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04: The Three-Dimensional Structure of
Proteins

Executive Summary

A protein's biological function is dictated by its precise three-dimensional architecture. This
intricate structure is organized into a clear hierarchy. It begins with secondary structure,
where local segments of the polypeptide chain coil into patterns like a-helices or arrange
into B-sheets. These elements then fold into a specific, compact shape known as the tertiary
structure, which defines the complete three-dimensional arrangement of a single
polypeptide chain. For proteins composed of multiple chains, their assembly into a
functional complex is described as the quaternary structure.

The stability of these structures relies not on powerful covalent bonds but on the cumulative
effect of numerous weak, non-covalent interactions. While hydrogen bonds, ionic
interactions, and van der Waals forces all play a role, the primary driving force behind
protein folding is the hydrophobic effect. This is the thermodynamic tendency for nonpolar
amino acid side chains to cluster in the protein's interior, shielded from water. This clustering
releases ordered water molecules back into the bulk solvent, causing a favorable increase in
the entropy of the water and making the folded state energetically favorable.

Remarkably, all the information required for a protein to achieve its final, functional 3D
structure is encoded within its primary amino acid sequence. This fundamental principle was
established by classic experiments showing that denatured proteins could spontaneously
refold into their native, active state upon removal of the denaturing agent.

Correct protein folding is a matter of cellular life and death, as errors in this process have
profound medical consequences. The misfolding and subsequent aggregation of proteins are
the molecular basis for a wide range of debilitating human diseases, including Alzheimer
disease, Parkinson disease, and the infectious prion diseases. This direct link between
molecular structure and human health underscores the critical importance of understanding
the principles that govern protein architecture.

1. The Fundamentals of Protein Folding and Stability

While a protein is synthesized as a linear chain of amino acids, this polypeptide is highly
flexible. To perform its designated biological role, it must fold into a specific and stable
three-dimensional shape, known as its native conformation. This process is not arbitrary; it is
governed by a precise set of physical and chemical principles. This section will deconstruct
the fundamental forces and structural constraints that dictate how a protein achieves and
maintains its functional form.
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Protein Conformation and Stability

The term conformation refers to any spatial arrangement of a protein's atoms that can be
achieved without breaking covalent bonds, primarily through rotation around single bonds in
the polypeptide backbone. Although a protein could theoretically adopt an almost infinite
number of conformations, under biological conditions, only one or a select few predominate.
These functional, folded structures are called native proteins. They represent the most
thermodynamically stable conformation, meaning they exist at the lowest state of free
energy.

Crucially, native proteins are only marginally stable. The energy difference (AG) separating
the folded and unfolded states is typically between 5 and 65 kJ/mol. This modest stability is
not a design flaw; it is essential for protein function, allowing for the flexibility and subtle
conformational changes required for activities like binding to other molecules or catalyzing
reactions.

The Non-Covalent Interactions Stabilizing Proteins

The native structure of a protein is held together by the cumulative effect of four primary
types of weak, non-covalent interactions.

« The Hydrophobic Effect: This is the most significant force driving protein folding. The
side chains of nonpolar amino acids (like leucine, valine, and phenylalanine) are
driven to cluster in the protein's interior, minimizing their disruptive contact with the
surrounding aqueous environment. This "burial" of hydrophobic groups releases
ordered water molecules from their surfaces back into the bulk solvent, leading to a
favorable increase in the entropy of the water, which is the main thermodynamic
driver for the folding process.

» Hydrogen Bonds: These are electrostatic interactions that form between a hydrogen
atom covalently bonded to an electronegative atom (like nitrogen) and a second
electronegative atom (like oxygen). While their sheer number makes a significant
contribution, the net stability from a single hydrogen bond is modest. This is because
for every H-bond formed within the protein, an H-bond between that group and water
had to be broken. Instead, their primary role is to act as structural guides, ensuring the
polypeptide folds into the correct, specific architecture.

 lonic Interactions (Salt Bridges): These are attractions between oppositely charged
amino acid R groups, such as the positive charge on a lysine residue and the negative
charge on an aspartate residue. These interactions can be either stabilizing or
destabilizing depending on their environment. However, their strength increases
dramatically when they are located in the nonpolar, hydrophobic interior of the
protein, shielded from the screening effects of water, making their placement here
particularly powerful.

o Van der Waals Interactions: These are weak, short-range attractions that occur
between any two atoms in close proximity, resulting from transient fluctuations in
their electron clouds. Although individually faint, the collective effect of hundreds of
these interactions in the densely packed core of a folded protein provides a substantial
stabilizing force.
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Constraints of the Peptide Bond

The covalent backbone of the polypeptide itself imposes critical restrictions on folding. Due
to electron resonance, the peptide bond between the carbonyl carbon and the amide
nitrogen has partial double-bond character. This makes the peptide bond rigid and planar.

