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Rubisco is the enzyme that catalyses the reaction at the start of photosynthesis.
But it is an inefficient catalyst and so genetic engineers are trying to improve its

= performance in an attempt to increase crop yields.

ou might think that Rubisco sounds like the

name of a breakfast cereal, but it is actually

short for an enzyme called ribulose bisphos-

phate carboxylase-oxygenase. An enzyme is a
protein that catalyses a specific chemical reaction — it
makes the reaction go thousands to millions of times
faster than it would without the enzyme. Almost all
the thousands of reactions that occur in cells are each
catalysed by a specific enzyme. Rubisco catalyses the
first reaction in the Calvin cycle of photosynthesis (see
Box 1).

Virtually all organisms on Earth depend directly or
indirectly on Rubisco to combine carbon dioxide with
its five-carbon substrate, ribulose bisphosphate (RuBP),
to make two molecules of 3-phosphoglycerate.

carbon dioxide + RuBP —

2 x 3-phosphoglycerate (carboxylation)

Most other organic compounds on Earth are
subsequently made from 3-phosphoglycerate. So
it is surprising to discover that this vital enzyme is
poorly suited for its task. Why is this? What are the
consequences? And can we do anything to improve
the properties of this enzyme?

Increasing the carbon dioxide level in a greenhouse to above
atmospheric concentrations helps to increase crop yield.

Problems with Rubisco

There are three properties of Rubisco that limit its effec-
tiveness as an enzyme:

(1) It is near the bottom of the league table of enzymic
activity. One molecule of Rubisco fixes 3—10 molecules
of carbon dioxide per second. This value compares
poorly with that of most other enzymes, which convert
hundreds to millions of molecules of their substrate per
second. The consequence is that photosynthetic cells
must make large amounts of this enzyme in order to
grow rapidly enough to survive in a competitive world.
Up to half of all the soluble proteins in leaves consist
of this one enzyme, so Rubisco is the world’s most
abundant protein.

(2) Rubisco binds carbon dioxide weakly. So, at the
present concentration of this gas in the atmosphere
(about 0.039% by volume), Rubisco is not working at
its maximum possible rate. Carbon dioxide is acting as
a limiting factor. This is why some growers raise the
concentration of carbon dioxide in their greenhouses
— they get a larger yield of plant material.
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Rubisco catalyses the combination of carbon dioxide
with ribulose bisphosphate to form an unstable 6C
intermediate (not shown), which then breaks down
into two molecules of 3-phosphoglycerate. The latter
is converted by a series of enzymic reactions that
require ATP and NADPH into triose phosphate. The
ATP and NADPH are made by the light reactions of
photosynthesis. Some of the triose phosphate is used
to regenerate the carbon dioxide acceptor, ribulose
bisphosphate, so that carbon fixation can continue,
while the remainder is used by other metabolic path-
ways to make all the other organic compounds of cells.
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(3) Rubisco binds oxygen as well as carbon dioxide. It
combines the oxygen with ribulose bisphosphate —
this is why the enzyme has ‘oxygenase’ in its name.
This reaction produces one molecule of 3-phospho-
glycerate and one molecule of a two-carbon molecule
called 2-phosphoglycolate.

oxygen + RuBP —
3-phosphoglycerate + 2-phosphoglycolate

(oxygenation)

The 2-phosphoglycolate is then metabolised by a
pathway peculiar to plants, called photorespiration.
Photorespiration results in some of the carbon of
2-phosphoglycolate being converted into 3-phos-
phoglycerate, but the remainder is lost as carbon
dioxide (see Box 2).

