
Scholarships Educational appointments

BEDFORD MODERN SCHOOL
(HMC, GBA)

To succeed Mr. C.J. Perry who will retire at the end of the academic
year after 38 years service. The appointment will commence early

June 1998.

The Bursar is a member of the Senior Management team and will
report thr ough the Headmaster on the day to day running of the
School but direct to Governors on its financial state. The school

benefits from membership of the Harpur Trust group of Schools.

Some information about the school can be seen at: www.bedmod.co.uk

Please write for further details and an application form, marking the
envelope “Bursar: Confidential” to the Headmaster, 

Mr. Stephen Smith.

Bedford Modern School, Manton Lane, Bedford MK41 7NT
Tel: 01234 364331  Fax: 01234 270951

Applications close on 1 November 1997

BURSAR
Salary: negotiable in the region of £40,000

Education

Language schools

LANGUAGE COURSES

ON LOCATION

Intensive, revision or general
language courses. Study in

France, Germany, Italy, Spain,
Russia, Portugal. All abilities and

ages welcomed.   

Contact: Euro Language
Services, P.O. Box 1291,
WORTHING, BN12 6BP.

Tel/Fax: 01903 506 008

WANTEd
KEEN READERS

(Spot our errors)
Would you like to earn £9 to £12 an hour part or
full-time working from home reading books for
publishers and other organizations.
Many freelanse proofreaders and editers have been
trained by Chapterhouse over the passed seven years.
(Read some of their comments in our Prospectus).
People with no preveous experience, but a keen interest
in, books, have established there own business with our
help on technique and marketing.
Not everyone can be successful, but with application this
could be the career you have been looking for.

You need enthousiasm and a sharp eye. Your age and
background is irrelevent. Send this advertisement marking
all the mistakes you can find (or telephone us). We will
send a FREE PROSPECTUS of our correspondence and
seminar training courses without obligatoin

Chapterhouse, 2 Southernhay West, Exeter, EX1 1JG 
Telephone: 01392 499488

Fax: 01392 498008

LA DOLCE LINGUA
Sweet talk
the Italians

with a course at

THE BRITISH INSTITUTE
Piazza Strozzi 2

50123 Firenze, Italy
Tel: 0039 55 284031
Fax: 0039 55 287071

LEARN THE
LANGUAGE ON

LOCATION
in France, Germany, Italy,

Portugal, Ecuador and
Spain. All ages, all levels,

all year, from 1 week.

Call 0181 686 2363
Euro Academy

77A George Street,
Croydon CR0 1LD
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THE CELL:  showing a 
mitochondrion (circled) 
which acts as a battery

MITOCHONDRION:  powers 
the cell by producing the 
chemical ATP

The membrane of the mitochondrion
 is studded with ATP synthase enzyme, 
the motor that makes ATP.  

ATP SYNTHASE: the universal biological 
motor that provides every cell with 
chemical energy

High concentration
of hydrogen ions
(protons) within the 
mitochondrion

Low concentration
of hydrogen ions within 
the cell

Cell membrane

Outer wall of 
mitochondrion

Folded inner wall 
of mitochondrion

Hydrogen ion flow through
membrane causing disc of 
C-units to rotate

1

Bent axle also rotates,
squashing each 
 b unit in turn

2

a- and b-units form a ‘hat’, fixed 
to the membrane, that does not 
rotate. The bent axle squeezes 
ATP out as soon as it is made
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View from above

1 ton

AT REST
Adult converts 
one half body 
weight equivalent 
of ATP per day

NORMAL
Adult converts 
body weight 
equivalent of ATP 
per day

HARD WORK
Adult converts up 
to one ton of ATP 
per day

HOW MUCH ATP 
DO WE PRODUCE?

one angstrom

Atomic picture of a, b, and g units taken by Drs Walker, Leslie 
and colleagues
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HOW THIS SPINNING ENZYME COINS THREE ATP MOLECULES EVERY REVOLUTION

Reaction in closed b-unit  
forms ATP

Bent axle squashes b-unit, 
ejecting ATP

THE MOTOR OF LIFE

Dr John Walker 

Graphic: Alan Gilliland
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‘This molecule is to our bodies what
money is to economics. It is the

energy currency of life. With ATP,
you can run a cell – or a country’

T
HIS is the most
important motor in
history. As you
think, walk, or
digest your dinner,

it is whirring away within
your body to supply each and
every cell with chemical
energy.

