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Laura Hoekstra* K. Anton Feenstra* Sanne Abeln*

* editorial responsability

© Feenstra & Abeln, 2014-2023 Intro Prot Struc Bioinf

ar
X

iv
:2

30
7.

02
16

9v
2 

 [
q-

bi
o.

B
M

] 
 6

 J
ul

 2
02

3

https://orcid.org/0000-0003-4818-2360
https://orcid.org/0000-0002-6272-2039
https://orcid.org/0000-0001-5031-3468
https://orcid.org/0000-0001-7792-9385
https://orcid.org/0000-0002-9111-4593
https://orcid.org/0000-0001-6431-3442
https://orcid.org/0009-0003-4339-2470
https://orcid.org/0000-0001-6755-9667
https://orcid.org/0000-0002-2779-7174


2 CHAPTER 1. INTRODUCTION TO PROTEIN STRUCTURE

Intro Prot Struc Bioinf © Feenstra & Abeln, 2014-2023



Contents 3

1 Introduction to Protein Structure 1

Annika Jacobsen Erik van Dijk Halima Mouhib

Bas Stringer Olga Ivanova Jose Gavaldá-Garćıa
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4 CHAPTER 1. INTRODUCTION TO PROTEIN STRUCTURE

Within the living cell, protein molecules perform specific functions, typ-
ically by interacting with other proteins, DNA, RNA or small molecules.
They take on a specific three dimensional structure, or in some cases, an
ensemble of three dimensional structures. It is this three dimensional struc-
ture that allows the protein to function within the cell. This structure is
with high specificity encoded by its amino acid sequence; the precise amino
acid sequence of a protein is in turn encoded by the genes of an organism.
Hence, the understanding of a protein’s function is tightly coupled to its
three dimensional structure.

The current state of scientific understanding allows us to comprehend
how the gene sequence encoded by the DNA is transcribed into RNA, and
in its turn translated into amino acid sequence. However, experiments to
determine protein structures and protein structural ensembles are difficult
and laborious; we will come back to that in detail in Chapter “Structure
determination”. Recently, deep learning models like AlphaFold2, trained
on existing protein structure data, have achieved success in predicting pro-
tein structures from sequences. However, simulating the transition from a
protein sequence to its folded structure computationally is still challenging
for moderately sized proteins. As a result, structural bioinformatics faces
unresolved problems or, alternatively, presents exciting scientific challenges.

Before going into protein structure analysis and prediction, and protein
folding and dynamics, we will first give a brief introduction into the basics
of protein structures. This is deliberately kept short and shallow. The
excellent book “Introduction to Protein Structure” by Branden and Tooze
(1998) provides a much more in-depth introduction into this exciting field.

1 Protein structure basics

A protein structure may be described at four levels as depicted in Figure 1.1:
The primary structure is simply the sequence of amino acids that make

up the protein polypeptide chain.
Secondary structure describes the organisation of this chain into regular

α-helices and β-strands and anything else, called ‘coil’ or loop.
Tertiary structure is the three dimensional arrangement – or topology –

of the protein chain; it defines its overall shape.
Quaternary structure is the (three dimensional) organisation of the pro-

tein chain in context of the proteins and molecules it interacts with; i.e.
the configurational ensemble multiple molecules adopt when binding
to each other, forming macro-molecular complexes.

1.1 Primary structure

There are 20 naturally occurring amino acids that constitute the building
blocks of proteins. Amino acids are linked together by a peptide-bond

Intro Prot Struc Bioinf © Feenstra & Abeln, 2014-2023
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1. PROTEIN STRUCTURE BASICS 5

Figure 1.1: Levels of protein structure. Top-left: Primary structure, given as
polypeptide sequence in the one-letter code of amino acids. Top-right: Secondary
structure, example of an alpha helix. Bottom-left: Tertiary structure, structure
of one of the monomers of hemoglobin. Bottom-right: Full structure of Human
hemoglobin, 4 chains make the whole structure (PDB:1BIJ). Ribbon representation
obtained with UCSF-chimera (Pettersen et al., 2004).