Oxygen is a by-product of the splitting of water by
light energy during photosynthesis, so the concen-
tration of oxygen inside chloroplasts is even higher
than it is in air, which is about 20% by volume.
Effectively, carbon dioxide and oxygen in photo-
synthesising cells compete to bind with Rubisco, but
when oxygen has the upper hand, the rate of photo-
synthesis is reduced.
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The oxygenase reaction of Rubisco splits ribulose bisphosphate into
3-phosphoglycerate and 2-phosphoglycolate. The latter is converted
into 3-phosphoglycerate by a series of seven reactions, but this pathway
consumes oxygen and releases carbon dioxide and ammonia — hence
the name photorespiration. The rate of photorespiration is usually about
one-third that of the Calvin cycle, but this rate is predicted to increase

with global warming, reducing plant productivity.
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Photorespiration is very different from respiration in
mitochondria. Respiration produces the ATP required
to drive metabolic reactions. Photorespiration produces
no ATP, and up to 30% of the carbon fixed by Rubisco
may be subsequently released by photorespiration. So
this property of Rubisco creates the curious paradox
that the enzyme that brings carbon into organic
combination also results in some of this organic carbon
eing lost as carbon dioxide. For this reason Rubisco
has been described as a superb example of ‘unintel-
igent design’ and the challenge is to try to improve
on this ‘design’.
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Why is Rubisco a poor performer?

lanet Earth formed about 4.6 billion years ago. The
early atmosphere was emitted from volcanoes, so its
composition was very different from that present today.
n particular, the concentration of carbon dioxide
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was much higher, in the range 3-30% by volume;
there was no oxygen. The first life forms to appear
were bacteria, some time in the period 4-3.5 billion
years ago. Some of these bacteria contained Rubisco,
which worked well then as a carboxylation enzyme
because of the high concentration of carbon dioxide.
This bacterial Rubisco would also have been capable
of reacting with oxygen, but this was not a problem
at that time because there was none in the atmos-
phere. These bacteria had a type of photosynthesis
that did not produce oxygen because they did not use
water to reduce carbon dioxide to carbohydrate, but
used instead reduced compounds such as hydrogen
sulphide (H,S). But when cyanobacteria evolved,
they did split water, so oxygen started to accumu-
late in the atmosphere around 2.4 billion years ago,
and the oxygenase activity of Rubisco then became a
problem.

Some photosynthetic organisms have evolved
mechanisms that increase the ratio of carbon dioxide
to oxygen around the Rubisco enzyme, thus favouring
carboxylation over oxygenation. For example, cyano-
bacteria and some algae have energy-requiring pumps
in their cell membranes that increase the concentra-
tion of carbon dioxide inside the cell. Crop plants such
as sorghum, sugarcane and maize achieve the same
result by more complex mechanisms. The existence of

TERMS EXPLAIN

Cyanobacteria Photosynthetic bacteria. Until recently
they have been called ‘blue-green algae’ but most
authorities now consider that the term algae should
be restricted to the photosynthetic eukaryotes that
lack true stems, roots and leaves (members of the
Protista).

such systems suggests that evolution has not managed
to improve the properties of Rubisco enough to solve
the oxygenase problem. But genetic engineering tech-
niques offer the possibility in principle of making
improvements in Rubisco. Unlike evolution, such
techniques can make several changes to the protein
at the same time.

Rubisco improved by genetic
engineering?

What techniques do we need to use to change the
properties of Rubisco? To explain these techniques, we
need first to remind ourselves about the factors that
determine the function of proteins.

Proteins are linear polymers of 20 different kinds
of amino acid, strung together like beads on a chain.
A given chain has a unique sequence of amino acids.
Proteins can be made of just one chain, but most proteins
have several chains, which may or may not be identical
in sequence. It is the precise sequence of amino acids
in a given chain that determines the function of that
protein because this sequence determines how each
chain folds into a specific three-dimensional shape,
called its conformation (see Figure 1). The surface of
the folded chain(s) contains binding sites for specific
substrates, that is, a particular site binds one type of
substrate and no other.

The conformation is formed by specific interac-
tions between the side chains of the different amino
acids along the chain. What interactions are possible,
and hence the shape of the folded molecule, is deter-
mined solely by the sequence of amino acids. Once
that sequence is specified and synthesised, the chain
folds spontaneously into its functional conformation;
it requires no information from outside the sequence.
This is sometimes called the ‘principle of self-assembly”’
because all the information for the conformation is
contained within the sequence. So it is the process
of protein folding that converts the linear sequence
of the chains into a functional three-dimensional
conformation.

