
THE THREE-DIMENSIONAL 

STRUCTURE OF PROTEINS



The three-dimensional structure of a protein is determined 
by its amino acid sequence.

The function of a protein depends on its structure.

An isolated protein usually exists in one or a small number
of stable structural forms. 

The most important forces stabilizing the specific structures 
maintained by a given protein are noncovalent
interactions.



Structure of the enzyme chymotrypsin, a globular 
protein

Proteins are large molecules and, as we shall see, each has a 
unique structure. 

A molecule of glycine (blue) is shown for size comparison.
The known three-dimensional structures of proteins are 

archived in the Protein Data Bank.



1. Overview of Protein Structure



The spatial arrangement of atoms in a protein is called its 
conformation. 

The possible conformations of a protein include any 
structural state that can be achieved without breaking 
covalent bonds.

The conformations existing under a given set of conditions 
are usually the ones that are thermodynamically the most 
stable, having the lowest Gibbs free energy (G). 

Proteins in any of their functional, folded conformations 
are called native proteins.



A protein’s conformation is stabilized largely by weak 
interactions

The term stability can be defined as the tendency to 
maintain a native conformation.

In general, the protein conformation with the lowest free 
energy (that is, the most stable conformation) is the one 
with the maximum number of weak interactions.

Pure water contains a network of hydrogen-bonded H2O 
molecules.

When water surrounds a hydrophobic molecule, the 
optimal arrangement of hydrogen bonds results in a 
highly structured shell, or solvation layer.



When nonpolar groups are clustered together, there is a 
decrease in the extent of the solvation layer because each 
group no longer presents its entire surface to the solution. 

The result is a favourable increase in entropy.

This entropy term is the major thermodynamic driving 
force for the association of hydrophobic groups in 
aqueous solution. 

Hydrophobic amino acid side chains therefore tend to be 
clustered in a protein’s interior, away from water.



Hydrophobic interactions are clearly important in 
stabilizing a protein conformation; the interior of a 
protein is generally a densely packed core of 
hydrophobic amino acid side chains.

Hydrophobic residues are largely buried in the protein 
interior, away from water.

The number of hydrogen bonds within the protein is 
maximized.



The peptide bond is rigid and Planar
The peptide C−N bond is somewhat shorter than the C−N bond in a 

simple amine and that the atoms associated with the peptide bond
are coplanar.

Each peptide bond has some double-bond character due to resonance 
and cannot rotate.

The carbonyl oxygen has a partial negative charge and the amide 
nitrogen a partial positive charge, setting up a small electric 
dipole.

Virtually all peptide bonds in proteins occur in this trans 
configuration.



The six atoms of the peptide group lie in a single plane, 
with the oxygen atom of the carbonyl group and the 
hydrogen atom of the amide nitrogen. 

The peptide C−N bonds are unable to rotate freely because 
of their partial double-bond character. 

Rotation is permitted about the N−Cα and the Cα−C bonds.



Three bonds separate sequential carbons in a polypeptide chain. 

The N−Cα and Cα−C bonds can rotate.

The peptide C−N bond is not free to rotate.



Summary for „Overview of Protein Structure”

• Every protein has a three-dimensional structure that 
reflects its function.

• Protein structure is stabilized by multiple weak 
interactions. Hydrophobic interactions are the major 
contributors to stabilizing the globular form of most 
soluble proteins; hydrogen bonds and ionic interactions 
are optimized in the specific structures that are 
thermodynamically most stable.

• The nature of the covalent bonds in the polypeptide 
backbone places constraints on structure. The peptide 
bond has a partial doublebond character that keeps the 
entire six-atom peptide group in a rigid planar 
configuration. The N−Cα and Cα−C bonds can rotate.



2. Protein  Secondary Structure



The term secondary structure refers to the local 

conformation of some part of a polypeptide.

The most prominent are the α helix and β conformations.



The α helix is a common protein secondary structure

The simplest arrangement the polypeptide chain could 
assume with its rigid peptide bonds is a helical structure,
which called the α helix.

The structure is stabilized by a hydrogen bond between the 
hydrogen atom attached to the electronegative nitrogen 
atom of a peptide linkage and the electronegative 
carbonyl oxygen atom of the fourth amino acid on the 
amino-terminal side of that peptide bond.



