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ABSTRACT

Bicelles, an artificial disk-shaped lipid bilayer, are commonly used for the structural and functional
characterization of membrane-bound proteins in an environment similar to that in intracellular
membranes. Because the dynamics of the lipids that constitute bicelles exert a significant impact on the
structure and function of the inserted proteins, we investigated the mobility of lipid molecules in bicelles
composed of DMPC (14:0 PC) and DHPC (06:0 PC) using solution NMR and MD calculations. *C R,
relaxation experiments for the acyl groups demonstrated that increasing bicelle sizes limit the rotational
diffusion of acyl chain H-C bonds in DMPC. Such a limited local motion around H-C bonds was also
predicted in the MD simulations of DMPC bilayers with decreased area per lipid, indicating that the
limited mobility of the hydrophobic core in larger bicelles is due to the tighter lipid packing. The
downfield shifts of the *C NMR signals of the acyl groups supported the restricted mobility,
corresponding to the conformational changes of the acyl chains from the flexible gauche rotamers to
the less mobile trans rotamers with increase in bicelle size. These data suggest that larger bicelles pack
lipids more densely, leading to increased frans conformation of the acyl chains and, consequently, less
lipid motility, which can dynamically modulate the structure and function of membrane-bound proteins

inserted into the bicelles.
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1. Introduction

Intracellular lipid bilayers not only delimit the intracellular space and anchor membrane-bound
proteins in their appropriate locations but also regulate the structure and function of membrane-bound
proteins through specific and nonspecific interactions based on their physical properties such as
hydrophobicity, charge, fluidity, and mobility [1]. The contribution of such interactions to various
biological processes, including metabolism, trafficking, signaling, and transmembrane transport, has
been proposed [2-5], and these interactions are obviously essential for maintaining life. There are
extensive data on the effects of hydrophobicity inside the membrane and charge of the membrane
surface on the structure and function of protein in lipid bilayers; however, there is limited knowledge
on how the dynamic properties of lipid bilayers, such as fluidity and mobility, affect the structure and
function of protein, which is due to the experimental difficulty of directly tracking these dynamic
properties [6].

Although the effects of the dynamic properties of lipid bilayers on the structure and function of
membrane-bound proteins are not completely understood, in recent years, there has been increasing
research on the structural and functional characterization of membrane proteins by reconstituting
proteins into artificial lipid bilayers [7]. Several conventional studies on the structure and function of
membrane proteins have used membrane-bound proteins solubilized with detergents. However, in such
cases, the interactions of the protein with the detergent micelles were assumed to be extremely different
from its interactions with the lipid bilayer in cells, and the structural and functional characterization of
membrane-bound proteins solubilized by detergent micelles may not accurately reflect the structure and
function of membrane-bound proteins in cells. Although homogeneous artificial lipid membranes
cannot perfectly reproduce natural lipid bilayers in terms of the diversity of lipid molecules, the
presence of bilayer sides, and the curvature of the bilayer, the macroscopic properties as a lipid bilayer
are assumed to have a significant effect on membrane-bound proteins, artificial lipid bilayers such as
bicelles, nanodiscs, and liposomes are used for the structural and functional characterization of
membrane-bound proteins [8-10].

Among artificial lipid bilayers, bicelles, composed of two types of lipids, one with long acyl chains
and the other with short chains, have the advantage that no scaffold proteins altering the membrane
fluidity and lipid mobility are used: however, they are structurally less stable than other lipid bilayer
models and are stable only under specific conditions. Nevertheless, their size, unlike liposomes, can be
maintained within the range where detailed spectroscopic measurements can be applied [10]. However,
detailed analyses of the dynamic properties of lipids—such as their mobility, flexibility, and
intermolecular interactions—within bicelles have not yet been reported. Furthermore, the factors that
determine their dynamic property also need to be clarified. In particular, unlike natural lipid bilayers,
bicelles have a disk-like structure with a short lipid rim region surrounding their lipid bilayer core.
Unfortunately, there are also no data on the optimal bicelle size as a model for a natural lipid bilayer

because of the limited information on the dependence of the dynamic properties of the lipids on the size



of the bicelle. Previous '"H NMR translational diffusion measurements of small DMPC/DHPC bicelles
with different g ([DMPC]/[DHPC]) ratios (0.25 and 0.5) have revealed that a smaller diffusion
coefficient was observed for bicelles with higher g ratios, indicating that the diffusion of lipid molecules
is suppressed in larger bicelles [11]. Conversely, the order parameters of lipids estimated from EPR
spectra obtained with spin-labeled lipids are almost independent of the size of the bicelle, suggesting
that restriction of the local motion in the lipids remains unchanged with the increase in the size of the
bicelle [11]. In larger bicelles as used for lipid bilayer models to embed membrane proteins, however,
the dynamics of the lipids, particularly variations in conformations of the lipid headgroups and acyl
chain interacting with embedded proteins, remain unclear.

