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Abstract

Bicelles of various lipid/detergent ratios are commonly used in nuclear magnetic resonance (NMR)
studies of membrane-associated molecules without the need to freeze the sample. While a decrease
in the size (defined at a low temperature or by the q value) of a bicelle decreases its overall order
parameter, the variation of lipid dynamics with a change in the lipid/detergent ratio is unknown. In
this study, we report a thorough atomistic level analysis on the variation of lipid dynamics with the
size and hydration level of bicelles composed of a phospholipid, 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC), and a detergent, 1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC).
Two-dimensional (2D) separated-local-field NMR experiments were performed on magnetically
aligned bicelles to measure *H-13C dipolar couplings, which were used to determine order parameters
at various (head-group, glycerol, and acyl chain) regions of lipids in the bilayer. From our analysis,
we uncover the extreme sensitivity of the glycerol region to the motion of the bicelle, which can be
attributed to the effect of viscosity because of an extensive network of hydrogen bonds. As such, the
water-membrane interface region exhibits the highest order parameter values among all three regions
of a lipid molecule. Our experimental results demonstrate that the laboratory-frame 2D proton-
detected-local-field pulse sequence is well-suited for the accurate measurement of motionally
averaged (or long-range) weak and multiple H-13C dipolar couplings associated with a single carbon
site at the natural abundance of 13C nuclei.

Introduction

Bicelles are rapidly becoming an important class of biomembrane mimics used in the high-
resolution structural studies of membrane proteins.1* Bicelles are a fascinating category of
versatile and robust lipid assemblies that bridge the gap between micelles and lipid vesicles.
One of the often-exploited features of bicelles is their propensity to spontaneously align in the
presence of an external magnetic field.>~” This macroscopic alignment enables one to acquire
high-resolution solid-state nuclear magnetic resonance (NMR) spectra while retaining various
essential anisotropic interactions, such as dipolar coupling, chemical-shift anisotropy (CSA),
and quadrupole coupling, which are rich in dynamic and structural information.8-10 The easy
and quick preparation of bicelles, in conjunction with their excellent filling factor in a NMR
RF coil for better sensitivity, enable one to address some of the complex problems related to
biological membranes at atomic-level resolution. The magnetic alignment of bicelles can be
maintained over a reasonable range of physiological conditions, making bicelles an attractive
class of model membranes for studies of structure, dynamics, molecular imaging, and
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functional properties of a variety of exciting biological systems, such as antimicrobial peptides,
amyloid peptides, toxins, fusion peptides, membrane proteins, and membrane-binding
pharmaceutical compounds.10-13

While bicelles display many features comparable to a lipid bilayer, they differ in several
aspects, such as compositions and morphology. Bicelles are primarily composed of a mixture
of long- and short-chain lipids, such as 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
and 1,2-dihexanaoyl-sn-glycero-3-phosphocholine (DHPC) (Figure 1). They exhibit a wide
spectrum of fascinating yet controversial morphologies, ranging from perforated lamellae to
giant worm-like micelles, as dictated by sample conditions, such as the q ratio (q = [DMPC]/
[DHPCY]), temperature, and lipid composition.14-18 Qver the years, the morphology of bicelles
has been exhaustively investigated using 2H and 3P NMR spectroscopy.5:19-21 Despite the
fact that bicelles have become an excellent platform for functional reconstitution of membrane
proteins, a complete mapping of lipid dynamics that correlates all three regions (head-group,
glycerol, and acyl chains) of bicelles as a function of the q ratio, temperature, and hydration
remains to be elucidated. These parameters are essential for formulating a proper bilayer
environment for relevant biological studies of membrane proteins. In previous studies, the
effect of hydration has shown to be highly critical in maintaining bilayer fluidity, which
facilitates proper functioning of membrane proteins.?2:23 For example, many signaling proteins
rely on the membrane fluidity for signal transduction and domain formation in the plasma
membrane.?2 In addition, q ratios and temperatures can strongly influence the dynamics of
lipids in bicelles and may alter their interactions with other membrane constituents. Therefore,
to effectively use bicelles for NMR structural studies, an optimization of these parameters is
essential and an understanding of how the three lipid regions are correlated with each other as
a function of these parameters is an important first step in formulating a suitable bilayer
environment for biophysical applications.17:24-27

