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Starch

Not so sticky!

Starch is a relatively simple polymer of glucose, but it is very important in
the life of plants, and it has dramatic impacts upon our lives. Manipulation
of the enzymes of starch metabolism have led to the creation of ‘designer’
starches and to some quit

tarch is a carbohydrate, made up of
two slightly different polymers of
glucose (see Figure 1). It is an impor-
tant component of our food and
forms the major source of energy in most
diets. It occurs naturally in fruit, vegetables
and cereals, often in very large amounts.

The ability of starch to form a gel after
dissolving in hot water gives it its ‘sticky’
character. Starch is used as a thickening
agent and is added to many food products
as a replacement for fat, because it has a
lower calorific value. However, before being
added to foods, starch is often modified with
noxious chemicals (such as phosphorus
oxychloride and adipic anhydride) to change
its physical properties and to stabilise it.
Modified starches can mimic the ‘mouth-
feel’ of fat and can prolong the shelf-life of
some foods. Take a look at the contents of
a range of foods from the supermarket and
you will see just how important starch is.

Starch is an important part of the diet of
our livestock, both in the grass they eat and
in their food supplements. It is also impor-
tant for a healthy diet in humans because it
is digested slowly and releases glucose
progressively. Some starch even passes into
the large intestine and may help to reduce
the incidence of bowel cancer.

About 30 million tonnes of starch are
obtained from plants worldwide every year.
Nearly one million tonnes of this come from
UK crops. Most of this starch is used for
industrial purposes, such as in glues, wall-
paper paste, paper and card coatings, corru-
gated board, textiles, paints, packing and
insulating materials, biodegradable plastics
and rubber. Starches are also used to make
carbon paper, high-value products such as
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Figure 1 Starch synthesis and structure.
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[image: image2.jpg]Many common foods contain very large
amounts of starch. One of the products
shown here is 80% starch. Which one?

cosmetics and medicines, and even a new
type of concrete.

Starch occurs in plants as microscopic grains
in organelles called plastids. Chloroplasts
are the best known plastids, and they accu-
mulate starch grains during photosynthesis.
Other plastids, which are specialised for
starch accumulation in non-green tissues
such as roots, are called amyloplasts. They
are particularly abundant in storage organs
such as potato tubers.

Chemically, starch is simply a polymer
of repeating glucose units. However, the
glucose units can be linked together in two
different ways, creating the two major com-
ponents of starch — amylose and amylo-
pectin. Amylose is made up of straight
chains of between 200 and 5000 glucose
units, linked together by glycosidic bonds
between carbon number 1 of one glucose
and carbon number 4 of its neighbour. The
glucoses are therefore described as o-1,4-
linked. In amylopectin, 01,4 linked glucoses
again dominate, but the molecules also
contain branches linked by -1,6 glycosidic
bonds. These structures are shown in Figure
1. Amylopectin is larger than amylose, and
has between 5000 and 100000 glucose
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units. Most of the starch grain is made up
of amylopectin, and the amylose is packed
in around the amylopectin. Bacteria and
animals accumulate glycogen instead of
starch. Glycogen is chemically the same as
amylopectin but is more highly branched.
The glycogen stored in our liver or muscles
serves as an energy supply, just as starch is
an energy supply for the plant.

The synthesis of starch from glucose is an
anabolic process requiring energy. The start-
ing point is glucose-6-phosphate, a common
metabolite of all cells. Starch synthesis is
outlined in Figure 1. The enzyme ADP-
glucose pyrophosphorylase (AGPase) is
important because it is subject to allosteric
regulation (see Box 1) and controls the yield
of starch. Its product, ADP-glucose, is a
glucose donor in starch synthesis — it
transfers glucose units to the growing
amylose and amylopectin chains, with the
release of ADP.

Starch branching enzyme makes amylo-
pectin from a straight chain of glucose units
by breaking an o-1,4 link in the chain to
release a short chain of about 20 glucoses
which it then reattaches using an o-1,6 link,
to create a branch, as shown in Box 1.

