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ABSTRACT: We report solid-state deuterium magic angle spinning NMR spectra of perdeuterated adamantane
bound to the active site of microcrystalline cytochrome P450cam (CP450cam) in its resting state. CP450cam

contains a high-spin ferric (Fe3+) heme in the resting state; the isotropic shift was displaced from the
diamagnetic value and varied with temperature consistent with Curie-law dependence. A nondeuterated
competitive tighter binding ligand, camphor, was used to displace the adamantane-bound species. This
addition resulted in the disappearance of the hyperfine-shifted signal associated with a perdeuterated
adamantane bound to CP450cam, while signals presumably associated with adamantane bound to other
cavities persisted. We simulated the deuterium spinning side-band intensities for the enzyme-bound species
using dipolar hyperfine coupling as the only anisotropic interaction; the deuterium quadrupolar interaction
was apparently averaged due to a fast high-symmetry motion. These data provide direct support for previous
proposals that substrates are conformationally mobile on the time scale of enzymatic turnover. The
simulations suggested that the adamantane binds with an average metal-deuterium distance of 6.2 ((0.2)
Å, corresponding to a dipolar coupling constant of 6.5 ((0.5) kHz.

Cytochrome P450 (CP450)1 enzymes catalyze the hy-
droxylation of an impressive range of aromatic and aliphatic
substrates in the contexts of detoxification, drug metabolism,
and biosynthesis. Among these enzymes, the cytochrome
P450 camphor 5-exo-hydroxylase (CP450cam) has been the
most extensively studied in terms of structure and mecha-
nism. CP450cam is a 45 kDa polypeptide chain containing a
single ferric (Fe3+) protoporphyrin IX in the resting state
(1). It hydroxylates (1R)-camphor to form a dominant
product, (1R)-5-exo-hydroxycamphor. The enzyme has an
active site in which the heme iron (III) atom is hexacoor-
dinate, with the sulfur atom of Cys-357 acting as one axial
heme ligand and a water molecule (2) as the other axial
ligand in the resting state (1, 3) (Figure 1). Upon substrate
binding, the heme iron(III) becomes high spin with EPRg
values of 8.0, 4.0, and 1.81 (gx, gy, andgz) (27).

According to one popular mechanism (4) (Figure 2), the
substrate binds to the active-site cavity close to the iron center

but not directly ligated to the metal. Substrate binding is
believed to trigger the following events: electron transfer,
O2 binding to Fe, a second reduction (1 e-), protonation,
and heterolytic cleavage of the C-H bond followed by
“oxygen rebound”. The resulting oxyferryl heme species is
thought to deliver an oxygen atom to the substrate. There
are many interesting questions that need to be answered
concerning this enzyme’s mechanism, including the precise
nature of the oxygen activation step, and the roles of specific
residues in the mechanism.

Here we focus on the substrate motion of CP450cam and
its possible relation to product control. Substrate mobility
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FIGURE 1: Cartoon of the complex formed by P450cam and its
product, 5-exo-hydroxy camphor (based on the structure by T. L.
Poulos and co-workers (26), protein databank accession code, 1noo).
The proximal ligand, Cys-357 is coordinated to the iron of the heme
at the active site. Tyr-96 is presumed to play an important role in
catalysis by positioning the camphor substrate with a hydrogen
bond. Thr-252 is proposed to participate in solvent “tunnels” and
proton delivery.
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has been proposed to be responsible for the high specificity
of the enzyme for the tertiary over the secondary C-H
bonds; for a wide variety of substrates, the enzyme was able
to choose the weaker tertiary C-H bond, rather than
oxidizing the stronger secondary bond due to specific
positioning of the substrate (5). Substrate motion has also
been suggested based on kinetic analysis of the hydroxylation
involving deuterium kinetic isotope effects and product ratios;
it was probed by the hydroxylation of alkanes and cyclo-
propanes for rat liver microsomal CP450 (6, 7). Furthermore,
the abstraction of hydrogen from a more congested side of
a substrate, followed by oxygen rebound which occurred with
retention of stereochemistry, was observed by separate
studies (8), indicating that substrate motion is slow compared
to oxygen rebound. It has also been proposed that substrate
motion is required for substrate positioning and catalytic
function (9). On the other hand, a strong correlation was
observed between substrate mobility and hydroxylation
inefficiency and loss of hydroxylation regiospecificity (10).
Thus, substrate mobility has been proposed and connected
to catalysis in many respects.