Every peptide bond participates in such hydrogen bonding.

All the hydrogen bonds combined give the entire helical 
structure considerable stability.

The α helix can form in polypeptides consisting of either 
L- or D-amino acids.

Naturally occurring L-amino acids can form either right-
or left-handed α helices.



Model of the α helix I.

Formation of a right-handed helix. 

The planes of the rigid peptide bonds are 
parallel to the long axis of the helix, 
depicted here as a vertical rod.



Model of the α helix II.

Ball-and-stick model of a right-
handed helix, showing the intra-
chain hydrogen bonds. 

The repeat unit is a single turn of the 
helix, 3.6 residues.



Model of the α helix III.
The α helix as viewed from one end, looking down 

the longitudinal axis (1).

Note the positions of the R groups, represented by 
purple spheres. 

This ball-and-stick model, used to emphasize the 
helical arrangement, gives the false impression that 
the helix is hollow.

As the space-filling model (2) 
shows, the atoms in the centre 
of the helix are in very close 
contact.

(1) (2)



Amino acid sequence affects α helix stability

Interactions between amino acid side chains can stabilize 
or destabilize this structure. 

If a polypeptide chain has a long block of Glu residues, 
this segment of the chain will not form an α helix at 
pH 7.0. 

The negatively charged carboxyl groups of adjacent Glu
residues repel each other so strongly that they prevent 
formation of the α helix. 

If there are many adjacent Lys and/or Arg residues, which 
have positively charged R groups at pH 7.0, they will 
also repel each other and prevent formation of the α
helix. 



The Asn, Ser, Thr and Cys residues can also destabilize an 
helix if they are close together in the chain.

In proline, the nitrogen atom is part of a rigid ring and 
rotation about the N−C bond is not possible. 

Thus, a Pro residue introduces a destabilizing kink in an α
helix.

Proline is only rarely found within an α helix.



The β conformation organizes polypeptide chains into sheets

The β conformation is a more extended conformation of 
polypeptide chains.

In the β conformation, the backbone of the polypeptide chain 
is extended into a zigzag rather than helical structure.

The zigzag polypeptide chains can be arranged side by side to 
form a structure.

In this arrangement, called a β sheet, hydrogen bonds are 
formed between adjacent segments of polypeptide chain.

The adjacent polypeptide chains in a β sheet can be either 
parallel or antiparallel.



The β conformation of polypeptide chains

The top and side views reveal the R groups extending out 
from the β sheet and emphasize the pleated shape 
described by the planes of the peptide bonds. 

An alternative name for this structure is β-pleated sheet.

Hydrogen-bond cross-links between adjacent chains are 
also shown.

Antiparallel β sheet, in which the amino-terminal to 
carboxyl-terminal orientation of adjacent chains (arrows) 
is inverse. 



Antiparallel

Top view

Side view

The β conformation of polypeptide chains I.



Parallel

Top view

Side view

The β conformation of polypeptide chains II.



Summary for „Protein Secondary Structure”

• Secondary structure is the regular arrangement of amino 

acid residues in a segment of a polypeptide chain, in 

which each residue is spatially related to its neighbours 

in the same way.

• The most common secondary structures are the α helix, 

the β conformation



3. Protein Tertiary and Quaternary 
Structures



The overall three-dimensional arrangement of all atoms in a 
protein is referred to as the protein’s tertiary structure.

Some proteins contain two or more separate polypeptide 
chains, or subunits, which may be identical or different.

The arrangement of these protein subunits in three-
dimensional complexes constitutes quaternary structure.



Fibrous proteins are adapted for a structural function

The α-keratin, collagen, and silk fibroin nicely illustrate the 
relationship between protein structure and biological 
function. 

Fibrous proteins share properties that give strength and/or
flexibility to the structures in which they occur. 

In each case, the fundamental structural unit is a simple 
repeating element of secondary structure. 

All fibrous proteins are insoluble in water, a property 
conferred by a high concentration of hydrophobic amino 
acid residues both in the interior of the protein and on its 
surface.



The α-keratin:

– The α-keratins have evolved for strength.

– Found in mammals, these proteins constitute almost the 
entire dry weight of hair, wool, nails, claws, quills, horns,  
hooves, and much of the outer layer of skin.

Collagen:

– Like the α-keratins, collagen has evolved to provide 
strength.