The enzyme ADP-glucose pyrophospho-
rylase (AGPase) is critical for the control
of starch synthesis because its activity is -
subject to regulation by metabolites. This
is an example of allosteric regulation.
Allosteric regulation is brought about by
metabolites binding to the enzyme,

changing its shape or conformation, and

so increasing or decreasing its activity. In
such cases, the rate of enzyme reaction
can be controlled by the concentrations
of cellular metabolites that the enzyme
uses or produces, so that the enzyme
activity is adjusted to match the capa-
bility or need of the cell for that partic-
ular reaction. Generally only one enzyme
in a pathway is subject to allosteric regu-
lation. In the case of AGPase, its activity
is increased by glycerate-3-phosphate
(GP) produced during photosynthesis.
On the other hand, AGPase is deactivated
by inorganic phosphate (P;), which is
high when the rate of photosynthesis is
low. Therefore the relative proportions
of GP and P; will determine the activity
of AGPase.
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[image: image3.jpg]The key to the success of plants is their abil-
ity to convert carbon dioxide and water into
sugar, using light as the only source of energy.
This is photosynthesis. When sufficient
glucose is manufactured to meet the energy
requirements of the plant, the excess can be
stored as starch. Some is stored in the chloro-
plasts of leaves for relatively short periods,
usually during the day, to be used the follow-
ing night. This is transitory starch, and is like
the cash you have in your pocket or purse.
Further sugar is exported from the leaves
and stored as starch in tubers, roots or seeds
for use later, often in the following genera-
tion or growing season. This is storage starch,
like the money you might have in the bank.

Because we now have a good understand-
ing of how starch is made in plants, we can

change this synthesis to produce more starch,
or starches with new characteristics. Spon-
taneous mutations in plants have given rise
to useful modifications of starch in the past.
Indeed, modern genetics is based on a pea
with modified starch (see Box 2). One
important goal now is to produce plants that
synthesise starches that can be used directly
in industry without the need for physical
separation methods or chemical modifica-
tion. This could save time, energy and money,
and reduce the use of toxic substances and
therefore help create a cleaner environment.
There have been several developments in
recent years. One approach is to transfer
into plants genes from microorganisms that
code for the enzymes of glycogen metabo-
lism. Starch and glycogen are synthesised
by similar enzymes, but these enzymes have
different characteristics or specificities.

One notable achievement has been to
transfer the gene that codes for AGPase
from the gut bacterium Escherichia coli into

potato and other plants. The bacterial
enzyme is not subject to allosteric regulation
by GP or P; (see Box 1). This means it
continues to produce ADP-glucose regard-
less of the metabolite levels in the cell.
Potato tubers from the plants containing this
enzyme produce up to 35% more starch
than normal plants. Unfortunately these
plants produce fewer tubers than normal
plants, but a significant increase in yield of
starch per plant can be obtained.

Another achievement has been to produce
potato plants that make amylopectin but
no amylose. This is done by introducing
into the plant an ‘antisense’ gene (see pp.
26-27), which interferes with the expres-
sion of the gene that codes for the enzyme,
starch synthase, which makes amylose. The
result is amylose-free potato starch. Since
the starch grains from these plants are made
only of amylopectin, no costly separation
processes are needed to make pure amylo-
pectin for industrial use.

There are two familiar mutants that have altered starch content in
their seeds. Firstly, the wrinkled seed phenotype of pea (Pisum
sativum) studied by Gregor Mendel provided a key element in his
elucidation of the laws of genetics. It has now been discovered that
the wrinkled seed phenotype is the result of a mutation in a gene for
starch branching enzyme. The peas make less amylopectin, therefore Y VOV DAl
accumulate more sugar, and hence more water is taken up by osmosis
during seed development. When the seed is dried, the water is lost
and the wrinkled phenotype is seen. Sweet corn (Zea mays) is a
‘mutant lacking starch debranching enzyme, and it too accumulates
more sugar, making it sweet. You would not like to eat the wild type!
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(C) A cob of sweet corn (Zea mays)
— a cultivated plant where the
mutant is the one we eat. (D) The
wild type (left) with the mutant form
on the right for comparison.

Gregor Mendel is to be
the star of a TV pro-
gramme on Channel 4

in November. If you want
to know more about
round and wrinkled peas
and the enormous con-
tribution that Mendel's
studies made to our
understanding of
genetics, look out for
Scientific discoveries
that changed the world.

