Protein function and
structure

Biologically active proteins are polymers consisting of
amino acids linked by covalent peptide bonds
Proteins are a diverse and abundant class of biomolecules, constituting more than 50%
of the dry weight of cells.
Proteins are the agents of biological function; they are also the expressions of genetic
information

Their diversity and abundance reflect the central role of proteins in all aspects of cell
structure and function.
Each is tailored within the genetic information of cells, encoded in a specific sequence of
nucleotide bases in DNA.
(Each such segment of encoded information defines a gene, and expression of the gene
leads to synthesis of the specific protein encoded by it, endowing the cell with the
functions unique to that particular protein).

How long are the polypeptide chains in
proteins?
Human cytochrome c has 104 amino acid
residues linked in a
single chain; bovine
chymotrypsinogen has 245 residues.
At the extreme is titin, a constituent of
vertebrate muscle,
which has nearly 27,000
amino acid residues and a molecular
weight of about 3,000,000.
The vast majority of naturally occurring proteins
are much smaller than this, containing fewer
than 2,000 amino acid residues

The amino acid composition of proteins is also
highly variable
The 20 common amino acids almost never occur in equal amounts in a protein.
Some amino acids may occur only once or not at all in a given type of
protein; others may occur in large numbers.
Some proteins consist of a single polypeptide chain, but others, called multisubunit proteins,
have two or more polypeptides associated noncovalently.
The individual polypeptide chains in a multisubunit protein may be identical or different. If at
least two are identical the protein is said to be oligomeric,

Hemoglobin, for example, has four polypeptide subunits: two identical chains and two identical
chains, all four held together by noncovalent interactions.

Simple and conjugated proteins
Many proteins, for example the enzymes ribonuclease A and chymotrypsin, contain only amino acid
residues and no other chemical constituents; these are considered simple proteins.
However, some proteins contain permanently associated chemical components in addition to amino
acids; these are called conjugated proteins.
The non–amino acid part of a conjugated protein is usually called its prosthetic group.
Conjugated proteins are classified on the basis of the chemical nature of their prosthetic groups
Lipoproteins contain lipids,
glycoproteins contain sugar groups,

metalloproteins contain a specific metal.
Some proteins contain more than one prosthetic group. Usually the prosthetic group plays an
important role in the protein’s biological function.

Protein Structure is Described in Terms
of Four Levels of Organization
Primary structure. The most important element of primary structure is the sequence of amino
acid residues.
Secondary structure refers to particularly stable arrangements of amino acid residues giving rise
to recurring structural patterns.

Tertiary structure describes all aspects of the three-dimensional folding of a polypeptide.
Quaternary structure When a protein has two or more polypeptide subunits, their arrangement
in space is referred to as quaternary structure.
Covalent bonds, ionic interactions, hydrogen bonds, hydrophobic interactions and Van der Waals
interactions are stabilize the possible conformations of the proteins.

Primary Structure
Each protein has a distinctive number and sequence of amino acid residues linked by peptide
bonds.
The primary structure of a protein determines how it folds up into its unique three-dimensional
structure, and this in turn determines the function of the protein.

Amino acid sequence and protein function are closely linked,

Knowledge of the sequence of amino acids in a protein can offer insights into its threedimensional structure and its function, cellular location, and evolution.
Thousands of sequences of many proteins are known and available
in databases accessible through the Internet.
Analysis of the information available in the many, ever-expanding biological databases,
including gene and protein sequences and macromolecular structures, has given rise to the new
field of bioinformatics.
Most proteins contain crucial regions that are essential to their function and whose sequence is
therefore conserved.
The fraction of the overall sequence that is critical varies from protein to protein,

Secondary Structure:
Regular Ways to Fold the Polypeptide Chain
Pauling, et. al. postulated several principles that any polypeptide structure must obey:
•

The bond lengths and bond angles should be distorted as little as possible from those found through
X-ray diffraction studies of amino acids and peptides.

•

No two atoms should approach one another more closely than is allowed by their van der Waals radii.

•

The amide group must remain planar and in the trans configuration. Consequently, rotation is
possible only about the two bonds adjacent to the a-carbon in each amino acid residue.

•

Some kind of noncovalent bonding is necessary to stabilize a regular folding. The most obvious
possibility is hydrogen bonding between amide protons and carbonyl oxygens:

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

Secondary structure
The secondary structure of proteins is the hydrogen-bonded arrangement of the backbone of
the protein, the polypeptide chain.

Of the several possible secondary structures for polypeptides, the most
frequently observed are:
◦ a helix
◦ b sheet

a helix

In this structure, the polypeptide backbone is tightly wound
around an imaginary axis drawn longitudinally through the
middle of the helix, and the R groups of the amino acid
residues protrude outward from the helical backbone.

 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 aminoterminal side of that peptide bond.

