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ABSTRACT NADPH-cytochrome P450 oxidoreductase (CYPOR) is an essential redox partner of the cytochrome P450 (cyt
P450) superfamily of metabolic enzymes. In the endoplasmic reticulum of liver cells, such enzymes metabolize ~75% of the
pharmaceuticals in use today. It is known that the transmembrane domain of CYPOR plays a crucial role in aiding the formation
of a complex between CYPOR and cyt P450. Here we present the transmembrane structure, topology, and dynamics of the FMN
binding domain of CYPOR in a native membrane-like environment. Our solid-state NMR results reveal that the N-terminal trans-
membrane domain of CYPOR adopts an a-helical conformation in the lipid membrane environment. Most notably, we also show
that the transmembrane helix is tilted ~13� from the lipid bilayer normal, and exhibits motions on a submillisecond timescale
including rotational diffusion of the whole helix and fluctuation of the helical director axis. The approaches and the information
reported in this study would enable further investigations on the structure and dynamics of the full-length NADPH-cytochrome
P450 oxidoreductase and its interaction with other membrane proteins in a membrane environment.
INTRODUCTION
Approximately 75% of the pharmaceuticals in use today
are metabolized by a group of heme-containing monooxy-
genases known as the cytochrome P450 (cyt P450) super-
family. These enzymes are responsible for the metabolism
of a great number of endogenous compounds including
vitamins, steroids, and hormones, as well as exogenous
compounds including environmental toxins and drugs. Cyt
P450s catalyze a variety of chemical transformations by
activating stable carbon-hydrogen bonds of alkanes using
oxygen and electrons from their redox partners. Due to the
strong and versatile oxidizing capability of cyt P450, they
are referred to as ‘‘mother nature’s blowtorch’’.

NADPH-cytochrome P450 oxidoreductase (CYPOR) is
an essential redox partner of microsomal cyt P450s, which
shuttles electrons from NADPH to cyt P450s. Additionally,
CYPOR plays an indispensable role in the development of
high-level organisms; it is also able to reduce cytochrome
c, cytochrome b5, and heme oxygenase as well as a variety
of therapeutic prodrugs (1–5). CYPOR is a multidomain
membrane protein composed of a soluble 70-kDa carboxyl
terminal catalytic domain, a 5-kDa amino terminal trans-
membrane segment, and a 2-kDa linker connecting these
two domains. The soluble domain of CYPOR, whose
structure has been characterized by x-ray crystallography
(6,7), can be further divided into the FAD/NADPH binding
domain and the FMN binding domain. The structures of
the transmembrane domain and the linker region remain
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unidentified. An electron transfer pathway originates
from NADPH, which transfers a hydride ion to the
cofactor FAD, which proceeds to donate the electrons to
the cofactor FMN. The FMN binding domain is the ulti-
mate donor of electrons to cyt P450s and other protein
acceptors.

It has long been postulated that the transmembrane
domain of CYPOR plays a vital role in aiding the electron
transfer between CYPOR and cyt P450 (8–10). Lacking
the transmembrane anchor, CYPOR is still able to reduce
cytochrome c and other artificial acceptors, but is impaired
in transferring electrons to cyt P450 (6). Truncation of the
N-terminal segment leads to a severe decrease/prohibition
of substrate turnover in a reconstituted cyt P450 system
(8). However, the mechanism for how the transmembrane
domain affects the cyt P450/CYPOR interaction and catal-
ysis remains under debate. It is generally believed that the
transmembrane domain of CYPOR anchors the enzyme
on the surface of the membrane, thereby constraining
the diffusion of the catalytic soluble domain and medi-
ating the CYPOR/cyt P450 interaction so as to achieve
its proper orientation (9). Other hypotheses have been
raised that the N-terminal transmembrane domain of
CYPOR in its free form can alter the dynamics of diffu-
sive reduced oxygen species, thus affecting the substrate
catalysis (8). A complete understanding of the physiolog-
ical function of the transmembrane domain requires a
complete characterization of its structure and dynamics
in a lipid membrane environment. Despite postulations
about its secondary structure (10–13), a high-resolution
structure of the transmembrane domain has not been re-
vealed experimentally, even though the first structure of
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the soluble domain of rat CYPOR was determined in 1997
by x-ray crystallography (6). The major difficulty lies in
the hydrophobicity and mobility of the transmembrane
domain, preventing it from crystallization with the soluble
domain.