Last week, Dr John Walker
of the Laboratory of Molecu-
lar Biology in Cambridge
shared a Nobel prize for his
work to provide the first
detailed picture of a wiggling
‘‘stalk’’ that forms the busi-
ness end of this molecular
energy machine, an enzyme
called ATP synthase.

What is striking about this
Nobel prize is that it reminds

us that science is so much
more than just an enterprise
that generates patents and
profits, as ministers try to tell
us again and again.

Science is also about the
beauty of the natural world,
about mystery, curiosity and
wonderment. Who can fail to
be amazed by the thought that
a spinning enzyme some
200,000 times smaller than a
pinhead has enabled life to
thrive on this planet for
almost four billion years?

The prize marked the end of
a 20 year struggle by Dr
Walker to lay bare the mecha-
nism of this microscopic
whirling dervish.

The ATP synthase enzyme

is huge compared with those
that ceaselessly work
throughout our bodies. Each
one consists of 31 separate
proteins. Working in harness
they take proton power — a
flow of hydrogen nuclei — to
churn out a little molecule
called ATP.

ATP, or adenosine triphos-
phate, has won a clutch of
Nobel prizes for other
researchers because of its pro-
found importance: it provides
the energy for the contraction
of muscles, the beating of the
heart and the functioning of
the brain as you read this
sentence.

This molecule is to our bod-
ies what money is to econom-

ics. It is the energy currency
of life. With ATP, you can run
a cell — or a country for that
matter.

Rather like energy can be
stored away in a bent spring,
so ATP locks it up within its
energy-rich phosphate bonds.
Snap one of these chemical
bonds and energy is released
to do work in a living cell.
Without ATP, all living things
— bacteria, fungi, plants,
tigers — would die.

‘‘We require our body
weight in ATP every day,’’
said Dr Walker. ‘‘We are turn-
ing over that amount of ATP
to keep ourselves thinking
and walking around. It is
incredible to think of these

motors of life spinning around
in our bodies.’’

The spinning ATP synthase
enzyme that coins ATP from
its precursor, ADP, is found in
rod-like structures called mi-
tochondria that lurk in our
cells. Every mitochondrion is
studded with hundreds if not
thousands of the enzymes.

Unlock the secrets of ATP
manufacture and you have a
clue to understanding human
ageing, when our mitochon-
dria flag, the fundamental
mechanisms underlying Par-
kinson’s disease, when our
mitochondria die, and the way
in which green plants convert
sunlight into energy, the pro-
cess that drives the living
economy of the planet.

Plants also contain these
cellular ‘‘batteries’’, though
they are called chloroplasts.
Even bacteria, the most
ancient organisms, rely on the
enzyme, revealing that this
little motor has been spinning
for almost four billion years,
when the first primitive single
cell creatures appeared on
Earth.

DR WALKER embarked
on his research two
decades ago. He

started with the idea that to
understand ATP synthase, we
have to know what it looks
like — down to the last atom.

To take a molecular snap-
shot, he would have to purify
large quantities of the
enzyme, make a crystal, and
then interrogate its structure
with X-rays. When he con-
fided with colleagues about
his plans, a few thought that
he was crazy.

The reason for their scepti-
cism lay in the baroque com-
plexity of ATP synthase. Gen-
etic engineering can be used
to make the 16 different pro-
tein components but it would
take more than the patience of
a Swiss watchmaker to
assemble them into an actual
working mechanism.

