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For discoveries concerning channels
in cell membranes,” as the Royal

Swedish Academy of Sciences put it,
two Americans have won this year’s
Nobel Prize in Chemistry. Peter Agre
of the Johns Hopkins School of Medi-
cine in Baltimore earned his half of
the prize for discovering water chan-
nels. Roderick MacKinnon of the
Rockefeller University in New York
City earned his half for structural and
mechanistic studies of ion channels.

Water channels span cell mem-
branes in our kidneys, eyes, sweat
glands, and other body parts. Bacte-
ria, plants, and invertebrates have
water channels, too. But until Agre’s
discovery, no one had isolated the mol-
ecules that form the channels. Ion
channels help regulate the electro-
static potential of cells and mediate
the transmission of nerve signals.
MacKinnon was the first to determine
an ion channel’s atomic structure and
to figure out how the channel works.

Cells need specialized channels to
import and export ions because ions
are repelled by the fatty, nonpolar in-
terior of the cell membrane. When
Alan Hodgkin and Andrew Huxley
demonstrated in the 1950s that nerve
impulses consist of the fast, coordi-
nated inflow and outflow of sodium
and potassium ions, scientists knew
that specialized portals for the two
kinds of ion must exist in the mem-
brane. The challenge was to identify
the portals and explain how they
worked. One functional aspect was
particularly puzzling: How could a
channel that admits K⊕ ions bar the
smaller, identically charged Na⊕ ions?

Nature’s need for water channels is
less clear. Despite their polarity,
water molecules are small enough to
diffuse through the nonpolar interior
of cell membranes with relative ease.
But in certain parts of the body—no-
tably the kidneys, which filter nearly
200 liters of water a day—diffusion is

too slow. In 1970, Robert Macey
demonstrated that exposing red blood
cells to mercury ions impedes the flow
of water across the cell membrane.
Mercury ions stick to cysteine, an
amino acid, so Macey’s experiment
strongly suggested that a protein pore
was involved in water transport. The
challenge was to find the protein.

Aquaporins
Agre’s Nobel-winning work began in
1988—although not with the goal of
finding water channels. At that time,
he and his group at Johns Hopkins
were trying to purify rhesus factor
antigens taken from the membranes
of red blood cells. Among the molecu-
lar leftovers was a 28-kilodalton pro-
tein of unknown origin and surprising
abundance. Previous investigators
had overlooked the protein because it
doesn’t take up any of the usual his-
tological stains.

To get an idea of the protein’s role,
Agre ran its amino acid sequence
through BLAST, a software tool that
looks for genetic similarities. What
BLAST revealed was intriguing. The
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the latter’s strong paramagnetism.
More quotidian tasks like imaging a
torn ligament don’t require the ultra-
fast capabilities of EPI and its exacting
hardware requirements. Ordinary
clinical MRI relies more on 2-D
Fourier-transform techniques intro-
duced in 1975 by Richard Ernst at
ETH Zürich. Ernst won the 1991 chem-
istry Nobel Prize for his contributions
to NMR spectroscopy. 

The laureates
Lauterbur was born in 1929 in Sidney,
Ohio. After his bachelor’s degree in
chemistry from the Case Institute of
Technology, he started as a research as-
sistant at the Mellon Institute in Pitts-
burgh. In 1962, while still a full-time
researcher at Mellon, Lauterbur re-
ceived his PhD at the University of
Pittsburgh. “I did carbon-13 NMR, but
I had no real thesis adviser,” he recalls. 

The following year, Lauterbur
joined the Stony Brook chemistry fac-
ulty. In 1985 he left Stony Brook for
the University of Illinois at Urbana,
where he is a professor of chemistry at
the Center for Advanced Study. “I re-
cently stopped doing MRI,” says
Lauterbur, “to get back to my roots as
a chemist after a 30-year detour.” His
current interest is prebiotic evolution.

Mansfield is a Londoner, born in

1933. His scientific career had an atyp-
ical start. In the turmoil of returning
home in 1944 after having been evacu-
ated from London during the Blitz, he
did poorly in the secondary-school en-
trance exam and ended up in a high
school that offered no college-prepara-
tory program. So he left school at age
15 to become an apprentice typesetter.

But the German V-1 and V-2 mis-
siles that began pounding London in
the summer of 1944 piqued young
Mansfield’s interest in rocketry and ex-
plosives. At age 17 he got a job in a gov-
ernment rocket laboratory, where he
worked until 1956. Then, having gone
to night school and passed the required
exams, he entered Queen Mary College
in London, where he did his under-
graduate and graduate work in
physics. He got his PhD under Jack
Powells in 1962, doing NMR studies of
solids. He came to Nottingham in 1964.