– The collagen helix is a unique secondary structure quite 
distinct from the α helix. 

– It is left-handed and has three amino acid residues per turn.



Structure of collagen I.
A:
The α chain of collagen has a repeating 

secondary structure unique to this 
protein.

The repeating tripeptide sequence Gly–
X–Pro or Gly–X–4-Hyp adopts a left-
handed helical structure with three 
residues per turn.

The repeating sequence used to generate 
this model is Gly–Pro–4-Hyp. 

B:
Space-filling model of the same α chain.

(A) (B)



Structure of collagen II.

C:

Three of these helices (shown here 
in gray, blue, and purple) wrap 
around one another with a right-
handed twist.

D:

The three-stranded collagen super-
helix shown from one end, in a 
ball-and-stick representation. Gly
residues are shown in red.

(C) (D)



Silk Fibroin:
Fibroin, the protein of silk, is produced by insects and spiders. 

Its polypeptide chains are predominantly in the β
conformation. 

Fibroin is rich in Ala and Gly residues, permitting a close 
packing of β sheets and an interlocking arrangement of R 
groups.

Silk does not stretch, because the β conformation is already 
highly extended. 

However, the structure is flexible because the sheets are held 
together by numerous weak interactions rather than by 
covalent bonds such as the disulfide bonds in α-keratins.



The fibres used to make silk cloth or a spider web are made up of 
the protein fibroin. 

Fibroin consists of layers of antiparallel β sheets rich in Ala 
(purple) and Gly (yellow) residues.

Structure of silk



Myoglobin provided early clues about the complexity of 
globular protein structure

Myoglobin is a relatively small (Mr 16,700), oxygen-binding 
protein of muscle cells. 

It functions both to store oxygen and to facilitate oxygen 
diffusion in rapidly contracting muscle tissue.

Myoglobin contains a single polypeptide chain of 153 amino 
acid residues of known sequence and a single iron 
protoporphyrin, or heme, group.

Myoglobin is particularly abundant in the muscles of diving 
mammals such as the whale, seal, and porpoise, whose 
muscles are so rich in this protein that they are brown. 

Storage and distribution of oxygen by muscle myoglobin permit 
these animals to remain submerged for long periods of time.



Myoglobin tertiary structure:

The backbone of the myoglobin molecule is made up of 
eight relatively straight segments of α helix interrupted by 
bends.

The longest α helix has 23 amino acid residues and the 
shortest only 7.

All helices are right-handed. 

More than 70% of the residues in myoglobin are in these α-
helical regions.



Tertiary structure of sperm whale myoglobin
The orientation of the protein is similar in all panels; the heme group 

is shown in red. 
In addition to illustrating the myoglobin structure, this figure provides 

examples of several different ways to display protein structure.

The polypeptide backbone

The α-helical regions are evident.



Emphasizes the protein surface
A surface contour image is useful 
for visualizing pockets in the 
protein where other molecules 
might bind.



A ribbon representation, 
including side chains (blue) for 
the hydrophobic residues Leu, 
Ile, Val, and Phe.

A space-filling model with all amino acid 
side chains. 

Each atom is represented by a sphere 
encompassing its van der Waals radius. 

The hydrophobic residues are again shown 
in blue; most are not visible, because they 
are buried in the interior of the protein.



Many important conclusions were drawn from the structure 
of myoglobin.

– Most of the hydrophobic R groups are in the interior of the 
myoglobin molecule.

– All but two of the polar R groups are located on the outer 
surface of the molecule, and all are hydrated. 

– The myoglobin molecule is so compact that its interior has 
room for only four molecules of water. 

– This dense hydrophobic core is typical of globular proteins.

– The nonpolar side chains in the core are so close together 
that short-range van der Waals interactions make a 
significant contribution to stabilizing hydrophobic 
interactions.



The structure of myoglobin confirmed some expectations and 
introduced some new elements of secondary structure. 

All the peptide bonds are in the planar trans configuration.
The α helices in myoglobin provided the first direct 

experimental evidence for the existence of this type of 
secondary structure. 

Three of the four Pro residues of myoglobin are found at bends.
Lack of a peptide-bond N−H group for participation in 

hydrogen bonds, is largely incompatible with α-helical 
structure.

The flat heme group rests in a crevice, or pocket, in the 
myoglobin molecule.



