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Abstract: Structural biology of membrane proteins has rapidly evolved into a new frontier of science.
Although solving the structure of a membrane protein with atomic-level resolution is still a major challenge,
separated local field (SLF) NMR spectroscopy has become an invaluable tool in obtaining structural images
of membrane proteins under physiological conditions. Recent studies have demonstrated the use of rotating-
frame SLF techniques to accurately measure strong heteronuclear dipolar couplings between directly bonded
nuclei. However, in these experiments, all weak dipolar couplings are suppressed. On the other hand,
weak heteronuclear dipolar couplings can be measured using laboratory-frame SLF experiments, but only
at the expense of spectral resolution for strongly dipolar coupled spins. In the present study, we implemented
two-dimensional proton-evolved local-field (2D PELF) pulse sequences using either composite zero cross-
polarization (COMPOZER-CP) or windowless isotropic mixing (WIM) for magnetization transfer. These
PELF sequences can be used for the measurement of a broad range of heteronuclear dipolar couplings,
allowing for a complete mapping of protein dynamics in a lipid bilayer environment. Experimental results
from magnetically aligned bicelles containing uniformly >N-labeled cytochrome bs are presented and
theoretical analyses of the new PELF sequences are reported. Our results suggest that the PELF-based
experimental approaches will have a profound impact on solid-state NMR spectroscopy of membrane

proteins and other membrane-associated molecules in magnetically aligned bicelles.

Introduction

Membrane proteins, which constitute a third of all proteins
in nature, regulate and direct a host of important cellular
processes, ranging from transport of nutrients to generation of
energy. Membrane proteins exhibit molecular motions on a wide
range of time-scales under physiological conditions and insight
into their motions is the key to understanding their functions.
Molecular motions on the order of milliseconds are frequently
observed in many essential and fascinating biological processes
ranging from ligand binding to enzyme catalysis.'* Fast time
scale side-chain dynamics can provide clues into the mechanism
by which ions migrate through membrane protein channels.
Many membrane-associated enzymes, such as microsomal
cytochrome P450, exhibit dynamic structural plasticity that
enables the binding of substrates with various sizes and
stereochemistry.>® Over the years, significant efforts have been
devoted to understand the intricate molecular dynamics of
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soluble proteins; however, complete characterization of mem-
brane protein dynamics continues to be a challenge.” '

In principle, solid-state NMR spectroscopy is a versatile tool
for probing molecular dynamics occurring on time scales that
vary from picoseconds (bond libration) to days (protein ag-
gregation). These motions often influence various NMR ob-
servables such as chemical shift anisotropy, dipolar coupling
and quadrupole coupling. Standard high-resolution solution
NMR techniques have provided valuable insights into membrane
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Figure 1. Amino acid sequence of a full-length wild-type rabbit cytochrome bs. High-resolution structures of the soluble domain of the protein have been
reported from solution NMR and X-ray crystallography studies, whereas the structure of the full-length protein is unknown as it has not been amenable for
studies using high-resolution methods. Secondary structures such as a-helix (blue) and S-sheet (green) are indicated based on previous studies. The eight
amino acids that were deleted from the linker region of the wild-type cytochrome bs to obtain a mutant are shown in red.

protein structure—function relationships, but information regard-
ing protein dynamics in lipid bilayers remains elusive.” '™
The slow tumbling rate of most lipid membrane systems leads
to various undesirable line broadening effects that make solution
NMR techniques not applicable. Therefore, most solution NMR
studies of membrane protein are restricted to proteins recon-
stituted in detergent micelles in cases where they may retain
their functions and tumble rapidly enough to average out various
undesirable line broadening effects. However, the dynamics
observed in these systems can be different from those in a lipid
bilayer environment. Solid-state NMR can overcome the
undesirable line broadening effects associated with membrane
proteins in lipid bilayers. High-resolution solid-state NMR
requires the sample to be mechanically aligned or spun at the
magic angle (54.7°) relative to the external magnetic field
direction to suppress the line-broadening effects associated with
nuclear spin interactions and allows for the reconstitution and
study of membrane proteins in their native environment.'®™ "

Separated local field (SLF) spectroscopy of aligned samples
holds a great promise as a practical tool for studying membrane
proteins in lipid bilayers.>® > Alignment media used for
membrane protein structural studies can be made to closely
mimic the native membrane and experiments can be carried out
under physiological conditions.'*** 2° Indeed, SLF has been
successful in providing detailed structural information of
o-helical membrane proteins in well-hydrated bilayer environ-
ments. A typical SLF spectrum correlates heteronuclear dipolar
couplings between low-y nuclei and their directly bonded 'H
nuclei (such as "'N—'H) with the CSAs of the low-y nuclei
(N, in this case). Importantly, these NMR observables are
sensitive to the whole body motions of a protein, and are
therefore capable of providing detailed dynamical and structural
information.?” 2 In order to extract dynamical and structural
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information from an SLF spectrum, one must be able to
accurately measure a broad range of dipolar couplings between
directly bonded spin pairs. However, in most commonly used
rotating-frame SLF protocols, such as heteronuclear isotropic
mixing spin exchange via local field (HIMSELF), polarization
inversion spin exchange at the magic angle (PISEMA), and
SAMMY, various weak heteronuclear dipolar couplings are
effectively suppressed in favor of simple spectral line-shape and
improved resolution in the indirect dipolar coupling dimension.*>!
Laboratory-frame SLF experiments such as proton-evolved local
field (PELF) provide high sensitivity and resolution for loop
regions, soluble domains, and mobile parts of membrane proteins
such that structural and dynamical information can be extracted
from these regions in a SLF spectrum.®'** Also, PELF is capable
of resolving a broad range of dipolar couplings from directly
bonded spin pair, which is absolutely necessary for determining
both dynamics and structures of membrane proteins. Despite
these unique advantages, applications of PELF in structural
biology remain to be established.