Separate-local-field (SLF) experiments, such as polarization inversion spin exchange at the
magic angle (PISEMA), broad-band PISEMA, heteronuclear isotropic mixing leading to spin
exchange via the local field (HIMSELF), or heteronuclear rotating-frame leading to spin
exchange via the local field (HERSELF), and SAMMY, which correlate heteronuclear dipolar
couplings with chemical shifts while suppressing the dominant dipolar couplings among
protons, are employed in solid-state NMR studies of membrane proteins embedded in aligned
lipid bilayers.2:10:28:29 Experimentally measured heteronuclear dipolar couplings can provide
atomic-level detailed information regarding segmental mobility and orientation of molecules.
9,10,30-32 The order parameter gives a measure of the mobility of a chemical bond in a molecule
with respect to a molecular frame and can be determined from the observed dipolar coupling
(Dj; values using the following equation:

(Dij)=Dy;Si; (3 cos’0—1) W

470 yiy;
where Dlj: —(ﬂO/ 7-;) Yi¥i
r (2

Dijj is the static dipolar coupling between nuclei i and j, Sjj is an order parameter (0 < S < 1),
and @is the angle between the i-j internuclear vector and the external magnetic field axis. While
most SLF pulse sequences can be used to measure dipolar couplings on aligned samples,
rotating-frame pulse sequences, such as HIMSELF, have been shown to provide superior
resolution in the heteronuclear dipolar coupling dimension of a 2D SLF spectrum and, hence,
commonly used in the structural studies of membrane proteins.11:12 On the other hand, these
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rotating-frame SLF sequences provide higher resolution by suppressing weak heteronuclear
dipolar couplings, which are essential for the present study on bicelles. To overcome this
problem, a variation of a SLF pulse sequence called proton-evolved-local-field [PELF, also
called as proton-detected local field (PDLF), but protons are not detected in the present study]
31 experiment was successfully applied in a high-resolution NMR study of magnetically
aligned bicelles and provided a comprehensive mapping of lipid dynamics at each carbon
position, from the head-group to the acyl chains, in response to various ligands.?:1 It has been
shown that this 2D PELF technique is capable of providing high-resolution 13C-H dipolar
coupling spectral lines at the natural abundance of 13C nuclei and also enables the measurement
of multiple couplings associated with a single carbon site.10 Therefore, we chose to use this
PELF technique for the present study to accomplish a complete mapping of lipid dynamics as
a function of the q ratio, hydration, and temperature of bicelles. Unlike the requirement of
deuterated lipids for deuterium NMR studies, PELF measurement can be carried out on normal
lipids with the natural abundance of 13C and can also be used to measure long-range C-H
dipolar couplings.10:28

Experimental Section

Materials

DMPC and DHPC were purchased from Avanti Polar Lipids, Alabaster, AL, and used without
further purification. All other biochemicals and reagents used in this study were purchased
from Sigma-Aldrich, St. Louis, MO.

Preparation of Bicelles

Bicelles were prepared with a desired amount of lipid in buffered D,0O. The ratio g was
calculated as moles of DMPC per mole of DHPC. A typical preparation involved dissolving
the desired quantities of DMPC and DHPC in buffered D,0 solution (10 mM Tris at pH 7.4
and 150 mM NacCl), followed by a series of cycles of freezing, thawing, and gentle vortexing
until a clear solution, was obtained. The solution was then stored at 4 °C for up to 24 h before
use.

NMR Spectroscopy

NMR experiments were carried out on a Chemagnetics/Varian Infinity 400 MHz solid-state
NMR spectrometer using a 5 mm double-resonance magic-angle spinning probe under static
sample conditions. About 150-200 mg of bicelles was loaded in a 5 mm NMR glass tube of 4
cm length, and the tube was closed tightly with a Teflon tape and a cap. The sample was then
equilibrated for about 30 min in the magnet at the desired temperature prior to signal
acquisitions. 31P chemical-shift spectra were recorded using the Hahn echo (90°-z-180°-z
acquire) experiment with a 90 pulse length of 5 us, an echo delay of 100 s, and under a 15—
25 kHz continuous-wave proton decoupling. A total of 32 transients were sufficient to acquire
reasonable signal-to-noise ratio 31P chemical-shift spectra of well-aligned samples, while
about 64 scans were acquired for relatively poorly aligned samples. The chemical-shift scale
was referenced by setting the 31P chemical-shift peak from phosphoric acid (H3PO,) to 0 ppm
at 37 °C. A ramped-cross-polarization (ramp-CP) sequence with a contact time of 5 ms was
used to record the 1D 13C chemical-shift spectra under proton decoupling using various
decoupling sequences for a comparative study, while the flip-flop spectroscopy (FLOPSY)-848
multiple pulse sequence was used in our experiments because it provided the best resolution.
The 2D PELF spectra were obtained using 64 t; experiments, 64 scans, a 5 s recycling delay,
and a 20 kHz 1H decoupling.
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31p NMR spectroscopy is a convenient and reliable tool commonly used to assess the quality
of bicelles alignment and the angle between the bilayer normal and the applied magnetic field.
20 parts A and C of Figure 2 show a series of 31P chemical-shift spectra as a function of the
hydration and q ratio obtained at 35 °C, and Figure 2B shows a series of 3!P spectra obtained
as a function of the temperature of the sample. In these spectra, two well-resolved resonances
corresponding to DMPC and DHPC were observed. These spectra are typical of magnetically
aligned bicelles, as shown in previous studies.5:20 The low- and high-field peaks are assigned
to DMPC and DHPC, respectively. The chemical-shift frequency of the DMPC peak
corresponds to the perpendicular shoulder of the 31P CSA powder pattern of DMPC in the
liquid-crystalline phase, indicating that magnetic alignment of bicelles was indeed achieved.
The difference between the chemical-shift values of DHPC and DMPC is the direct
consequence of the difference in their residual CSA spans. DHPC molecules in bicelles are
highly mobile compared to DMPC; DHPC molecules undergo a fast exchange between the
planar regions and the toroidal-pore regions of bicelles, whereas the DMPC molecules are
confined to the planar region of the bilayer as shown in Figure 1. This mobility scales down
the CSA of DHPC, leading to a smaller absolute chemical-shift value, as seen in Figure 2.