This rigidity means that the six atoms comprising the peptide group (Ca, C, O, N, H, and the
next Ca) all lie in a single plane. Consequently, the polypeptide backbone can be envisioned
as a series of linked, rigid planes. The overall path of the backbone is determined not by
rotation around the peptide bond itself, but by rotation around the two single bonds
connected to the central a-carbon of each amino acid. The angles of these rotations are
known as dihedral angles:

» Phi (¢p): The angle of rotation around the N—Ca bond.
o Psi (1): The angle of rotation around the Ca—C bond.

The specific combination of ¢ and i angles for each amino acid in the chain ultimately
defines the protein's three-dimensional structure. These foundational principles of stability
and constraint are what allow specific, repeating structural patterns to emerge, as we will
explore next.

2. The Architectural Levels of Protein Structure

The complexity of a protein's final three-dimensional shape is best understood as a hierarchy
of structural organization. Large, intricate tertiary and quaternary structures are not formed
arbitrarily but are built from simpler, repeating local patterns known as secondary structures.
This section explores each level of this molecular architecture, from local motifs to multi-
subunit assemblies.

Protein Secondary Structure

Secondary structure refers to the local spatial arrangement of the polypeptide backbone,
describing recurring patterns like coils and sheets that form over a segment of the chain.
These structures arise because they occupy highly stable, sterically allowed regions defined
by characteristic repeating phi (¢) and psi () dihedral angles.

2.1 The a-Helix

The a-helix is a common secondary structure that forms when the polypeptide backbone
adopts a repeating set of dihedral angles (¢ = -57°, i = -47°) that cause it to wind into a
right-handed coil.

» Key Dimensions: The helix is characterized by 3.6 amino acid residues per turn, with
a rise of 5.4 A per turn.

o Stabilization: Its structure is primarily stabilized by a regular pattern of internal
hydrogen bonds. The carbonyl oxygen of each residue (residue n) forms a hydrogen
bond with the amide hydrogen of the amino acid four positions ahead in the
sequence (residue n+4).

» Factors Affecting Stability: Several factors influence the stability of an a-helix:
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o The intrinsic propensity of certain amino acid R groups to fit into the helical
structure.

o Interactions between R groups, especially those positioned three to four
residues apart.

o The presence of Proline (Pro) or Glycine (Gly) residues, which are known to
destabilize or "break" helices. Proline's rigid ring structure introduces a kink,
while glycine's flexibility favors other conformations.

o The interaction of charged amino acids at the ends of the helix with the overall
helix dipole.

2.2 The B-Conformation (B-Sheets)

The B-conformation is a more extended, zigzag-like structure that arises when a polypeptide
adopts a different set of repeating dihedral angles. A single segment in this conformation is
called a B-strand.

« Formation of B-Sheets: Multiple B-strands align side-by-side to form a B-sheet (or B-
pleated sheet). The structure is stabilized by a network of hydrogen bonds between
the backbones of the adjacent strands.

o Types of B-Sheets: The strands can be aligned in two ways:

o Antiparallel: Adjacent strands run in opposite directions (N-terminus to C-
terminus). This is the more common and stable arrangement.
o Parallel: Adjacent strands run in the same direction.

2.3 B-Turns

In compact globular proteins, the polypeptide chain must often reverse its direction. B-turns
are structures that accomplish this, connecting the ends of two adjacent segments of an
antiparallel $-sheet.

o Structure: A B-turn typically involves four amino acid residues and is stabilized by a
hydrogen bond between the first and fourth residues. They are often located on the
protein surface.

o Common Residues: Due to their unique structural properties, Glycine and Proline are
frequently found in B-turns.

Tertiary Structure

Tertiary structure describes the overall, complete three-dimensional arrangement of all atoms
in a single polypeptide chain. It includes the spatial relationships between different
secondary structures and the positioning of distant amino acid side chains as they pack
together.

The structure of myoglobin serves as a perfect illustration of these folding principles in
action. Its extremely compact shape is a direct consequence of the hydrophobic effect,
which drives its nonpolar residues (such as Leu, lle, and Val) into a densely packed core,
shielding them from water. The outer surface, rich in polar groups, readily forms hydrogen
bonds with the aqueous environment, while the eight a-helices are stabilized by a precise,
repeating pattern of internal hydrogen bonds.
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Within tertiary structures, we can identify two important organizational units:

o Motif (or Fold): A recognizable folding pattern involving two or more elements of
secondary structure, such as a 3-a-$ loop.

o Domain: A part of a polypeptide chain that is independently stable and can often fold
on its own. In larger proteins, different domains may carry out distinct functions.