 Further experiments have shown that an α helix can form in polypeptides
consisting of either L- or D-amino acids. However, all residues must be of one
stereoisomeric series; a D-amino acid will disrupt a regular structure
consisting of L-amino acids, and vice versa.
 The position of an amino acid residue relative to its neighbors is also
important.

 For example, 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. Glu residues repel
each other so strongly that they prevent formation of the α helix.
 The bulk and shape of Asn, Ser, Thr, and Cys residues can also destabilize
an α helix if they are close together in the chain.
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 The β conformation organizes polypeptide chains into sheets.
 In the α conformation, the backbone of the polypeptide chain is
extended into a zigzag rather than helical structure.
 The arrangement of several segments side by side, all of which are
in the conformation, is called a sheet.

 The adjacent polypeptide chains in a β sheet can be either parallel
or antiparallel (having the same or opposite amino-to-carboxyl
orientations, respectively).
 The α helix and the β conformation are the major repetitive
secondary structures in a wide variety of proteins,
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 Every type of secondary structure can be completely described by the
dihedral angles φ and ψ associated with each residue.
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Tertiary structure
The overall three-dimensional arrangement of all atoms in a protein is
referred to as the protein’s tertiary structure.
tertiary structure includes longer-range aspects of amino acid sequence.
Amino acids that are far apart in the polypeptide sequence and are in
different types of secondary structure may interact within the completely
folded structure of a protein.
Interacting segments of polypeptide chains are held in their characteristic
tertiary positions by several kinds of weak interactions (and sometimes by
covalent bonds such as disulfide cross-links) between the segments.

Forces that stabilize the tertiary structure of proteins. Note that the helical
structure and sheet structure are two kinds of backbone hydrogen bonding.

The Role of Disulfide Bonds

• Some folded proteins are stabilized by internal disulfide bonds,
in addition to noncovalent forces.
• Disulfide bonds bonds are relatively rare and are found
primarily in proteins that are exported from cells, such as
ribonuclease and insulin.

• One explanation is that the environment inside most cells is
reducing and tends to keep sulfhydryl groups in the reduced
state.
• External environments, for the most part, are oxidizing and
stabilize bridges.

Fibrous and globular proteins
In considering these higher levels of structure, it is useful to designate two major
groups into which many proteins can be classified:
• fibrous proteins, with polypeptide chains arranged in long strands or sheets
• globular proteins, with polypeptide chains folded into a spherical or globular
shape. The two groups are structurally distinct.
 Fibrous proteins usually consist largely of a single type of secondary structure, and
their tertiary structure is relatively simple.
 Globular proteins often contain several types of secondary structure.
 The two groups also differ functionally: the structures that provide support, shape,
and external protection to vertebrates are made of fibrous proteins, whereas most
enzymes and regulatory proteins are globular proteins.

Tertiary Structure of Fibrous Proteins
-Keratin,

collagen, and silk fibroin are 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 residue.
- The α-keratins have evolved for strength. Found only 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.

Fibrous Proteins: Structural Materials of
Cells
•

The a-keratins are the major proteins of hair and fingernails and comprise a major fraction of
animal skin.

•

The a-keratins are members of a broad group of intermediate filament proteins, which play
important structural roles in the nuclei, cytoplasm, and surfaces of many cell types.

•

Predominantly a-helical in structure.

•

Built on a coiled-coil a–helical structure.

Fibrous Proteins: Structural Materials of Cells
Fibroin is a sheet protein.

Almost half of its residues are glycine.
Silkworm fibroin contains long regions of antiparallel b-sheet, with the polypeptide chains running
parallel to the fiber axis.
The b-sheet regions comprise almost exclusively multiple repetitions of the sequence:

[Gly-Ala-Gly-Ala-Gly-Ser-Gly-Ala-Ala-Gly-(Ser-Gly-Ala-Gly-Ala-Gly)8]

In silkworm fibroin almost every other residue is Gly and that between them lie either Ala or Ser
residues.

Collagen:
•Collagen fibers are built from triple helices of polypeptides rich in glycine and proline.

•Because it performs such a wide variety of functions, collagen is the most abundant single protein
in most vertebrates.
•In large animals, it may make up a third of the total protein mass.
o Forms the matrix material in bone
o Constitutes the major portion of tendons

o An important constituent of skin

 Like the α-keratins, collagen has evolved to provide strength.
 It is found in connective tissue such as tendons, cartilage, the
organic matrix of bone, and the cornea of the eye.

 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.
 There are many types of vertebrate collagen.

 Typically they contain about 35% Gly, 11% Ala, and 21% Pro
and 4-Hyp (4-hydroxyproline).
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Collagen Structure:

•The basic unit of the collagen fiber is the tropocollagen molecule.

•A triple helix of three polypeptide chains, ~1000 residues in length.

•Left-handed helices, with about 3.3 residues/turn.