between the carbonyl Carbon (C=O) of the preceding residue and the amide
Nitrogen (NH) of the next residue in its primary sequence. This is why
proteins are also referred to as “polypeptides”. Note that for each amino
acid type, this part of the chemical structure is identical; it is also referred
to as the backbone. The sidechains branch out from the central Carbon
atom (Cα) in the backbone. Unlike the backbone, sidechains are chemically
different between the different amino acid types; see Panel “Amino acids,
residues, and the peptide bond” for more detail. We can view the primary
protein structure as a chain with 20 different colours of beads that all have
different properties.

The amino acid type in the polypeptide chain is encoded by codons
(sequences of three nucleotides) in the DNA sequence of a gene. After
transcription, the translation from RNA codons into amino acids occurs
at the ribosome. The exact sequence of the codon determines the amino

© Feenstra & Abeln, 2014-2023 Intro Prot Struc Bioinf
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6 CHAPTER 1. INTRODUCTION TO PROTEIN STRUCTURE

acid, or may indicate the start or end of a peptide chain. This codon table
is universal across all species, although several microorganisms are known
that use a (slightly) different table. The translation mechanism, including
the codon table, the tRNA and the aminoacyl-transferases, is beyond the
scope of this book.

Roughly speaking, there are three important classes of amino acids:
i) hydrophobic, ii) charged, and iii) polar. These classes are based on their
interaction properties with respect to water. Hydrophobic residues do not
interact with water, whereas polar and charged residues do make contact
with water favourably. Later in this chapter, we will see the importance of
the difference between hydrophobic and polar amino acids for protein fold-
ing. The Panel “Amino acids, residues, and the peptide bond” gives more
background detail on the chemical characteristics of those amino acids.

Amino acids, residues, and the peptide bond

There are 20 naturally occurring amino acids that constitute the build-
ing blocks of proteins, shown in Panel “The 20 natural amino acid
residues” below. (Chemically speaking many, many more types of
amino acids are possible). To build up a protein, amino acids react
under the loss of water to form an extremely stable peptide bond. The
figure shows the formation of the peptide bond between two alanine
amino acids:

Within proteins, amino acids differ in the sidechain part, the backbone
of the protein, i.e., (NH–Cα–C=O) is repetitive. Note that each amino
acid can be referred to using a three or one letter code: here Ala or
A for alanine. In Panel “The 20 natural amino acid residues”, amino
acid residues are categorized into charged (positive/negative), polar
(not charged), and hydrophobic (or aliphatic) amino acids.
Hydrophobic/aliphatic/apolar amino acids consist of only Car-

bon (and for Cysteine, Sulphur) atoms in the sidechain.
Aromatic residues all have a regular six- or five-sided ring (tryp-

Intro Prot Struc Bioinf © Feenstra & Abeln, 2014-2023



1. PROTEIN STRUCTURE BASICS 7

tophan has both) consisting of mostly carbon atoms. Tyrosine
is aromatic but due to a hydroxyl group also polar. Tryptophan
does contain a nitrogen atom but is considered hydrophobic.

Polar and charged residues all have nitrogen and/or oxygen atoms
in the sidechain. Charged residues are also considered polar, and
both are hydrophilic.

Small, medium, large: A further subdivision of the hydrophobic
amino acids can be made into small (glycine, alanine), medium
(valine, leucine, isoleucine), large (methionine) and aromatic/ring
(proline, which is also medium size, and phenylalanine and tryp-
tophan which are also large). Of the charged amino acids, lysine
and arginine are considered large, and among the polar ones,
serine and threonine are small.

Finally, the backbone contains N and O and is therefore always po-
lar. In the polar and charged residues, oxygen is always negative and
nitrogen always positive.