Solid-state nuclear magnetic resonance (NMR) spectros-
copy is a powerful approach to probe the high-resolu-
tion structure and dynamics of insoluble, noncrystalline,
or amorphous biomolecules such as membrane proteins.
Here, we present the biological expression and purification
of the N-terminal FMN binding domain of CYPOR, which
includes the transmembrane domain and the linker region.
To our knowledge, this also constitutes the first solid-state
NMR investigation on its structural and dynamic features
in a native membrane-like environment.
MATERIALS AND METHODS

Expression and purification of a uniformly 15N
labeled FMN binding domain of rat NADPH-
cytochrome P450 oxidoreductase (CYPOR)

Membrane-bound FMN binding domain (MFBD) was expressed and puri-

fied from E. coli C41 using a pSC-CPR plasmid (14); the amino-acid

sequence of MFBD is given in the Supporting Material. After adaptation

of cells in 100 mL modified LB medium containing 1% (w/v) NaCl, 1%

(w/v) yeast extract, 1% (w/v) tryptone, 0.2% (w/v) glucose, 5.3 nM ribo-

flavin, pH 7.2, cells were cultured in M9 minimal medium containing

40 mM Na2HPO4, 20 mM KH2PO4, 8.5 mM NaCl, 18 mM 15NH4Cl,

1 mM MgSO4, 1 mM CaCl2, 16 nM riboflavin, and 0.4% (w/v) glucose.

Expression of MFBD was induced by 0.4 mM IPTG when the cell density

reached A600 ¼ 0.7 ~ 0.8 optical density. After induction, the culture was

incubated for 12 h at 30�C, shaken at a speed of 140 rpm, and then har-

vested by centrifugation. The harvested cells were treated with lysozyme

(30 mg per mL of cell suspension) followed by sonication. The membrane

fraction of cells was solubilized with 0.3% (w/v) Triton X-100 at 4�C.
MFBD was purified using DEAE Sepharose anion exchange and hydroxy-

apatite chromatography. The detergent-solubilized proteins were loaded

into DEAE column and washed with 0.2 M NaCl. MFBD was eluted by

a linear salt gradient elution from 0.2 to 0.5 M NaCl. The eluted protein so-

lution was subjected to a hydroxyapatite column to remove the detergents.

The concentration of the oxidized MFBD was determined using

extinction coefficient of 12.2 mM�1 cm�1 at 450 nm (15). The purity of

the protein was examined by sodium dodecyl-sulfate polyacrylamide gel

electrophoresis (SDS-PAGE), the determination of UV-Vis absorbance,

and the use of a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific,

Waltham, MA).
Preparation of bicelles

DLPC (1,2-dilauroyl-sn-glycero-3-phosphatidylcholine) and DHPC (1,2-

dihexanoyl-sn-glycero-3-phosphatidylcholine) were purchased from Avanti

Polar Lipids (Alabaster, AL). Quantities of 35.95 mg DLPC, 6.55 mg

DHPC, and 2.23 mg cholesterol corresponding to a molar ratio of DLPC/

DHPC/cholesterol ¼ 4:1:0.4 were cosolubilized in chloroform. Solvent

was removed under a stream of N2 gas to produce a film on the walls of

a glass vessel, which was kept in vacuum overnight to remove any residual

solvent. A quantity of 21.3 mL of 40 mM potassium phosphate buffer, pH

7.4, with 5% (w/v) glycerol was added to the dry lipid film. The resulting

mixture, of extreme viscosity, was homogenized by vortexing, and

freeze/heat cycles between 0�C and room temperature for 5–8 times were
imposed until the bicelles became transparent and homogeneous. Protein

was added in the final step of the preparation.