Many studies of isotope effects in CP450 chemistry
support the model that substrates are mobile on the time scale
of turnover. This is an unusual application of isotope effects
in biochemistry and deserves some comment. The rate-
determining step for the CP450 catalytic cycle is believed
to be the electron transfer and subsequent irreversible
generation of the reactive oxene-heme complex (on the left
of Figure 2). Typically, one would not expect to observe
deuterium isotope effects associated with steps that are not
rate determining. In the case of CP450 chemistry, however,
competition between alternate pathways for this reactive
intermediate, for example, branching to other positions due
to substrate motion or reaction with water, influence the
products and can result in apparent negative or positive
isotope effects. This has been extensively discussed in the
literature, including a succinct review (11). The reactive
enzyme intermediate can apparently select between several
sites of differing isotopic composition, and therefore the
isotope effect is “unmasked”. One might consider a hypoth-
esis that the enzyme binds the substrate in several conforma-
tions, all of which are essentially static on the enzyme. Many
of the reported isotope effects, however, cannot be explained
in this way. For instance, many of the experiments involve
otherwise symmetric compounds that are isotopically sub-
stituted in one of two equivalent sites, and isotope effects
as large as 10 are observed. The hypothesis that such a strong
selection between a deuterated or protonated site occurs
during binding is not likely. It would appear that the enzyme
is able to actively select between the two pseudoequivalent

sites during the time scale of chemical attack or during the
lifetime of the reactive oxene-heme complex. Furthermore,
systematic trends in the isotope effects with respect to steric
bulk support the hypothesis that product branching associated
with extensive and rapid substrate motion is the major reason
for apparent isotope effects in the case of smaller substrates.
Thus, the anomalous isotope effects seen in cytochrome P450
have often been utilized as probes of substrate motion and/
or uncoupled chemistry. For example, Jones et al. have
argued that the magnitude of the intramolecular isotope
effect, which is observed in the oxidation of two equivalent
groups in a substrate that only differ in that one is deuterated
and the other is not, is highly dependent on the rate at which
the positions of the two groups exchange positions within
the active site (12-14). Thus, the observed kinetic isotope
effects for the hydroxylation of an undeuterated versus a
deuterated methyl group ino-xylene, p-xylene, and 4,4′-
dimethylbiphenyl, in which the distances between the
methyls are 2.48, 6.62, and 11.05 Å, respectively, were found
to be 10.6( 0.41, 7.4( 0.37, and 2.7( 0.11. A molecular
dynamic analysis of the predicted oxidation of these sub-
strates by cytochrome P450cam has provided theoretical
support for the postulated relationship between distance and
the isotope effect (15). The degree of mobility is presumably
substrate dependent. Whereas the methyl groups ofo-xylene
were found to exchage 1172 times in 500 ps of molecular
dynamics simulations, the corresponding number of ex-
changes form-xylene,p-xylene, and 4,4′-dimethylbiphenyl
were found to be 77, 3, and 0. Kinetic isotope effects
experiments have also been used to support the view that
substrate motion within the active site of mammalian
cytochrome P450 enzymes occurs readily (16-20).

In summary, many laboratories have observed anomalous
isotope effects apparently associated with substrate mobility
on the time scale of turnover, and these studies have been
supported by computational work. Kinetic isotope effects,
product ratios, and the molecular dynamics studies provide
indirect evidence that the substrate is highly mobile within
the active site of cytochrome P450cam (15). These studies
have implied that substrate motion is fast relative to reaction
rate of the intermediate iron-oxo species, but that motion of
the carbon-centered radical derived from the substrate is slow
relative to the rate of oxygen rebound (6). Our experiments
are aimed at directly probing this putative substrate motion
to further elucidate the origin of these isotope effects and to
help rationalize the products of this enzyme.