31p chemical shifts of both DMPC and DHPC measured as a function of the q ratio, hydration,
and temperature are consistent with the results reported in previous studies. With the increasing
q ratio, the observed chemical-shift frequency of DMPC progressively increased from —11.25
to —13.46 ppm, while that of DHPC increased from —5.31 to —6.79 ppm. A similar but gradual
trend was observed in the chemical-shift values of DMPC and DHPC as a function of the
hydration level and temperature of bicelles. The chemical-shift values of both DMPC and
DHPC decrease as hydration increases and plateau for hydration levels greater than 60%. On
the other hand, the 31P chemical shifts of both DMPC and DHPC increase as a function of the
temperature and are consistent with previous studies. The changes in the observed 31P
chemical-shift value as a function of the q ratio, temperature, and hydration are a manifestation
of the scaling of the bicelles order parameter Spicelies.® Sanders et al. first introduced the
Shicelles Order parameter as a measure of the additional local “wobbling” effect experienced by
a phospholipid within the bicelle relative to a unoriented bilayer.% The Sy;icelles parameter is
calculated from the 3IP residual CSA using the following equation:

60bs - 5iso

S bicelles =
cees 690 — Giso 3)

where dqps is the observed 31P chemical-shift frequency, dis, is the isotropic chemical shift,
and dq is the perpendicular edge frequency of the 31P CSA powder pattern spectrum of
unaligned DMPC in the liquid-crystalline phase. Spicelies Values of bicelles are summarized in
Tables 1-3.

31p spectra at relatively low hydration levels show significant deviation from the typical 31P
NMR spectrum of magnetically aligned bicelles. Poor alignment of bicelles was observed at
50 and 40% hydration levels. In these samples, a broad powder pattern, such as 3P line shape,
was observed, indicating the presence of unaligned lipids. Under these conditions, bicelles
most likely exhibit an ellipsoidal morphology with a dispersion of 31P chemical shifts, which
is commonly observed for bicelles at high q ratios.21:33 The lack of alignment at these hydration
levels can be attributed to numerous factors; however, the most likely factor under these
circumstances is the sample viscosity. The kinetic of bicelles alignment is a function of two
intrinsic parameters: the size of aggregates and the sample viscosity. Because of low hydration
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levels for these samples, they exhibit the highest viscosity, preventing them from proper
magnetic alignment and leading to a mosaic spread of bicelle orientations. Therefore, a
broad 31P chemical-shift spectrum was observed for these samples.

2D PELF Spectra of Magnetically Aligned Bicelles

A2D PELF experiment was used to measure 13C-1H dipolar couplings from magnetically
aligned bicelles. A typical 2D PELF spectrum that correlates 13C-1H dipolar couplings

with 13C chemical shifts is shown in Figure 3A for bicelles with q = 3.5 at 35 °C. Each
representative 13C-1H dipolar-coupling slice corresponds to a specific carbon site of a
phospholipid in bicelles. The 2D spectrum exhibits well-resolved doublets in the indirect
frequency dimension, corresponding to the combined dipolar and scalar couplings

between 13C and 1H spins. A1D 13C chemical-shift spectrum of bicelles is also shown; a
significant overlap of resonances, especially for the C4-C1 4 region of acyl chains, was observed.
Interestingly, these resonances are resolved in the 2D spectrum. Because experimental
conditions were optimized for the observation of resonances from DMPC, 13C NMR
resonances from DHPC were not readily observed. In the PELF spectrum, multiplets with small
splittings were observed because of interactions between 13C and remote protons. %10