Mansfield was knighted in 1993. A
year later he retired from the faculty,
but he still works to improve MRI. At
the moment he’s seeking ways of re-
ducing the horrendous noise to which
patients are subjected as gradient
coils are vibrated by the rapid switch-
ing of currents in the scanner’s multi-
tesla field.

Three days after the Karolinska
Institute announced this year’s prize

for MRI, full-page ads appeared in
several major newspapers in the US
and Sweden, decrying “the shameful
wrong that must be righted,” that is,
the exclusion of Damadian from the
prize. He is president of the Fonar
Corporation, a firm that manufac-
tures conventional MRI instruments.

Lauterbur has been the object of
Damadian’s particular ire ever since he
omitted Damadian’s 1971 paper on
anomalous relaxation times in tumors
from the reference list of his first im-
aging paper.1 “I chose, instead, to ref-
erence the only published paper on
tumor NMR in a living animal,” ex-
plains Lauterbur. In 1974, Damadian
was awarded a patent for an NMR in-
strument designed to scan the body for
cancerous growths. The design did not
involve the linear field gradients that
are the basis of all modern MRI instru-
ments, including those sold by Fonar. 

Bertram Schwarzschild

References
1. P. C. Lauterbur, Nature 242, 190

(1973).
2. P. Bendel, C. M. Lai, P. C. Lauterbur, J.

Magn. Res. 38, 343 (1980).
3. P. Mansfield, P. K. Grannell, J. Phys. C

6, L422 (1973).
4. P. Mansfield, A. A. Maudsley, Brit. J.

Radiol. 50, 188 (1977).
5. P. Mansfield, J. Phys. C 10, L55 (1977).



28 December 2003    Physics Today http://www.physicstoday.org

28-kDa protein’s genetic cousins are
found in human kidneys, plant roots,
cow eyes, and fly brains. Agre related
the bizarre list to his friend and men-
tor John Parker, who realized what
the members have in common: They
process or contain water. Parker sug-
gested that the unknown protein
could be the elusive water channel.

To test the hypothesis, Agre adopted
a technique used for studying ion chan-
nels. Channel-encoding RNA is in-
serted into frog egg cells, which have
few membrane channels of their own.
After a few days, the egg cells sprout
genetically engineered channels.

Gregory Preston, a postdoc in
Agre’s lab, prepared two sets of egg
cells: one set equipped with the mys-
tery protein and a control set without
it. If the protein were a water chan-
nel, reasoned Agre, then placing a ge-
netically modified egg cell in water
would cause the cell to distend as os-
motic pressure pushed water through
the channels and into the cell.

The moment of discovery came on 9
October 1991. Preston dropped one of
the genetically modified cells into dis-
tilled water and watched it through a
microscope. In minutes, before he
could position a video camera to record
what was happening, the cell swelled,
then burst. Next, he dropped a control
cell into the water. It didn’t swell.

The group’s findings appeared in
Science in 1992.1 But despite the evi-
dence, skeptics wanted to see the pro-
tein purified under physiological con-
ditions and put to work as a water
channel. Agre turned to the University
of Pittsburgh’s Mark Zeidel, who in-
corporated the protein in liposomes
and then measured the permeability
using stopped-flow fluorescence. In
that technique, a steady flow is
abruptly terminated and the retreat-
ing front of the flow measured opti-
cally. Zeidel found that the protein in-
deed acts as a water channel and that
it conducts water 10 to 100 times faster
than a channel-free membrane.2

Zeidel also found that the water
channel is impermeable to a range of
molecules and ions, including urea, a
smallish molecule produced in the
kidney, and hydrated protons (H3O⊕),
which would upset a cell’s pH if they
could get through. In view of its im-
pressive selectivity, Agre dubbed the
channel aquaporin.

Even before aquaporin had been
identified as a water channel, Agre
had noticed that a key sequence of
amino acids, asparagine-proline-ala-
nine (NPA, for short), cropped up in
all the genetic cousins. He could also
tell that the protein was made up of
four units, each containing two NPA

groups. By selectively mu-
tating various parts of the
protein, Agre’s group came
up with a topological model
in which the two NPA
groups combined to form a
narrow, ringlike portal.

Membrane-spanning
proteins form three-dimen-
sional crystals with notori-
ous and frustrating diffi-
culty. Though no cakewalk,
it’s easier to coax the pro-
teins to form two-dimen-
sional crystals, which can
then be subjected to electron
microscopy. Using his he-
lium-cooled electron micro-
scope, Agre’s collaborator
Yoshinori Fujiyoshi of the
University of Kyoto deter-
mined the structure.

