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The vast majority of pharmaceutical compounds in use today
are hydrophobic compounds. The human metabolism oxidizes them
to water-soluble, excretable compounds by a superfamily of en-
zymes known as the cytochromes P450 (cyt P450).1 These enzymes
are sometimes referred to as “Mother Nature’s blowtorch” because
they are such strong and versatile oxidizing agents. Cytochrome
b5 (cyt b5) is a membrane-bound protein which enhances the effici-
ency of the metabolism of selected drugs by cyt P450, by donating
an electron to cyt P450.2,3 Besides augmenting drug metabolism,
cyt b5 is also essential for the biosynthesis of testosterone and
numerous unsaturated lipids which are necessary for maintaining
the integrity of cellular membranes.3 In order to understand the
molecular mechanism by which cytb5 increases the efficiency of
oxidation by cyt P450 in vivo, one must understand the structural
folding of cyt b5 that enables it to interact with cyt P450.

Full-length rabbit cytb5 is a 16.7 kDa protein consisting of three
domains: a 95 amino acid amino terminal heme-containing domain,
a 25 amino acid carboxyl terminal membrane anchor domain, and
a 14 amino acid linker region which connects the former two.3,4

Figure 1A shows a model constructed from the solution NMR
structure of the soluble domain of rabbit cytb5;5 the full amino
acid sequence is given as Supporting Information. Because of the
difficulties in preparing suitable samples of full-length cytb5, X-ray6

and solution NMR5,7 studies reported the structure of the water-
soluble domain of cytb5 that lacks the transmembrane domain.
Remarkably, the soluble domain alone is not able to fulfill its
physiological functions.3,8 Hence, it is vital to investigate the role
of the membrane-bound domain and the linker region in the function
of cyt b5 in order to fully understand the interaction with cyt P450.
A determination of the three-dimensional structure, dynamics, and
the relative orientation of these domains in a membrane environment
will shed light on how cytb5 carries out its function. Here, we
report the first solid-state NMR investigation of the membrane
topology and related dynamic properties of full-length rabbit cyt
b5 in a membrane environment.

Lipid bicelles9 were prepared from dimyristoylphosphatidylcho-
line (DMPC) and dihexanoylphosphatidylcholine (DHPC) in a 3.5:1
molar ratio; cytb5 was added in different amounts as described in
the Supporting Information. The bicelle samples were magnetically
aligned with the bilayer normal perpendicular to the external mag-
netic field for solid-state NMR experiments. The quality and extent
of magnetic alignment of the bicelles containing various concentra-
tions of cytb5 were examined using31P chemical shift spectra of
samples (representative spectra are given as Supporting Informa-
tion). Bicelles containing high concentrations (>0.5 mol %) of pro-
tein did not align well, while they did align well upon lowering
the protein concentration and are suitable for solid-state NMR stud-

ies. At the end of the experiments, the15N NMR spectra and the
molecular weight of cytb5 were checked to rule out protein
degradation.

15N chemical shift spectra of uniformly15N-labeled cytb5 in
aligned DMPC:DHPC bicelles show a strong dependence of the
spectral line shape on experimental conditions (Figure 1). The15N
cross-polarization (CP) spectrum obtained at 0.8 ms contact time
(Figure 1D) displays the strongest overall intensity and most likely
contains signal from the entire protein. It may be expected that the
transmembrane (TM) domain of cytb5 is relatively more rigid on
the NMR time scale, while the water-soluble domain is less rigid.
Therefore, it should be possible to distinguish resonances from these
two regions based on the difference in15N-1H dipolar coupling
values. Indeed, we have obtained markedly different15N spectra
when the CP contact time was varied to control the extent of
magnetization transfer from1H to 15N nuclei (Figure 1C-E). The
spectra suggest that a shorter contact time of 0.1 ms is sufficient
to transfer magnetization from1H to 15N in the rigid residues as
found in the TM domain. These experimental conditions result in
resonances in the 40-90 ppm range (Figure 1E). Interestingly, the
signal in the 100-130 ppm region is suppressed to a great extent.
On the other hand, since a longer contact time transfers magnetiza-
tion to all parts of the molecule due to1H spin diffusion, the spectra
at 3 ms (Figure 1C) and 0.8 ms (Figure 1D) contact time contain
peaks in the entire15N chemical shift frequency range. Hence, we
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Figure 1. Molecular model and15N NMR spectra of uniformly aligned
DMPC:DHPC bicelles containing15N-labeled cytb5. The model (A) shows
cyt b5 in the context of a DMPC bilayer; the transmembrane, linker, and
heme-carrying soluble domains are evident. The15N RINEPT spectrum (B)
shows spectral intensity only in the 100-130 ppm region, consistent with
a high mobility of the soluble domain. In the RINEPT sequence, 2.6 and
1.3 ms were used in the first (before the pair of 90° pulses) and second
(after the pair of 90° pulses) delays, respectively. This spectral region (100-
130 ppm) also shows peaks in cross-polarization (CP) spectra at 3.0 ms
(C) and 0.8 ms (D) contact times. At a short contact time of 0.1 ms (E),
however, spectral intensity is mostly observed in the range from 40 to 90
ppm. This spectral component is most likely from the relatively immobile
transmembrane domain. A D2O exchange experiment (F) with a 0.8 ms
contact time confirms this spectral assignment.
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presume that the signal appearing between 100 and 130 ppm
originates from the less rigid residues in the soluble domain. This
supposition is confirmed by a RINEPT (refocused insensitive nuclei
enhanced by polarization transfer) experiment10 shown in Figure
1B. Since no decoupling pulses were employed during the evolution
and refocusing delays of the RINEPT sequence, the15N transverse
magnetization evolves under the motionally averaged1H-15N and
1H-1H dipolar and1H-15N scalar couplings. The time delays in
the RINEPT sequence were experimentally optimized to obtain the
signal from the less rigid residues found in the soluble domain of
the protein. Interestingly, the RINEPT sequence significantly
suppressed the peaks from the TM domain that resonate between
40 and 90 ppm. This is mainly because the transverse magnetization
from the TM region dephases relatively quickly in the evolution
and refocusing periods of the RINEPT sequence due to relatively
strong1H-15N and1H-1H dipolar couplings.

