[image: image1.jpg]You are probably accustomed to the idea that proteins are important constituents of
our cells and tissues. However, did you know that many common human diseases are
caused by proteins not adopting their correct shape?

ithout proteins there would be no life on

Earth. Proteins control virtually all aspects of

life, from enzymes catalysing diverse chem-

ical reactions to structural proteins providing

the framework for our tissues. Proteins provide crucial
roles as hormones, receptors and antibodies. These are
the reasons why the synthesis of proteins is a critical
process that needs to be highly efficient and accurate.
Most of the time, our cells work like protein factories,
ensuring high fidelity of protein production while main-
taining strict quality control. However, as with any
factory, the quality control can break down. This can
lead to devastating effects on normal physiological
function and health. Before we consider how this
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happens, we need to review how cells make Key words
proteins so that we can better understand the Transcription
consequences when normal function breaks  Translation

down.

Aggregation of proteins

Molecular chaperone

The life of a protein begins when the DNA code

of a gene is first copied into messenger RNA (mRNA), in
a process called transcription (see Figure 1 on p. 22). The
mRNA is then translated into an amino acid sequence
by a complex of proteins and RNA called the ribosome.

Computer artwork showing (A) lysozyme enzyme (a protein that breaks down bacterial cell
walls) and (B) a cell microtubule composed of the crystalline protein tubulin.
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The process of
protein synthesis:
from transcription
of the DNA code to
translation and
protein folding.
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mRNA is made up of a string of four different
nucleotides containing the bases guanine (G), cytosine
(C), uracil (U) and adenine (A). The order of these
nucleotides determines the unique genetic code for each
protein. Each amino acid is coded by a triplet of
nucleotides called a codon. For example, the mRNA
sequence UAC AAA CAG UUG codes for a peptide of
four amino acids with the sequence Tyr-Lys-GIn-Leu —
short for tyrosine-lysine-glutamine-leucine. A short
amino acid chain is called a peptide; as it becomes longer
it is called a polypeptide. This is how the genetic code
can be translated into an amino acid sequence by the
ribosome, just as one language can be translated into
another by an accomplished linguist.

Computer artwork of a protein from the large subunit of a yeast ribosome complexed with
mRNA (yellow and blue).

22

a
3
=
Z
@
=
=
=

How do proteins adopt their correct
shape?

As the mRNA molecule is translated, the polypeptide
chain emerges from a channel in the ribosome and
begins to wrap around itself or fold up into a defined
shape. It is this process, called protein folding, that has
baffled scientists ever since it was known that each
protein has a unique amino acid sequence and adopts
only one particular shape or structure. The problem
becomes apparent when you begin to consider the
number of potential shapes a polypeptide chain might
theoretically adopt. The amino acids are linked together
by peptide bonds to form a chain, like beads on a string.
There is relatively free rotation around each peptide
bond and the number of potential shapes a polypeptide
chain can adopt rises exponentially as the chain length
increases.

Let’s take a simple example and consider that each
peptide bond can only rotate to three ditferent posi-
tions. With two amino acids this would mean that three
different shapes could be adopted. With three amino
acids there could be nine shapes, with four, 27 shapes,
and so on. If J is the number of rotations around the
peptide bond and # is the number of amino acids, then
for any polypeptide chain you could have J” different
shapes. In our example, J = 3, so for a rather modest
polypeptide of 100 amino acids there would be 31%°
different possibilities. This is a huge number — greater
than the number of atoms in your body, so clearly the
ability of each polypeptide chain to adopt one shape
within seconds of synthesis is a marvel of biology. This
is why scientists have great difficulty in predicting what
shape a polypeptide will adopt simply by looking at the
amino acid sequence. So while the genetic code is now
known, we are still unable to decipher that code
completely. Maybe, with the advent of faster and faster
computers, we will at some point be able to solve this
problem, but currently our knowledge of protein shapes
is reliant upon experimentally determining structures of
proteins that have been purified individually.

How are proteins secreted from cells?
The complexity of protein synthesis does not end there.
Of all the proteins synthesised in our cells, about a third
enter the secretory pathway to either become compo-
nents of the plasma membrane or to be transported
outside the cell. Secretion of proteins is a complex
process. It requires proteins first to be targeted to the
secretory pathway, before being transported across the
membrane of the endoplasmic reticulum and finally
being transported outside the cell (see Figure 2). The first
step in the process usually occurs as the protein emerges
from the ribosomal channel, so the process of transport
across the membrane is linked to protein synthesis. The
consequence of this is that the protein does not adopt its
shape until it is actually transported across the
membrane and is located in the endoplasmic reticulum.
The endoplasmic reticulum itself contains proteins
that help other proteins adopt their correct shape. These
are termed chaperone proteins and they play a critical
role not only in protein folding but also in the quality
control of protein production. If the folding protein does
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Figure 2 Proteins enter the secretory pathway at
the endoplasmic reticulum (ER). Transport out of the cell is
dependent upon the correct shape being formed.

Transport of correctly folded A
protein to the cell surface
via the Golgi apparatus

Coloured transmission electron micrograph showing the nucleus (green) and rough endo-
plasmic reticulum (red) in a mammalian cell. The surface of the rough ER is covered with
ribosomes (black dots on the membrane). These ribosomes produce proteins, which are
secreted outside the cell. x7000

not adopt its correct shape, these chaperone proteins
bind to them and prevent their further transport down
the secretory pathway. This prevents the secretion of
misfolded, non-functional proteins. Chaperone proteins
are therefore able to monitor protein production,
providing a key control point in the pathway.

What happens when proteins don’t adopt
the correct shape?

