
Nuclear Magnetic Resonance Spotlights Atomic
Actors in Enzyme Dynamics

Without enzymes, life—from aard-
varks to zucchini—would stop

dead. Fortunately, thanks to enzymes’
catalytic power, biochemical reactions
run briskly at temperatures low
enough that life’s molecular building
blocks don’t boil to bits. Like other bio-
molecules, enzymes rely on their form
and flexibility for their function. Only
if an enzyme can adopt the right
shape can it latch onto its customary
substrate and lower the activation
energy of the reaction it catalyzes.

Enzymologists suspect that en-
zymes change shape throughout the
catalytic process—from the initial
binding, through the chemical trans-
formation, to the final release. But
tracking those changes of shape is dif-
ficult. Crystallography, the structural
biologist’s workhorse, is limited by its
nature to the study of rigid assemblies
that flex only slightly. Its practition-
ers can take snapshots of the few
points in the enzymatic cycle that
crystallize, but can’t shoot a movie of
the whole cycle.

But now, a team led by Dorothee
Kern of Brandeis University in
Waltham, Massachusetts, has used
nuclear magnetic resonance (NMR) to
provide the first atomic-resolution
look at the dynamics of enzyme
action.1 Her study, which paired an
enzyme called cyclophilin A (CypA)
with a simplified version of its natu-
ral substrate, does not identify all the
atomic participants or even how they
move. But it does furnish enough
detailed information to build a plau-
sible model of how CypA does its job. 

Flexible backbone
Like most enzymes, CypA is a protein.
As such, it’s made up of a characteris-
tic sequence of amino acids strung
together with peptide bonds that form
when one acid’s NH2 end hooks up
with another acid’s COOH end.
Together, the peptide bonds compose
the protein’s backbone.

As a starting point, Kern assumed
that any important conformational
changes that CypA undergoes would
show up in its peptide backbone
rather than in its side chains, which,
being attached to the backbone by sin-
gle bonds, flop about too much to form

the basis of a reliable, repeatable
reaction scheme. The three-dimen-
sional structure of CypA is already
known, thanks to x-ray crystallogra-
phy. To map how the structure
changes, Kern and her colleagues
turned to NMR.

NMR is sensitive to a nuclear

spin’s chemical environment because
the electrons that swarm around the
nucleus alter its magnetic environ-
ment in a predictable way. This
“chemical shift” in the nucleus’s NMR
frequency is characteristic of an
atom’s chemically bound neighbors,
whose valence electrons it shares. If a
nucleus moves to a different magnet-
ic neighborhood—if the molecule it
inhabits changes shape—then its
chemical shift changes too.

Except for hydrogen, the atoms
normally found in proteins have no
nuclear spin. The lack of spins is actu-
ally an advantage for studying molec-
ular motion because a CypA sample
can be created in which all the mole-
cules have a nucleus with nonzero
spin at the same individual location.
Kern—or, rather, her specially cul-
tured bacteria—created 160 different
versions of CypA (one for each of the
enzyme’s peptide bonds) in which the
more commonplace spin-0 nitrogen-
14 is swapped in the peptide bond for
spin-1/2 nitrogen-15.

Kern, along with postdoc Elan
Eisenmesser and grad student Daryl
Bosco, placed sample solutions of
enzyme and substrate in a strong
magnetic field, which pulls the spins
into line with the field’s axis (labeled
z, by convention). A brief magnetic
pulse then flips the spins momentari-
ly onto the xy-plane. As the spins try
to realign with the z-axis, they gradu-
ally lose their coherence with one
another. The rate at which they lose
coherence, known as the transverse
relaxation rate R2, turns out to be
especially well suited to probe confor-
mational changes that take place on
the microsecond-to-millisecond time-
scales characteristic of enzyme action.

But NMR by itself can’t map struc-
tural changes. Also needed is a way of
ascertaining what reaction state the
enzyme is in. At a given instant, a
CypA molecule could be unattached to
a substrate molecule; it could be in the
midst of binding to the substrate; it
could be catalyzing the substrate’s
conversion to the product molecule; or
it could be releasing itself from the
product. At the same instant, the
countless other CypA molecules in the
sample could be in any of those states.