Addition of 2.5 mg or 92.6 nmol protein in 65 mL of 40 mM potassium

phosphate buffer, pH 7.4, with 5% (w/v) glycerol into the bicelle mixture

resulted in a protein/DLPCmolar ratio of 1:625. The homogeneously mixed

sample was packed in a glass tube and used for subsequent NMR experi-

ments. Before NMRmeasurements, the sample inside the probe was treated

with a minimum of three cooling/heating cycles between 7 and 25�C to

ensure homogenous alignment of bicelles (16). Hydrogen/deuterium

(H/D) exchange experiments were carried out on DLPC/DHPC/cholesterol

bicelles containing the membrane-bound FMN binding domain, which

were prepared using the protocol described above. The sample was placed

under a stream of N2 gas to partly remove H2O until the total sample vol-

ume was reduced by ~25%. Equivalent amount of the D2O (i.e., one-fourth

of the total sample volume) was added to the sample and mixed until ho-

mogenous by vortexing. After 10 cycles of H2O evaporation/D2O addition,

the sample tube was sealed and transferred to the magnet for subsequent

NMR measurements.
NMR experiments

All one-dimensional 31P and 15N NMR spectra were obtained from a

600-MHz NMR spectrometer (Bruker Biosciences, Billerica, MA) using

a homebuilt 5-mm electric-field-free flat-coil probe. 31P NMR spectra

were obtained using a one-pulse sequence with a recycle delay of 3 s and

25-kHz proton decoupling during 31P signal acquisition. 15N NMR spectra

were obtained using refocused-insensitive-nuclei-enhanced-by-polarization

transfer (RINEPT) (17,18) and ramped cross-polarization (CP) (19) pulse

sequences with a recycle delay of 3.5 s and 55 kHz proton decoupling

during 15N signal acquisition.

In the RINEPTexperiments, t-180�-t delays of 1.3 and 0.65mswere used

before and after a pair of 90� pulses, respectively. In the CP experiments, the

contact time was varied from 0.05 to 2 ms. The two-dimensional separated-

local-field (SLF) spectrum was obtained on a 720-MHz NMR spectrometer

(Agilent) under static conditions using a SAMPI4 sequencewith 0.5-ms con-

tact time and 25-kHz small-phase-incremental alternation (SPINAL) decou-

pling of protons. The two-dimensional spectrum was acquired with 28 t1
increments, 25-ms acquisition time, 2000 scans, and a 2.5-s recycle delay, re-

sulting in a total experimental time of 39 h. A 5-mm electric-field-free dou-

ble-resonance static probe (20)was used to prevent sample heating.AllNMR

experiments were performed at 20�C.
Helical-wheel simulations

A list of resolved peaks from the two-dimensional SLF spectrum of

magnetically aligned bicelles containing the protein were extracted as pairs

of 15N chemical-shift and 15N-1H dipolar coupling values and arranged to fit

the helical wheels by using a homewritten program in which the helical-

wheel patterns were predicted by geometrical calculations, as explained

in Soong et al. (21).
RESULTS

Magnetic-alignment of bicelles containing MFBD

Bicelles composed of DLPC/DHPC/cholesterol and 15N-
labeled membrane-bound FMN binding domain (MFBD)
were prepared as described in the Materials and Methods; a
schematic illustration of the molecular system under investi-
gation is shown in Fig. 1 A. The appearance of a single band
on the gel from SDS-PAGE reveals the purity of the protein
(Fig. 1 B). 31P NMR experiments were performed on bicelles
Biophysical Journal 106(10) 2126–2133



FIGURE 1 (A) A schematic of MFBD with its N-terminal transmem-

brane domain incorporated in lipid bilayers. (B) SDS-PAGE gel of

MFBD. (C) Proton-decoupled 31P chemical-shift spectra of DLPC/

DHPC/cholesterol bicelles containing MFBD. Narrow peaks from DLPC

and DHPC demonstrate a high degree of alignment of bicelles. Peaks

observed at 0 ppm are from phosphorous atoms of the FMN molecule.