Before moving on, it should be noted that biologists and bioinfor-
maticians often use the terms ‘amino acid’ and ‘residue’ equivalently.
However, ‘residue’ is more general and can also refer to e.g. a nu-
cleotide in DNA or RNA. To be a bit more precise, for chemists, the
amino acid is the free molecule, and it is called ‘amino acid residue’
only when part of a protein.

© Feenstra & Abeln, 2014-2023 Intro Prot Struc Bioinf



8 CHAPTER 1. INTRODUCTION TO PROTEIN STRUCTURE

The 20 natural amino acid residues

In addition to these broad categories of amino acids, there are a few
special ones (labelled in blue in the figure):
Cysteine contains a sulphur atom. When two cysteines are close in

the structure, the two sulphur atoms will form a covalent bond
of similar strength to the other bonds within the amino acids.
These are much stronger than hydrogen bonds (see next 1.1.2
for hydrogen bonds).

Intro Prot Struc Bioinf © Feenstra & Abeln, 2014-2023



2. SECONDARY STRUCTURE 9

Proline contains a ring that loops from the Cα back to the backbone
nitrogen. This makes the backbone of the proline much less
flexible than for other residues; proline often terminates helices
or otherwise induces a kink, and proline is used to make a loop
containing sharp turns. More about this below in the Panel “The
omega torsion angle”.

Glycine has the smallest possible sidechain: only a single hydrogen
atom (which is much smaller than a carbon). Due to this, there
is less steric hindrance around the Cα and more flexibility in its
Phi/Psi angles (more detail about phi/psi angles in Section 2.5
below).

2 Secondary structure

All amino acids have a common part, the backbone, as discussed in the previ-
ous section. The backbone can make regular structures due to their chemical
properties, see also Figure 1.3. These regular backbone structures are called
secondary structure. Examples of α-helices and β-strands are shown in Fig-
ure 1.4. Below we will introduce how backbone hydrogen bonding leads to
secondary structure.

2.1 Backbone hydrogen bonding

Hydrogen bonds are a key part of the secondary and tertiary structure of
a protein. Hydrogen bonding takes places between hydrogen atoms, with a

Figure 1.2: Hydrophobic collapse as the first step in a protein folding from its
unfolded state (on the left) to a folded state (right). Hydrophobic residues, shown
as black spheres, will tend to minimize contact with water and therefore end up in
the interior of the protein. Hydrophilic (polar and charged) residues are not drawn
explicitly here, they form the rest of the backbone, between the black spheres.

© Feenstra & Abeln, 2014-2023 Intro Prot Struc Bioinf



10 CHAPTER 1. INTRODUCTION TO PROTEIN STRUCTURE

Figure 1.3: Hydrogen bonding in the backbone of the protein (A) and in water (B);
hydrogen-bond forming groups are indicated with blue dashed lines. Hydrogen
bonds are caused by atoms with slight negative charges (δ−) being attracted to
atoms with slightly positive charges (δ+). In a protein, hydrogens on a nitrogen or
oxygen are positive, oxygens and nitrogens themselves are negative (C).

Figure 1.4: (Examples of α-helical (left two) and β-strand (right two) structures
made out of alanines (note the single atom in the sidechain) and a few cysteines
(in the β-sheet). Both are shown in a ‘sticks’ (left) and a typical ‘cartoon’ (right)
representation.

Intro Prot Struc Bioinf © Feenstra & Abeln, 2014-2023



2. SECONDARY STRUCTURE 11

slight positive charge and nitrogen or oxygen atoms with a slight negative
charge.

The attraction of opposite charges leads to strong H· · ·O interactions
called hydrogen-bonds. The N–H and C=O parts of the backbone, can
also make these polar hydrogen-bond interactions (see Figure 1.3), and so
can the polar and charged sidechains (O–H, N–H, S–H and C=O groups
as shown in Panel “The 20 natural amino acid residues”). Energetically,
hydrogen-bonds are very favourable, and most hydrogen bond donors and
acceptors in the sequence of the protein will therefore also make a hydrogen
bond, in any stable structure.