Interestingly, additional dipolar couplings were observed for carbons in the head-group and
the glycerol moiety of lipids. A 2D 13C/2H heteronuclear chemical-shift correlation spectrum
of bicelles is shown in Figure 3B, with resonances only from the glycerol and head-group
regions displayed. The doublets observed in the spectrum are the direct consequences of the
dipolar interactions between 13C-31P nuclei.6:34:3% The 13C-13p dipolar couplings were
observed for carbons in these regions (that is for gy, 92, g3, C,, and C carbon sites) because
they are geometrically in close proximity with the 3P nucleus of the phosphate head-group.
However, for the C, of the choline head-group, no $3C-13p dipolar coupling was observed.
This is mainly due to the large distance separation between C, and 31P nucleus. In general,
dipolar couplings associated with the C, and g3 carbons are the largest among all measured.

Lipid Order Parameters as a Function of the q Ratio, Hydration, and Temperature

Dipolar couplings are sensitive to the motional properties of lipids in a bilayer membrane and
can provide valuable dynamic information. The order parameter of C-H bonds (Scy) in the
acyl chains of DMPC can be determined from the residual 13C-1H dipolar couplings measured
from 2D PELF spectra of bicelles. PELF experiments were performed on bicelles under various
conditions to understand the effects of the q ratio, hydration level, and temperature. The data
were processed and interpreted as discussed above. The Scy values are given in Figure 4 for
all carbon sites of DMPC in bicelles for different g ratios, hydration levels, and temperatures.
Because the C-H order parameters are determined from the experimentally measured C-H
dipolar coupling values, the accuracy of Scy values strongly depends upon the resolution of
2D PELF spectral lines in the C-H dipolar coupling dimension. As can be seen from the spectral
slices provided in Figure 4, the lines are narrow, with the full width at half-maximum varying
from ~50 Hz (119 Hz after taking the scaling factor of the BLEW-48 multiple pulse sequence
in the ty period into account) to 111 Hz (264 Hz after the inclusion of the scaling factor).
Therefore, the reported Scp values are of high accuracy.

Here are some common features among the plots of Sc values. The magnitude of Scy
homogenously decreases along the acyl chains of lipids, reflecting an increase in the overall
motions down the acyl chains, which is consistent with previous 2H NMR studies. Similarly,
the head-group moiety of lipids also displayed a similar trend.19:36 Because of the rapid rotation
of the methyl group, the residual dipolar coupling associated with C, is projected along an
additional director axis of motion defined by the methyl rotor, leading to a lower Sc value
for C, relative to that of C, and Cg. Interestingly, the order parameter associated with Cy is

Langmuir. Author manuscript; available in PMC 2010 June 16.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yamamoto et al.

Page 6

significantly higher than that of C,, of the choline head-group. This can be attributed to a higher
range of motions experienced by C,, while the motions around the Cy are restricted by the
electrostatic interaction between the positively charged nitrogen and the negatively charged
phosphate group. As such, this interaction will significantly hinder motions around the Cs-N
bond, leading to a higher order parameter, as observed for Cy. Furthermore, the order
parameters associated with glycerol carbons display a gradual decrease from positions g3 to
g1. The glycerol section of a lipid bilayer is highly viscous because of an extensive network
of hydrogen bonds near the water-membrane interface; this will considerably hinder the overall
motions of the C-H bond at the g3 position, leading to a higher Scyy value relative to that of
g1, which is buried closer to the hydrophobic core of the membrane.

The dependence of Sc upon the g ratio and hydration level is gradual, but interestingly, only
specific regions, in particular, near the water-membrane interface, are significantly affected.
In general, the Scy values vary proportionally to both the g value and the extent of hydration,
indicating an overall increase in the Spjcelles Value. However, one should be cautious when
examining the order parameter at a very low hydration level, for example, 40%, because of the
poor alignment of the bicelles (data not included). Because of the rapid motion exhibited by
the terminal methyl groups of the acyl chains and the head-group, these regions are reasonably
insensitive to the additional local “wobbling” effect in bicelles, as defined by the Spjcelie Value.
Therefore, their Scy order parameters remain relatively constant as a function of both the g
ratio and hydration level. In contrast, the region near the water-membrane interface, where an
extensive network of hydrogen bonds considerably hinders motions, will be particularly
sensitive to the local wobbling effect of bicelles, leading to a gradual dependence of Sc upon
the g ratio. On the other hand, the dependence of Sc values upon the hydration level of bicelles
is only moderate at best because all of the plots in Figure 4C virtually overlap with each other.