In the present work, we demonstrate the use of the PELF
method to extract dynamical and structural information from
cytochrome bs (Cyt-bs), a membrane-anchored protein. Cyto-
chrome bs consists of a transmembrane domain near the
C-terminal, a water-soluble heme-containing domain, and a
linker region that connects these two domains. Functional studies
have shown that the length of the linker region is crucial for
cytochrome bs to interact with and donate an electron to activate
cytochrome P450.% In the present study, a mutant of cytochrome
bs (mutant-Cyt-bs), which lacks eight residues in its linker
region, is used to demonstrate the efficiency of the PELF
sequence. The amino acid sequence of a wild-type rabbit
cytochrome bs is given in Figure 1. A previous solid-state NMR
study revealed the various domains of this protein display
motions occurring on a wide range of time scales.?® Since the
mutant protein used in this study lacks eight residues in the
linker region, the motion of the soluble domain should be
significantly reduced such that small, yet measurable, dipolar
couplings can be observed. Therefore, it is an ideal system to
firmly establish and demonstrate the effectiveness of using the
PELF sequence to study the structure and dynamics of mem-
brane proteins in magnetically aligned bicelles.

Theory

Two-Dimensional Proton-Evolved Local Field. A typical
PELF radio frequency (RF) pulse sequence is given in Figure
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Figure 2. Radio frequency PELF pulse sequences for two-dimensional
(2D) SLF spectroscopy of solids. In these pulse sequences, proton
homonuclear decoupling in the 7, period is achieved using the BLEW-12
sequence and SPINAL-64 is used to decouple protons during acquisition.
Proton transverse magnetization after the #, period is transferred to X nuclei
using the composite zero degree cross-polarization (COMPOZER-CP) or
windowless isotropic mixing (WIM) pulse sequence. (A) or by the standard
cross-polarization sequence (B). A supercycled COMPOZER sequence
consists of a series of 360° pulses with phases x, —x, y, =y, =y, y, —x, X.
The WIM sequence consists of a series of 90° pulses of phases —x, y, —x,
—X,y, —X, X, ¥, X, X, ¥, x. Since the z-component of proton magnetization
is transferred as the z-component of N or *C spin magnetization under
both WIM and COMPOZER-CP sequences, a 90° read pulse on the "N or
13C channel is used for detection.

2. In the PELF sequence, the transverse magnetizations of
protons evolve under heteronuclear dipolar coupling (with an
evolution frequency €is) during the incrementable 7, period,
while chemical shifts of protons and 'H—'H homonuclear
dipolar couplings are suppressed.’>3*33 After the f, period, the
transverse 'H magnetization is transferred to the rare nucleus
(referred to as X, often either *C or PN) for detection as shown
in Figure 2.

Since there is no homonuclear dipolar coupling between rare
X nuclei and each 'H spin is coupled to a single X nuclear spin,
for every resolvable X resonance, either a single doublet
corresponding to a single 'H—X dipolar coupling or a simple
superposition of doublets corresponding to different sets of
"H—X pairs is observed in the indirect frequency dimension of
a two-dimensional (2D) PELF spectrum. The elegant PELF
technique thereby avoids the complicated multiplet-type spectral
pattern typically observed in the indirect dimension of other
SLF sequences where X spin transverse magnetizations are
allowed to evolve under the dipolar couplings to many 'H
nuclei.*'*? In other words, after dipolar coupling between a rare
X nucleus and the 'H nuclei has evolved for a period of ¢, the
relevant term of the density operator contributing to the detected
signal is given as

Zli,y cos Qg ey
J

Magnetization transfer in a PELF pulse sequence can be
accomplished by any of the following means, depending on

(34) Hong, M.; Pines, A.; Caldarelli, S. J. Phys. Chem. 1996, 100, 14815—
14822.

