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Concepts, definitions and ideas of interest to biologists are explained in
? Please tell us of any topics you would like to see included.

Tertiary structure

What is...

he term tertiary structure applies to the third level of

structural organisation in proteins. Essentially it describes
the three-dimensional structure of the protein. Before you
can understand tertiary structure, you need to know about
the other two levels of organisation.

Primary structure

The primary structure is the first level of structure — the
amino acid sequence of a protein. Each protein has its own
unique combination of amino acids. The number, the types
(there are 20 different ones) and the order of the amino acids
make the different proteins. The ‘recipe’ for the amino acid
sequence is held in the DNA, where the sequence of bases in
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Figure 1 Primary structure of a protein.

A single bead represents an amino acid

—8-0-6-¢2-6¢

The beginnings of a necklace/protein

The fully formed protein with peptide bonds holding the chain together
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Computer artwork showing (A) a molecule of neuramidase, an enzyme found on the surface
of the "flu virus and (B) a molecule of collagen.

the genes codes for the amino acid sequences of all the
proteins made by the body.

When you visualise the primary structure of a protein, you
should think of a necklace of popper beads that can be linked
and unlinked. Each bead represents an amino acid, and there
are 20 different colours (see Figure 1). The beads can be
joined to make a necklace simply by pushing them together.
With an unlimited supply of different beads of all 20 different
colours, you can see that there is no limit to the number of
different necklaces of different lengths you can make. The
number of proteins, however, is limited by the instructions
contained in the DNA (i.e. the genes) of a particular species.

The links between the beads represent the peptide bonds
that join the amino acids into a protein. Proteins are made in
the cell by ribosomes. Ribosomes appear under the electron
microscope as small round structures, but we know that they
are made up of two subunits with a groove in between. Ribo-
somes have two functions: they read the code, so they make
a particular protein correctly according to the ‘recipe’; and
they make the peptide bond form as each new amino acid is
added to the growing chain. The instructions for the ribosome
come in the form of mRNA (the DNA remains safely in the
nucleus). The ribosomes attach at one end of the mRNA
molecule and work their way systematically along, attaching
the type of amino acid that the instructions specify. Only
when a ‘stop” instruction in the mRNA is reached can the
ribosome detach and release the fully formed protein.
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Figure 2 Secondary structure of a protein: (A) the alpha helix and (B) the
pleated sheet.

Most proteins are made up of 100-1000 amino acids. The
largest known proteins are made up of almost 27 000 amino
acids and are called the titans. They are found in muscles. The
peptide bonds joining the amino acids to each other are strong
covalent linkages, which can only be broken by the action of
specific enzymes.

Secondary structure

You should now have in your head a picture of a fully formed
(unfastened) multi-coloured necklace — it can be any length.
But unlike a necklace, the protein will not lie flat. Weak inter-
molecular forces make the chain organise itself into regions
where parts of it coil up into an alpha helix or into a beta
pleated sheet (see Figure 2). Hydrogen bonds are involved in
secondary structure formation. The alpha helix is a right-
handed coil and is most frequently found in globular proteins.
The beta pleated sheet forms where part of the chain lies in
parallel lengths and hydrogen bonds form between the
lengths; it is commonly found in structural proteins. Many
proteins have regions of alpha helix and regions of beta
pleated sheet interspersed along the amino acid chain.

Tertiary structure

The protein chain, with whatever areas of secondary structure
it possesses, is now subject to further organisation — it folds
itself into a complex three-dimensional structure. This further
level of structure is the tertiary structure. Tertiary structure is
stabilised by hydrogen bonding as well as by other intramol-
ecular forces.

The 20 amino acids have different physical and chemical
properties. The general structure of an amino acid is:

H\N—(L—C//O
AR

where the carboxylic acid group (COOH) and the amino
group (NH,) are involved in forming the peptide bonds
linking the amino acids to each other in the chain. Each of the
20 amino acids has a different R group. The smallest and
simplest amino acid has hydrogen as the R group; the larger
amino acids have long chains or even ring structures. Some
amino acids have charged groups in the R group, making the
amino acid acidic or basic. Some amino acids have hydrophilic
or hydrophobic R groups.