To see this figure in color, go online.
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FIGURE 2 15N NMR spectra of 15N-labeled MFBD incorporated in

magnetically aligned bicelles were obtained using RINEPT (A) and ramped

cross-polarization (CP) with a contact time of 2.0 ms (B), 1.0 ms (C), 0.4 ms

(D), and 0.1 ms (E). The RINEPT spectrum (A) shows spectral intensity

only in the 100–140 ppm region, indicating the high mobility of the soluble

domain. Resonances in the 70–100-ppm region in the CP spectra (B–E) are

assigned to the immobile transmembrane domain. Buildup curves (F) were

measured for resonances at 93.5 ppm (black) and 128.4 ppm (red) repre-

senting the two chemical-shift regions corresponding to two different do-

mains of the protein. To see this figure in color, go online.
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under various conditions to determine the magnetic-align-
ment of the sample. 31P NMR spectra shown in Fig. 1 C
contain two major peaks: a high-field peak (~�13 ppm)
from the lipid DLPC and a low-field peak (~�5 ppm) from
the detergent DHPC. The peak positions for DHPC and
DLPC confirm the magnetic-alignment of bicelles with the
lipid bilayer normal perpendicular to the external magnetic
field B0 (22,23). 15N NMR experiments were also carried
out to confirm the alignment of the protein incorporated in bi-
celles, as explained below.
15N NMR experiments to determine the topology
and dynamics of MFBD

One-dimensional 15N NMR spectra of magnetically aligned
bicelles containing 15N-labeled MFBD were recorded using
1H-15N polarization transfer schemes, such as RINEPT and
CP and with various cross-polarization contact times to
achieve optimal intensities of 15N resonances:

1. The absence of chemical shift anisotropic powder pattern
in the 15N spectra shown in Fig. 2, A–E confirms the
alignment of the protein incorporated in bicelles.
Biophysical Journal 106(10) 2126–2133
2. The 15N spectra exhibit distinct profiles that reveal the to-
pology and dynamics of the protein as explained below.

In the series of 15N CP spectra (Fig. 2, B–E), the resonances
distribute in two different chemical shift regions: 70–100
and 100–140 ppm. The overall peak intensities in these
two regions change when the CP contact time is varied to
control the extent of magnetization transfer from 1H to
15N nuclei. The appearance of peaks in the 70–100 ppm
region even for a short CP contact time (Fig. 2 E) indicates
that these signals arise from immobile residues of the pro-
tein, most likely from the transmembrane domain of
MFBD; this is further confirmed by H/D exchange experi-
ments, as described below in Fig. 3. Use of longer CP
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FIGURE 3 Hydrogen/deuterium exchange spectra of 15N-labeled

MFBD incorporated in magnetically aligned bicelles. 15N NMR spectra

were obtained using ramped cross-polarization with a contact time of

0.5 ms before H/D exchange (A), and 5 h (B), and 17 h (C) after H/D

exchange.
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contact times (Fig. 2, B–D) allows magnetization transfer
not only to the rigid transmembrane region (70–100 ppm)
but also to some relatively mobile residues in the soluble
domain of the protein, giving rise to signals in the 100–
140 ppm region.

An RINEPT experiment was employed to detect the mo-
bile region of the protein (11–13). In the RINEPT spectrum
(Fig. 2 A), peaks in the 70–100 ppm region arising from the
transmembrane domain are significantly suppressed while
most peaks from the soluble domain region (100–140
ppm) are present. This is due to the fast spin-spin relaxation
of the residues in the transmembrane domain of MFBD dur-
ing the evolution as well as refocusing delays in the
RINEPT pulse sequence, which were caused by strong
1H-15N and 1H-1H dipolar couplings. An increase in the
CP contact time (Fig. 2, B and C) increases the intensity
of peaks arising from the soluble domain of the protein
(100–140 ppm) but decreases that from the transmembrane
domain (70–100 ppm) due to T1r relaxation. This observa-
tion also indicates that motions of residues in the transmem-
brane domain are more restricted than the residues in the
soluble domain.