Globular proteins have a variety of tertiary structures

Myoglobin illustrates only one of many ways in which a 
polypeptide chain can be folded.

Cytochrome c, lysozyme, and ribonuclease have different 
amino acid sequences and different tertiary structures, 
reflecting differences in function.

The next pictures we can see the three-dimensional structures of 
some small proteins. Each protein is shown in surface contour and 
in a ribbon representation, in the same orientation. In the ribbon 
depictions, regions in the β conformation are represented by flat 
arrows and the α helices are represented by spiral ribbons. 
Disulfide bonds are shown (in the ribbon representations) in 
yellow.



Cytochrome c
Cytochrome c is a component of the 

respiratory chain of mitochondria.
Cytochrome c is a heme protein. 
It contains a single polypeptide chain of 

about 100 residues (Mr = 12,400) and a 
single heme group. 

The protoporphyrin of the heme group is 
covalently attached to the polypeptide.

Only about 40% of the polypeptide is in 
α-helical segments.

The rest contains β turns and irregularly 
coiled and extended segments.



Lysozyme:

Lysozyme (Mr = 14,600) catalyzes 
the hydrolytic cleavage of 
polysaccharides in the protective 
cell walls of some families of 
bacteria.

A bactericidal agent about 40% of 
its 129 amino acid residues are in 
α-helical segments

Some β-sheet structure is also 
present.

Four disulfide bonds contribute 
stability to this structure.



Ribonuclease:

Ribonuclease is a small globular 
protein (Mr = 13,700).

It catalyzes the hydrolysis of certain 
bonds in the ribonucleic acids 
present in ingested food.

Little of its 124 amino acid 
polypeptide chain is in an 
α-helical conformation.

It contains many segments in the β
conformation.

Ribonuclease has four disulfide 
bonds between loops of the 
polypeptide chain.



Small proteins have fewer potential weak interactions available 
to stabilize them.

This explains why many smaller proteins are stabilized by a 
number of covalent bonds. 

Lysozyme and ribonuclease have disulfide linkages.

The heme group in cytochrome c is covalently linked to the 
protein on two sides, providing significant stabilization of the
entire protein structure.

Each of these proteins has a distinct structure, adapted for its
particular biological function.

Each is folded compactly, in each case the hydrophobic amino 
acid side chains are oriented toward the interior and the 
hydrophilic side chains are on the surface.



Approximate amounts of α helix and β conformation in some 
single-chain proteins 

Residues (%)* 

Protein (total residues) 
α helix β conformation 

Chymotrypsin (247) 14 45 

Ribonuclease (124) 26 35 

Carboxypeptidase (307) 38 17 

Cytochrome c (104) 39 0 

Lysozyme (129) 40 12 

Myoglobin (153) 78 0 
 

*Portions of the polypeptide chains that are not accounted for by α helix or
β conformation consist of bends and irregularly coiled or extended stretches. 
Segments of α helix and β conformation sometimes deviate slightly from their 
normal dimensions and geometry.



Analysis of many globular proteins reveals common 
structural patterns

The three-dimensional structure of a typical globular 
protein can be considered an assemblage of polypeptide 
segments in the α-helix and β-sheet conformations, 
linked by connecting segments.

The structure can then be described by defining how these 
segments stack on one another and how the segments 
that connect them are arranged.

Supersecondary structures, also called motifs or simply 
folds, are particularly stable arrangements of several 
elements of secondary structure and the connections 
between them.



Polypeptides with more than a few hundred amino acid 
residues often fold into two or more stable, globular units 
called domains.

Different domains often have distinct functions, such as the 
binding of small molecules or interaction with other 
proteins. 

Small proteins usually have only one domain (the domain is 
the protein).

Structural domains in the 
polypeptide troponin C

This calcium-binding protein  
associated with muscle has 
separate calcium-binding domains, 
indicated in blue and purple.



Protein quaternary structures range from simple 
dimers to large complexes

Many proteins have multiple polypeptide subunits. 

The association of polypeptide chains can serve a variety 
of functions.

Many multi-subunit proteins have regulatory roles; the 
binding of small molecules may affect the interaction 
between subunits, causing large changes in the protein’s 
activity in response to small changes in the concentration 
of substrate or regulatory molecules.

