
the organism (level 4). Yet, every stage of the pyramid has varying scales of structural
organization (Fig. 1.b). At the bottom level, for example; we see proteins, made up of amino
acids, associating (binding) to form protein complexes at a scale with high specificity to a scale
where we observe the appearance of molecular machinery. Bottom level is the level where we
observe the complexity along the diversity the most.

At the bottom level, sequence-structure-function paradigm is of significant interest with
the ultimate aim of understanding the protein function. The sequence of amino acids determine
the three dimensional structure of the protein (protein folding) [3, 4]. In the determination of the
structure, X-ray Crystallography [5] and Nuclear Magnetic Resonance (NMR) [6] are the leading
experimental methods. Additionally, electron microscope (Cryo-EM) [7] has increasingly been
used to determine the three dimensional structure of large protein complex structures
(assemblies). On the other hand, computational methods with the efficient use of bioinformatics
tools have gained significant success in the prediction of protein structures from high- to low-
resolution [8-10] in recent years. Yet, determination of the function of a protein structure in the
expression of genetic information remains as one of the most challenging areas of research.

Sequence-Structure-Function Paradigm: Function and Dynamics
In the sequence-structure-function paradigm, a close relationship between the function and the
structure’s dynamic properties appears. Almost all biological processes that require action are

through means of protein dynamics. Protein structures are not static and they change their
conformation in space to achieve their function. Besides of the proteins whose main function is

162



Protein Dynamics Sigma 27, 161-170, 2009

mobility, dynamics is also important for transport proteins, signaling proteins, immune proteins
and enzymes. For many enzymes, conformational changes are important for binding to a substrate
in addition to controlling the rate of a catalytic activity. For example, adenylate kinase
(phosphotransferase enzyme), which is an important enzyme controlling the balance of ATP in
prokaryotic cells, undergoes large conformational changes during catalytic cycle as can be seen in
Fig. 2, where both open (unbound) and close (bound) conformations are shown.

(@) (b)

Figure 2. Adenylate Kinase (a) open state without bound inhibitor (PDB entry 4ake)
(b) closed state with bound inhibitor ATP (PDB entry lake)

Proteins are dynamic in their nature, and their function depends on them being flexible.
[11] Being dynamic, proteins alter their conformation for their intrinsic motions that are
controlled by the covalent and non-covalent forces of the atoms in their structures. The
conformational space that a protein can travel can be described by an energy landscape (Fig. 3), in
which different conformations are taken based on their energies, and interconversion rates are
dependent on the energy barriers between states. The time scales of the dynamics are associted
with these barriers. Protein dynamics is dominated by harmonic motions at low temperatures; the
contribution of non-harmonic motions may become relevant as the temperature increases. The
fastest conformational rearrangements, which are mostly localized motions, involves a few
aminoacids and can take place in picosecond time scales. Yet, the collective motions take place in
nanosecond time scales, while large-scale events (such as folding, molecular binding processes)
occur more slowly in milliseconds or even seconds, involving several aminoacids of the structure.
The observed dynamics is an interplay of motions at frequencies from picoseconds to
milliseconds or even seconds. [12]
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Figure 3. Energy landscape; energy vs. conformational coordinate

The landscape can be modulated, meaning that the relative populations of
conformational states change. [13] This can happen, for example, by interactions with other
proteins (physical interactions or covalent modifications), or by variations in the environment
such as temperature change. The reasons that modulate the energy landscape at the same time
might disrupt or control protein function. Today’s efforts in structure-based drug design could
have more opportunites by considering the entire-free energy landscape, instead of targeting a
static active site. With this, future efforts could lead to allosterically active drugs or a drug that
acts by trapping proteins in an inactive state. [13] Such drugs can be designed to inhibit enzyme
activity or to inhibit an interaction on a pathway. This puts forward that the alternate functions
described by the minor conformers may become more active with the mutations that leads to the
shift in the conformational equilibrium to favor these conformers. [14] This implies that the
conformational diversity of proteins makes them also evolvable and thus could provide the
grounds for evolutionary adaptations as recently discussed. [14]

Experimental and Computational Approaches

The current knowledge on protein conformational flexibility is derived from X-ray
Crystallography and Nuclear Magnetic Resonance (NMR). [5, 6] NMR experiments used to be
limited to small, soluble proteins. Recent developments in the spectrometer technology (high
magnetic fields and cryoprobes) and new NMR pulse sequences enabled the study of proteins
even up to the size of a ribosome. [15-21] To understand proteins in action, the changes of the
coordinates in time must be added to the snapshots of proteins. Here, the major bottleneck is that
experimentally it is not possible to watch individual atoms moving within a protein, i.e, to have
the movie of the macromolecular structure. Instead, complex biophysical methods are needed to
be designed to measure the physical properties from which the dynamics can be deduced. [1] For
example; fluorescence resonance energy transfer (FRET) method enables the study of the
function of a single molecule in real time by fluorescent dyes using distance dependent interaction
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as a measurement parameter. [22] This approach yields a continuous observation of a distance
that is reminiscent of a functional conformational change, as recently presented [23] for the
mechanism of catalysis during FoF;-ATP synthesis. With all, the knowledge on the transition
process among one state to another is still quite limited. Today, on the other hand, it is possible to
display the behavior of the proteins at various time scales using computational approaches. In
these methods, the timescale, amplitude and the directions of motion play an important role.
Molecular Dynamics (MD) simulation is the most widely used technique to describe the protein
motions in atomic scale in real time. But still, protein dynamics on the larger time scales, such as
microsecond-to-millisecond, is currently out of reach for molecular-dynamics simulations. To
achieve longer time scales, various approaches with simplified force fields have been developed.
Normal mode analysis (NMA), studying harmonic potential wells by analytical means, has gained
notable success in the area of dynamics of biomolecules. [24 -26] Simpler models based on
polymer network mechanics have been introduced to apply NMA such as Gaussian network
model (GNM), which is an elastic network (EN) model introduced at residue level. [27, 28]
Although being a simple approach, GNM, and Anisotropic Network Model (ANM) [29], or
similar coarse-grained EN models have found widespread use in the study of protein dynamics.
FIRST (floppy inclusion and rigid substructure topography) [30], FRODA (framework rigidity
optimized dynamic algorithm) [31], and G6 models [32] are the other methods that has been used
in this area. Additionally, small scale network models and potentials are also used to predict
molecular behaviour such as: Brownian Dynamics (BD) and Monte Carlo (MC) Simulations. [33]