Quaternary Structure

Quaternary structure refers to the arrangement of two or more separate polypeptide chains,
or subunits, into a larger, functional three-dimensional complex. Many proteins, including
enzymes and transport proteins, are oligomeric. For example, hemoglobin, the oxygen-
transport protein in red blood cells, is a tetramer composed of two identical a-chains and
two identical B-chains, all precisely assembled to work cooperatively.

This static view of protein architecture, however, is incomplete. We now turn to the dynamic
processes that govern how these intricate structures are formed, maintained, and sometimes
lost within the cell.

3. Protein Dynamics: Folding, Denaturation, and Cellular Maintenance

A protein's structure is not a fixed, rigid entity but exists in a delicate thermodynamic
balance between its functional, folded state and a disordered, unfolded state. Within the cell,
a complex network of pathways known as proteostasis is responsible for managing the entire
lifecycle of a protein—from its synthesis and folding to its refolding and eventual
degradation.

Denaturation and Renaturation

Denaturation is the loss of a protein's native three-dimensional structure, a disruption
sufficient to cause the loss of its biological function. This process does not involve breaking
the covalent peptide bonds of the backbone.

o Common Denaturing Agents: Proteins can be denatured by:
o Heat, which disrupts weak interactions, particularly hydrogen bonds.
o Extremes of pH, which alter the net charge on the protein, causing electrostatic
repulsion.
o Organic solvents and certain solutes like urea, which disrupt the hydrophobic
effect.

o The Cooperative Nature of Denaturation: The unfolding of a protein is typically a
cooperative process. The loss of structure in one part of the protein destabilizes the
remaining structure, leading to an abrupt, all-or-nothing transition over a narrow
range of conditions.

The classic experiments conducted by Christian Anfinsen on the enzyme ribonuclease A
provided a landmark insight into folding. He showed that after being completely denatured,
the enzyme could spontaneously refold into its correct, native conformation and regain its
full catalytic activity once the denaturing agents were removed. This process, called
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renaturation, proved a fundamental principle: the amino acid sequence alone contains all
the information necessary to specify a protein's final three-dimensional structure.

The Protein Folding Process

How does a protein find its one correct conformation among a virtually infinite number of
possibilities? This question is known as Levinthal's paradox. It posits that if a protein had to
randomly sample every possible conformation, the folding process would take an
astronomically long time. Therefore, protein folding is not a random search for a
conformation, but a thermodynamically favorable, directed pathway toward the native state.

Instead, folding is best described as a hierarchical pathway:

1. Local segments of the polypeptide chain rapidly form elements of secondary structure
(a-helices and B-sheets).

2. These local structures are guided by longer-range interactions, driven by the
hydrophobic collapse of nonpolar side chains into a compact core.

3. This process continues as secondary structures coalesce into stable motifs and
domains, eventually leading to the final tertiary structure.

This thermodynamic process is often visualized using the analogy of a free-energy funnel.
The unfolded protein starts at the top of the funnel, in a state of high free energy and high
conformational entropy. As it folds, it proceeds down the funnel, sampling a progressively
smaller set of conformations until it reaches the bottom—the single, stable, low-energy native
state.

The Role of Assisted Folding

While the amino acid sequence dictates the final structure, not all proteins fold
spontaneously and efficiently in the crowded environment of a cell. Many require assistance
from a specialized class of proteins called molecular chaperones. These chaperones do not
actively direct the folding pathway but rather facilitate the process by interacting with
unfolded or misfolded polypeptides.

o Hsp70 Family: These chaperones bind to hydrophobic regions of unfolded proteins as
they are being synthesized, preventing them from aggregating with other unfolded
chains before they have a chance to fold correctly.

o Chaperonins (e.g., GroEL/GroES): These are large, barrel-shaped protein complexes
that form an isolated chamber. A single unfolded polypeptide can enter this chamber,
providing a protected microenvironment where it can fold without interference from
other molecules or the risk of aggregation.

These carefully regulated folding and maintenance systems are essential for cellular health.
We will now examine the severe consequences that arise when these finely tuned processes
fail.

4. When Folding Goes Wrong: Misfolding and Human Disease




Prof. Sergio Oddi
Professor of Biochenristry

Protein misfolding represents a constant and significant challenge for all cells. When the
cellular machinery of proteostasis fails, misfolded proteins can accumulate and aggregate, a
process that represents an alternative, "off-pathway" energy minimum in the folding funnel.
These aggregates create thermodynamically stable but pathologically dangerous structures
that are the molecular basis for a wide range of debilitating human diseases.

The Mechanism of Amyloid Diseases

A prominent class of misfolding disorders are the amyloidoses. These are diseases
characterized by the conversion of a normally soluble protein into an insoluble, extracellular
aggregate known as an amyloid fiber.

o Structure of Amyloid Fibers: These are highly ordered, unbranched filaments with a
diameter of 7 to 10 nm, composed of proteins with a high degree of B-sheet
structure. Critically, the individual B-strands within the sheet are oriented
perpendicular to the main axis of the fiber.