In other cases, separate subunits can take on separate but 
related functions, such as catalysis and regulation.



Some very large protein assemblies are the site of 
complex, multistep reactions.

The ribosome, site of protein synthesis, incorporates 
dozens of protein subunits along with a number of RNA 
molecules.

A multisubunit protein is also referred to as a multimer.

Multimeric proteins can have from two to hundreds of 
subunits. 

A multimer with just a few subunits is often called an 
oligomer.

A single subunit or a group of subunits, is called a 
protomer.



The first oligomeric protein for which the three-
dimensional structure was determined was hemoglobin.

Hemoglobin contains four polypeptide chains and four 
heme prosthetic groups, in which the iron atoms are in 
the ferrous (Fe2+) state.

Globin consists of two α chains (141 residues each) and 
two β chains (146 residues each).

The subunits of hemoglobin are arranged in symmetric 
pairs, each pair having one α and one β subunit. 

Hemoglobin can therefore be described either as a tetramer 
or as a dimer of αβ protomers.



Quaternary structure of 
deoxyhemoglobin

X-ray diffraction analysis of deoxy-
hemoglobin (hemoglobin without 
oxygen molecules bound to the heme
groups) shows how the four poly-
peptide subunits are packed together. 

(1.) A ribbon representation.

(2.) A space-filling model. The 
subunits are shown in gray and 
light blue; the subunits in pink 
and dark blue.

(1.)

(2.)



There are limits to the size of proteins

Protein size imposed by two factors: the genetic coding 
capacity of nucleic acids and the accuracy of the protein 
biosynthetic process.

It is simply more efficient to make many copies of a small 
polypeptide than one copy of a very large protein.

Most proteins with a molecular weight greater than 100,000 
have multiple subunits, identical or different.

The second factor limiting the size of proteins is the error 
frequency during protein biosynthesis. 

The error frequency is low (about 1 mistake per 10,000 amino 
acid residues added).

The potential for incorporating a “wrong” amino acid in a 
protein is greater for a large protein than for a small one.



Summary for „Protein Tertiary and Quanterbary
Structures” I.

• Tertiary structure is the complete threedimensional
structure of a polypeptide chain.  There are two general 
classes of proteins based on tertiary structure: fibrous 
and globular.

• Fibrous proteins, which serve mainly structural roles, 
have simple repeating elements of secondary structure.

• Globular proteins have more complicated tertiary 
structures, often containing several types of secondary 
structure in the same polypeptide chain. The first 
globular protein structure to be determined, using x-ray 
diffraction methods, was that of myoglobin.



Summary for „Protein Tertiary and Quanterbary
Structures” II.

• The complex structures of globular proteins can be 
analyzed by examining stable substructures called 
supersecondary structures, motifs, or folds. Regions of 
a polypeptide chain that can fold stably and 
independently are called domains.

• Quaternary structure results from interactions between 
the subunits of multisubunit (multimeric) proteins or 
large protein assemblies. Some multimeric proteins 
have a repeated unit consisting of a single subunit or a 
group of subunits referred to as a protomer.



4. Protein Denaturation and Folding



All proteins begin their existence on a ribosome as a linear 
sequence of amino acid residues.

This polypeptide must fold during and following synthesis 
to take up its native conformation.

A native protein conformation is only marginally stable. 

Modest changes in the protein’s environment can bring 
about structural changes that can affect function.



Loss of protein structure results in loss of function

A loss of three-dimensional structure sufficient to cause loss 
of function is called denaturation.

The denatured state does not necessarily equate with 
complete unfolding of the protein and randomization of 
conformation. 

Under most conditions, denatured proteins exist in a set of 
partially folded states that are poorly understood.



Most proteins can be denatured by heat, which affects the 
weak interactions in a protein (primarily hydrogen bonds) 
in a complex manner. 

If the temperature is increased slowly, a protein’s 
conformation generally remains intact until an abrupt loss 
of structure (and function) occurs over a narrow 
temperature range.

The very heat-stable proteins of thermophilic bacteria have 
evolved to function at the temperature of hot springs 
(~100 °C).

The structures of these proteins often differ only slightly 
from those of homologous proteins.

How these small differences promote structural stability at 
high temperatures is not yet understood.



Protein denaturation
Results are shown for proteins 

denatured by two different 
environmental changes.