Interestingly, the Sc values vary differently at different regions of the bilayer as a function
of the temperature of bicelles: the Scy values of carbon sites in the acyl chains uniformly
decrease as the temperature increases, while Sc values in the head-group and glycerol moieties
increase as the temperature increases. This could be a consequence of the dynamical difference
exhibited at different regions of the lipid bilayer. The Scy values homogeneously decrease in
the acyl chain region as a function of the temperature, indicating an increase in the motion of
acyl chains of lipids from the additional thermal energy. In contrast, the Scy values of the head-
group moiety are inversely proportional to the temperature, which can be attributed to the
combined effects of water dynamics and an increase in the Spjceies Order parameter value.
Representative PELF spectra for carbon positions g3, g2, C,, Cg, C,, C3, and Cy3 at 37 and 45
°C are shown in parts D-G of Figure 4. These spectra show a clear difference in the 13C-1H
dipolar couplings at two different temperatures. In addition, the increase in the 13C chemical
shift of these resonances is indicative of an increase in their overall Spjcejjes Order parameter as
the temperature of the sample increases. The hydration shell close to the surface of the lipid
bilayer is highly dynamic in nature: water molecules exchange rapidly between the bound and
free states. The increase in temperature depletes this hydration shell around the bilayer because
of an increase in kinetic energy, which prompts water molecules to be in the free state, leading
to dehydration of the membrane surface. Therefore, this effect can increase the ordering of the
head-group moiety (particularly in the glycerol region) as evident in the raise of the Scy order
parameter.37-40 |n addition, an increase in temperatures also increases the value of Spjcejjes, 85
evident in numerous studies in the past. At high temperatures, the DHPC becomes miscible
with DMPC, which reduces the surface area of perforations and local “wobbling” motions of
the bicelle. Therefore, a higher Spicelies Value or H-13C dipolar coupling is observed.

Interestingly, additional heteronuclear dipolar couplings, particularly 13C-31P couplings
(Dcp), are observed in the glycerol and head-group regions of the bicelle. These couplings
provide specific details regarding the motions and dynamics at the water-membrane interface.
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In general, the magnitude of D¢p varies proportionally with the g ratio, as shown in Figure 5,
similar to that of 13C-1H dipolar couplings observed in this study, which is a manifestation of
the global Spjcelies Order parameter. Furthermore, the effect of hydration has a rather
complicated effect on the observed values of Dcp, particularly at C4 and g3 carbons, as shown
in Figure 6.

In general, an increase in the hydration level reduces the ordering of bicelles, particularly in
the head-group region, and is consistent with previous 2H NMR studies.*0 The profound
sensitivity of D¢p at the Cand g3 carbon positions can be attributed to their local motions and
dynamics. Motions at the site of Cgare highly restricted because of the electrostatic interactions
associated with the P™-N* dipole. Therefore, any change in the ordering of this dipole will have
a dramatic impact on the local dynamics around Cg, which results in a notable change in its
Dcp value. Furthermore, the sensitivity of D¢p at the g3 position is attributed to the ordering
of water at the membrane surface. An increase in hydration reduces ordering of water at the
bilayer surface and ultimately influences the local dynamics at the glycerol region, particularly
near g3 because of its close proximity to the network of hydrogen bonding at the surface-
membrane surface. Therefore, a change in the hydration of bicelles leads to a profound change
in the value of D¢p at the g3 position.

Discussion

Dynamics of lipids in bicelles are crucial in producing a native bilayer environment for in-
depth biophysical studies of membrane-associated amphiphiles, in particular, membrane
proteins. In previous studies, the basic dynamics of both head-group and acyl chains were
extensively investigated using 2H NMR experiments. However, the intricate relationship
between the dynamics at different regions of the bilayer under various sample conditions
remains an issue that requires attention. In this study, we have revealed the complex influence
of the q ratio, hydration level, and temperature on the motion of lipids in bicelles using

both 13C-1H and 13C-31p dipolar couplings. The order parameter, which is a measure of
motions, was carefully extracted from the dipolar coupling for different regions of the lipid.
In general, the basic behavior of order parameters in the acyl chains as a function of the q ratio,
temperature, and hydration is consistent with previous 2H NMR studies. Surprisingly, the
glycerol region of the bilayer is extremely sensitive to the conditions of bicelles compared to
other regions of the bilayer. Because of an extensive hydrogen-bonding network in the water--
membrane interface, the motional freedom at the glycerol region is profoundly restricted, such
that larger order parameters are observed in this region.