Despite the fact that paramagnetic systems can be chal-
lenging to study by NMR, solid-state2H NMR has proven
its advantages in several studies of motion (21) and structure
of paramagnetic systems including small complexes (22) and
biological systems (23). Thus, solid-state deuterium NMR
has been shown to be a useful technique for detecting the
signals in ligands coordinated to transition metals. Detection
of deuterium signals from sites quite close to the metal is
possible for a variety of paramagnetic species (22). Solid-
state deuterium NMR allows elucidation of structure around
the metal, characterization of the electron spin states, and
the use of probes of the conformational dynamics of the
molecule. For these studies, one needs to incorporate
deuterium at the specific site of interest. Deuterium MAS
spectra exhibit a large number of spinning side bands whose
intensity pattern gives information about motion of the

FIGURE 2: Proposed catalytic cycle of cytochrome P450. RH)
substrate, ROH) product and the heme is represented by an iron
in brackets (from ref4).
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deuterons of interest and the strength of the interactions.
Deuterium line-shape analysis is needed to reveal charac-
teristics of the motion. For instance, reduced intensity of the
outer side bands and increased intensity of the inner side
bands unambiguously indicate fast limit motion. We recently
simulated the deuterium line shape for deuterated ligands in
many small paramagnetic complexes (24). Here we present
deuterium line shape analysis of perdeuterated adamantane
bound to CP450cam. This result not only verifies that the
substrate motion is mobile when bound at the active site,
but also provides information on the metal-substrate distance.

MATERIALS AND METHODS

Materials. Adamantane-d16 was purchased from Cam-
bridge Isotope Lab. and camphor was obtained from Aldrich.

CP450cam/Adamantane-d16 Complex.CP450cam was ini-
tially purified as the camphor-bound enzyme-substrate
complex, and substrate-free CP450cam (camphor-free) was
prepared by dialysis. A 61µM CP450cam solution was
dialyzed overnight at 4°C against 50 mM NaPi, pH 7.0,
followed by a second dialysis using 50 mM KPi, pH 7.0,
containing 250 mM KCl. To reduce the background NMR
signals from natural abundance deuterium, deuterium-
depleted water purchased (Cambridge Isotope Lab.) was used
in making the buffers. Adamantane-d16 (in 0.3 mL of ethanol)
was added to 30 mL of camphor-free P450cam solution,
resulting in its final concentration which was 50 times greater
than that of CP450cam. The ethanol volume did not exceed
1% of the final solution. The solution was incubated at 4°C
with gentle stirring overnight. The NMR sample was
precipitated using 43% (w/v final) ammonium sulfate.

UV-Vis Spectral Analysis.The camphor-free P450cam

solution had a maximum absorbance at 417 nm, while the
P450cam/adamantane-d16 complex showed a maximum ab-
sorbance at 390 nm. After displacing adamantane-d16 from
CP450cam with nonlabeled camphor, the sample was char-
acterized by UV-vis to confirm that P450cam was in a
complex form with the camphor. The sample showed a
maximum absorbance at 390 nm as expected.

Solid-State NMR Experiments.NMR spectra were recorded
on a Chemagnetics 400 CMX spectrometer with a Larmor
frequency of 60.86 MHz for deuterium. Spectra were

collected using the Bloch decay sequence with a 0.1 s recycle
delay. The 90° pulse length was 4.5µs and the dwell time
was 2 µs. Each spectrum was accumulated for 1-2 h
corresponding to∼8 × 104 scans. The amount of protein
used for NMR experiments was 20-30 mg (0.4-0.7µmol).
We subsequently introduced nonlabeled camphor (8µmol,
12-18 times excess over protein) to displace the bound
adamantane-d16, in order to confirm the origin of the solid-
state deuterium signal. This displacement was conducted
directly in the NMR sample rotor which contained the
CP450cam-adamantane-d16 complex.