To confirm the above-mentioned assignment of peaks
in the 15N NMR spectra to the soluble and transmembrane
domains of the MFBD protein, we carried out NMR exper-
iments utilizing the H/D exchange to suppress the 15N sig-
nals from the solvent-accessible residues of the protein.
As shown in Fig. 3, before H/D exchange, resonances of
MFBD appear in 70–100 and 100–140-ppm chemical-shift
regions of the 15N spectrum (Fig. 3 A). After 5 h of H/D
exchange, the 15N spectrum shows resonances only in the
70–100-ppm chemical-shift region (Fig. 3 B). This experi-
mental observation suggests that these resonances in the
70–100-ppm region arise from solvent-inaccessible residues
of the protein, which are located in the transmembrane
domain of the protein that is embedded in the hydrophobic
region of the lipid bilayer. However, the resonances in the
100–140-ppm chemical-shift region show a drastic intensity
reduction due to H/D exchange (Fig. 3 B), implying that
they correspond to the residues from the soluble domain
of the protein that are accessible to the solvent. These results
confirmed the above-mentioned assignment of the two
distinct chemical-shift regions of the one-dimensional 15N
NMR spectra in Fig. 2. This spectral assignment approach
is similar to that utilized in our previous studies on a mem-
brane-bound cytochrome b5 (24,25). A longer time-expo-
sure of the MFBD to D2O leads to further reduction of
15N signals in both 100–140 and 70–100-ppm regions, as
shown in Fig. 3 C.

Dynamics are crucial for the physiological function of
a protein and for protein-protein interactions. Parameters
characterizing protein dynamics can be extracted from CP
buildup curves that report the rates of magnetization transfer
from protons to 15N nuclei. The buildup rate of peak inten-
sities measured at 93.5 ppm (corresponding to the trans-
membrane domain) and 128.4 ppm (corresponding to the
soluble domain) are different, indicating a significant differ-
ence in the dynamics between the transmembrane and solu-
ble domains of the protein (Fig. 2 F). Typical behavior of CP
buildup rate was observed for the peak at 93.5 ppm—inten-
sity buildup during a short CP contact time is dominated by
the 1H-15N polarization transfer due to N-H dipolar coupling
and a loss of magnetization after saturation due to T1r.
Conversely, the peak at 128.4 ppm builds up slowly
and does not decay with the increasing CP contact time,
indicating the effect of a smaller N-H dipolar coupling
due to faster dynamics in the soluble domain of the protein.

Fitting the CP buildup curves using Eq. 1 provided an
estimation of proton spin-lattice relaxation time in the
rotating frame (T1r

H) and the polarization transfer time-con-
stant (TNH) (26) for the transmembrane domain (at
93.5 ppm), which are 1.61 5 0.36 ms and 0.26 5
0.05 ms, respectively. These two relaxation parameters
reflect submillisecond timescale motions of the correspond-
ing residues, which may include rotational diffusion of the
whole helix and fluctuation of the helical director axis, and
thus can be used to indicate changes in the dynamics of the
transmembrane domain upon changes in the lipid mem-
brane composition or interaction with other proteins. This
is demonstrated here by using a lipid composition of
DLPC/DHPC. The removal of cholesterol from bicelles in-
creases the dynamics of the transmembrane domain as re-
flected by a longer T1r

H value of 2.08 5 0.57 ms at
93.5 ppm (data not shown). This is most likely attributed
to the effect of cholesterol that rigidifies the lipid mem-
brane, which in turn affects the rotational diffusion of the
transmembrane helix.
Biophysical Journal 106(10) 2126–2133
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FIGURE 5 (A–C) Simulated helical wheels showing the sensitivity of the

wheel pattern to the indicated tilt angle of the helix. (D and E) Fitting of the

observed resonances in two-dimensional SLF spectra (blue circles) with

different tilt angles and order parameters (S). The tilt angle used in panel

D is 13� with order parameters S of 0.6 (red), 0.8 (black), and 1.0 (purple).

The order parameter used in panel E is 0.8 with varied tilt angles: 11�

(orange), 12� (purple), 13� (black), 14� (green), and 15� (blue). The best-

fitting wheel indicates an average helical tilt angle of 13� and an order

parameter S of 0.8 (F) for the transmembrane helix of the MFBD protein

embedded in magnetically aligned DLPC/DHPC/cholesterol bicelles. To

see this figure in color, go online.
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Two-dimensional SLF experiment and simulation
of helical wheels

Two-dimensional SLF spectra, which correlate 15N chemi-
cal shift with 1H-15N dipolar coupling, were obtained to
characterize the structure and further investigate the dy-
namics of the transmembrane domain of the protein
(Fig. 4). In the frequency region assigned to the transmem-
brane domain (70–100 ppm), a discernible circular wheel-
like pattern of resonances was observed, which is unique
for proteins with an a-helical conformation. To our knowl-
edge, this is the first experimental evidence of an a-helical
secondary structure for the transmembrane domain of
CYPOR, agreeing with some of the postulations in the liter-
ature (11–13). In the region assigned to the soluble domain
(100–140 ppm), we also observed resonances with small
dipolar coupling values, suggesting a weak alignment of
the soluble domain in the bicelle environment.