The phosphocholine head-group is highly flexible and exhibits a wide range of orientations
that can be determined using 13C-1H dipolar couplings from different carbon positions, C,,
Cp, and C,, along the phosphocholine moiety. For a lipid molecule in the liquid-crystalline
phase undergoing a rapid anisotropic rotation about its long axis, many anisotropic interactions,
such as dipolar coupling and chemical-shift anisotropy, are projected along this director axis
of motion and only the motionally averaged values of these nuclear spin interactions influence
the observed NMR spectrum. Interestingly, the motions of the phosphocholine moiety will
have an additional averaging effect on the magnitude of nuclear spin interactions exhibited in
the choline head-group. Therefore, the 13C-1H dipolar couplings associated with C,, and Cp
are motionally averaged along two different director axes: the long axis of the lipid and an axis
defined by the phosphocholine moiety. For C,, its 13C-1H dipolar coupling is motionally
averaged along an additional director axis defined by the methyl rotor. The orientation of the
different director axis with respect to the external magnetic field is shown in Figure 7.

The angle of the phosphocholine head-group with respect to the surface of the bilayer is
summarized in Tables 4-6 for different q ratios, temperatures, and hydration levels.
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The average angle () between the phosphocholine moiety with respect to the bilayer surface
is ~30 ° and is consistent among the series of g ratios, indicating that changes in the observed
dipolar couplings in the head-group moiety are indeed due to the Spjcelles Order parameter and
not because of the reorientation of the head-group. Furthermore, the values of (¢) that we
obtained from measured dipolar couplings are consistent with observations reported in the
literature.35:37:39,41 Because of the dynamic nature of the phosphocholine head-group, the
value of (g) is not unique, rather a collection of values is observed; however, the head-group
prefers to be in close proximity to the bilayer surface because of an electrostatic interaction
associated with the P~-N* dipole. This result is consistent with the crystal structure of POPE
and small-angle neutron scattering studies, where the P~-N" dipole is seen to be approximately
perpendicular to the bilayer normal.3%:42 Interestingly, the effect of temperature has a minimal
impact on lipid head-group orientations. The value of (), defined as the angle between the
choline lipid head-group and the bilayer surface (Figure 7), does not significantly vary with
temperature. Therefore, the increase in the observed dipolar couplings in C,, and Cg positions
is a consequence of an increase in the Spjcelies Order parameter. Similar trends are observed for
the effect of hydration on the head-group moiety. The values obtained for {¢) are constant
among various hydration levels, indicating the changes in the dipolar couplings are due to an
increase in the ordering of the head-group region. At the lowest hydration level of 50%, which
corresponds to 37 water molecules per lipid, the surface of the bilayer still remains properly
hydrated and well above the critical number of 25 water molecules per lipid; in fact, only when
the number of water molecules per lipid is <18 should one expects a reorientation of the head-
group moiety.40 Therefore, at these hydration levels, it is not surprising that the orientation of
the lipid head-group remains relatively constant.

Both the g ratio and the hydration level exert similar effects on the dynamics of bicelles: they
mainly influence the global Spjceijes Order parameter. This order parameter influences each
region of the bilayer equally; most changes observed in the dipolar coupling as a function of
either the q ratio or hydration level can be attributed to a change in this parameter. In contrast,
the influence of the temperature has a differential effect on the dynamics of lipids at different
regions of the bilayer. The Scy order parameter scales inversely with the temperature as
motions in the acyl chains increase. The increase in the thermal kinetic energy translates to a
higher degree of overall motion in the acyl chains, leading to a significant decrease in the order
parameter. Interestingly, the head-group and glycerol regions respond slightly different from
that of acyl chains for a change in the temperature. The increase in temperature causes an
increase in ordering of these regions and can be attributed to the dehydration effects with
increasing temperature. It would be interesting to use the measured C-H dipolar couplings and
the C-H order parameters to probe the dehydration induced by ligand binding to membrane
bilayers. For example, such measurements will be useful in understanding the membrane
fusogenic activities by viral peptides*3 and also the membrane-disrupting mechanisms by
antimicrobial peptides** or amyloid peptides.*°

Knowledge on the variation of lipid dynamics in bicelles is essential in the investigation of
ligand-induced structural and dynamical disorders in membranes. For example, bicelles are
valuable in probing the mechanism of membrane disruption by antimicrobial peptides, toxins,
amyloid peptides, fusion peptides, dendrimers, and pharmaceutical compounds.9:10:46-48 |
such studies, changes in the order at each carbon site have been shown to provide valuable
insights into various important aspects of ligand-membrane interactions. The depth of insertion,
disorder/order induced by ligands near the lipid head-group or hydrophobic core regions of
lipid bilayers, tilt of the lipid head-group, phase changes, and toroidal-pore formation are
commonly characterized using order parameters measured from NMR experiments on bicelles.
In such analysis, caution must be exercised because dehydration effects and detergent-like
behavior of peptides can be misinterpreted for a change in the size of the bicellar aggregates.
The unique way of preparing well-defined toroidal pores in bicelles is highly valuable to
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understand the mechanism of membrane disruption by a variety of systems, such as
antimicrobial and amyloidogenic peptides.