In each case, the transition from the 
folded to unfolded state is fairly 
abrupt, suggesting cooperativity in 
the unfolding process. 

(1)
Thermal denaturation of horse apo-

myoglobin and ribonuclease A.
The midpoint of the temperature range 

over which denaturation occurs is 
called the melting temperature, or Tm.

(2)
Denaturation of disulfide-intact 

ribonuclease A by guanidine 
hydrochloride.

(1)

(2)



Proteins can be denatured by extremes of pH, by certain 
organic solvents such as alcohol or acetone, by certain 
solutes such as urea and guanidine hydrochloride, or by 
detergents no covalent bonds in the polypeptide 
chain are broken.

Organic solvents, urea, and detergents act primarily by 
disrupting the hydrophobic interactions that make up the 
stable core of globular proteins.

Extremes of pH alter the net charge on the protein, causing 
electrostatic repulsion and the disruption of some 
hydrogen bonding.



Amino acid sequence determines tertiary structure

The tertiary structure of a globular protein is determined 
by its amino acid sequence.

Denaturation of some proteins is reversible. 

Certain globular proteins denatured by heat, extremes of 
pH, or denaturing reagents will regain their native 
structure and their biological activity if returned to 
conditions in which the native conformation is stable. 

This process is called renaturation.



A classic example is the denaturation and renaturation of 
ribonuclease. 

Purified ribonuclease can be completely denatured by 
exposure to a concentrated urea solution in the presence of 
a reducing agent. 

The reducing agent cleaves the four disulfide bonds to yield 
eight Cys residues, the urea disrupts the stabilizing 
hydrophobic interactions.

Denaturation of ribonuclease is accompanied by a complete 
loss of catalytic activity. 

When the urea and the reducing agent are removed, the 
randomly coiled, denatured ribonuclease spontaneously 
refolds into its correct tertiary structure, with full 
restoration of its catalytic activity.



addition of urea and
mercaptoethanol

removal of urea and
mercaptoethanol

Native state; catalytically active. Unfolded state; inactive. Disulfide 
cross-links reduced to yield Cys

residues.

Native, catalytically active state.
Disulfide cross-links correctly re-formed.

Renaturation of unfolded, denatured 
ribonuclease

Urea is used to denature ribonuclease,  
and mercaptoethanol (HOCH2CH2SH) 
to reduce and thus cleave the disulfide 
bonds to yield eight Cys residues. 

Renaturation involves reestablishment of 
the correct disulfide cross-links.



The eight Cys residues could recombine at random to form 
up to four disulfide bonds in 105 different ways.

A random distribution of disulfide bonds is obtained when 
the disulfides are allowed to reform in the presence of 
denaturant.

Indicating that weak bonding interactions are required for 
correct positioning of disulfide bonds and assumption of 
the native conformation.

The amino acid sequence of a polypeptide chain contains 
all the information required to fold the chain into its 
native, three-dimensional structure.

This enzyme folds spontaneously.



Polypeptides fold rapidly by a stepwise process

E. coli cells can make a complete, biologically active protein 
molecule containing 100 amino acid residues in about
5 seconds at 37 °C.

The folding pathway of a large polypeptide chain is 
complicated.

Local secondary structures form first. 
Certain amino acid sequences fold readily into α helices or β

sheets.
This is followed by longer-range interactions between, say, two 
α helices that come together to form stable supersecondary
structures. 

The process continues until complete domains form and the 
entire polypeptide is folded.



A simulated folding pathway 
The folding pathway of a 36-residue segment of the protein villin (an actin-

binding protein found principally in the microvilli lining the intestine) was 
simulated by computer. 

The process started with the randomly coiled peptide and 3,000 surrounding 
water molecules in a virtual “water box.”

The molecular motions of the peptide and the effects of the water molecules 
were taken into account in mapping the most likely paths to the final 
structure among the countless alternatives.



Summary for „Protein Denaturation and Folding”

The three-dimensional structure and the function of 
proteins can be destroyed by denaturation, demonstrating 
a relationship between structure and function. Some 
denatured proteins can renature spontaneously to form 
biologically active protein, showing that protein tertiary 
structure is determined by amino acid sequence.

Protein folding in cells probably involves multiple 
pathways. Initially, regions of secondary structure may 
form, followed by folding into supersecondary
structures.