(A) Peas maturing on the parent plants
(Pisum sativum). (B) When they are dried
the peas of mutant plants with the wrinkled
phenotype (right) shrivel up far more than
those of normal peas (left).
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[image: image4.jpg]Figure 2 The structure of
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shown in side view and end view,
illustrating its helical structure.
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Making highly branched starch

A third dramatic success has resulted from
the introduction into potato of a bacterial
gene coding for glycogen branching enzyme.
The resulting potato starch is more highly
branched, rather like bacterial glycogen. This
novel potato starch has properties unlike any
other starches, and so has potential new uses.

We can now make starches with new and
desirable characteristics, on a very large
scale, using only green plants and the natural
resources that they require. We are entering
an era of naturally produced, environmen-
tally friendly, ‘designer’ starches.

The aim of many of the procedures des-
cribed above was to modify starch content
and composition using rational approaches
based on available information. Although
the outcomes were welcomed, they were
expected. Where the most surprising and
sometimes most important discoveries arise
is during fundamental research done out
of curiosity, rather than for a particular
purpose. Two examples illustrate this point.

A NEW MOLECULE

In 1995 in Edinburgh and Osaka (Japan),
scientists were working together to try to
understand how a rather obscure and poorly
understood enzyme acts on starch. This
enzyme is called disproportionating enzyme,
because it disproportionates (changes the
size distribution of) small fragments of
amylose. It seemed to be a perfectly futile
activity because it did not result in any net
synthesis or breakdown of these fragments.
However, when the enzyme was incubated
with large amylose molecules, something
totally unexpected happened. The enzyme
joined one end of an amylose molecule to the
other end of the same molecule to create a
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ring of glucose units. This newly discovered
product was called cycloamylose. Cycloamy-
lose is more soluble than amylose and folds
into two helices (see Figure 2), with a central
cavity into which other molecules can fit.
Such complexes between cycloamylose and
‘guest’ molecules have great potential for
industrial use. In the chemical industry
they might provide a means of separating
(purifying) molecules from a mixture, since
one molecule may form a complex with
cycloamylose while a very similar one may
not. In the food industry cycloamylose may
form a complex with flavour molecules
which might otherwise be volatile or readily
oxidised. In the pharmaceutical industry
cycloamylose may be used to form a stable
complex with a drug which can enable an
otherwise insoluble compound to be solu-
bilised, or increase its shelf life, or simply
improve its taste. :

MORE STARCH

A second example comes from research in
Oxford at about the same time. Researchers
were studying the activity of a mitochon-
drial enzyme called NAD-malic enzyme,
because they did not understand its func-
tion in respiration. When the amount of this
enzyme was reduced in potato plants using
an antisense gene, the amount of starch
increased in the tubers by more than 50%!
How could manipulation of a mitochondrial
enzyme change the activity of starch-synthe-
sising enzymes in another compartment in
the cell? The answer is still uncertain, but a
likely explanation is that the reduced amount
of NAD-malic enzyme slows the Krebs cycle,
leading to increases in amounts of interme-
diates of glycolysis, including GP. The GP

may enter the plastid from the cytoplasm
and activate AGPase (see Box 1), leading to
more starch synthesis. Observations such as
this provide valuable information about the
control of metabolism in cells as well as
giving potential commercial benefits.

STARCH IN YOUR LIFETIME

After many years of struggling to unravel
the complexities of the structure of starch
and how it is synthesised, recent progress has
been dramatic. This has come about to a
large extent due to the application of modern
genetic techniques. Now we see starch not
as a gooey problem in which to get stuck, but
as a subject for exciting new research, with
rich rewards for the scientists, plant
breeders, industrial users and all of us at
home and at work. Look out for the new
designer starches that will enhance our lives
in the next century. M

THINGS TO DO/POINTS
FOR DISCUSSION

(1) Check the contents labels of as many
products as possible in the supermarket and
DIY store to see which ones contain starch.
You can assume that the carbohydrate
content that is not specifically identified as
sugar is starch.

(2) Cut a small piece of potato tuber and dab
it in a drop of water on a microscope slide.
The starch grains fall out into the water and
can be easily seen under a microscope on
low power. Next try some other vegetables,
fruit and seeds, but be warned, most starch
grains will be smaller than those of potato.

(3) What bioethical or safety issues might
need to be addressed before genetically
manipulated starches can be made available
commercially?
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