�For years, biologists have used
NMR to determine molecular

structures. Now they’re using it to see
how those structures change shape.
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FIGURE 1. ONLY SOME OF CYPA’S
amino acids take part in enzyme action.
The top plot shows chemical shifts for the
hydrogen and nitrogen-15 nuclei in two
peptide bonds: in valine-139 and in argi-
nine-55. (Chemical shifts are measured in
parts per million with respect to the reso-
nance of the free nucleus.) As substrate
concentration increases, the chemical
shifts of arginine-55 change systematically.
Valine-139, however, shows no change in
chemical shift. The bottom diagram
shows which parts of CypA move during
the enzymatic cycle. It was created by
subtracting the chemical shifts of inactive
enzyme from those of active enzyme and
mapping them onto the enzyme’s struc-
ture. (Adapted from ref. 1.)

© 2002 American Institute of Physics, S-0031-9228-0205-320-6 MAY 2002    PHYSICS TODAY    17



18 MAY 2002    PHYSICS TODAY http://www.physicstoday.org

Sorting out what’s going on in this
molecular melee would be impossible
but for a simple and clever tactic that
Kern devised. Her idea relies on
CypA’s membership in the class of
enzymes known as isomerases.

An isomerase catalyzes the trans-
formation of a molecule into a different
version of itself—termed an isomer—
that has the same chemical formula but
a different structure. CypA works only
on proteins that contain the amino acid
proline. Of the various types of isomer-
ic transformation, CypA performs the
simplest: the rotation of part of protein
about one of the bonds connected to pro-
line. With the enzyme’s help, one rota-
tional configuration (the cis isomer)
transforms into the other (the trans iso-
mer)—and vice versa. 

This reversibility is the key. In a lab
solution of CypA and substrate, the
conversion between the two isomers
keeps turning over indefinitely. Kern
realized that the enzymatic cycle of
the sample as a whole could be tipped
toward binding or catalysis by con-
trolling the relative concentrations of
enzyme and substrate.

To see how the idea works, think of
the enzyme molecules as the hosts of
a party and the substrate molecules
as their guests. When an enzyme host
meets and grasps the hand of an
apprehensive substrate guest, the two
bind. The host catalyzes the greeting
by shaking the guest’s hand and utter-
ing words of welcome. To complete the
greeting, the host releases the guest’s
hand, transforming the guest’s initial
anxiety into a feeling of ease.

In the lab, each experimental run—
one per peptide bond—begins with a
fixed concentration of enzyme and a
much lower concentration of substrate.
Without much substrate to work on,
enzymes spend more time binding
than they do catalyzing. As more sub-
strate is added, catalysis begins to pre-
dominate. And when the enzyme is sat-
urated with substrate, catalysis occurs
at its maximum rate. At that point in
the enzyme–substrate party, every-
body is busy shaking hands.

The changes in configuration that
occur during enzymatic action are
measurable because they change the
transverse relaxation rate R2 in a pre-
dictable way. If a 15N nucleus takes
part in the configuration change, its
chemical shift will fluctuate between
two values. As a result, its spin will
lose coherence at a faster rate and R2
will increase. For the boost in R2 to be
significant enough to measure, the
time the molecule spends changing
configuration must be roughly recip-
rocal to the difference in chemical

shifts. Fortunately, that happens to be
the case. At the 14-tesla fields used in
the Brandeis experiments, the chem-
ical shifts tend to be about 1000 Hz,
with differences of about 10 Hz.

Figure 1 shows the results of look-
ing at 15N nuclei in the peptide bonds
attached to two of CypA’s amino acid
components, arginine-55 and Valine-
139. (The numbers refer to the amino
acid’s position in the protein, counting
from the protein’s N terminus.) As the
substrate concentration increases,
the magnetic environment around
valine-139 remains constant through
the enzymatic cycle. That’s not the
case for arginine-55, whose chemical
shifts change systematically with
increased substrate concentration.
Evidently, arginine-55 takes part in
enzymatic action, whereas valine-139
does not. Other peptide bonds in CypA
move during the enzymatic cycle, as
indicated in the bottom of figure 1.
Most, however, are bystanders.