Some of the human diseases that have been shown to
be caused by an inability of the protein to adopt its
correct shape are listed in Table 1. Most of these diseases
are caused by either a lack of functional protein at the
correct location, or the formation of toxic aggregates of
the misfolded protein. They include proteins such as
haemoglobin misfolding in the cytoplasm but are mainly
caused by defective folding of proteins entering the
secretory pathway. The change of a single amino acid in
the polypeptide sequence can prevent the protein
adopting its correct shape and as a consequence it either
forms aggregates with other misfolded polypeptides or
is recognised as misfolded by the quality control system
and rapidly broken down (see Figure 3 on p. 24).

In some instances the protein folds to almost the
correct shape and can even become functional but is still
recognised by the quality control system and prevented
from reaching its final location. For example, cystic
fibrosis is caused by the absence of a protein called cystic
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fibrosis transmembrane regulator (CFTR) at the cell
surface (see BIOLOGICAL SCIENCES REVIEW, Vol. 6, No. 1,
pp. 22-24). The most common problem is a mutation in
the DNA sequence coding for CFTR that removes three
nucleotides. This results in the deletion of a single amino

Table 1 Some of the many diseases caused by protein-folding defects

Disease Protein

Cystic fibrosis

Cystic fibrosis transmembrane regulator

Huntington’s disease Huntingtin

Sickle-cell anaemia Haemoglobin

Tay-Sachs disease B-hexosaminidase

Scurvy Procollagen
Alzheimer’s disease B-amyloid
Parkinson’s disease a-synuclein

Scrapie/Creutzfeldt-Jakob disease Prion protein

Cataracts Crystallins

Cancer p53

Diabetes mellitus Insulin receptor

Emphysema al-antitrypsin

Gaucher disease

Lysosomal glucocerebrosidase
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gure 3 Different causes of disease pathology by protein-folding defects. (A) Normal
althy individual. (B) Lack of folding due to mutation resulting in an absence of the
otein or the formation of toxic plaques.

acid from the polypeptide. The resulting protein can
adopt a shape that is functional but is still recognised by
the quality control system and as a result is trapped
inside the cell rather than transported to the cell surface.
That such a subtle change in the protein’s shape can be
recognised by the quality control system demonstrates
how powerful this system is.

The quality control system therefore ensures the
correct folding of proteins and the trapping and degra-
dation of misfolded proteins in the cell. The system
allows only correctly folded proteins to be released. The
consequence of a build-up of misfolded protein can be
devastating. For example, the formation of clumps or
aggregates of misfolded proteins, called plaques, leads to
diseases such as Alzheimer’s, variant Creutzfeldt-Jakob
and Parkinson’s disease. Many of these diseases are age-
related and are due to the cell’s quality control systems
breaking down in old age, allowing the synthesis and
prolonged existence of misfolded proteins.

In addition to diseases resulting from mutations in the
gene coding for a specific protein or a breakdown of
the cell’s quality control system, diseases may also result
from the lack of correct modification of the polypeptide
chain. Such a lack of modification can result in the
protein not adopting the correct shape due to the modi-
fication being essential for the stability of the protein
structure. An excellent example where this occurs is
during the synthesis of procollagen.

Procollagen is the precursor for collagen, the most
abundant protein in our body and the major constituent
of skin, bones and connective tissue. For collagen to be

Light micrograph of brain tissue from an Alzheimer's patient
showing a senile plaque (circular lesion, centre top) characteristic
of the disease. x400

stable at body temperature, its polypeptide chain must
be modified by an enzyme located in the endoplasmic
reticulum. Once the modification has occurred, procol-
lagen can be transported out of the cell and can fulfil its
function. The enzyme catalysing the modification needs
vitamin C to function correctly and in its absence the
enzyme is not active. Deficiency in vitamin C leads to a
lack of correct folding of procollagen, leading to the
polypeptide chain being trapped inside the cell and the
development of the disease we know as scurvy.

Will we be able to treat protein-folding
diseases?

Some protein-folding diseases, such as scurvy, are easily
treated if the basis for the defect is simply the absence
of an essential factor such as vitamin C. However, when
the defect is due to a mutation in the coding sequence
for a protein, treatment is more challenging. Gene
therapy is the introduction of a functional gene into
cells of affected patients. It has been pursued vigor-
ously as a viable approach to treatment. However, the
results have at best been disappointingly short-lived
and at worst led to severe side effects. An alternative
approach uses drugs that have the ability to bind to
the mutant proteins and stabilise them to allow the
correct shape to be adopted. This has proved to be an
effective treatment for Gaucher disease, a rare inherited
disease that affects the development of the brain
because of the inability of an enzyme required for
metabolism of membrane lipids to adopt its correct
shape.
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[image: image5.jpg]In the case of cystic fibrosis, new drugs are being
developed that alter the cell’s quality control, making it
less stringent. This allows the transport of CFTR mole-
cules that are functional but normally are recognised by
the quality control system as having the incorrect shape
and are therefore trapped in the cell. While these
successes are small in number, they do suggest that, as
we become more aware of the causes of specific protein-
folding diseases, we will be able to discover therapies for
their treatment.
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KEY points

e Proteins need to fold into the correct shapes to func-
tion correctly.

® Molecular chaperones help proteins to adopt their
correct shape.

e The cellular quality control system recognises
incorrectly folded proteins and targets them for
destruction.
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A physiotherapist giving treatment to a cystic fibrosis patient. In 5 o : %
this disease, a little less stringency i the cell's quality control * Defects in the ability of proteins to adopt their correct

system might allow patients with this devastating condition to shape can lead to devastating disease pathologies.
lead a more normal life.
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