To further characterize the orientation and dynamics of
the transmembrane helix, we performed a spectral simula-
tion to fit the observed resonances into a helical-wheel
pattern. Simulations demonstrate the sensitivity of the
wheel pattern to the helix tilt angle (with respect to mem-
brane normal) and the order parameter as shown in Fig. 5,
A–C. The best-fit helical wheel (Fig. 5, D and E) indicates
an average tilt angle of 13� 5 2� (27) and the overall order
parameter S of 0.80. The order parameter reflects a collec-
tion of motions that the a-helix exhibits in the lipid bilayer,
ranging from rotational diffusion to fluctuation of the
helical director axis, the schematic of which is shown in
Fig. 5 F. Similar tilt angle and order parameter have also
been observed for the transmembrane domain of cyto-
chrome b5 (21,25). As shown in Fig. 5, D and E, no single
helical wheel can fit all the resonances in the circular
pattern, implying a nonideality of the transmembrane helix.
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FIGURE 4 Two-dimensional 15N separated-local-field NMR spectrum

of a uniformly 15N-labeled MFBD incorporated in magnetically aligned

DLPC/DHPC/cholesterol bicelles. The spectrum was collected with a

0.5-ms CP contact time and 25 kHz SPINAL16 decoupling. To see this

figure in color, go online.
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Additional experiments using selectively labeled MFBD
will be carried out to assign the spectra and to study
MFBD-cyt P450 interaction.
DISCUSSION

Secondary structure of the transmembrane
domain of CYPOR in a lipid environment

Previous studies have reported the importance of the trans-
membrane domain of CYPOR in complex formation with
cyt P450 and substrate metabolism mediated by cyt P450
(8–10,28–30). It is generally believed that the N-terminal
hydrophobic segment of CYPOR serves as a membrane an-
chor and aids in the interaction with cyt P450 and electron
transfer between CYPOR and cyt P450 (6). However, the
mechanism on how the transmembrane domain affects cyt
P450/CYPOR interaction and substrate catalysis remains
under debate (8), and the experimental evidences to unveil
the mist are highly deficient. To better understand the
physiological function of the transmembrane domain of
CYPOR, we investigated its structure and dynamics in a
lipid membrane environment using static solid-state NMR
experiments.

An early study predicted the transmembrane domain
of CYPOR to contain a b-sheet structure and possibly adopt
a U-shaped structure in the membrane (10), whereas in
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recent years it has been presumed to contain an a-helical
conformation spanning the lipid bilayer (11–13). Results
reported in this study present, to our knowledge, the first
experimental evidence of an a-helical secondary structure
for the transmembrane domain, which is in agreement
with previous hypotheses (11–13). The overall order param-
eter of the transmembrane domain coincides with those
observed in the membrane-spanning transmembrane helices
in the literature, further supporting that the transmembrane
helix of CYPOR spans the lipid bilayer (31–33). The tilt
angle of the transmembrane helix relative to the lipid
bilayer normal can be determined from the experimentally
measured N-H dipolar couplings, and it can be affected by
the hydrophobic mismatch between the length of the trans-
membrane helix and the hydrophobic thickness of the lipid
bilayer (32). The experimentally determined tilt angle of 13�

for the transmembrane helix of CYPOR is comparable with
those reported for cytochrome b5 (13�) and cytochrome
P450 (17�), revealing the geometrical similarity in the
transmembrane domains of these electron transfer partners.
The interplay between the transmembrane domains of these
proteins and their role in affecting electron transfer and
complex formation is currently under investigation in our
laboratory.
Distinct dynamics of the soluble and
transmembrane domains of CYPOR