But Kern’s team went beyond map-
ping the enzyme’s active regions.
Kern and her colleagues could also
distinguish the subregions that bind
the substrate from those that catalyze
it. To do so, she first assumed that
CypA’s enzymatic cycle lacks compli-
cating intermediate steps and
involves only the steps of binding,
catalysis, and release. If that’s the
case, then for an amino acid that par-
ticipates only in catalysis, R2 will keep
increasing as more and more sub-
strate is added, or—in party terms—
as more and more guests arrive. But
for an amino acid component that par-
ticipates only in binding and release,

the biggest boost to R2 occurs when
free and bound enzyme are both pres-
ent in significant amounts, or—back
to the party—when the number of
guests hasn’t reached the point that
hosts have difficulty finding unoccu-
pied guests to greet.

Applying this approach to each of
the amino acids, Kern found that only
one, arginine-55, turns out be the cat-
alyzer, confirming a result that Lynne
Zydowsky (now at Renovis in San Fran-
cisco) and her colleagues had derived
10 years ago using site-specific muta-
genesis. Eight amino acids, including
arginine-55, play the role of binders.

To check the assumption of a three-
step process, Kern’s collaborator
Mikael Akke of Lund University in
Sweden used a simple physical model
to calculate how R2 varies as a func-
tion of substrate concentration. His
model nicely matched the NMR data
for the amino acids that move during
the enzymatic cycle.

The NMR data distinguish
between binding and catalysis, but
can’t reveal the difference between cis
and trans binding because both are
present in the lab samples at the same
time. Fortunately, in 1996, Yingdong
Zhao and Hengming Ke of the Uni-
versity of North Carolina at Chapel
Hill derived the crystal structure of
CypA bound to the cis—and only the
cis—isomer of a peptide. Armed with
Zhao and Ke’s structure, Kern could
deduce by elimination which of the
binding amino acids move when they
lock onto the trans isomer.

With that last piece of the puzzle in
place, she and her colleagues could
come up with the reaction pathway

Cis
Trans

FIGURE 2. THE CIS-TO-TRANS ISOMERIZATION by CypA (shown mostly in yellow-
green) of a model protein substrate (medium and dark green). Throughout catalysis,
part of the cis isomer (dark green) remains bound to the enzyme. The other part
(medium green) rotates by 180° about the proline bond to form the trans isomer.
The parts of the enzyme that participate in the enzymatic cycle are shown in red.
(The parts shown in blue and purple move even when no substrate is present; most
likely they have no role in enzymatic activity.) (Adapted from ref. 1.)



shown in figure 2. In the case of cis-
to-trans isomerization, the first step
is that the cis isomer sticks to six of
the eight amino acids identified as
binders. Next, arginine-55 catalyzes
the isomerization by weakening the
stiff single bond between the proline
and its neighboring amino acid. With
one part of the substrate still stuck to
the enzyme, the other part detaches
from the enzyme and rotates 180°
around the weakened bond, forming
the trans isomer. The rotated end
sticks momentarily to the remaining
two amino acid binders before the
enzyme releases the isomerized sub-
strate. The trans-to-cis isomerization
works the same way, but in reverse.

Transplants, HIV
The very property that makes CypA
amenable for Kern’s NMR investiga-
tion—that the enzyme catalyzes a

reversible isomerization—makes it
hard to identify CypA’s overall pur-
pose in cellular activity because sub-
strate and product are so similar.
Indeed, when it was first discovered in
1984, CypA was named not for its
enzymatic activity—which was
unknown at the time—but for its abil-
ity to bind to and disable cyclosporin
A, a drug that suppresses human
immune systems in organ trans-
plants.

CypA was identified as an enzyme
in 1989, when two groups,2 one from
Tonen’s corporate R&D lab in Saitama,
Japan, and one from the Max Planck
Research Unit for Enzymology of Pro-
tein Folding in Halle, Germany, proved
that CypA is identical to a prolyl iso-
merase, which, like CypA, had been
discovered in 1984. The story didn’t
end there. CypA and its fellow

cyclophilins have turned up in all sorts
of places in all sorts of organisms,
including the capsid of the HIV-1 virus.