Therefore, to change the properties of the protein
we need to change the sequence of its amino acids.
This sequence is determined by the sequence of bases
in the gene encoding that protein, so we need tech-
nology to change the sequence of that gene. Once the
base sequence of the gene is determined, an altered
version can be made chemically with specific changes
in base sequence. The altered synthetic gene is then
inserted into the bacterium Escherichia coli (E. coli), and
expressed, so that the bacterium makes the modified
protein. This protein can then be purified and its
properties studied in the test tube. These methods are
commonly called ‘recombinant DNA technology” or
‘gene cloning’, and they work well with many proteins.
So it would seem straightforward to use this technology
to try to improve Rubisco. But there is a problem, and
this problem has so far thwarted all attempts to improve
plant Rubisco....
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Aggregates and chaperones
At A-level you learn, as described above, that it is the
sequence of amino acids that determines the nature
of the protein and its shape. This is not untrue, but it
is not the whole story. Originally biochemists thought
that once the ribosomes had synthesised a protein, it
automatically folded up into its correct conformation.
How wrong can you be?
It turns out that many proteins have to be helped to
adopt their correct conformation. The helpers are called
chaperones. Without the chaperones, identical partly
folded chains bind to one another to form non-func-
tional complexes called aggregates (see Figure 1). So
when the engineered cells produce the altered Rubisco,
the potentially valuable proteins simply clump together
and become useless.
Protein aggregation is a universal cellular problem
and potentially affects many proteins, so all cells
have molecular chaperones that prevent aggregation.
Human diseases such as Alzheimer’s and Parkinson’s
are caused by protein aggregation — the aggregates of
articular brain proteins damage neurones. Molecular
chaperones are themselves proteins, and they function
y binding to partly folded chains and stopping them
rom aggregating. So what about chaperones for
ubisco?

How science works...still trying!

lant and cyanobacterial Rubisco consists of eight large
chains bound to eight small chains. The large chains
contain the binding site for ribulose bisphosphate but
they are very sticky when partly folded, and have a
strong tendency to form insoluble aggregates by binding
together incorrectly. Biochemists have discovered that
chloroplasts contain a molecular chaperone, which
binds to partly folded large chains. The chaperone
gene has also been inserted into E. coli containing the
genes for Rubisco. The E. coli then synthesised Rubisco
and its molecular chaperone at the same time. But
despite this co-expression of its chaperone, the Rubisco
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chains made inside the E. coli cells still aggregated into
insoluble non-functional complexes.

An alternative approach involved isolating these
aggregates from the bacteria with the Rubisco gene
and then putting them in a solution in the presence of
the chaperone. It was hoped that the aggregates would
then refold correctly, but this was also unsuccessful.

Biochemists then hypothesised that yet more
chaperones are required for Rubisco chains to fold
and assemble correctly. The search was on. In 2009,
another chaperone, called RbcX, was discovered in
some cyanobacteria. Investigations showed that RbcX
is required for the small Rubisco chains to assemble
correctly with the large chains. The search continues
for similar chaperones in plant chloroplasts in the hope
that co-expression of these, together with the Rubisco
genes, will enable improved forms of plant Rubisco to
be made inside E. coli. The effort continues to try to
make this vital enzyme fit for the modern world.

Figure 1 Newly
synthesised chains
of Rubisco can
either fold and
assemble correctly
or aggregate
together into
non-functional
complexes.
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KEY POINTS

® Enzymes are proteins that catalyse specific chemical reactions.

® The specificity of each protein is determined by its shape (conform-
ation), which in turn is determined by the sequence of amino acids in
the chains of that protein.

® Chaperones are proteins that prevent other proteins from aggregating
during the folding process.

® Research aimed at chaperones in plants may improve the currently less-
than-optimal performance of Rubisco — a key enzyme in photosynthesis.