The increasing popularity of bicelles in NMR studies of membrane proteins necessitates a better
understanding of lipid dynamics in bicelles. It is now possible to obtain a high-resolution solid-
state NMR spectrum of a membrane protein embedded in magnetically aligned bicelles. SLF
experiments, such as PISEMA or HIMSELF, require a fine balance between motions of a
protein in the membrane and the various anisotropic nuclear interactions. Therefore, one of the
avenues to fine tune this delicate balance is through manipulating the experimental conditions
of bicelles. Our series of comprehensive experiments shows that the q ratio greatly influences
the overall ordering of bicelles and the motions of lipids relative to other experimental
parameters, such as temperature and hydration. As such, increasing the g ratio as a mean to
exemplify dipolar couplings is a reasonable approach to improve spectral resolutions of a SLF
spectrum. Unfortunately, this approach may compromise the alignment of bicelles; however,
bicelles have been shown to exhibit macroscopic alignment over a wide range of g ratios from
2.5 t0 5.5.33 Therefore, there must exist a q ratio where experimental conditions, bicelles
alignment, and spectral resolutions can be satisfied for a specific membrane protein.
Nevertheless, the use of bicelles in solid-state NMR studies of membrane proteins is a
continuing endeavor that requires constant optimization of sample conditions.

Conclusion

The effects of the ratio of lipid and detergent, hydration level, and temperature of bicelles are
investigated. The g ratio mainly influences the Spjcele Order parameter and has a great impact
on the Scy order parameter of lipids. Although both the temperature and hydration level of
bicelles can exert an effect on bicelles, their influence is gradual and moderate at best relative
to the q ratio. In addition, the head-group orientation remains relatively constant under various
sample conditions. Lastly, among the different regions of the bilayer, the glycerol region is
profoundly sensitive to the conditions of the bicelles: it exhibits a wide range of order parameter
values compared to other regions of a lipid in the bilayer membrane. Because several unique
features of bicelles, such as easy preparation, stability in a variety of experimental conditions,
excellent filling factor, and composition of toroidal pores, will continue to be exploited in the
biophysical and structural studies of a variety of membrane-associated molecules via NMR
spectroscopy, we believe that the analysis presented in this paper will lay the foundation for
numerous such studies.
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Figure 1.

Schematic representations of lamellar phase bicelles. (A) Schematic representation of the
perforated lamellae morphology of magnetically aligned DMPC/DHPC bicelles consisting of
both planar and high-curvature regions. DMPC and DHPC molecules are represented by the
yellow and red colors, respectively. (B) Schematic representation of DHPC undergoing fast
exchange between the planar and highly curved toroidal pore regions, as indicated by the
arrows.
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Figure 2.

31p chemical-shift spectra of magnetically aligned bicelles for various (A) hydration levels
with q = 3.5 at 37 °C, (B) temperatures with g = 3.5 and 77% hydration, and (C) q ratios at 37
°C with 77% hydration. 31P spectrum of partially aligned bicelles is given at the bottom of A
for 40% hydration (spectra of bicelles with 50 and 40% hydration levels are similar), and that
of unaligned multilamellar vesicles (MLVs) is given at the bottom of C for 63% hydration at
37 °C. The hydration level is given in (w/v) % of water.
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Figure 3.

(A?) 13C chemical-shift spectrum (left), a 2D PELF spectrum (middle) that correlates the 13C
chemical shifts (vertical dimension) and 1H-13C dipolar coupling (horizontal dimension), and
individual 1H-13C dipolar coupling slices (right) of q = 3.5 magnetically aligned bicelles with
77% hydration level [given in (w/v) % of water] at 37 °C. The details on the pulse sequence
used in these experiments can be found elsewhere.8 The acquisition parameters used to obtain
these spectra are 64 scans, 200 t; points with an increment time of 384 us, a recycle delay of
5s, a 31 kHz 1H RF field strength during t;, and a 3.0 ms CP contact time. (B) 2D PELF
spectrum showing distinct doublets for g, C,, and Cg carbons because of residual 13¢c.31p
dipolar couplings.
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Figure 4.