Data Processing.We deleted initial data points so that
the free induction decay started at the top of the first rotor
echo, to prevent phase distortions. We applied 200 Hz line
broadening before the Fourier transformation. The center
band of the solid-state MAS deuterium NMR signal was
buried under the broad baseline of the free adamantane-d16

and a solvent peak in solution. We confirmed the isotropic
shifts based on the center band position, which was extrapo-
lated from a linear fit of the spinning side band positions
from the spectra taken using different spinning speeds.

RESULTS AND DISCUSSION

We have observed a deuterium solid-state NMR signal
which we assigned to the adamantane-d16 bound at the active
site of CP450cam as elaborated below. Another deuterium
signal with a center band at around 1.2-1.3 ppm was
assigned to adamantane-d16 either off the enzyme or bound

FIGURE 3: Deuterium chemical shifts of the center peak are plotted
against the inverse of the absolute temperatures. The centerband
positions for the solid-state MAS signal were determined from the
linear fit of spinning side-band frequencies. The deuterium chemical
shift of the adamantane-d16 bound species shows Curie behavior.
The shift of the free adamantane-d16 species and solvent are
invariant over temperature, indicating a diamagnetic environment.

FIGURE 4: Deuterium solid-state MAS NMR spectra of (a)
adamantane-d16 free species after displacing adamantane-d16 at the
active site with nonlabeled camphor (b) adamantane-d16 bound to
high-spin iron(III) at the active site of CP450cam. TheKd values of
adamantane and camphor are 50 and 3µM, respectively. The signal
due to adamantane-d16 is marked with circles and the signal of free
adamantane is marked with squares. Both spectra were taken at 0
°C; the sample was spun at 9 kHz. The truncated free induction
decay starts at the first rotor echo at 44µs; 200 Hz line broadening
was applied. The center bands of the deuterium signal were buried
under the broad baseline of the free adamantane-d16 and a solvent
peak.
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to another enzyme pocket distant from the paramagnetic
center. Since the center band of the bound signal was buried
under the broad base of the adamantane-d16 free signal and
a solvent peak, we calculated the isotropic chemical shift
using the spinning side bands from NMR spectra collected
with different spinning speeds of 7 and 9 kHz. The isotropic
chemical shifts were-9.6, -10.1,-11.2, and-13.6 ppm
((0.5 ppm) at 0,-10,-30, and-65 °C (respectively) with
line widths of 4-7 ppm. Thus, the deuterium signal
associated with the bound state species showed a strong
temperature dependence of the isotropic shift, following
Curie-law behavior, as expected for a paramagnetic system.
On the other hand, the chemical shift of the free signal was
invariant over the temperature range (Figure 3). The infinite
temperature’s intercept of a linear fit of shifts against inverse
temperatures for the bound species, 3.15( 0.5 ppm,
indicated that the paramagnetic shift approaches the dia-
magnetic region at infinite temperature as expected for a
simple Curie behavior. We collected the NMR spectrum of
the adamantane-d16 free ligand and identified its isotropic
shift to be at 1.3 ppm.

We subsequently introduced a 15-fold excess of nondeu-
terated camphor to the same NMR sample as a competitive
ligand. Since theKd value of camphor is 3µM, as compared
with 50 µM for adamantane (5), we would expect camphor
to displace the adamantane. As expected, camphor addition
resulted in the disappearance of the paramagnetically shifted
signals, but the peak in the diamagnetic region remained
(Figure 4). Thus, we demonstrated that the peak at-9.6 ppm
at 0 °C is due to the deuterated adamantane bound at the
active site of CP450cam. We measured the approximateT1

values for both signals in the enzyme sample; they were 20
and 40 ms for bound adamantane-d16 and free adamantane-
d16, respectively.