Here, we provide below some case studies where the dynamics is inferred for the
function by various computational tools.

Case Studies
Calmodulin

Calmodulin is a calcium binding protein affecting many different cellular functions. It undergoes
very large conformational changes upon binding to calcium, which enables it to bind to other
specific proteins. The previous NMR studies have shown that a hinge region from Asp 78 to Ser
81 exists as being highly flexible. [34, 35]

Hingeprot [36], having been developed by making use of GNM [27, 28] and ANM
[29], enables the prediction of rigid protein parts and the flexible hinge regions connecting them
in the native topology of protein chains. These hinge regions can help to understand functional
mechanisms of macromolecular structures and assemblies. For Calmodulin, Hingeprot results
show (Fig. 4) that the first slowest mode gives a hinge region at Asp 80/Ser 81 residues on the
long helix, splitting the structure into two rigid parts (domains) as (Ala 1-Asp 80) and (Ser 81-Lys
148) [36], which is in agreement with NMR studies. [34, 35]
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Figure 4. Conformations of Calmodulin protein in unbound (PDB entry 4cln) and bound (PDB
entry 2bbm) states. The slowest first mode by Hingeprot [36] divides the protein into two
domains: (Ala 1-Asp 80) and (Ser 81-Lys 148), where the hinge residue at Asp 80/Ser 81 can be
observed.

HIV-1 Protease

HIV-1 protease is an essential enzyme for the replication of HIV (Human Immunodeficiency
Virus), the virus that causes AIDS. This protease is thus a primary target for the development of
drug design against AIDS. The understanding of the dynamics of unbound and substrate bound
HIV-1 protease is essential to guide the design of next generation HIV drugs. Figure 5 displays a
snapshot from MD simulations of unbound protease and substrate-bound protease. The analysis
of MD simulation with the predictions of the GNM contributes to the understanding of the
protease dynamics comprehensively, pointing to the fluctuations and the key residues that are
essential for the protease function and stability. [37]

Figure 5. Cartoon diagrams of (a) unliganded and (b) liganded HIV-1 protease crystal structure.
The two monomers are in cyan green, the substrate in (b) is in magenta.
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Potassium Channels

Potassium channels, found in all types of cells, are involved in key biological processes. Taking
part in the generation and propagation of nerve impulses, they switch between open and closed
conformations. They control the ion transfer through the channel pore and biological cell
functions, thus understanding the switch mechanism and the structural characteristics of the
transition between conformations are important. The proper function of the channel in the cell
depends on the ability of the structure to undergo conformational transitions. Controlling the
open/closed states of the pore in response to external signals, such as ligand binding or changes in
the membrane potential is achieved by these conformational transitions. [38] The comparison of
the structures of the KcsA channel in its closed and open conformations (Fig. 6) show that the
main change is identified mainly with a bend of the inner helices of the four subunits. Using the
EN models, namely GNM [27, 28] and ANM [29], it has been possible to show that there exists a
network of energetically and dynamically coupled residues in the complex structure of four
subunits. The interactions between the subunits are essential for the coupling between the two
gates of the channel. [38] Figure 6 displays the fluctuations (a, ¢) around the crystal structure (b)
by ANM, which reflect the opening (a) and closing (c) behavior of the channel.

Figure 6. Predicted conformations of KcsA by elastic network models [37]

Peptide Membrane Interactions

Using Monte Carlo (MC) methods, peptide-membrane systems can be studied via reduced
representation of the system when compared with the molecular dynamics (MD) simulations
which use all-atom representation. By reduced representation, comprehensive sampling of peptide
conformations and locations in the membrane can be achieved in an accelerated manner. [39] This
can be seen from the snapshots taken from the MC simulations (Fig. 7) of the hydrophobic
peptide, M23, with a model membrane. The peptide, having started with an extended
conformation in the aqueous phase, associates with the membrane surface by assuming a helical
conformation and gets into the membrane eventually. The calculations suggest that there are two
main configurational states for the peptide, transmembrane configuration being with higher
probability. The calculated values of free energies of transfer and the observed conformational
changes are in agreement with the previous experimental studies, confirming the accuracy of this
method in the prediction of three-dimensional structure of Trans membrane (TM) peptides. [39]
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Figure 7. Peptide membrane interaction. Folding of M2§ (AchR) on the membrane surface,
starting from an extended conformation

Today, with efforts to search for a relation between computational approaches,
bioinformatics tools and experimental methods, a scientific progress in solving the sequence-
structure-function paradigm has been achieved; nevertheless there is still a long way to go.
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