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C hlorophyll is all around us - and in plants,

chlorophyll means green. It is no surprise to

learn that our eyes have evolved to be

particularly sensitive to variations in the green

colour of the plants that we rely on for food, feed and

shelter.  The coming and going of chlorophyll

defines the seasons, telling us that spring has arrived,

that crops are ripening and that autumn is here.  For

all kinds of reasons, from fundamental curiosity all

the way to the sociology and psychology of urban

and rural life, it is worth trying to understand how

chlorophyll is made and unmade.  At IGER we have

employed a number of distinctive approaches to the

study of chlorophyll metabolism and we describe

some of them in this article.

Figure 1.1 shows the chemical structures of

chlorophylls a and b.  These complex "ring of rings"

structures are central to the capture of light energy,

and it is this energy which powers the plants'

conversion of atmospheric carbon dioxide into more

complex organic molecules needed for growth. But

if the light energy absorbed by chlorophylls or their

pigmented derivatives is not channelled into

metabolism, or otherwise harmlessly dissipated, it

can cause fatal damage to cell structures.  Certain

weedkillers exploit this property of the

photosynthetic pigments.  Because it is potentially

dangerous, chlorophyll is normally built into

complex structures in the cell and surrounded by

protective mechanisms that keep its destructive

tendencies in check.  So the story of how chlorophyll

is constructed and dismantled should be seen as part

of a larger picture in which the metabolism of

pigments is tightly linked to that of proteins, lipids,

antioxidants and other constituents of the

photosynthetic machinery.

Making chlorophyll
The biochemical pathway leading to chlorophyll

formation is well established (Figure 1.2).  Between

the first committed precursor, aminolaevulinic acid

(ALA), and the finished product, chlorophyll a, there

are more than a dozen enzymic steps, each of which

has its own features of importance in the operation
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Figure 1.1. Structures of chlorophyll a and b, shown against a
background of leaf surface ultrastructure created in grass by
artists Heather Ackroyd and Dan Harvey.
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and regulation of the whole pathway. One step,

though, is of particular interest because it requires a

continuous supply of light.  If ALA is given to plant

tissue in the dark, it feeds through all the way to

protochlorophyllide, but no further.  This is because

POR, the enzyme that converts protochlorophyllide

to chlorophyllide, needs light to carry out its

reaction.  POR is a very actively researched enzyme

worldwide and a lot is known about the chemistry

and molecular biology of its operation and

regulation. Much of this work has been carried out

using plants grown in the dark and then exposed to

light to turn on the greening process.  Much less is

known about how POR works in natural leaf

development.  At IGER, studies of expanding leaves

of ryegrass and barley, including the use of mutants,

have shown that POR expression is closely

conditioned by the growth and development of the

greening cell as well as by the light environment

(Figure 1.3).  We have also examined POR

expression during the regreening of old yellow
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Figure 1.2. Intermediates and some key enzymes in chlorophyll
metabolism.
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The POR gene is expressed mainly in
the rapidly-growing region of the leaf

and the overgrowth mutant slender
barely has much less of the POR message
than does wild-type barley

Figure 1.3. The abundance of messenger RNA encoding protochlorophyllide oxidoreductase shows when and where the POR gene is active in
barley leaf development (data of Petra Schünmann).
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leaves on tobacco plants, and have found that the

enzyme - barely detectable in the yellow leaves -

reappears as the leaf is rejuvenated (Figure 1.4).

This experiment also demonstrates that the stage of

leaf development (and not just light) is an important

determinant of the expression of this gene. The

underlying mechanisms will tell us a great deal about

how plant senescence may be controlled and even

reversed.

Breaking chlorophyll
Chlorophyll, chlorophyllide and phaeophorbide are

all green compounds and share the distinctive "ring

of rings" structure shown in Figure 1.5.  The loss of

green colour during chlorophyll breakdown involves

converting phaeophorbide to a linear product (FCC)

by cutting one of the bonds in the major ring.  Three

enzymic activities are needed to carry out the

sequence of reactions from chlorophyll to colourless

FCC (Figure 1.2).  The ring-opening reaction is

catalysed by PaO, an oxygenase that is turned on in

leaves specifically at the start of yellowing.  FCC is

further transformed in a number of reactions, to one

or more terminal products (NCCs, which differ

between different plant species) that accumulate in

the cell sap.  It is an intriguing fact that, in contrast

to proteins and many other consitutents, chlorophyll

is not broken down to the raw materials from which

it was made, and none of the breakdown products are

transported back out of the cell.  We think that this is

related to the hazardous nature of chlorophyll as a

potentially destructive photosensitizer. Through

evolutionary pressures, the first priority of the plant

may well have become the detoxification of this

hazardous compound rather than salvaging

chemicals for use elsewhere.

Recent work in Zürich and Innsbruck has established

that the PaO reaction converting phaeophorbide to

FCC occurs in two stages via a striking red-coloured

intermediate, RCC (Figure 1.5).  Red products with

a similar chemical structure are also known to be

excreted by the unicellular green alga Chlorella

during chlorophyll breakdown.  This microorganism,
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Figure 1.4. Reappearance of POR protein accompanies the rejuvenation of senescent tobacco leaves (work carried out at IGER by Hilda
Zavaleta-Mancera).

A naturally senescent leaf
of Nicotiana rustica with
virtually no measureable
chlorophyll

will regreen completely if
the plant is detopped and
the lamina treated with
the cytokinin BAP

and POR protein
reappears during
this process

protein from
regreened leaf

protein from
yellow leaf

Marker proteins
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which can be grown in a flask and behaves to a

degree like a free-living leaf cell, represents a very

convenient and useful model system for detailed

investigation of the basic processes of chlorophyll

degradation.

Chlorophyll is more than just green stuff
Research on chlorophyll metabolism contributes to

several aspects of IGER's programme.  One that is of

particular relevance to the current state of UK

agriculture concerns the protein content of animal

feed.  The BSE problem may be traced back to the

need for protein supplements in intensive animal

production because of the post-harvest instability of

forage protein.  The proteins with which chlorophyll

is associated in leaves are resistant to breakdown.

This opens the possibility of improving the

nutritional value of forage by increasing the

proportion of protein that is complexed with

chlorophyll or prolonging the association between

chlorophyll and protein during leaf ageing.  Both

objectives may be achieved by suitably modifying

chlorophyll metabolism.  For example, we have

already shown that leaves of mutants with low PaO

activity stay green and retain protein for an extended

period.  As we learn more about how chlorophyll is

made and unmade in plant cells, new opportunities

for improving crops for animal and human use will

open up.

Contact: sid.thomas@bbsrc.ac.uk
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Figure 1.5. Chlorophyll a and its breakdown products.  Removal of the long phytol side-chain from the chlorophyll a molecule to make
chlorophyllide has little effect on colour but greatly increases the water-solubility of the pigment.  The ring of phaeophorbide is opened
oxidatively to yield, via the red intermediate RCC, a colourless product (FCC) that fluoresces blue when excited with ultraviolet light.
Chlorophyll breakdown ends with accumulation of one or more (depending on species) non-fluorescent catabolites (NCCs) structurally related
to the example shown.  Chlorophyll b has a CHO instead of the Me group in the north of the chlorophyll a molecule.  No b-type NCCs have
been found in higher plants, suggesting that chlorophyll b is converted to a before it is degraded.
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