(35) Hong, M.; Schmidt-Rohr, K.; Zimmermann, H. Biochemistry 1996,
35, 8335-8341.

sample conditions and the spin system dynamics: a standard
cross-polarization (CP) scheme, a CP scheme based on the
Lee—Goldburg homonuclear dipolar decoupling, windowless
isotropic mixing (WIM),) composite zero cross-polarization
(COMPOZER-CP, or insensitive nuclei enhanced by polariza-
tion transfer (INEPT)/refocused insensitive nuclei enhanced by
polarization transfer (RINEPT). The resolution and sensitivity
of a 2D PELF spectrum critically depends on the details of the
pulse sequence used to transfer the 'H transverse magnetization.*'*>
For example, a short transfer time is required to suppress 'H
spin diffusion, which manifests as a broad zero-frequency peak
in the indirect dipolar coupling frequency dimension that
severely obscures the spectrum.** Furthermore, for most solid-
state systems the rapid rotating-frame relaxation (77,) of protons
could hamper the efficiency of magnetization transfer, particu-
larly in the standard CP sequence where the transverse
magnetization is transferred from protons to less-sensitive nuclei
like C or N. Since for most systems the proton T}
(spin—lattice relaxation time) is much longer than T, it is
advantageous to use a magnetization transfer scheme whereby
the transfer of magnetization occurs along the z-axis. Currently,
two schemes, WIM and COMPOZER-CP, can render such a
magnetization transfer while providing homonuclear decoupling
to dampen the 'H—'H spin diffusion process.*’-*® It may be
noted that the homonuclear decoupling of WIM sequence is
more effective than that of the COMPOZER-CP. Therefore, in
this study, the performances of these two schemes (COM-
POZER-CP and WIM) in PELF sequences are compared with
that of the standard CP. The other two magnetization transfer
sequences, namely Lee—Goldburg-CP and INEPT, are excluded
from this study. Lee—Goldburg-CP is highly sensitive to the
frequency offset and may not be appropriate as a general
magnetization transfer protocol.>’ Furthermore, magnetization
transfer by INEPT sequences only occurs in highly mobile
samples and is therefore limited in their applicability to only
the mobile regions of membrane proteins.*’

Materials and Methods

Preparation of Magnetically Aligned Bicelles. A detailed
procedure on the preparation and characterization of magnetically
aligned bicelles containing cytochrome bs can be found in our
previous publication® while it is outlined very briefly here. In
general, the quantity of lipids in bicelles are calculated according
to the ¢ = [DMPC]/[DHPC] ratio, and in the present study bicelles
with a g value of 3.5 were used. The lipid—detergent mixture was
hydrated with an appropriate amount of HEPES buffer (10 mM
HEPES, pH = 7.0) to obtain the desired wt % of lipids, typically
~50 wt %, for the reconstitution of a mutant-cytochrome bs. The
solution of lipid-detergent mixture was gently vortexed after every
freeze/thaw cycle until an optically clear solution was obtained.

Reconstitution of Mutant-Cytochrome bs in Bicelles. Uni-
formly '’N-labeled mutant-cytochrome bs, expressed and purified
according to previous protocols,” was concentrated into a stock
solution of 4.3 mM. The amount of protein used in each experiment
was calculated according to the desired lipid-to-protein ratio. A
300:1 DMPC/protein ratio was used in this study. The protein was
reconstituted into bicelles by adding an appropriate amount of the
protein stock solution to a bicelle solution; the final lipid concentra-
tion was diluted to 25 wt %, and the final volume was 160 uL.
The solution was gently vortexed to ensure proper mixing of protein
and lipids and was subsequently transferred to an NMR rotor.

NMR Spectroscopy. NMR experiments were carried out on a
Varian Infinity-600 MHz solid-state NMR spectrometer using a 4
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196, 105-109.
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Figure 3. A schematic of a hypothetical spin system to evaluate the PELF
pulse sequence. In this system, a '*N nucleus is strongly dipolar coupled to
two nearby protons. The dipolar coupling values used in the simulations
are D; = 1750 Hz and D, = 500 Hz. The "N—'H dipolar couplings are
arranged such that D, > D,, and each of these protons is weakly dipolar
coupled to a proton bath as indicated by the green arrows.

mm triple-resonance magic angle spinning (MAS) probe under static
sample conditions. The 'H and "N resonance frequencies were
599.8 and 60.78 MHz respectively. About 40 mg of lipids mixed
with 3 mg of mutant-cytochrome bs were loaded in a 4 mm NMR
glass tube of 4 cm length, and the tube was closed tightly with a
Teflon tape to avoid any leakage inside the probe and completely
closed with a cap. The sample was then equilibrated for about 30
min inside the magnet at the measurement temperature prior to the
signal acquisition. The 2D PELF spectra were obtained using the
following parameters: 5 us 90° pulse, 40 kHz '*N sweep width, 28
t; increments, 3000 scans, a 3 s recycling delay, and a 25 kHz 'H
decoupling. A 50 kHz BLEW-12 (Burum, Linder, Ernst Window-
less)*” pulse sequence was used for homonuclear decoupling during
the #, period and the SPINAL-64°% pulse sequence was used to
decouple protons during signal acquisition in the f, period.

Simulations and Data Analysis. Numerical simulations were
performed using the program SPINEVOLUTION.?® The simulated
spectra and CP buildup curve were plotted using SigmaPlot 9.0.
The details of the simulation are described in the Results section
below. All numerical simulations were performed on a 2.0 GHz
Intel Quad Core HP desktop running Windows Vista.