There are two main ways in which the amino acid chain in proteins are
structured so that all backbone hydrogen bonds in the hydrophobic interior
can become satisfied: helix or strand. In the helical structure, repeated
local hydrogen bonding occur, as shown in Figure 1.4. This is called the α-
helix secondary structure type. An α-helix only leaves unsatisfied hydrogen
bonding capacity at the ends of a helix, these ends are thus usually found at
the surface of a protein. In the strand structure, two stretches of sequence
are adjacent in the structure, and hydrogen bonds occur ‘laterally’ between
adjacent strands. This is the ‘β-sheet’ secondary structure. It leaves unsat-
isfied hydrogen bond capacity at the first and last strands of a sheet, called
the ‘edge’ strands, which like helix ends are mostly found at the protein
surface.

2.2 α-helices

Helical secondary structures are characterized by repeated, local hydrogen
bonding between the backbone amide group of one residue, and the carbonyl
group of a subsequent residue, as shown in Figure 1.4. The most common of
these structures is the α-helix, where the bond is formed between residues
i and i + 4. Helices can be anywhere from 4 to 40 residues long, with an
average length of ∼10 residues, or about 3 turns.

This periodicity of α-helices can typically also be observed in the se-
quence. Within a protein structure a helix typically has a solvent exposed
and a buried side; this will lead to hydrophilic residues tending to point
outside towards the solvent, and hydrophobic ones tending towards the in-
side of the protein. The side sticking into the core are typically tightly
packed together, also referred to as helix packing. Helical structures are
generally considered easier to predict from sequence due to this periodicity
in the sequence, we will come back to this in Chapter “Structural Property
Prediction”. Please refer to the Panel “Helices” below for further details on
helices.

© Feenstra & Abeln, 2014-2023 Intro Prot Struc Bioinf
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12 CHAPTER 1. INTRODUCTION TO PROTEIN STRUCTURE

C

D

Figure 1.5: Two types of β-sheet, schematically: a) parallel, and b) anti-parallel;
and in three-dimensions: c) parallel and d) anti-parallel (ideal geometries, generated
using Chimera).

Helices

The α-helix is the most common helix secondary structure type, where
the bond is formed between residues i and i+ 4. So-called 3/10- and
π-helices, where the bond connects residues i → i + 3 and i → i + 5
respectively, are less common. In the helical structure, the carbonyl
group (C=O) is oriented along the direction of the sequence, while the
amide group (NH) points in the opposite direction (Figure 1.4a). This
arrangement results in a tightly packed helix with minimal internal
space.

2.3 β-strands

A β-strand is a stretch of amino acids with the backbone in an extended
configuration, typically 3 to 10 amino acids long. Two or more β-strands
together make up a β-sheet. Hydrogen bonding patterns in the β-sheet are
distinctly different from those in the α-helix. In the β-sheet, hydrogen bonds
occur ‘laterally’ between adjacent strands.

When two β-strands have the same direction, they are referred to as
parallel β-sheets. Conversely, if the two β-strands have opposite directions,
they are known as antiparallel β-sheets. These two types of β-sheets can be
distinguished by the geometry of the hydrogen bonds. In parallel β-sheets,

Intro Prot Struc Bioinf © Feenstra & Abeln, 2014-2023



2. SECONDARY STRUCTURE 13

A B C
Figure 1.6: Details of α-helix (A), β-strand (B) and coil (C). Note how regular
patterns of hydrogen bonds (thin lines) stabilize α-helix (A) and β-strand (B), but
not coil (C). Also note how the hydrogen bonds in the α-helix (A) point along the
helix axis; the hydrogen bonds go from the hydrogen atom (which is not shown) on
the nitrogen (blue) to the oxygen (red), pointing ’backwards’ along the direction of
the protein chain, which runs from bottom left to top right (A).

the hydrogen bonds are formed diagonally between the carbonyl group of
one amino acid residue and the amide group of the neighboring residue on
the adjacent strand, resulting in a slanted hydrogen bonding pattern. On the