The side-band intensity pattern for the deuterium signal
of the adamantane-d16 bound species was analyzed for the
temperatures 0 and-30 °C to determine the effective
quadrupolar coupling constant and the dipolar hyperfine
strength. At-65 °C, the peak became much broader and
the spinning side bands at the outer region of the spectrum
disappeared (Figure 5), so this spectrum could not be
analyzed. This is due to either onset of intermediate exchange
or paramagnetic broadening. The intensity pattern of spinning
side bands for the bound species was asymmetric, which is
the characteristic of paramagnetic compounds. Even without
simulation, it is clear that the narrow pattern in the intensity
of the spinning side bands clearly indicates extensive motion
of the substrate while bound to CP450cam. Spinning side-
band intensities for deuterium MAS spectra of paramagnetic
species are simulated in general using two interactions, a
deuterium quadrupolar and a hyperfine dipolar coupling
interaction; the relative tensor orientations (the angle between
the C-D bond axis and the metal-deuterium bond vector)

2 ωD ) (µ0/4π)µeffγD(2π)-1r-3, whereµeff ) âe
2S(S+ 1)g2H/(3kbT);

g ) 2; r ) the distance from the metal to deuteron, 10-10 m; S) spin
state (S ) 1/2, S ) 1, S ) 5/2, etc.);H ) 9.35T; T ) 273 K (0 °C); âe

) 9.27× 10-24 J T-1; kb ) 1.38× 10-23 J K-1; µ0 ) 4π × 10-7 kg-2

A-2; γD ) 2.675× 108(60/400) rad-1 T-1; γP ) 2.67× 108 rad-1 T-1;
h ) 6.626× 10-34 J s.

FIGURE 5: Deuterium solid-state MAS NMR spectra of adaman-
tane-d16 bound to high-spin iron (III) at the active site of CP450cam.
The spectra were acquired at (a) 0°C and (b)-65 °C. The signal
of the adamantane-d16 bound species is marked with circles, and
the signal of the free species with squares. A total of 7.68× 104

scans were added up to form the final spectra. The sample was
spun at 9 kHz. The truncated free induction decay starts at the first
rotor echo at 44µs; 200 Hz line broadening was applied. The
dramatic broadening of the adamantane signal at-65 °C probably
indicates the onset of intermediate-exchange conformational dy-
namics for adamantane at the active site. The center bands of the
deuterium signal were buried under the broad baseline of the free
adamantane-d16 and a solvent peak.

FIGURE 6: A simplified cartoon describing two tensor interactions
of adamantane while bound to iron (III) center at the active site of
CP450cam. Tetrahedral symmetry-related sites in adamantane are
shown as four deuterons. A quadrupolar tensor for each deuteron
is denoted as Qi, and a dipolar tensor as Di, where i) 1, 2, 3, or
4. Two tensor interactions for each site were computed by rotating
the dipolar tensor into the axis system of the quadrupolar tensor at
each of the four sites. Subsequently, the four tensors were averaged.
Due to the high symmetry relating the four sites, the quadrupolar
tensors averaged to zero under fast motion, but not the dipolar
tensors. The dipolar tensors are in a low symmetry environment,
which result in a nonzero spatial average.
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are also determined in these simulations, as explained in our
recent manuscript (24). The dipolar coupling constants were
calculated as follows2 and described as well in the manuscript
(24). Simulation of the spinning side-band intensities for the
enzyme-bound perdeuterated adamantane species was pos-
sible under the assumption of fast high-symmetry motion
(Td), but we could not simulate the data assuming a rigid
substrate. As shown in Figure 6, tensorial descriptions for
both the dipolar and the quadrupolar are averaged over
tetrahedral symmetry-related sites in adamantane; all four
sites must be represented in matrix form in any fixed frame
of reference, and then a simple arithmetic average is
performed (25). This rapid symmetric motion would result
in effective disappearance of the quadrupolar interaction but
not of the dipolar. The principal axis for the quadrupolar
interaction assumes tetrahedrally related orientations as the
molecule rotates to its four orientations; the tensor has a
spatial average of zero over these four orientations. The
dipolar hyperfine on the other hand is rotated to 4 very
similar orientations and has a non-zero spatial average. Thus,
in our simulations for a mobile substrate, no quadrupolar
coupling was included, consistent with the assumption of a
fast (>107 s-1) high-symmetry motion. Simulations using a
dipolar coupling constant between 6 and 7 kHz achieved