Results and Discussion

Simulations of PELF Spectra under Different Magnetization
Transfer Schemes. The influence of magnetization transfer
schemes on the resolution and sensitivity of a 2D PELF
spectrum, specifically in the heteronuclear dipolar coupling
dimension, is investigated through numerical simulations on a
hypothetical spin system defined in Figure 3 using the SPINEVO-
LUTION software.* In this spin system, an NH group is weakly
coupled to an neighboring proton such that it demonstrates the
case of biomolecules embedded in the membranes and/or to
reflect motionally averaged N—H dipolar couplings as found
in relatively mobile regions of a protein. N—H dipolar coupling
slices taken from the indirect dimension of the simulated SLF
spectrum are shown in Figure 4. As illustrated by our numerical
simulations (Figures 4 and 5), not only the choice of the
magnetization transfer scheme but also the duration of the
magnetization transfer significantly influences the resolution of
a PELF spectrum. With a transfer contact time of approximately

(37) Burum, D.; Linder, M.; Ernst, R. R. J. Magn. Reson. 1981, 44, 173—
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Figure 4. Numerically simulated PELF spectra under different magnetiza-
tion transfer schemes. It should be noted that WIM is known for its efficient
suppression of '"H—'H dipolar couplings and is better than the COMPOZER-
CP sequence. On the other hand, the regular CP sequence does not employ
any special sequence to suppress 'H—'H dipolar couplings. Spectra A—C
were simulated using a contact time of 250 us and spectra D—F were
simulated using a contact of 3 ms.
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Figure 5. Simulated magnetization transfer efficiency as a function of
transfer time by a regular-CP (A), COMPOZER-CP (B), and WIM (C) in
a 2D PELF experiment. Details are discussed in the text.

250 us, all of the magnetization transfer schemes give identical
dipolar doublets corresponding to the large dipolar coupling
(Dy). As the transfer time is increased, significant differences
between the spectra are observed, which is a direct consequence
of the differences among the magnetization transfer schemes
employed (see Figure 5). Figure 5 shows that the intensity of
the strong dipolar coupling (the outer doublet in Figure 4)
oscillates strongly as a function of magnetization transfer time
when WIM or regular CP was used as a magnetization transfer
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Figure 6. Two-dimensional PELF spectra of magnetically aligned bicelles containing a uniformly '*N-labeled cytochrome bs. Spectra were obtained using
(A) WIM for 210 us contact time, (b) COMPOZER-CP with an optimized contact time of 240 us, and (¢c) RAMP-CP with an optimized contact time of 800
us. All PELF spectra were acquired using a 'H RF field strength of 41 kHz and SPINAL proton decoupling®” during acquisition. All spectra are shown at

the same contour level for a direct comparison.

sequence. The WIM sequence offers the highest homonuclear
decoupling and therefore allows for the detection and isolation
of the weak dipolar coupling D, in the presence of the strong
coupling D;, which could be suppressed by the choice of an
appropriate magnetization transfer time. As the strength of the
homonuclear decoupling decreases, the spectral resolution
deteriorates because of the obscuring effect of spin diffusion.
Spin diffusion manifests as a zero frequency artifact in the
indirect dimension (see E and F of Figure 4). As a result, an
intense central peak at the zero frequency is observed, obstruct-
ing the measurements of weak dipolar couplings. Also, for a
long contact time, D, is more effectively suppressed when
COMPOZER-CP or WIM magnetization transfer schemes are
used, which is a consequence of the spin diffusion facilitated
by the proton bath. Therefore, the use of these magnetization
transfer schemes allow for broader optimal contact time condi-
tions. In summary, from these numerical simulations, we may
conclude the following: (1) significant resolution is gained by
using a magnetization transfer scheme that suppresses 'H—'H
interactions, (2) the main contributors to the central peak
observed in the 2D PELF spectrum using the COMPOZER-CP
and the regular CP originate from the proton spin diffusion
process, and (3) weak 'H—'H dipolar coupling ensures that the
amount of 'H magnetization transferred to an X nucleus builds
up steadily, which enables a broad range of transfer times to be
used. In contrast, when a '"H—"H dipolar coupling is completely
eliminated, magnetization is transferred back and forth between
insensitive X nuclei and sensitive 'H nuclei, and therefore the
transfer time has to be carefully calibrated. This makes
PELF—COMPOZER the most generally suitable technique for
measuring weak X—"H dipolar couplings (X may be '3C or ’N).
Thus, in order to acquire a highly resolved SLF spectrum of an
aligned membrane protein using the 2D PELF pulse sequence,
one must use a magnetization transfer scheme that suppresses
"H—'H dipolar coupling interactions while using the shortest
contact time that permits the observation of the desired range
of dipolar coupling frequencies.

Application of PELF Techniques To Study the Structure
and Dynamics of N-Labeled Mutant-Cyt bs in Magnetically
Aligned Bicelles. Low resolution and low sensitivity are often
the major obstacles in solid-state NMR studies of membrane
proteins. The introduction of magnetically aligned bicelles as
an alignment medium has dramatically improved the sample-
filling factor of the RF coil, reduced the sample preparation
time, and improved the quality of alignment when compared
to mechanically aligned glass plate samples.”**°~** The use of
bicelles has been shown to sufficiently improve the sensitivity

and resolution of NMR spectra. Studies have shown that bicelles
prepared with different g ratios can be used for solution-like
and solid-state-like NMR experiments, enabling the complete
characterization of protein structure, protein dynamics, and
protein—membrane interactions.**** Recently, the 2D PELF
sequence was demonstrated to be well suited for structural
studies of membrane-associated ligands in magnetically aligned
bicelles.**** In the present work, we demonstrate the unique
advantages of combining the PELF sequence with WIM or
COMPOZER-CP magnetization transfer scheme for structural
studies of membrane proteins in aligned bicelles. To this end,
we have acquired a series of 2D PELF spectra of mutant-Cyt-
bs in magnetically aligned bicelles using WIM, COMPOZER-
CP, or ramp-CP as the magnetization transfer step (Figure 6).
The contact time used in these experiments was optimized for
the maximum signal intensity and spectral resolution.