Strands and sheets

Due to the chirality of amino acids, β-sheets are often twisted or
pleated in a right-hand turn. Simple configurations of β-sheets include
the commonly found hairpin and so-called psi-loop motif, whereas
larger sheets can assume complex formations like β-barrels or β-
propellers.
When the connecting sequence between two strands is a small loop
(a β-loop-β motif, often referred to as β-hairpin) Figure 1.6b, the se-
quence distance can be as low as 3. However, the sequence distance be-
tween two strands in a beta-sheet can be much larger. An extreme case
occurs when a whole protein domain is in between the two strands,
which might be hundreds of residues (more on protein domains later in
Chapter “Data Resources for Structural Bioinformatics”). Therefore,
no clear relation (such as ‘i–i+4’ for α-helix) occurs between hydrogen-
bonded residues in a β-sheet. Thus α-helices can be considered “lo-
cal” compared to β-sheets, as the hydrogen-bonding in α-helices is
formed between nearby residues in the sequence, while in β-sheets the
hydrogen-bonded residues may be far away in the sequence.

© Feenstra & Abeln, 2014-2023 Intro Prot Struc Bioinf
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14 CHAPTER 1. INTRODUCTION TO PROTEIN STRUCTURE

other hand, in antiparallel β-sheets, the hydrogen bonds are formed directly
between the carbonyl group of one amino acid residue and the amide group
of the neighboring residue on the opposite strand, creating a linear hydrogen
bonding pattern Figure 1.5. Please refer to the Panel “Strands and sheets”
below for further details on beta-sheets.

2.4 Loops

In loop regions, see also Figure 1.6c, there is no regular pattern of hydro-
gen bonding. Nevertheless, the hydrogen bond donors and acceptors, as
present in the backbone, do need to form hydrogen bonds. In loop struc-
tures, the backbone atoms may make hydrogen bonds with the solvent, with
the sidechains of polar amino acids, or even with backbone atoms – but not
in a regular pattern.

The configuration of loops are much less regular, or ordered compared
the helices and β-sheets. Generally, loops lie on the surface of a protein,
and are much more solvent exposed. Often loop regions can be flexible,
and can change conformation in the functional state of the protein, even
when the protein is fully folded. Loop regions are therefore also much more
likely to loose (deletion) or gain (insertion) small parts during evolution.
In a (multiple) sequence alignment, loop regions typically contain many
gaps compared to helical or sheet regions. Very long loops (> 20 residues)
are also called disordered regions. Such regions will not take up a rigid
three-dimensional structure in their folded state, see also Panel “Unusual
secondary structures”.

Unusual secondary structures

In addition to ‘typical’ proteins secondary structures, there are three
main classes of ‘a-typical’ cases: amyloid fibrils, coiled-coils, and dis-
ordered proteins. Examples are shown in Figure 1.7.
Amyloid fibrils (β-fibrils) are a particular case of β-sheets. Here the

β-strands are also formed between the chains of different protein
molecules, and such structures can become infinitely long. The
resulting fibrils may form larger aggregate fibers, that may dis-
rupt the cell functioning or even kill cells. Initially, the ability
to form these fibrils was thought to be a particular property of
specific proteins and associated with particular pathologies, like
the prion protein in scrapie (sheep), mad cow disease (cattle) or
Creutzfeldt-Jacob’s disease (human). It has now become clear
that the ability of proteins to form amyloidic structures tends
to be generic (Dobson, 2003). Several other diseases have now
been associated with the formation of ‘amyloid plaques’, which

Intro Prot Struc Bioinf © Feenstra & Abeln, 2014-2023



2. SECONDARY STRUCTURE 15

A B

C D

E

F G

Figure 1.7: Three main classes of a-typical protein structures: amyloid-fibrils or β-
fibrils (A), as an example of bound ordered structure flanked by disordered loops or
termini (B). Disordered proteins or regions; shown are schematically a disordered
loop within a protein domain (C) and a disordered linker between two protein
domains (D). (E+F) α-helical coiled coils (PDB:2ZTA) which are characterized by
the repetition of a Leucine every 7th residue, hence also referred to as ‘leucine
zippers’. Shown length-wise (E), from the top (F) and schematically (G).