good agreement with the intensities from the spectrum
measured at 0°C (Figure 7); RMS deviations over four
spinning side bands were approximately 6%, whereas if a
coupling constant of 5 or 8 kHz were used, the RMS
deviation was approximately 20%. This suggests that the
adamantane binds to the active site with an average metal-
deuterium distance of 6.2( 0.2 Å. The data measured at
lower temperatures (-30 °C) indicated somewhat stronger
dipolar coupling constants (7-8 kHz), but these differences
are close to our error limit. We also compared the average
distance obtained from the simulation with the one taken
from the crystal structure of CP450cam/adamantane complex
by T.L. Poulos and coworkers (10) (protein databank
accession code 3CP4). A motionally averaged distance of
6.01 Å was obtained based on the X-ray coordinates.
Therefore, we demonstrated the good agreement between the
calulated average distance from the experimental spectra and
the measured distance from the crystal structure. The
nonspecifically bound adamantane also gave rise to very
weak spinning side bands; they are exaggerated in our
presentation of the spectra, because the centerband is far off
scale. The intensities of these spinning side bands closely
matched those for solid (pure) adamantane and cannot be
fit to either quadrupolar or dipolar hyperfine interactions.

FIGURE 7: 2H MAS NMR spectra of perdeuterated adamantane bound to CP450cam. (a) A spectrum simulated using a dipolar coupling
constant of 6-7 kHz assuming no quadrupolar interaction (zero effective average) and high spin iron (III) (S ) 5/2). The spinning side-
band intensities of the experimental2H NMR spectrum can be simulated using the dipolar coupling constant of 6.5( 0.5 kHz, suggesting
that adamantane binds to high spin iron (III) with an averaged metal-deuterium distance of 6.2 ((0.2) Å. Due in part to the high molecular
symmetry (Td), all the deuterons averaged to a single isotropic NMR shift as shown in2H MAS NMR. (b) Experimental MAS spectrum.
Adamantane-d16 bound to high-spin iron (III) at the active site of CP450cam. The inset demonstrates that the spinning side-band intensity
pattern is sensitive to variation of a quadrupolar coupling constant. The spectra in the inset were simulated using a dipolar coupling constant
of 6.5 kHz and a polar angle between two interactions of 0°, and the following quadrupolar coupling constant: (1) 7 kHz, (2) 61 kHz (a
three-site hop motion, a fast limit motion regime), and (3) 167 kHz (a static limit motion regime).
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We presume that this pattern arises from the chemical shift
anisotropy (and perhaps has contributions from diamagnetic
susceptibility and shimming effects); such effects on the
bound state species will be negligible in comparison with
the noise level and so will not be discussed further.

We observed that adamantane-d16 showed only a single
peak in the2H NMR spectrum, despite the fact that it has
two distinct symmetry-related types of deuterons (methine
and methylene). The spectrum of adamantane-d16 (free
compound) was also simulated by the method described
above and also exhibited a single peak, as seen in the
experimental spectrum. Adamantane possesses a tetrahedral
symmetry, and therefore, all deuterons are expected to be
averaged out to exhibit either two chemical shifts or a single
isotropic chemical shift if rapid (>107 s-1) hopping of the
molecule between symmetry-related sites occurs. Evidently,
rapid high-symmetry (spherical) motion occurs both for the
active-site bound form and for the form bound to lower
affinity cavities. Camphor would be another good candidate
for studies of the substrate dynamics in relation to product
distribution during CP450cam catalysis, because it is appar-
ently anchored by the ketone group’s H-bond to the active-
site tyrosine and therefore might be less mobile than
adamantane.

In summary, we have measured a solid-state deuterium
NMR signal of perdeuterated adamantane bound in CP450cam
and have simulated the observed line shape. On the basis of
previous work with characterized coordination compounds,
our line-shape analysis provides metal-deuterium distances
accurate to within(0.5 Å. Here, for the first time, we
extended our application of the method to a biological
system, CP450cam, to understand substrate binding and
dynamics. We conclude that the average deuterium-metal
distance is 6.2 Å; these data also provide the first direct
evidence that (at least one) substrate undergoes rapid motion
within the P450cam active site, as required to rationalize the
observed kinetic isotope effects. This line-shape fitting
method is expected to be a very useful tool for other
metalloenzymes.
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