As figure 1 shows, the structure re-
sembles a square cake cut into equal
square quarters that are pulled apart
to form a narrow vertical channel
right down the center. At 3.0 Å at its
narrowest point, the channel is a mere
0.2 Å wider than a water molecule.

Such a narrow opening explains
why larger molecules can’t go
through, but what about protons?
Water molecules flow down the nar-
row channel, oxygen first. With such
an alignment, it’s easy for an oxygen
atom at the top of the channel to form
a hydrogen bond with a free proton
and then give up one of its own pro-
tons to the next oxygen atom in line,
and so on down the channel.

Aquaporin’s structure stops this
proton-passing bucket brigade. As a
water molecule arrives at the center
of the pore, two asparagine residues
lay hold to the molecule via hydrogen
bonds and rotate it so that hydrogen
atoms point up and down the channel.
Thus the two hydrogen atoms of the
water molecule can’t form hydrogen

bonds with any adjacent water mole-
cules and the transfer of protons is
stymied.

Since the discovery of the first aqua-
porin (now called aquaporin-1), Agre
and others have found about a dozen
more in humans. Some have medical
implications. Defects in aquaporin-2,
for example, cause a rare but severe
form of diabetes, while aquaporin-4,
which is found in the brain, could play
a role in dropsy. Says Agre, “the aqua-
porin proteins we’ve discovered and
characterized are the answer to many
of these physiological problems and
will probably provide approaches to a
number of disease states.”

Ironically, given their role in the
aquaporin story, no one knows yet why
red blood cells need water channels.

Ion channels
MacKinnon’s Nobel-winning work
concerns ion channels and nerve cells.
Inside a neuron, the concentration of
K⊕ ions is about 30 times higher than
outside. For Na⊕ ions, the opposite is
true. Large anions balance the charge

Agre

Figure 1. Aquaporin-1,
in ribbon representation,
looking down the cen-
tral channel. The eight
alpha helices that make
up each of the
tetramer’s four subunits
are designated H1–H8.
(Courtesy of Yoshinori
Fujiyoshi.)
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inside the cell, while chlorine ions
balance the charge outside the cell.

When a neuron is not transmitting
a signal, the voltage across its mem-
brane (measuring from out to in) is
about ⊗50 mV, thanks to the small con-
centration of K⊕ ions that seep out of
the cell through so-called potassium
leak channels. Further outflow of K⊕

ions down their steep concentration
gradient is checked by the membrane’s
negative potential. Sodium ions have
both a concentration gradient and an
electrostatic potential trying to push
them into the cell. Yet somehow, de-
spite their size (0.95 Å versus potas-
sium’s 1.33 Å) they can’t go through the
K⊕ leak channels.

Another kind of K⊕ channel oper-
ates during nerve transmission. When
triggered by a voltage stimulus, Na⊕

channels open to let Na⊕ ions rush into
the cell. The influx of positive charge
drives up the membrane potential to

⊕40 mV and triggers the opening of
adjacent Na⊕ channels ahead. Be-
hind the pulse, however, the re-
cently opened Na⊕ channels enter a
brief state of inactive closure during
which they can’t respond to their
usual voltage trigger. Because of
this upstream inhibition, the pulse
of positive voltage—the nerve sig-
nal—propagates forward along the
neuron, but not backward.

Meanwhile, while the upstream
Na⊕ channels are locked shut, volt-
age-gated K⊕ channels open in re-
sponse to the positive membrane
potential. K⊕ ions rush out of the
cell and quickly restore the mem-
brane’s negative resting potential.
This mechanism wouldn’t work if
Na⊕ ions could pass through the
voltage-gated K⊕ channels.
The picture outlined above was es-

tablished largely through electro-
physiological experiments that meas-
ure the flow of various ions through
membranes. Such experiments are
exquisitely sensitive. For example, in
1955, Hodgkin and Richard Keynes
proved that K⊕ ions cross the mem-
brane two to three at a time.

The electrophysiological approach
was complemented in the 1970s by ge-
netic techniques. As an undergraduate
at Brandeis University, MacKinnon
worked with Chris Miller, an expert on
K⊕ channels. When MacKinnon re-
turned to Brandeis in 1985 as a post-
doc, he joined Miller in preparing ge-
netic variants of K⊕ channels and
implanting them in frog egg cells. By
comparing the ion channeling ability of
the variants, MacKinnon determined
that the K⊕ channel is a tetramer.