Now, evidence is emerging that
CypA’s fundamental role is tied to its
enzymatic function—even when it
appears merely to bind to other pro-
teins. Kern and her collaborators
recently used NMR to test whether
CypA isomerizes HIV capsid protein.3

It does. The finding suggests that
HIV-1’s deadly virulence could depend
on CypA’s catalytic ability.

CHARLES DAY
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Recent Nearby Supernovae May Have Left 
Their Marks on Earth
Arecent paper by astrophysicists

Narciso Benítez and Jesús Maíz-
Apellániz at Johns Hopkins Universi-
ty, and biologist Matilde Cañelles at
the National Institutes of Health pres-
ents evidence that the Scorpius–Cen-
taurus association of hot young stars
within just a few hundred light-years
of us has produced about 20 supernova
explosions within the past 10 million
years.1 That’s far more than our local
neighborhood’s fair share, considering
how very rare supernovae are. Among
the 1011 stars in a galaxy like the Milky
Way, there are only a handful of
supernovae per century.

But supernovae are not always iso-
lated, random events. They often clus-
ter in time and space, particularly in
so-called OB associations like Sco–
Cen. These are loose groupings of typ-
ically a few hundred O and B stars. (O
and B are spectral classifications for
the two classes of the most massive,
and therefore hottest and shortest-
lived, stars.)

What lends the new paper more
than passing interest for non-
astronomers is its conclusion that
parts of Sco–Cen wandered so close to
us a few million years ago that a num-
ber of its supernovae may have left
noticeable physical and biological
traces on Earth. Benítez and company
extrapolated the positions of Sco–
Cen’s present population of about 150
stars back in time as far as 10 million
years and estimated the rate at which
the association was producing super-
novae during that period. Then they

made the case that material ejected
from about a dozen of its supernovae
can account for the high levels of the
unstable iron isotope 60Fe discovered
three years ago2 in two layers of
ocean-floor crust gradually laid down
during the past 6 million years.

More speculatively, the paper sug-
gests that, when Sco–Cen was at its
closest about 2 million years ago, one
of these supernovae—perhaps only
120 light-years from Earth—may
have damaged Earth’s ozone layer
enough to cause the rather abrupt
extinction of many bivalve species in
tropical and temperate seas at the
boundary between the Pliocene and
Pleistocene epochs. 

Hipparcos
Speculation about what a nearby
supernova might do to the ozone layer
and life on Earth goes back to a 1974
paper by Malvin Ruderman at Colum-
bia University. But nowadays the
speculators have access to a valuable
resource that didn’t exist before 1997:
the Hipparcos catalogs (see PHYSICS
TODAY, June 1998, page 38). The Hip-
parcos astrometry satellite, launched
in 1989, has provided parallax dis-
tance measurements to hundreds of
thousands of stars within 500 light-
years of Earth. Furthermore, when

the Hipparcos data are analyzed
together with ground-based observa-
tions, they yield accurate determina-
tions of the motion and spectral clas-
sification of many of these stars.

Distance is, of course, a key deter-
minant of the damage a supernova
might do. If one wants to calculate
how close a star has come to Earth in
the past 10 million years, one needs to
know its present position and veloci-
ty. And the spectral classification of a
star reveals its approximate mass,
lifespan, and ultimate fate.

Sco–Cen, the nearest of all OB
associations, is in fact a loose alliance
of three subgroups, ranging in age
from about 14 million to 5 or 6 million
years. In any one subgroup, all the
stars are assumed to have been born
more or less simultaneously, presum-
ably in the same molecular cloud. The
paper of Benítez and company leans
heavily on a 2001 paper by co-author
Maíz-Apellániz.3 From the present
positions and velocities of the individ-
ual Sco–Cen stars, Maíz-Apellániz
calculated their trajectories back to
the time, some 10 million years ago,
when supernovae would first have
appeared in the oldest subgroup of
Sco–Cen.

A star’s fate is determined prima-
rily by its mass. The spectral classes
O and B are subdivided into num-
bered subclasses by stellar mass and
surface temperature. The O stars are
the most massive and shortest lived.
They all eventually explode as core-
collapse supernovae, as do B stars

�A close encounter with a super-
nova two million years ago might 

be responsible for a widespread
extinction of mollusks.
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