© Feenstra & Abeln, 2014-2023 Intro Prot Struc Bioinf
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16 CHAPTER 1. INTRODUCTION TO PROTEIN STRUCTURE

are large-scale deposits of β-fibrils that can be highly disruptive
to tissue. A well-known example is some forms of Parkinson’s
disease. However, it is not yet clear in most cases if these plaques
are involved in causing the disease or merely a result of the dis-
ease process.

The coiled-coil is a twisted rod formed by a pair of α-helices, this
is shown in Figure 1.7b. It resembles a pair of tweezers, with
one end slightly open, and both helix ends binding on either
side of the DNA double helix in certain DNA binding proteins.
The coiled-coil has a repetitive element of 7 residues where both
helices are in direct contact. Typically, every 7th residue is a
leucine, and valines or isoleucines are found in between. This
creates a pattern like Lxx[VI][VI]xxL ([VI] means either V
or I at that position). These structures are also referred to
as “leucine zippers”and “leucine-rich repeats”because of the re-
peating leucine every 7th residue.

Disordered protein regions: some proteins never fold in a fixed
three-dimensional structure, and are referred to as “disordered
proteins”. These lack a folded structure, but display a highly
flexible, random-coil-like conformation under physiological con-
ditions. They will be further discussed in Chapter “Structural
Property Prediction” will briefly go into prediction of disordered
proteins and regions based on sequence patterns. Many proteins
contain large disordered segments (33% of eukaryotic, 2% for ar-
chaea, and 4.2% in bacteria) (Ward et al., 2004).

2.5 Phi and psi angles

The backbone of a peptide consists of two flexible chemical bonds: NH–
Cα and Cα–CO. These bonds can rotate around their axes, and they are
referred to as torsion angles or dihedral angles. In this context, we will use
the term torsion angles. The NH–Cα torsion angle is denoted as Φ or phi
and is located at the beginning of each residue. The Cα-CO torsion angle
is denoted as Ψ or psi and is found at the end of each residue. Figure 1.8
illustrates this arrangement. The omega torsion angle is covered in the
Panel “The omega torsion angle”.

Specific combinations of phi and psi angles allow the formation of favourable
amide (NH) to carbonyl (C=O) hydrogen bonding patterns in the back-
bone. These combinations facilitate the formation of either α-helix or β-
sheet structures. However, certain phi and psi angle combinations can re-
sult in clashes within the backbone or between adjacent sidechains in the
protein chain, particularly if the sidechains are large. In some cases, clashes
can even occur between the larger sidechains and the backbone of neigh-
boring residues. Steric hindrance caused by both the backbone atoms and

Intro Prot Struc Bioinf © Feenstra & Abeln, 2014-2023
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2. SECONDARY STRUCTURE 17

Figure 1.8: (a) Phi or Φ and psi or Ψ angles defined in the backbone of an Alanine.
(b) Phi and psi angles analyzed in a ramachandran plot. The contoured areas indi-
cated allowed (light) and preferred (dark) combinations of phi and psi angles, which
coincides with the two major secondary structure elements: β-sheets and α-helices;
in addition the smaller area of left-handed α-helices can be seen in the positive
quadrant (Chen et al., 2010). (c+d) Backbone re-arrangements in a tri-Alanine
peptide, when adjusting the Φ backbone dihedral angle of the central residue (c)
or the Ψ angle (d). The backbone nitrogen (N) is in blue, the carboxyl (C=O)
oxygen in red, and the carbon atoms in tan. The Cα atom is the one without a
(red) oxygen bound, and with the Cβ (tan) branching off of the backbone. These
structural illustrations were created using Chimera.

sidechains restrict the occurrence of certain combinations of phi and psi
angles. Consequently, the number of potential conformations that may be
adopted by the polypeptide is reduced. Sequence and propensity patterns
that arise from this are exploited in secondary structure prediction, to which
we will turn in Chapter “Structural Property Prediction”.