Other structural clues emerged as
more channels were discovered. In or-

MacKinnon

Figure 2. The narrow
entrance of a K⊕ channel
has four sites where neg-

atively charged oxygen
atoms stabilize K⊕ ions

(green). The ions’ mutual
electrostatic repulsion

pushes them through the
entrance and down into

the water-filled cavity,
where water molecules

provide electrostatic 
stability. (Courtesy of

Roderick MacKinnon.)
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ganisms ranging from bacteria to hu-
mans, K⊕ channels of various types
were found to have the same sequence
of amino acids in common. In 1992,
MacKinnon, then at Harvard Univer-
sity, showed that changing the shared
sequence deprived K⊕ channels of
their ability to obstruct Na⊕ ions.

Despite this success, MacKinnon
realized he wouldn’t be able to figure
out how channels worked without see-
ing their three-dimensional structure.
X-ray crystallography seemed the
most promising approach, but to
apply it, he had to do what no one had
done before: create a sharply diffract-
ing crystal of an ion channel protein.

Giving up his Harvard professor-
ship, he moved to Rockefeller in 1996
and taught himself crystallography.
Membrane proteins are hard to crys-
tallize because their tops and tails are
hydrophilic, while their middles are
hydrophobic. The usual trick is to dis-
solve the membrane and its proteins
with detergents. With the right deter-
gent, protein–detergent complexes
form crystals in aqueous solution.

Picking a detergent wasn’t a prob-
lem. Indeed, other labs had already
crystallized ion channels. But those
crystals, including MacKinnon’s first
batches, made blurry, unusable dif-
fraction patterns. MacKinnon thought
the source of the blur might be the pro-
tein’s floppy ends, which he knew from
his biophysical studies are not essen-
tial to channel function. The hunch
paid off. He and his group used en-
zymes to nibble away the protein’s dis-
orderly parts and were rewarded with
clearly diffracting crystals. The effort
took two years.

For the structure determination,
MacKinnon took his crystals to the
National Synchrotron Light Source at
Brookhaven National Laboratory and
to the Cornell High Energy Synchro-
tron Source. The 3.2 Å structure his
group obtained appeared in Science in
1998 to immediate acclaim.3

The paper and its more detailed
successor4 outlined how the channel
works. In aqueous solution, K⊕ and
Na⊕ ions surround themselves with
water molecules whose oxygen atoms
are attracted by the ions’ positive
charges. To draw ions through its nar-
row entrance, the channel has to re-
move the water molecules. It can do
this, thanks to rings of carbonyl (C=O)
groups that line the entrance. Held in
place by a rigid cuff, the carbonyl
groups have just the right configura-
tion to take over the role of stabilizing
K⊕ ions from the water molecules.

Sodium ions, however, are too
small to feel the combined influence of
the carbonyl groups. They remain hy-

drated and outside the cell.
A single K⊕ ion at the head of the

channel would stay put, but, as figure
2 shows, the entrance is long enough
to accommodate more than one ion at
a time. Mutual electrostatic repulsion
ensures that the ions keep moving,
but to cross the membrane, they must
pass through the membrane’s nonpo-
lar interior. 

The narrow entrance opens into a
water-filled cavity at the center of the
channel. Once inside the cavity, an ion
attracts water molecules, but their
stabilizing effect isn’t strong enough
to mitigate the electrostatically un-
welcoming environment of the nonpo-
lar interior. MacKinnon’s structure
shows that long-range electrostatic
help comes in the form of negatively
charged substructures (alpha-helices)
that impinge on the cavity’s lining. In
an aqueous environment, dissolved
ions screen out such long-range inter-
actions, but in the nonpolar environ-
ment of the membrane, the stabilizing
power of the helices is undiminished.

Since his pioneering work, Mac-
Kinnon and his collaborators have
continued to work on K⊕ channels
and, recently, on chlorine channels.
Like Agre, he praises his many young
collaborators. “One of the great things
about being a scientist in this day and
age,” he says, “is that talented people
come from all over the world to work
with you. Without that, none of this
would ever happen.”

Biographies
Peter Agre was born in 1949 in North-
field, Minnesota. He earned a BA in
chemistry from Augsburg College in
1970 and an MD from Johns Hopkins
in 1974. After postdoctoral work at the
University of North Carolina, he re-
turned to Johns Hopkins, where he
has remained ever since.

Roderick MacKinnon was born in
1956 in the Boston suburb of Burling-
ton. He earned a BA in biochemistry
from Brandeis in 1978 and an MD from
Tufts University in 1982. After post-
doctoral work at Brandeis, he joined
the faculty of Harvard Medical School
in 1989. He moved to Rockefeller, his
current academic home, in 1996.

Charles Day
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