In general, the 2D PELF sequence implemented with WIM
or COMPOZER-CP offers a substantial improvement in resolu-
tion when compared to the one with ramp-CP. The resolution
gained using a PELF—COMPOZER or PELF—WIM sequence
is due to the ability of COMPOZER-CP and WIM to suppress
the '"H—'H dipolar interactions as well as the use of a short
contact time, which effectively suppresses the contribution from
remote spins due to 'H spin diffusion.>' The central bands (or
the zero-frequency peaks) in these experimental spectra are
effectively suppressed, suggesting a significant reduction in the
spin diffusion process as is also illustrated in our simulations.
Therefore, clear dipolar coupling doublets are resolved in the
indirect frequency dimension. On the other hand, the central
bands severely obscure the spectrum when a regular CP
sequence is used in the magnetization transfer step, making
accurate measurements of the weak dipolar couplings difficult.
These experimental results are in good agreement with the
numerical simulations for PELF—COMPOZER, PELF—WIM,
and regular PELF protocols presented in Figures 4 and 5.

(40) Yamamoto, K.; Soong, R.; Ramamoorthy, A. Langmuir 2009, 25,
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Figure 7. A two-dimensional (2D) PELF—WIM spectrum of aligned bicelles containing a mutant of cytochrome bs uniformly labeled with SN isotope to
compare the efficiencies of different PELF sequences. Sample N—H dipolar coupling slices extracted from 2D PELF spectra, that were obtained using PELF
sequences constituted with different magnetization transfer schemes, are included on the right side for a comparison of the efficiency of PELF sequences.
In all of these cases, PELF with WIM or COMPOZER-CP offers a significant improvement in resolution, particularly in the dipolar coupling dimension. The
S/N (signal-to-noise) ratios in the dipolar dimension of WIM, COMPOZER-CP, and CP are 7.1, 7.5, and 8, respectively. The line-widths taken at half height
in the dipolar dimension for WIM, COMPOZER-CP, and CP are approximately 150, 140, 400 Hz, respectively.

As shown in A and B of Figure 6 two sets of resonances
with vastly different dipolar coupling values are clearly ob-
served. The magnitudes of their dipolar couplings indicate that
they correspond to different regions of the proteins.”> The
resonances with large dipolar couplings correspond to the
membrane-spanning domain, while the small dipolar couplings
correspond to a more mobile region of the protein, which
probably lies near the membrane surface. The spectral resolution
of the transmembrane region in the PELF—COMPOZER and
PELF—WIM is comparable to that obtained using the rotating
frame sequences like HIMSELF and broad-band-PISEMA
(BB-PISEMA).>* For dipolar couplings originating from the
mobile regions of the protein, the gain in spectral resolution
when either COMPOZER-CP or WIM is used as the magnetiza-
tion transfer step (as shown in Figure 7) represents a remarkable
improvement over previous PELF studies and demonstrates the
effectiveness of this new approach. Thus, these experiments
demonstrate the practical application of the 2D PELF pulse
sequence with the appropriate magnetization transfer scheme
to accurately measure a wide range of heteronuclear dipolar
couplings for membrane proteins embedded in magnetically
aligned bicelles.

Wobbling of the Transmembrane Helix of Cytochrome b5 and
Its Influence on the Helical Wheel Pattern of Resonances. The
proposed average 13° tilt of the mutant-Cyt-bs transmembrane
domain relative to the membrane normal determined from our
PELF experimental data is illustrated in Figure 8A. The
resonances corresponding to the transmembrane region are
dispersed in a circular pattern, which is unique to proteins with
o-helical secondary structure, and the best-fitting helical wheel
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projection circle is indicated in blue in Figure 8B.***® This is
expected for the transmembrane helix of mutant-Cyt-bs since
both mutant-Cyt-bs and the full-length Cyt-bs share identical
amino acid sequences in their membrane-spanning domain.
Importantly, the degree of dispersion in the resonances of
the helical wheel directly reflects the average tilt angle (7)
of the helix with respect to the bilayer normal.*®*” ITn Figure
8B, the PISA wheel of an ideal helix was empirically fitted with
an average helical tilt angle of 13°, and the value of the overall
order parameter (S) is estimated to be 0.42. However, no single
helical wheel can provide an ideal fit to all the resonances
presented in the circular pattern, which indicates nonideality of
the transmembrane helix. A kink due to the Pro residue in the
middle of the TM region could be the main reason for the
observation of an imperfect polarity index slant angle (PISA)
wheel. Further experimental studies are required to completely
assign the spectrum and determinate the origin of this imperfect
helix.