Based on known protein structures, we can derive empirical distributions
of phi and psi angle combinations. This distribution is visualised in a so-
called Ramachandran plot of phi (horizontal) vs. psi (vertical), as shown
in Figure 1.8. Firstly, we can observe that only some combinations of phi
and psi angles are allowed, e.g. light and dark outlined areas, whilst others
are very uncommon (outside areas). The allowed region are the secondary
structure elements, such as the α-helix (with negative phi and psi angles) and

© Feenstra & Abeln, 2014-2023 Intro Prot Struc Bioinf
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18 CHAPTER 1. INTRODUCTION TO PROTEIN STRUCTURE

β-sheet (with negative phi and positive psi angles). Additionally, there is a
smaller area that corresponds to the left-handed helix, which is observed but
less frequently encountered. The areas without data points, the disallowed
regions, indicate combinations of phi and psi angles that result in steric
hindrance among the backbone atoms and are therefor not observed.

The omega torsion angle

The peptide bond (between C=O and N–H) chemically connects two
amino acid residues together. The consecutive peptide bonds form
the backbone of the protein. Strictly speaking the peptide bond is a
torsion angle like the phi and psi angles, however this bond is different.
Due to the physiochemical properties of this bond it cannot rotate
freely, this is related to the fact that it is in between a C=O and N–H
group. This bond angle is called ω or omega. In proline residues,
it can switch between two possible angles in a process called ‘proline
isomerisation’.

2.6 Secondary structure assignment

Secondary structure assignment involves determining the secondary struc-
ture class for each residue in a protein based on its structure. It is a
structure-based definition for secondary structure. Protein structures are
typically stored as a set of coordinates for each atom in the structure, see
also Chapter “Data Resources for Structural Bioinformatics”. Various fea-
tures such as phi and psi angles or hydrogen bonding patterns, can be used
to assign secondary structure.

The most commonly used method to assign secondary structure is the
Dictionary of Secondary Structure of Proteins, or DSSP (Kabsch and Sander,
1983), but several others exist such as Stride (Heinig and Frishman, 2004).
DSSP first assigns hydrogen bonds to pairs of atoms, and uses these pairs to
infer the secondary structure. For example, if several consecutive residues
have hydrogen bonds that are four places ahead in the sequence, these
residues are designated to be part of an α-helix by DSSP. Minimum lenghts
of secondary structure elements are also considered by these methods, to
avoid assigning a single residue as an α-helix.

3 Tertiary structure

The the tertiary structure of the protein, which represents its complete struc-
ture, consists of secondary structure elements, or motifs (see also Panel “Sec-
ondary structure motifs”). The arrangement of secondary structure elements
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A B

C D
Figure 1.9: The four main protein fold classes, here showing a more or less fa-
mous example for each of them. (A) all-α: myoglobin, solved in 1960 by Sir John
Kendrew, for which he received the Nobel prize (PDB:1mbn, Kendrew et al., 1960),
consisting of only alpha-helices. (B) all-β: Immunoglobulin domain, consisting
of only beta-strands (PDB:1igt, Harris et al., 1997). (C) α/β lysozyme by DC
Phillips, where one domain is helical, and another strands (here on the bottom
right) (PDB:1lyz, Diamond, 1974). (D) α+β triose phosphate isomerase, where
helical and strand regions intermingle (PDB:1tim, Banner et al., 1976).

along the protein chain, and their folding to establish contacts in the three-
dimensional structure, is called the protein fold. This is also referred to as
‘protein topology’. Four main fold categories are distinguished: all-α, all-β,
α/β and α+ β as shown in Figure 1.9.