» Formation of Fibrils: The process begins when partially folded or misfolded proteins
begin to associate with one another via their exposed B-sheet regions. This initial
association forms a "nucleus," which then acts as a template, rapidly recruiting more
misfolded proteins to grow into a long, stable fibril.

Examples of Protein Misfolding Diseases

The aggregation of specific misfolded proteins is directly linked to a number of severe
neurodegenerative and systemic diseases.

o Alzheimer Disease: This devastating neurodegenerative condition is associated with
the extracellular deposition of the amyloid-B peptide in the brain. This peptide,
derived from the cleavage of a larger precursor protein, misfolds and aggregates into
the characteristic amyloid plaques found in Alzheimer's patients. A second protein,
tau, can also form abnormal intracellular aggregates in the neurons of affected
individuals.

« Parkinson Disease: This disease is characterized by the intracellular aggregation of the
protein a-synuclein. These aggregates form filamentous masses within neurons known
as Lewy bodies.

o Huntington Disease: This inherited neurodegenerative disorder is caused by a
mutation in the gene for the protein huntingtin. The mutation results in an abnormally
long repeat of the amino acid glutamine, which causes the protein to misfold and
aggregate.

o Prion Diseases (e.g., Creutzfeldt-Jakob Disease): These conditions are unique
because the misfolded protein itself is the infectious agent. The normal cellular prion
protein, PrPC, is rich in a-helices. The pathogenic form, PrPSc, has a misfolded
structure dominated by B-sheets. This a — 8 conformational shift is the core of the
disease mechanism: PrP<sup>Sc</sup> propagates by inducing other
PrP<sup>C</sup> molecules to change their conformation into the pathogenic
PrP<sup>Sc</sup> form in a self-perpetuating chain reaction.

» Cystic Fibrosis: Unlike the diseases above, cystic fibrosis is often caused not by
aggregation but by defective folding that leads to a loss of function. The most
common mutation, a deletion of a single amino acid in the CFTR protein, causes the
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protein to misfold. The cell's quality-control machinery recognizes this defect and
degrades the protein, preventing it from reaching the cell membrane to perform its
function as a chloride ion channel.

These examples highlight the critical link between protein structure and health, a connection
made visible only through advanced techniques for visualizing these intricate molecular
architectures.

5. How We See Proteins: Methods for Structure Determination

Our detailed, atomic-level understanding of protein structure is the remarkable result of
decades of innovation in experimental and computational science. Structural biologists
employ a toolkit of powerful techniques to visualize the three-dimensional shapes of
proteins, revealing the secrets of their function. This final section provides a brief survey of
the primary methods used to determine these molecular structures.

Key Structural Biology Techniques

« X-Ray Crystallography: This has historically been the most productive method for
determining high-resolution protein structures. The process requires the protein to be
purified and coaxed into forming a highly ordered crystal. When a beam of X-rays is
passed through the crystal, the X-rays are diffracted by the atoms' electron clouds. The
resulting diffraction pattern is captured and used to computationally calculate a three-
dimensional electron-density map, from which a detailed atomic model of the protein
is built.

o Nuclear Magnetic Resonance (NMR) Spectroscopy: Unlike crystallography, NMR is
performed on proteins in solution, which more closely mimics their native cellular
environment. This technique measures distance-dependent coupling of nuclear spins
in nearby atoms through space (the nuclear Overhauser effect). A computer then
uses these distance constraints to calculate a family of protein structures that are
consistent with the data, providing valuable insights into a protein's flexibility and
dynamics.

o Cryo-Electron Microscopy (cryo-EM): This revolutionary technique is particularly
powerful for determining the structures of very large, dynamic, or difficult-to-
crystallize protein complexes. A purified sample is quick-frozen in a thin layer of non-
crystalline (vitreous) ice. An electron microscope then captures thousands of two-
dimensional images of the individual protein molecules. These images are
computationally classified, aligned, and combined to reconstruct a high-resolution
three-dimensional structure. Cryo-EM has been instrumental in solving the
architecture of massive molecular machines, such as the human telomerase enzyme.

The Rise of Computational Methods

Alongside these experimental techniques, computational approaches are playing an
increasingly vital role. Tools like the citizen-science video game Foldit have demonstrated
that crowdsourced human intuition can successfully predict and even design novel proteins
with new functions. These computational methods complement experimental data, helping
to refine models and explore the principles of protein folding in silico.
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The combined power of these experimental and computational techniques continues to
expand the frontiers of our knowledge, deepening our fundamental understanding of the
profound relationship between protein structure and biological function.