Over the years, the structure of the membrane-spanning region
of Cyt-bs has been a source of constant debate.**° It was
proposed that the transmembrane domain of Cyt-bs could adopt

(46) Wang, J.; Denny, J.; Tian, C.; Kim, S.; Mo, Y.; Kovacs, F.; Song, Z.;
Nishimura, K.; Gan, Z.; Fu, R.; Quine, J. R.; Cross, T. A. J. Magn.
Reson. 2000, 144, 162-167.
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2004, 52, 1-52.
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2001, 752, 217-226.
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(50) Vergeres, G.; Ramsden, J.; Waskell, L. J. Biol. Chem. 1995, 270, 3414—
3422.



Solid-State NMR Spectroscopy of Membrane Proteins ARTICLES

(A) (B) L5
1 z
L4 I
\ 2 o
of & °
137 5 8
) | & | | g
Bilayer surface H “ . 2
Iy a
I z
% .' MK 1 &

? Iy I ﬂ
T T T - II ‘ T 0
\ 140 120 100 80 60

SN Chemical Shift (ppm)

Figure 8. (A) Illustration of the proposed orientation of a mutant-Cyt-bs in magnetically aligned bicelles. (B) Two-dimensional SLF spectrum of a mutant-
Cyt-bs embedded in aligned bicelles. Blue color represents the best fit for the helical wheel pattern of resonances from the transmembrane domain of the
protein. The resonances in green represent the residues located near the membrane surface.

two conformations: a helical hairpin conformation or a mem-
brane spanning o-helix. Fluorescence quenching and trypsin
digestion assays show that the helical hairpin conformation is
a “loose-binding” form of Cyt-bs, which allows it to exchange
between lipid vesicles and does not span the membrane.”' On
the other hand, the “tight-binding” form of Cyt-bs is believed
to span the entire membrane and is firmly anchored to the lipid
bilayer.”' Interestingly, the hairpin helical conformation can be
converted to the membrane spanning form by increasing the
temperature or adding detergents.”' In our case, mutant-Cyt-bs
most likely incorporates into the bicelle assembly and spans
the bilayer due to the presence of DHPC. Also, the value of the
overall order parameter is comparable to a single transmembrane
helix spanning the whole bilayer as reported in the literature,
which provides further evidence that the observed helix of
mutant-Cyt-bs spans the membrane bilayer in bicelles.>>**>2
However, we were unable to resolve all of the resonances in
the transmembrane region due to the broadening of resonances
in the indirect dimension. The resonances with small N—H
dipolar couplings, as shown in green in Figure 8B, are probably
from the portion of the soluble domain that lies near the
membrane surface due to the absence of the eight-residue-linker;
however, no satisfactory helical wheel fit can be obtained even
though they are dispersed in an apparent circular pattern.
Therefore, more experiments using selectively labeled protein
samples need to be carried out in order to accurately assign all
resonances in the spectrum.

The influence of the whole-body motions of the helix can be
extracted from careful analysis of the helical wheel even in the
absence of spectral assignments.>” In a lipid bilayer system, an
a-helix often exhibits a wide range of motions ranging from
long-axis rotation to the wobbling of the whole helix. The
amplitude of these motions often influences the magnitude of
NMR parameters, particularly CSA and dipolar couplings.®”>
Recently, it was suggested that dynamical information could
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P. W. Biochemistry 1993, 32, 6951-6956.
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Figure 9. (A) Fitting of the helical wheel pattern of resonances using the
diffusion in a cone model. The open circles (O) denote the position of the
observed resonances. The three PISA wheel fits were obtained using an
average tilt angle of 7 = 13° and a chosen value of o. In this case, the
chosen values of o are 1°, 8°, and 13° as indicated in the figure. (B) Diagram
showing the wobbling motion of the helix in a lipid bilayer; where 7
represents the tilt angle and o represents the degree of fluctuation in the
director axis.

be extracted from careful analysis of the helical wheel with an
appropriate dynamic model.?’>*% Therefore, this will be the
focus of the analysis presented in this paper. To model the
motion of the whole helix, we invoke the diffusion in a cone
model. In this model, the director axis of the helix wobbles
freely within a cone described by the semiangle (), and the
wobble is axially symmetric with respect to the azimuthal angle
(o). The resulting wobbling motion of the whole protein is
shown in Figure 9B, and the best fit of our experimental data
to our model is shown in Figure 9A. Notably, the angle f is
defined by the tilt angle (7) of the helix.’® Also, we assumed
that this wobbling motion and other collective local fluctuations
is fast relative to the measurement time. The order parameter
Seone for the diffusion in a cone model is given in eq 2.%°

(54) Shi, L.; Cembran, A.; Gao, J.; Veglia, G. Biophys. J. 2009, 96, 3648—
3662.
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S

cone

= %cos B(1 + cos B) (2)

To model the fluctuations in the helical director axis, a normal
distribution function, given in eq 3, will be used, and the degree
of fluctuation is estimated from the spread about the mean. In
eq 3, fo is the average tilt angle of the helix, ¢ is the standard
deviation, and f3 is the angle that varies between 0 to 90° with
respect to the bilayer normal.>’

(ﬂ - /30) ) 3)

Importantly, the observed helical wheel will be the weighted
average of all the probable orientations defined by the degree
of fluctuation in the director axis of the helix.