Old-fashioned, time-con-
suming methods had to be
used instead. Every other
week, Dr Walker or his col-
league Dr Michael Runswick
would go to a Northampton
slaughterhouse to buy 25
fresh cows’ hearts.

Mincing the hearts and
extracting the enzyme was
the easy bit. The hard part
was producing a crystal of the
enzyme, which was crucial if
the team was to use X-rays to
produce a picture of its atomic
structure.

A substance crystallises
when its component atoms or
molecules arrange them-
selves in an orderly way,
rather like a three dimen-
sional version of soldiers
forming ranks on parade.

This is trivial in the case of
table salt: its component
charged sodium and chlorine
atoms can be stacked easily.
But for a highly-complex mol-
ecule like ATP synthase, it is
extremely difficult.

To make the job a little eas-
ier, Dr Walker took two steps.
First he planned to use the X-
ray source at Daresbury,
Cheshire, one so bright that it
would need only a tiny crystal
of ATP synthase for an atomic
snapshot. But the problem of
how to grow that tiny crystal
remained.

That is where the second
simplification came in: Dr

Walker decided to tackle only
one part of the enzyme, the
cluster of proteins where the
ATP is made. Then followed
years of trial and error to per-
suade these proteins to grow
into a crystal of sufficient
purity to yield good results.
‘‘That was the crux of the
whole project,’’ he said.

The breakthrough took
eight years and was due to the
hard work of Dr Walker and
Dutchman Dr René Lutter.
The secret was to acknow-
ledge that the working
enzyme is, in effect, soaked in
ATP and its energy-poor sis-
ter molecule, ADP. By intro-
ducing these molecules to the
recipe, they could produce
good crystals.

In fact, the feat was more
subtle than this: they used
molecules that were the same

shape as ATP and ADP, to
provide realistic ‘‘padding’’
for the enzyme, but which
were chemically unreactive.
‘‘That was quite tricky,’’ said
Dr Runswick. ‘‘It was a slow
tweaking process to get things
right.’’

Once a good quality crystal
had been made, it was taken
to the Daresbury laboratory
where electrons are whirled
around at speeds approaching
that of light, producing bursts
of X-rays rather like drops of
water flying off a wet spinning
bicycle wheel.

The way the crystal scat-
tered the X-rays was mea-
sured by Dr Walker’s col-
leagues, Dutchman Drs Jan
Abrahams and fellow labora-
tory worker Dr Andrew Les-
lie. The resulting X-ray pat-
tern was analysed by

computer to determine the
position of each and every
atom in the enzyme.

The result, when displayed
on computer, looks like tech-
nicolour tagliatelle. Each col-
oured strip corresponds to a
chain of amino acids, the
chemical building blocks of
proteins. There are 3,000
amino acids in the business
end of the ATP synthase mol-
ecule, making it one of the
most complex biological mol-
ecules ever pictured.

After years of toil, Dr
Walker was in a position to
study this atomic structure
and deduce how the enzyme
works, revealing how it spins
around to pump out ATP.

Each sausage-shaped mito-
chondrion in our cells is stud-
ded with the enzymes: one
end, the motor, is embedded

in the membrane of the mito-
chondrion and the other,
where the ATP is made, dan-
gles into the cell.

The membrane end of the
enzyme is a molecular wheel,
made up of so-called ‘‘c pro-
tein subunits’’. As protons
surge out of the mitochondri-
on, this wheel rotates at
speeds of around 100 revolu-
tions per second.

Attached to the wheel is a
bent axle that also turns, the
so called gamma protein sub-
unit. It is supported at its
other end by a ‘‘hat’’, a ring of
six protein subunits — three
alpha and three beta — that
are anchored to the cell mem-
brane and together form the
part of the enzyme that fash-
ions ATP.

Because the axle is bent, it
deforms the hat as it sweeps

around. This flexing action, it
turns out, is crucial to the pro-
cess of adding a phosphate
unit to ADP so as to make
ATP.