Amide protons can be exchanged with deuterons when exposed
to D2O, thus suppressing the15N signal from water-exposed protein
domains.11 This approach was utilized to suppress amide15N signals
from the cytb5

15N spectrum. The15N CP spectrum of bicelles,
where water was exchanged with D2O, is given in Figure 1F. It
contains peaks from the TM region (40-90 ppm) but not from the
soluble domain (100-130 ppm) of the protein, again supporting
our assignment. These 1D spectral editing approaches demonstrate
that the dynamics of the transmembrane and soluble domains are
very different and that it is possible to differentiate between the
resonances from these domains, which is highly valuable to interpret
data from PISEMA12 (polarization inversion and spin exchange at
the magic angle)-type experiments in terms of structure and
geometry of cytb5.

Two-dimensional separated local field spectra, which correlate
15N chemical shift with1H-15N dipolar coupling, were recorded
on well-oriented bicelles and are given in Figure 2. A HIMSELF13

(heteronuclear isotropic mixing leading to spin exchange via the
local field) sequence based on the PIWIMz (polarization inversion
by windowless isotropic mixing) pulse scheme was used, which
we recently found to give better resolution when compared to the
more commonly employed PISEMA sequence.12 Figure 2A shows
that the 1D spectral region assigned to the TM anchor region of
the protein assumes a distinct circular PISA (polarity index slant
angle)-wheel pattern14 when expanded into the second dimension
of 1H-15N dipolar coupling, indicative ofR-helical conformation.
Spectrum 2A also proves that the signal from the soluble domain,
although resonating in the 100-130 ppm region characteristic for
isotropic15N chemical shifts, shows clearly resolved residual1H-

15N dipolar couplings. This suggests that the soluble domain is
weakly aligned. When performed in combination with the above-
mentioned spectral editing techniques, the 2D HIMSELF experi-
ments demonstrate that it is possible to obtain the resonances from
the transmembrane helical region alone by suppressing most other
resonances from cytb5 (Figure 2B,C).

Spectral simulations were carried out to infer the tilt of the TM
R-helix from the observed PISA wheel. The dispersion of reso-
nances in the PISA wheel is consistent with a 15((3)° tilt of the
TM helix relative to the bilayer normal. However, no single PISA
wheel could give a satisfactory fit to all resonances present in the
circular pattern, indicating that the helical TM domain may not be
a perfectR-helix. The Pro-116 residue located in the middle of the
TM region could induce a kink in the helical structure, which may
be responsible for this observation of an imperfect PISA wheel.
Further experimental studies are in progress to completely assign
the spectrum.

In this study, we have presented a first structural study on holo-
cyt b5 in a membrane environment. We found anR-helical structure
for the rigid transmembrane region, with untypical geometrical
imperfection due to the Pro residue, and very fast dynamics for
the soluble domain. We believe that the presented results point out
a versatile way to investigate numerous structural and dynamic
properties of cytb5 and its physiologically important interaction
with cyt P450. The successful demonstration of spectral editing
approaches will significantly reduce the difficulties in the resonance
assignment of cytb5. Moreover, the combination of these unique
NMR spectral editing methods will be applicable in the structural
and dynamical studies of a large number of other membrane
proteins, as well.
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Figure 2. 15N-HIMSELF spectra of U-15N-cyt b5, recorded with a CP
contact time of 0.8 ms (A) and 0.1 ms (B). (C) Recorded after the water in
the bicelle sample was replaced by D2O, suppressing the spectral contribu-
tions of the soluble domain.
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