A series of helical wheels, shown in Figure 10, was generated
using the proposed model. Our simulations show the position
of the helical wheel is sensitive to the degree of helical tilt
fluctuation, particularly when the degree of helical tilt is small.
In this case, small helical tilt fluctuations result in a significant
change in the position of the helical wheel as shown in Figure
10A. On the other hand, for helix with a large tilt angle, a sizable
amplitude of tilt fluctuation is required to change the position
of the helical wheel as shown in Figure 10C. Furthermore,
ambiguity can arise when dealing with helical wheels with small
dipolar couplings and these cases are illustrated in panels D—F
of Figure 10. As the amplitude of fluctuations increases, helical
wheels of different tilt angles will eventually overlap as shown
in Figure 10F. However, if the degree of fluctuation (o) is much
greater than the average tilt angle of the helix (5), this represents
an unrealistic situation and should be ignored. Therefore, from
these simulations, our model has shown to be appropriate in
extracting dynamical information regarding small amplitude
in helical tilt fluctuations (8, = o) for helices with tilt angles in
the range of 10—30°. This range of tilt angles is commonly
observed in many transmembrane helices reported in the
literature, which makes this model applicable to other helical

(A)

-

-

Figure 11. Illustration of the importance of relative time scales in producing
a motionally averaged PISA wheel spectrum. (A) When fluctuations of the
helical tilt occur on a faster time scales than diffusion in a cone, only one
cone semiangle (f3p) has to be considered in the calculation of the motionally
averaged helical wheel. (B) When fluctuations of the helical tilt occur on
slower time scales than diffusion in the cone, several cone semiangles have
to be considered in the calculation of the motionally averaged helical wheel.

When our model is incorporated into the fitting of the helical
wheel as shown in Figure 9A, a detailed information regarding
the dynamics of the membrane anchor emerges. If the fluctuation
of the helical director axis, relative to the bilayer normal, is
faster than its diffusion inside the cone, then we will observe
only an average cone semiangle, which equals to the average
tilt angle of the helix. On the other hand, if the fluctuation of
the helical director axis is slow relative to its diffusion inside
the cone, then the helix can sample a range of cone semiangles,
resulting in a spread about the average helical tilt. These
situations are illustrated in Figure 11.

The helical wheel that corroborates our experimental data,

membrane protein systems,'*?!2325-42 as illustrated in Figure 9A, requires a spread of approximately
6
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Figure 10. A series of helical wheels simulated using the proposed model for cytochrome bs associated with bicelles. (A—C) A series of helical wheels
simulated with different degree of helical tilt angle fluctuations (o), while keeping the average tilt () of the helix constant. The average tilt angles (5,) used
in the helical wheel simulations in A—C are 10°, 30°, and 45°. (D—F) A series of helical wheels simulated with different degree of helical tilt angles (f3),
while keeping the helical fluctuation (o) constant. The constant helical fluctuation (o) used in the helical wheel simulations in D—F are 5°, 10°, and 30°, and
the helical tilt angle () varies from 10°, 30°, and 45° in each of the panels D—F. (Note: If the helical fluctuation is greater than the average helical tilt, it

represents an unrealistic situation and was excluded from simulations.)
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8° about the average tilt angle of the helix, which indicates the
diffusion of the helix inside the cone is faster than the fluctuation
in the helical tilt. In our proposed model, the helix is wobbling
in a cone defined by an average 13° tilt angle of the helix with
an approximately 8° fluctuation in the helical tilt (0). Also, from
the magnitude of dipolar couplings, the collective motions of
the helix are estimated to be on the order of milliseconds. This
8° fluctuation in the helical tilt defines an upper limit since the
collective motions of the bicellar assemblies are incorporated
into the current analysis as well. When we extend our current
model to the mobile region, no satisfactory helical wheel fit
can be obtained. This result demonstrates the dynamics in the
mobile region is significantly different from the transmembrane
domain. Due to the motional freedom in the mobile region, a
greater range of motions can be afforded at various time scales,
which dramatically increases the complexity required in our
model for a proper description of this region. Thus, despite this
shortcoming, our proposed model corroborates well with
experimental results for the membrane-spanning domain, pro-
viding meaningful insights regarding helical motions in a bilayer
environment, which showed the possibility of extracting both
structural and dynamical information from the helical wheel.
Our current dynamical analysis can be extended, with modifica-
tions, to include motions of two tightly bound helices in a lipid
bilayer. These systems are commonly observed in nature with
profound biological implications. For instance, the association
of helices is commonly observed in macromolecular assembly
such as viropins or between two cytochrome redox part-
ners.>2%2'42 Therefore, understanding the dynamics that takes
place in these complexes will allow us to gain a better insight
into the role of molecular dynamics in facilitating their biological
functions.