Order parameter of bicelles. The order parameter profile determined from experimentally
measured 1H-13C dipolar coupling values at different (A) q ratios at 37 °C with 77% hydration
level [given in (w/v) % of water], (B) temperatures with g = 3.5 and 77% hydration, and (C)
hydration levels with g = 3.5 at 37 °C. Selective regions of 2D PELF spectra for g3, g2, C,,
Cp C,, Cg, and Cy3 carbons at two different temperatures of 37 °C (black) and 45 °C (red) are
given in parts D-G.
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Figure 5.

Plot of experimentally measured 13C-31P dipolar couplings from magnetically aligned bicelles
at 37 °C with 77% hydration level [given in (w/v) % of water] and q ratios (black circle) 2.7,
(red circle) 3.5, and (green inverted triangle) 4.3 at g, g3, C,,, and Cy carbons.
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Figure 6.

(A\) Plot of experimentally measured 13C-31P dipolar couplings as a function of the hydration
level [given in (w/v) % of water] for (black circle) g», (red circle) g3, (blue square) C,, and
(green square) C carbons from bicelles with a g ratio of 3.5 at 37 °C. (B) 2D *H/*3C chemical-
shift correlation spectrum that shows the dipolar couplings among 13C and 31P nuclei at 40%
(red) and 70% (black) hydration level [given in (w/v) % of water]. Line broadening because
of poor alignment of bicelles at 40% hydration and a significant increase in 13C-31P dipolar
couplings at a higher hydration level are evident from the 2D spectrum.
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Figure 7.

Orientation of the choline head-group of DMPC is represented, by two angles ¢ and ¢ + 6,
with respect to the director of the lipid (d) and the external magnetic field axis (Bg). The
relationship between gand ¢ is ¢ =90 ° — ¢; ¢ is the angle between the bilayer surface and the
choline lipid head-group.
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Shicelle Order Parameter of DMPC and DHPC Molecules Determined from NMR
Experiments on Magnetically Aligned Bicelles at Different Temperatures

Table 1

temperatures DMPC DHPC
(°C) dpmpPC IpHPC bicelles bicelles
30 -125 -4.8 0.83 0.32
37 -12.7 -5.5 0.85 0.36
45 -13.2 -7.5 0.88 0.5
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Table 2
Shicelle Order Parameter of DMPC and DHPC Molecules Determined from NMR

Experiments on Magnetically Aligned Bicelles at Different Hydration Levels

hydration DMPC DHPC

levels (%) dpmpC dpHPC bicelles bicelles
40 -14.2 -8.7 0.94 0.58
50 -13.0 —6.8 0.86 0.45
60 -12.5 -55 0.83 0.36
70 -12.4 -5.4 0.82 0.36
80 -12.5 -55 0.83 0.36
90 -12.4 53 0.83 0.35
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Table 3
Shicelle Order Parameter of DMPC and DHPC Molecules Determined from NMR

Experiments on Magnetically Aligned Bicelles of Different q Ratios

DMPC DHPC
q ratio Spmpc IpHPC bicelles bicelles
2.7 -11.2 -5.3 0.75 0.35
35 -12.2 -5.3 0.82 0.36
4.3 -13.4 -6.7 0.89 0.45
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Table 4
Angle ¢ (in Degrees) Calculated from Experimentally Measured C-H Dipolar Couplings at
Different Carbon Sites of DMPC Head-Group in Bicelles of Different q Ratios

average

q ratio C. (Hz) Cp (H2) C, (Hz) angle &)
2.7 321 28.4 24.8 28.4
35 32.7 29.6 25.8 29.3
4.3 32.1 28.8 26.1 29.0
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Angle ¢ (in Degrees) Calculated from Experimentally Measured C-H Dipolar Couplings at

Different Carbon Sites of DMPC Head-Group in Bicelles of Different Temperatures

temperatures average
“0) C. (H2) Cy (H2) c, (H2) angle ()
30 33.1 30.3 28.2 30.5
37 33.0 30.2 27.9 30.4
45 32.8 29.4 27.2 29.8
50 32.8 29.3 27.1 29.7
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Table 6
Angle ¢ (in Degrees) Calculated from Experimentally Measured C-H Dipolar Couplings at
Different Carbon Sites of DMPC Head-Group in Bicelles of Different Hydration Levels

water molecules average
per lipid C, (H2) Cp (H2) C, (Hz) angle {g)
338 27.4 259 25.4 26.3
151 27.0 254 22.1 25
87 26.9 255 22.1 24.8
56 26.8 255 21.4 24.6
37 26.7 254 21.26 245
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