Secondary structure motifs

Secondary structure elements often occur in the protein structure in
particular combinations, called ‘secondary structure motifs’. Some of
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these can be very informative, e.g. for assessing protein function, which
is why they form the basis of structural classification schemes. As an
example, Figure 1.9 shows the four main fold classes from one of the
protein databases, SCOP (Andreeva et al., 2008). For a comprehensive
treatise on secondary structure motifs, we refer to Branden and Tooze
(1998). Also, you can find more on this in Chapter “Data Resources
for Structural Bioinformatics”.

3.1 Hydrophobic core

Proteins in a cell are typically surrounded by water (except for transmem-
brane proteins which are located inside of cell membranes). Water is a polar
molecule: with the oxygen atom slightly negative and the hydrogen slightly
positive, see also Figure 1.3. Hydrophobic sidechains cannot make hydrogen
bonds with the water molecules, therefore the solvent avoids to make con-
tact with hydrophobic residues. Oil is also a hydrophobic substance, and as
you may well know: oil and water do not mix well.

In a protein, the hydrophobic residues want to be shielded from the
water, in any stable configuration. The result is that the protein will adopt
a conformation in which the exposure of the hydrophobic sidechains to the
water is minimized; hydrophobic residues will tend to become buried in the
interior of the protein. This effect is known as the ‘hydrophobic effect’ and is
the main driving force for protein folding. In the folding process, this leads
to what is called the ‘hydrophobic collapse’. Figure 1.2 sketches the role of
hydrophobic residues in the folded and unfolded states of a protein. We will
come back to the folding process and the thermodynamics and driving forces
behind in much more depth in Chapter “Introduction to Protein Folding”.

For now, it is important to realize that the interior of the protein will
consist mostly of residues with hydrophobic sidechains, but the backbone is
polar. It is not possible to keep all the polar backbone parts of the buried
hydrophobic residues at the surface of the protein. At the surface, the polar
sidechains as well as the backbone, form hydrogen bonds with the water,
but the backbone of the buried hydrophobic residues cannot do this. This
creates a problem, as it is very unfavourable if these backbone hydrogen
bonding capacity remains unsatisfied. The solution to this problem is the
formation of secondary structure, as covered in the previous section. Regular
secondary structures will therefore usually make up the core of the protein.

3.2 Protein domains

Protein domains are conserved regions that will be mentioned often in this
book. More generally, we could define them as self-folding, evolutionary con-
served subunits of structure. Domains typically have a specific molecular
function, and may recurrently appear in different proteins. Most eukary-
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otic proteins have multiple domains, which may be linked together by a
small linker, or large disordered regions. There are serveral distinct ways in
which domains may be described, each of which will be explained in further
detail elsewhere in this book. In Chapter “Data Resources for Structural
Bioinformatics” we will see how structural domains can be defined; in Chap-
ter “Introduction to structure prediction” it becomes clear that structure
prediction is most effective at the domain level.

4 Quarternairy structure

Protein-protein interactions (PPIs) involve the binding of two or more pro-
teins, leading to the formation of a protein complex known as the quaternary
protein structure. This structure represents a natural extension of the pri-
mary, secondary, and tertiary structures. It is worth noting that protein
function often emerges at the level of the quaternary structure, as it deter-
mines the specific function performed by the protein complex. We will come
back to protein function, and the role of interactions, in Chapter “Function
Prediction”.

5 Key points

• Proteins fold from an unstructured polypeptide coming from the ribo-
some into their functional native conformations.

• Structure Basics:
– primary, secondary, tertiary, tertiary
– phi/psi angles
– hydrogen-bonds

• Loops tend to be more flexible
• Hydrogen bonds may be satisfied by backbone, sidechain or water
• PDB & Structural genomics: bias in data
• Protein structure may be predicted from sequence
• Function may be derived from structure

6 Further Reading

• “Sequence Analysis” (Durbin et al., 1998)
• “Introduction to Protein Structure” (Branden and Tooze, 1998)
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