Further Application of PELF Technique to Other Systems
and To Study Molecular Dynamics. The resolution afforded
using the PELF techniques described here can be extended to
other spin systems, particularly the methyl groups. Recently,
13C-labeled methyl groups have been demonstrated to be an
exquisite NMR probe for investigating dynamics and structure
and biological functions of large protein complexes. The fact
that Val, Ile, Leu, Ala, Met, and Thr constitute 30—45% of all
the amino acids in membrane proteins means that the methyl
group is becoming an important molecular probe for interrogat-
ing membrane protein structures and dynamics.””>° However,
the use of methyl'>*C—'H dipolar couplings in SLF studies of
membrane proteins remains a challenge due to the lack of
dispersion in the methyl '*C chemical shifts as well as the
complicated multiplet line shape in the indirect dimension due
to the use of SLF sequences such as PISEMA, HIMSELF, and
SAMMY .>7¢? Therefore, the PELF methods implemented in
the current studies can be used to simplify the complicated line
shape in the indirect dimension, allowing for the accurate
measurement of methyl’s *C—'H dipolar couplings. The methyl
3C—'H dipolar couplings can provide dynamical information
on a variety of biological systems. For example, the association
of two different helices of a membrane protein often restricts
the methyl group rotation at the binding interface, resulting in
an increase in the magnitude of methyl’s 3C—'H dipolar

(57) Wu, C. H.; Das, B. B.; Opella, S. J. J. Magn. Reson. 2009, 202, 127—
134.

(58) Sprangers, R.; Kay, L. E. Nature 2007, 445, 618-622.

(59) Tugarinov, V.; Sprangers, R.; Kay, L. E. J. Am. Chem. Soc. 2004,
126, 4921-4925.

(60) Dvinskikh, S. V.; Durr, U. H.; Yamamoto, K.; Ramamoorthy, A. J. Am.
Chem. Soc. 2007, 129, 794-802.

couplings. Therefore, through measuring the changes in the
13C—'H dipolar couplings, both the binding interface between
two helices and the strength of their interactions at each methyl
site can be deduced by comparing the order parameters of
methyl groups as long as their resonances are resolvable.
Furthermore, methyl *C—'H dipolar couplings can provide
structural constraints regarding the helical tilt similar to the
recently proposed geometric analysis of labeled alanines (GALA)
method that exploits the deuterium quadrupolar coupling of a
CD; system.®'> While the GALA method is successful in
providing the tilt angle of a helix in both oriented and unoriented
samples, it requires numerous selectively deuterated methyl
samples for different Ala residues, which is not practical.®> The
advantage of using the CHj; group is that multiple Ala methyl
sites can be *C-labeled and their '*C—"H dipolar couplings can
be simultaneously measured using the PELF protocols, provided
their resonances are resolvable. Therefore, the PELF sequence
can be extended to CHj3 spin systems, providing both side-chain
dynamics and structural constraints for refining protein second-
ary structures.”’

The ability to measure a broad range of dipolar couplings
allows not only for the determination of structures but also the
understanding of protein dynamics at various time scales as
illustrated in our studies. Dipolar couplings can provide
information on both the orientation of bond vectors and the
amplitude of motions up to the millisecond time scale.®®~%°
Under the commonly used rotating-frame SLF pulse sequences,
only motions in the range of 107#—107 s are observed, which
reflects the rotational diffusion of a transmembrane a-helix.”
However, under the PELF approach, motions up to 1072 s are
revealed, thus, opening up a new avenue for probing protein
dynamics via solid-state NMR experiments on aligned samples.
In fact, a complete mapping of protein dynamics is now possible,
using a combination of relaxation and dipolar coupling measure-
ments.®> Currently, applications of SLF spectroscopy mainly
focus on the determination of the transmembrane domain
structures of membrane proteins. Yet, in many cases, particularly
for the case of membrane-associated receptors, a significant
portion of the protein is in the cytoplasmic domain and
conformational changes in one region of a protein can be
propagated to another region through changes in protein motions
such as those observed in dynamically driven allosteric interac-
tions.®® Despite many advances in solid-state NMR methodol-
ogy, the synergy of these conformational changes has so far
not been well characterized. Thus, the ability to produce a
complete mapping of protein dynamics and their correlation with
each other will allow for a better understanding of the intricate
and enigmatic relationships between the structure of a protein
and its biological functions.

Conclusion

In the present study, we have demonstrated the practicality
of using PELF pulse sequence to generate a complete mapping
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of dynamics by measuring dipolar couplings of directly bonded
N—H spin pairs of a membrane-anchored cytochrome bs in
magnetically aligned bicelles. The superiority in resolution of
a PELF spectrum under WIM-CP or COMPOZER-CP sequence
rivals that of conventional rotating frame SLF techniques such
as SAMMY, BB-PISEMA, and HIMSELF. Importantly, under
our approach, an SLF spectrum of both transmembrane and
mobile regions is recorded in a single experiment, allowing for
a complete correlation of protein dynamics between the two
regions. The observed PISA wheel was fit using a dynamical
model, which includes the whole-body motions of the helix.
Using this approach, the helix is modeled as wobbling in a cone
with an approximate 8° fluctuation in the tilt of the helix, which
is estimated to be 13°. Importantly, this approach represents a
first step in extracting the motions of a membrane protein from
an aligned sample, allowing for a better understanding of the
dynamics of a protein in a bilayer environment. Although this
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method is demonstrated successfully on a membrane protein, it
can also be used for other aligned liquid crystalline materials.
Finally, while this method of extracting dynamical information
can be extended to the system of two binding helixes, MD
simulations will be needed to include all the motions pertaining
to such a complex in order to provide a proper and insightful
description regarding its motions in membranes.
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