•The chains wrap around one another in a right-handed sense.
•Hydrogen bonds are between the chains.
•Every third residue can be only glycine
•Hydroxyproline and hydroxylysine are present.
•A repetitive motif in the sequence is of the form Gly–X–Y, where X is often proline and Y is proline or
hydroxyproline.

The structure of collagen fibers:

Globular proteins:
•

Carry out most of the chemical work of the cell
o Synthesis
o Transport

o Metabolism
•

Possess secondary structures

•

Folded into compact tertiary structures

•

Many carry prosthetic groups
o small molecules that may be noncovalently or covalently
bonded to the protein (e.g., heme in myoglobin).

Globular Proteins:
Teritary Structure and Functional Diversity
General rules governing tertiary folding:

• All globular proteins have a defined inside and outside.

o There is no particular distribution pattern of hydrophobic or hydrophilic residues in the
primary structure.
o The tertiary structure folding causes hydrophobic residues to be packed
o mostly on the inside and the hydrophilic residues are on the surface, in contact with water.

• Sheets are usually twisted, or wrapped into barrel structures.

Globular Proteins
In a globular protein, different segments of the polypeptide chain (or multiple polypeptide chains) fold back on
each other, generating a more compact shape than is seen in the fibrous proteins.
The folding also provides the structural diversity necessary for proteins to carry out a wide array of biological
functions.
Globular proteins include enzymes, transport proteins, motor proteins, regulatory proteins, immunoglobulins,
and proteins with many other functions.
The first breakthrough in understanding the three-dimensional structure of a globular protein came from x-ray
diffraction studies of myoglobin.
Myoglobin contains a single polypeptide chain of 153 amino acid residues of known sequence and a single
iron protoporphyrin, or heme, group.

 The same heme group that is found in myoglobin is found in
hemoglobin, the oxygen-binding protein of erythrocytes, and is
responsible for the deep red-brown color of both myoglobin and
hemoglobin.

 Myoglobin is particularly abundant in the muscles of diving
mammals such as the whale, seal, and porpoise—so abundant
that the muscles of these animals are brown.
 Storage and distribution of oxygen by muscle myoglobin permits
diving mammals to remain submerged for long periods.
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Factors Determining Secondary
and Tertiary Structure
•

Most of the information for determining the 3-D structure of a protein is carried in the amino acid
sequence of that protein.

•

Under harsh conditions, a protein loses its functional 3-D structure.

•

This process is called denaturation.

•

Denaturing conditions include:
o Increased temperature
o pH becomes extremely acidic or alkaline
o Organic solvents or urea
o Detergents (SDS)

The denaturation and refolding of ribonuclease
A:
This schematic drawing depicts the classic RNase A
refolding experiment of Anfinsen.

The Thermodynamics of Folding
•The folding of a globular protein is clearly a thermodynamically favorable process under physiological
conditions.

•The overall free energy change for folding must be negative.

•This negative free energy change is achieved by a balance
of several thermodynamic factors:
o

Conformational Entropy

o

Charge–Charge Interactions

o

Internal Hydrogen Bonds

o

van der Waals Interactions

Factors Determining Secondary and Tertiary Structure
The Thermodynamics of Folding
•The folding of a globular protein is clearly a thermodynamically favorable process under
physiological conditions.
•The overall free energy change for folding must be negative.

•This negative free energy change is achieved by a balance
o Conformational Entropy
o

Charge–Charge Interactions

o

Internal Hydrogen Bonds

o

van der Waals Interactions

of several thermodynamic factors:

Dynamics of Globular Protein Structure
Chaperones:

•Some proteins require the action of specialized proteins called molecular chaperones to achieve
proper folding.

•Functions to keep the newly formed protein out of trouble.
o improper folding
o aggregation

Quaternary Structure of Proteins
Quaternary Structure of Proteins

Quaternary Structure of Proteins
Multisubunit Proteins: Homotypic Protein–Protein Interactions
•The interactions between the folded polypeptide chains in multisubunit
proteins are of the same kinds that stabilize tertiary structure
o salt bridges
o hydrogen bonding
o van der Waals forces
o the hydrophobic effect
o disulfide bonding
•These interactions provide the energy to stabilize the multisubunit structure.
•Association of polypeptide chains to form specific multisubunit structures is
the quaternary level of protein organization.

Quaternary Structure of Proteins
Two general classes of symmetry:
•

Helical

•

Point-group

These characterize most quaternary structures.

Two helical proteins:
Beside each electron micrograph
is a diagrammatic representation of the
helical aggregate structure.
(a) Actin

(b) Tobacco mosaic virus.
•

In the virus, protein subunits form a
helical array about a helically
coiled RNA.

The prealbumin dimer:

In the prealbumin dimer the two
monomers combine to form a
complete sandwich, or flattened
barrel.
The dimer has 2-fold symmetry
about an axis perpendicular to the
paper.
The isologous interactions are
mostly hydrogen bonds between
specific sheet strands: F to F’ and
H to H’.