Interactions between some of the amino acids cause the
chain to fold and twist into the three-dimensional structure
characteristic of that particular protein (see Figure 3). Ionic
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bonds are weak attractive forces that form where groups carry
opposite charges. Hydrogen bonds form between oxygen and
hydrogen atoms. Any hydrophilic amino acids tend to be
found towards the outside of the protein, where they interact
with the water of the cytoplasm, whereas hydrophilic amino
acids are located centrally, or in pockets where they escape the
etfects of water molecules. All these forces are weak and that
is why most proteins are easily denatured (see below).

Some proteins have sulphur-containing amino acids, which
contain a —=SH group. Where this occurs, a disulphide bridge
may form between two of these amino acids. The disulphide
bridge (-S-S-) is a covalent bond and therefore stronger than
the other forces stabilising the tertiary structure.

Thus the tertiary structure of proteins is a consequence of
the molecular forces that arise from the amino acid sequence.
Each protein therefore has its own characteristic shape, which
is necessary for it to carry out its function in the body.

Tertiary structure and mutations
When mutations occur in regions of the DNA that code for
proteins, the primary structure of the protein is frequently
affected (see pp. 21-25 and BIOLOGICAL SCIENCES REVIEW, Vol.
20, No. 3, pp. 6-9). If a large mutation in the DNA occurred
and a whole section was deleted, it is sensible to assume that
the protein and its function would be badly affected. Similarly,
you might predict that a small mutation, perhaps one amino
acid being substituted for another, would result in minimal
change to protein function. But this sensible rule on mutation
size does not hold in all cases. It all depends on which area of
the protein is affected. If the section of the protein affected is
involved in stabilising the tertiary structure, or is in the active
site of an enzyme, then a single amino acid change can have
devastating consequences, resulting in a non-functional
protein.

Sickle-cell anaemia is the result of one of these point muta-
tions. The amino acid affected is responsible for stabilising the
structure of the haemoglobin molecule and is particularly

Figure 3 Forces that give rise to tertiary structure.
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[image: image3.jpg]Computer graphic of the sickle-cell haemoglobin molecule.
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necessary where oxygen concentrations are low — after the
tissues have absorbed oxygen from the blood. When this crit-
ical amino acid is replaced by another, the haemoglobin mole-
cules tend to aggregate, causing the red blood cells to collapse
and form the characteristic sickle shape. Conversely, if the part
of the protein affected by a mutation has little role in its shape
or activity, then fairly large mutations can occur without ill
effect.

Recently, evidence has been accumulating which suggests
that the story behind the automatic folding of proteins to
give the spedific tertiary structure — often called conforma-
tion — is not the whole truth. The modern theories behind
protein structure are based on new scientific evidence that has
caused biologists to reappraise long-held theories. Moreover,
new theories about protein folding help us to understand a
whole diverse series of diseases — Alzheimer’s, cystic fibrosis,
mad-cow disease and even cancer.

The automatic folding theory was based on evidence from
studies into protein denaturation — the loss of tertiary struc-
ture. Proteins were placed into a solution of urea and
mercaptoethanol. Urea is a well-known cause of denaturation
(your kidneys ensure its concentration is kept low), and
mercaptoethanol is a reagent that destroys disulphide bonds.
The proteins promptly denatured and lost all activity. Then,
when the denaturing reagents were removed, by dialysis, the
proteins promptly renatured, resuming their normal confor-
mation and activity. All the bonds that had stabilised the orig-
inal conformation were destroyed in the first part of the
experiments and they reformed spontaneously in the second
part. Thus, it was argued, protein folding was a self-assembly
process — all the information required for the folding was
contained within the primary amino acid sequence.

People who worked on several diseases were
beginning to suspect that protein folding had
not been properly understood. For example,
scientists working on Alzheimer’s disease
found protein deposits in the diseased brains
of sufferers — these abnormal areas are
referred to as plaques. The plaques are made
up almost entirely of large deposits of a single
protein that had become insoluble and precip-
itated. It was not known if the plaque was a
cause of the disease or a symptom of it.
Researchers wondered what had gone wrong
to make these deposits of insoluble protein.