Motions and structural dynamics are essential for the phys-
iological function of membrane proteins. To gain insight
into the role of the transmembrane domain of CYPOR in
protein-protein interactions, we first experimentally deter-
mined the dynamic behavior of MFBD. In a series of CP
experiments on magnetically aligned bicelles containing
15N-labeled MFBD (Fig. 2), we observed distinct difference
between the timescales of dynamics for the soluble and
transmembrane domains. Because the magnetically aligned
bicelles do not tumble rapidly, the rate of magnetization
transfer from 1H to 15N in a CP experiment (also known
as the CP buildup rate) is dominated by the dipolar interac-
tions that are very sensitive to submillisecond molecular
motions. Evidently, faster CP buildup and decay rates of
the transmembrane domain signals (Fig. 2 F) indicate
restrained motions of the transmembrane domain compared
to the residues in the soluble domain of the MFBD protein.
Further analysis of the CP process also resulted in
an estimation of T1r

H and TNH values, which qualitatively
reflect the mobility of the corresponding resonances.

In the two-dimensional SLF spectrum of magnetically
aligned bicelles containing 15N-labeled-MFBD (shown in
Fig. 4), the difference between the mobility of the two do-
mains is clearly indicated by the magnitudes of the N-H
dipolar couplings. The heteronuclear N-H dipolar coupling
reports on the amplitude of local motions occurring on a
timescale faster than the inverse of this interaction. The
average N-H dipolar couplings observed for the transmem-
brane domain are approximately three times larger than
those observed for the soluble domain of MFBD, implying
that the soluble domain undergoes motions of larger ampli-
tude in the submillisecond timescale. These results are in
excellent agreement with the result obtained from the one-
dimensional CP experiments.

The distinct dynamic characteristics of the two domains
are highly correlated with their functions. The soluble
FMN binding domain is suggested to be able to diffuse
rapidly in the cytosol for a fast association and dissociation
with cyt P450 to occur and to maximize the turnover rate
of electron transfer. On the other hand, the small dipolar
couplings of ~1 kHz (or lesser) observed for the soluble
domain (Fig. 4) imply a weak alignment of this domain
or a transient interaction with the lipid bilayer instead of
isotropic tumbling/diffusion like a globular protein. This
may be attributed to the membrane-anchoring effect of the
transmembrane domain, which may constrain the diffusion
of the soluble domain to the proximity of the membrane
surface by positioning the protein suitably for an effective
interaction with cyt P450. Besides serving as a membrane
anchor, the transmembrane domain of CYPOR might also
be involved in hetero-recognition with the transmembrane
domain of cyt P450. The structural and dynamic studies pre-
sented in this study would be valuable to test this hypothesis
in further investigations. In a lipid bilayer, the motions of
a single a-helix can be visualized as rotational diffusion
around the membrane normal and fluctuation of the
helix tilt (21). The amplitude of these motions collectively
influences the magnitude of observed NMR parameters,
in particular the chemical shift anisotropy and dipolar
coupling (34,35). By measuring the dipolar coupling values
and determining the order parameter, we can monitor the
changes in the dynamics of the transmembrane domain
upon changes in the lipid environment or in the protein-pro-
tein interactions.
CONCLUSION

In this study, we have reported a solid-state NMR investiga-
tion of the structure and dynamics of the FMN binding
domain of CYPOR, including the transmembrane helix
and the linker region, in a native-like membrane environ-
ment using magnetically aligned bicelles. We have provided
what is, to our knowledge, the first experimental evidence of
an a-helical conformation for the rigid transmembrane an-
chor of CYPOR. The measured N-H dipolar couplings and
the CP buildup rates suggest the difference in the timescales
of dynamics between the soluble and transmembrane do-
mains: the transmembrane domain undergoes a slow motion
(in the millisecond timescale) whereas the soluble domain
undergoes a fast motion (in the microsecond timescale).
The successful implementation of a combination of one-
dimensional CP and two-dimensional SLF experiments on
Biophysical Journal 106(10) 2126–2133
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magnetically aligned bicelles provides a simple method for
further investigations on the structural and dynamic proper-
ties of the full-length CYPOR and its interaction with other
membrane proteins in a membrane environment.
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