First, an ADP molecule nes-
tles in one of the three beta
subunits of the hat. A hollow
in each subunit provides ideal
conditions for ADP to mate
with phosphate to make ATP.

The clever part comes from
the way the bent axle pokes
into the hat. As the axle
rotates it wiggles, squashing
each beta subunit in turn so it
can no longer grip the small
ATP molecule: ATP is ejected
into the cell so that the hollow
in each beta subunit can
charge up with more ADP.

The work complements
that of the scientist at the Uni-
versity of California who
shared the prize with Dr
Walker. Prof Paul Boyer
began studying ATP forma-
tion in the early 1950s and,
from indirect means, deduced
this rotating mechanism, now
called ‘‘Boyer’s binding
mechanism’’.

Some have likened the
action to that of a water ham-
mer used to mint coins. The
wheel is the part of the
enzyme rotating in the cell
membrane.

The flow of protons is the
waterfall, and the deforming
beta subunit allows three
‘‘coins’’ of the ATP currency
to be minted for each turn of
the wheel.

This motor has now been
seen in action, thanks to a
beautiful experiment con-
ducted by Prof Masasuke Yo-
shida and colleagues in
Tokyo. They attached a fibre
of muscle protein to the bent
axle and ran the motor, upside
down, under the gaze of a mi-
croscope. Videos showed how
the fibre whirled around with
increasing speed as concen-
trations of ATP increased.

THE work is of profound
significance in biochem-
istry but could already

find direct applications in
treating heart disease. In sick
heart tissue, ATP synthase
‘‘runs backwards’’, burning
up the supply of ATP so the
tissue perishes. Armed with
the structure, we can begin to
think of drugs to prevent this
from occurring.

The epic timescale of Dr
Walker’s achievement under-
lines another feature of scien-
tific endeavour. Given the
increasing emphasis on short
term projects and instant
results, this kind of research
is becoming a rarity.

The Medical Research
Council’s Laboratory of Mo-
lecular Biology supported Dr
Walker through the thin
years, when there was little to
show for his efforts. ‘‘I am
glad to say we backed him,’’
said Sir Aaron Klug, former
director and fellow laureate.

‘‘I have been in an inspira-
tional environment,’’ said Dr
Walker. ‘‘Without this long
term vision, I would not have
been able to do the work.’’

Nor has his mission ended.
He and his colleagues have
now turned their attention to
the molecular structure of the
enzyme’s spinning disc, the
motor that turns in the mem-
brane of every mitochondrion.
And how long will it take? ‘‘A
decade, perhaps even
longer.’’

A brief
history
of ATP
1929: German chemist Karl
Lohmann discovered
adenosine triphosphate, ATP.

1939-41: German-born
Fritz Lipmann showed ATP is
the universal carrier of
chemical energy in the cell,
winning Nobel prize in 1953.

1948: Englishman Lord
Todd made ATP in the
laboratory, earning the Nobel
prize in 1957.

1940s/50s: Scientists
establish that most ATP is
made in mitochondria and
chloroplasts the ‘‘batteries’’
found in the cells of animals
and plants respectively.

1961: Englishman Peter
Mitchell showed that a
stream of protons —
hydrogen ions — passing
through the membrane of
mitochondria drives the
production of ATP. He won
the Nobel prize in 1978.

Late 1970s: John Walker
begins his studies of ATP
synthase, the enzyme that
makes ATP.

1993: Paul Boyer of the
University of California,
outlines the possible
mechanisms by which ATP
synthase worked.

1994: John Walker and
colleagues produce an atomic
snapshot of one key part of
ATP synthase, revealing its
spins like a tiny motor.

1997: Masaskuke Yoshida
attaches a fluorescent
filament so motor can be seen
spinning under a microscope.

1997: Nobel prize for Boyer
and Walker.

The UK’s latest Nobel prize-winner, Dr John Walker, revealed a wonder: a life-giving spinning enzyme. Roger Highfield reports

This is what drives you . . .


