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Nobel Prizes for magnetic resonance imaging and channel proteins

Big clinical breakthroughs begin with basic science

THE 2003 NOBEL PRIZE IN MEDICINE OR PHYSIOLOGY
was awarded to a chemist, Paul Lauterbur (US), and a
physicist, Peter Mansfield (UK), for their discoveries con-
cerning magnetic resonance imaging,! while the Nobel Prize
in Chemistry was awarded to two medical graduates: Peter
Agre (US) for the discovery of water channels and Roderick
MacKinnon (US) for structural and mechanistic studies of
ion channels.! The prizes were awarded for seminal discov-
eries that have had major impacts on medicine and biology.
The fascinating story of these discoveries illustrates the
value of pursuing basic science research and how break-
throughs at a fundamental level can lead to revolutionary
advances in medical care.

The Nobel Prize in Medicine

Background to magnetic resonance imaging

Many atomic nuclei possess the property of spin. When
placed in a magnetic field they wobble (precess) on their
axis, like a spinning top near the end of its twirl. The
precession frequency is directly proportional to the strength
of the magnetic field in which the nuclei are immersed, and
lies in the frequency range of radio waves. When radio waves
at the same frequency as the nuclear precession are applied
to a sample, resonance energy transfer takes place and the
nuclei become “excited”. Hence, radio waves can be used to
detect (observe) atomic nuclei based on their characteristic
absorption frequency. This discovery by the groups of Bloch
and Purcell in the US led to their award of the Nobel Prize
in Physics in 1952.

Nuclear magnetic resonance (NMR) is extraordinarily
useful in biology and medicine for two reasons. Firstly,
because the nuclear spins are observed with radio waves,
biological samples can be studied in a non-invasive and non-
destructive way. Radio wave photons have about 1/10'!' of
the energy of x-ray photons, so they produce no radiation
damage to biological samples.

Secondly, the absorption frequency is precisely deter-
mined by the local magnetic field of the nucleus in an atom
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in a molecule. Since it is possible to measure changes in this
field to better than 0.01 parts per million, chemical com-
pounds are able to be identified even in complex mixtures.
The incredible precision with which one can determine the
frequency of nuclear resonance, and hence the local mag-
netic field experienced by a nucleus, means that we can (for
example) distinguish a hydrogen atom in a methyl group of
an alanine side chain in a protein from one in a methyl
group of valine in the same protein. The Nobel Prize for
Chemistry was awarded to Richard Ernst (1991) and Kurt
Wiithrich (2002) for the development of techniques to use
NMR to determine protein structure. Remarkably, this is
possible within living cells; so metabolism can be followed in
real time in a totally non-invasive way.

Both of these features make NMR ideal for medical imaging.

The discovery of magnetic resonance imaging

In the early 1970s, Paul Lauterbur (at the State University of
New York at Stony Brook, US) surmised that if one could
vary the magnetic field across a sample in a defined way then
it should be possible, by measuring the frequency at which a
given ensemble of nuclei were precessing, to determine the
exact location of the ensemble in the sample. Lauterbur’s first
images were of a “phantom sample” of two tubes of water
located within a larger tube of heavy water (ie, water in which
the hydrogen atoms are replaced with deuterium atoms).?
Heavy water is chemically almost identical to water and to the
eye is indistinguishable. But deuterium nuclei are very differ-
ent from hydrogen nuclei, so they give no signal when radio
waves at the frequency absorbed by hydrogen are applied.

By applying a graded magnetic field across the entire
sample, Lauterbur reconstructed an accurate cross-sectional
image of the two water-filled tubes (Box 1a). At the time this
seemed a rather esoteric experiment, but it was a wonderful
model to use for the human body, which is essentially a
series of water-filled tubes (eg, arteries) and containers (eg,
organs) located within a larger water-filled tube (ie, the body
walls).

Lauterbur’s water-filled tubes were geometrically simple,
making it relatively easy to solve the mathematics required
to reconstruct the images from the radiofrequency output.
Although Peter Mansfield (at the University of Nottingham,
UK) was working on a different physical system, it was he
who was responsible for sorting out the complicated mathe-
matics required to derive images rapidly from NMR spec-
trometers, thereby making magnetic resonance imaging a
feasible clinical application. He also developed the tech-
nique of very fast gradient variations (so called echo-planar
scanning) that enabled very rapid imaging.?
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The journey from the first images of
tubes of water to the installation of the first
magnetic resonance imaging (MRI) scan-
ner in a hospital required a huge amount

1: Magnetic resonance imaging

of research and development both in the ‘:Cﬂ e

private and public sector, but it only took ) £ . i]' ’

about 10 years. This involved mathemati- ol o\
cians, physicists, engineers, computer sci- /‘” ®; -
entists, biomedical scientists and medical Comse o ?.E,
practitioners in one of the best modern AR

examples of “translational research”. It is
estimated that in 2002 about 60 million
MRI examinations were performed
throughout the world. MRI has had a

a) Lauterbur's first published image of a section of a water
phantom. Left: model of the phantom.
Right: the reconstructed magnetic resonance image

b) Modern magnetic
resonance sagittal
section of a human
(reproduced from reference 2). head.

major impact on many aspects of clinical
practice; probably most notably in neurol-
ogy (Box 1b).

The Nobel Prize in Chemistry

Background to water and ion transport in the body

All cells, from bacteria to plants and animals, are sur-
rounded by a lipid membrane that forms a barrier between
the inside of the cell (where most of the important events
such as gene transcription and metabolism take place) and
the extracellular environment. The maintenance of a stable
intracellular environment is crucial for cell survival. The
first barrier of defence is the lipid membrane, which is
largely impermeable to water and water soluble substances,
such as ions. Equally important, though, is the ability of
cells to interact with the outside world; to respond to
stresses imposed from the outside and to communicate with
other cells. This is achieved by having proteins embedded in
the lipid membrane that can selectively allow the passage of
water or ions into or out of the cell.