Another problem was encountered by
people working in the biotechnology industry.
Many of them were involved in putting the
genes for human proteins, which had thera-
peutic value but were difficult to obtain, into
bacteria. The bacteria could then synthesise
large amounts of the human protein, which
could be harvested — proteins such as insulin,
human growth hormone and interferon. Two
things in particular went wrong. The difficulty
was not in getting the bacteria to make the
protein, but what happened to the protein
after that. The biotechnologists found that
proteins that were supposed to be soluble
precipitated into insoluble bodies in the cytoplasm, or that
proteins that were supposed to be secreted into the culture
medium somehow got stuck in the bacterial cell wall. Protein
folding was implicated.

Protein biochemists had been working on how a protein
molecule actually manages to fold itself up into the correct
shape, and does so consistently within a very short time. They
suspected that the process does not occur in one step, but that
an intermediate stage is involved. By the 1980s, researchers
had evidence that partially folded proteins exist. Working on
bovine growth hormone they found that the newly made
protein was soluble, as was the final fully folded molecule. But
somewhere in the middle there was a partially folded protein
that was ‘sticky” and the molecules had a strong tendency to
clump together and precipitate. They suggested a new theory
of how proteins adopt their correct conformation (see Figure
4). By carefully altering the conditions of the denaturing/
renaturing experiments, so that the process was interrupted
at different stages during the renaturing, biochemists found
that there can be several partially folded intermediates before
the protein is correctly folded into its final shape.

Further experiments showed that protein folding in vitro
is rather an inefficient process and only a minority of the
molecules ended up in the correctly folded shape. But in cells,
protein folding is both fast and efficient — more than 95% of
all proteins made end up correctly folded. There is an obvious
advantage to the cells here, as unfolded or misfolded proteins
are non-functional and have to be degraded.

The reason that cells are so efficient in folding proteins
into the correct shapes is that they have special proteins —
chaperones — to help. Chaperones are found in every part of
the cell (see pp. 22-23).
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Wrongly folded proteins and disease

Cystic fibrosis has long been known to be the result of a
mutation that affects the membrane-based protein trans-
porter molecule, which controls the movement of chloride
ions across the plasma membrane. We now know more
about what goes wrong. The most common mutation in
cystic fibrosis affects the transporter so that it is unable to
dissociate from the chaperone that is assisting its folding.
Thus the final stages in the correct folding of the trans-
porter protein never occur; the transporter cannot function
normally and ends up being degraded by the cell’s ‘quality
control” system.

Recent research suggests that wrongly folded proteins are
implicated in some slowly developing diseases. Quite why a
normal protein should start becoming misfolded is not
known, but the misfolded proteins are degraded by the cell.
The degradation fragments are insoluble and precipitate into
the cytoplasm, where they gradually accumulate. In
Alzheimer’s disease, the characteristic plaques are formed
from an accumulation of fragments that result from the break-
down of two abundant proteins that have become misfolded.
Thus the deposition of the plaque is now known to be part of
the degenerative pathway of the disease.
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Fully folded protein

Scientists now know that mutations in a protein called p53
are implicated in about 40% of all human cancers. The func-
tion of p53 is to prevent cells with damaged DNA from dividing
and thus increasing the number of cells with damaged DNA.
There are two types of mutations to p53. In the first case the
mutations prevent p53 from binding to the DNA so it cannot
stop replication. But the second class of mutations are to do
with protein folding. The mutations mean that the p53 still
folds correctly but that the active form is less stable than it
should be. The overall effect is to make the amounts of active
p53 in the cell at any one time too small to be of any use.

And for the future

At present our increased understanding of protein folding
and its role in disease has not led to any treatments for the
diseases. But research is ongoing and the aim is to find a drug
that could disrupt the process whereby a protein becomes
misfolded. Another possibility would be a drug that makes the
correctly folded protein more stable.

Dr Dianne Gull is the Admissions Officer at New College, Univer-
sity of Oxford. She has had many years teaching experience in
both schools and higher education and is an Editor of BioLogIcAL
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