Discovery of aquaporins

We now know that channels that permit the selective flow of
water across cell membranes (aquaporins) are present in
almost all cells, but they were only definitively identified 15
years ago. Why did it take so long for them to be discovered?
In a sense it was because they are so difficult to measure and
because they are so common. Often the easiest way to
identify something is to compare two similar objects (in this
case, cells) and then determine what it is that is different
between them. This of course was not possible for water
channels, as almost all cells have them. In the late 1980s,
Peter Agre, while working on the rhesus blood group
antigens at Johns Hopkins University, US, serendipitously
discovered a new membrane protein that he called CHIP28
(channel integral membrane protein of molecular weight
28Kk). At the time he had no idea what it did.* Previously and
independently, Gheorghe Benga and his group in Romania’
had shown that the water transport inhibitor p-chloromer-
curibenzoate is selectively bound to a protein in red blood
cell membranes. Subsequent studies showed that this was a
glycosylated form of CHIP28.
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After extensive analysis of the CHIP28 protein Agre’s
group recognised that it must form a channel in the red
blood cell membrane. The crucial experiment they per-
formed was to over-express the new protein in another cell
type (the Xenopus oocyte); they found that the cells became
much more permeable to water.’ Since then, Agre and
colleagues have shown that there is a whole family of
genetically related aquaporins in almost every cell type,’
with some also permeable to glycerol and urea.

In addition to all fluid transporting epithelia, one obvious
place where water channels serve a crucial function is in the
kidney, where they permit the reabsorption of hundreds of
litres of water that pass through the renal glomeruli each
day.”

Discovering the channels was one thing, but how do they
work? How can these channels allow the passage of water at
a very high rate but not allow the passage of hydrated
protons (ie, hydronium ions, H;0%)? This question was
answered by Agre in collaboration with Fujiyoshi’s group in
Kyoto and Engel’s group in Basel when they solved the
structure of aquaporin-1 using electron microscopy (Box 2,
a,b).%

Structural basis of ion selectivity in potassium channels

In contrast to water channels, those that selectively allow the
transmembrane flux of ions, such as sodium, potassium or
calcium, were first implied in a functional assay and theoret-
ical simulation over 60 years ago, and genes encoding for ion
channels were first cloned over 20 years ago.’ We now know
that there are hundreds of different ion channels in human
cells. Despite extensive analysis of ion channel function, one
of the most intriguing conundrums has been how these
proteins allow the selective passage of one type of ion at very
high rates, while preventing the passage of all others. In the
mid 1990s, after electrophysiological measurements com-
bined with molecular biological manipulations of ion chan-
nel proteins initially made in Christopher Miller’s laboratory
and later in his own laboratory at Harvard University,
Roderick MacKinnon realised that the only way to answer
this question was to determine the structure of an ion
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channel using x-ray crystallography. Determining
the structure of membrane proteins is extraordinar-
ily difficult, and many people suspected it would
not be possible for an ion channel. However, in
1998, MacKinnon and his team (having moved to
Rockefeller University) succeeded in crystallising
the bacterial potassium channel, KcsA;'0 and, just
as they had hoped, the structure provided the
answer to the riddle of how potassium channels
permit the selective passage of potassium ions at a
high rate (Box 2, c,d). Furthermore, the combina-
tion of x-ray crystallography, electrical measure-
ments and mathematical simulations enabled them
to make fundamental predictions about how the
channels select ions and open and close to regulate
their passage.!! The selectivity of ion channels and
the exquisite control of their opening and closing is
central to the role they play, for example, in neuro-
transmission and controlling the heart beat.
Indeed, recently it has been shown that even subtle
mutations in the genes that encode ion-channel
proteins are a potent cause of diseases including
epilepsy and cardiac arrhythmias.'?

The meaning of the Prize

The stories behind the discoveries that lead to the
award of a Nobel Prize are always fascinating, while
the act of singling out individuals among many who
have contributed to a field of research is frequently
controversial. However, this should not distract
from the real message behind the Nobel Prizes in
Medicine or Physiology and Chemistry, which is
that pursuing basic science research has enormous
practical value. Discoveries made regarding the
fundamental properties of molecules, whether by
physicists, chemists or biologists, can and do lead
to major advances in medical care. Particularly at a
time when researchers in Australia are under pres-
sure to pursue applied research at the expense of
basic science, this year’s Nobel Prizes provide a
potent reminder of the importance of fundamental
research.
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a) Ribbon diagram showing structure
of aquaporin-1 (water channel).

b) Model illustrating mechanisms of
water permeation in a water channel.
The positive charge on the wall of the
channel repels hydronium ions,
thereby excluding them from crossing
the transmembrane region (from
reference 8, reproduced with
permission of Nature Publishing
Group).
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c) Structure of the KcsA potassium
channel. The channel is a tetramer,
but only two subunits are shown,
illustrating the cavity and the narrow
selectivity filter region formed by
the pore helices, labelled ‘P’ (from
reference 11, reproduced with
permission of Nature Publishing
Group).

d) Model illustrating K* permeation.
The orientation of the pore helices is
such as to produce an electronegative
well in the cavity, which attracts

K* ions. The narrow selectivity filter
region is just the right diameter to
accommodate dehydrated K* ions.

K* permeation occurs in single file. As
one K* ion enters the selectivity filter
it repels the K* ion ahead of it (from
reference 10, reproduced with
permission of the American Academy
for the Advancement of Science).
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