In this study, bicelles of different sizes were prepared, and based on their solution *C NMR and
MD simulations, the dependence of the conformation and local mobility of lipid acyl chains on the size
of the bicelles was investigated. The NMR measurements provide information on the local mobility of
lipid molecules in the millisecond-to-second range that affects the overall motion of membrane-bound
proteins, as well as information on the conformation of lipid molecules. Combined with the correlation
between the density of lipid molecules in the lipid bilayer and the rotational correlation time by MD
simulation, the size dependence of the dynamic properties of the bicelles is discussed. The dynamic
properties of bicelles obtained in this study will provide fundamental knowledge to optimize the size of
bicelles for the reconstituting membrane-bound proteins and for regulating the structure and function

of membrane-bound proteins using lipid—protein interactions in the bicelles.

2. Materials and methods

2.1. Sample preparation

Lipids (DMPC and DHPC) in powder form were obtained from Avanti Polar Lipids, Inc. Bicelle
solutions are prepared similarly as reported previously [12,13] with some modifications. DMPC/DHPC
lipid solutions were prepared by first dissolving DHPC powder in 50 mM sodium phosphate buffer with
pH 6.8 (NaPi buffer) in a dry environment so that its concentration is >100 mM, making concentrated
DHPC micelle solutions. Then, appropriate amounts of DMPC powder were added to the micelle
solution to achieve the desired g ratios between 0.5 and 1.2. Finally, the total lipid concentrations ([PC])
were adjusted to 100 mM by diluting with NaPi buffer. The lipid aggregates were homogenized using
four freeze—thaw cycles: the lipid solutions were flash-frozen with liquid nitrogen and thawed in a 45°C-
water bath for 3 min. NMR samples were prepared by further addition of D,O for frequency locking.
The final concentration of D,O in the samples was 5% (v/v). Finally, the solutions were further
homogenized and mixed by gentle ultrasonication for 10 min at 25°C. In line with previous reports
[12,13], measurements were conducted under conditions that ensured the bicelles were isotropic and
stable. To confirm the isotropic property of the bicelles, we measured the *'P NMR spectra as previously

reported (Fig. 1). Fig. 1A displays the presence of phospholipids near 0 ppm, indicating isotropically



tumbling species. The absence of signals between -10 and -20 ppm suggests that the bicelles in the
samples are isotropic [14]. The 'H decoupled *'P spectra (Figs. 1B and 1C) can be simulated by the
sum of two Lorentzian distribution functions, fitting well with relative RMSD values of 0.0023 and
0.0019, respectively, which implies that the lipid phases are homogeneous, particularly for DMPC
[12,13]. The line broadening observed for both DHPC and DMPC with increasing ¢ is likely attributed
to the slower rotation of the bicelles, as evidenced by the faster R relaxation of the headgroup methyl

protons, rather than lipid phase heterogeneity.

2.2. NMR spectroscopy

Spectra were obtained using a Bruker Avance III HD spectrometer equipped with a triple resonance
5-mm TXI probe operating at a Larmor frequency of 600 MHz for 'H. *C spectra were obtained at the
natural abundance of the isotope. Unless otherwise specified, NMR samples were set into 5-mm
Shigemi sample tubes and all spectra were obtained at 25°C. Samples were allowed to equilibrate at the
measurement temperatures and the magnetic field for at least 5 min before frequency locking. All
spectra were processed using Topspin 3.2/3.6.

One-dimensional 'H spectra were obtained using a 90° pulse-acquire sequence with solvent peaks
suppressed by presaturation. The 'H-decoupled DEPT-45 pulse sequence was used to obtain one-
dimensional *C spectra of nuclei with attached protons, i.e., those in the acyl chains and headgroup.
Resonance assignments were performed using 'H-"*C HSQC and HSQC-TOCSY experiments with an
echo/anti-echo acquisition type. Parameters for these experiments were available in the Topspin 3.2
distribution.

'H R, experiments were conducted using a Carr-Purcell-Meiboom-Gill spin echo pulse train with
presaturation. The pulse train has the structure (#-180°-£-90°-¢-180°-f),-acquire where the spin echo
delay ¢ is set to 2.5 ms and 10 counters n are selected between 2 and 600. The perfect echo structure
was used to obtain undistorted line shapes from undesired J-modulations in acyl chain signals. The
inversion-recovery pulse sequence with a 'H-decoupling pulse during acquisition was used for the *C
R experiments. A total of 12 relaxation delays from 0.05 s to 10 s were used.

"H-decoupled *'P NMR spectra were obtained using a Bruker Avance I1I spectrometer equipped
with a 5-mm broadband observe BBO probe, tuned to the Larmor frequency of 3'P at 242.9 MHz. A 30°
pulse-acquire pulse sequence was employed with a pulse length of 13 us, utilizing a WALTZ16 proton
decoupling scheme during signal acquisition (0.341 s) and the relaxation delay of 2.0 s. These

experiments were conducted in the Topspin 3 software using the P31CPD protocol.



2.3. Spectrum analysis

The NMR spectra processed using Topspin 3.2/3.6 were analyzed using in-house routines written
in Julia v1.10. The DEPT-45 spectra were processed with an exponential line broadening of 1 Hz before
Fourier transform. Numerical integrations were performed using the trapezoidal quadrature rule. The
resonances used for the spectrum analyses along with their typical chemical shift ranges are summarized
in Table 1. The integrated intensities of acyl chain methyl 'H resonances for CH3;(DMPC) and
CH3(DHPC) were used to estimate their relative ratio in the bicelle solutions and the ¢ ratio (Eq. 1).
Chemical shift perturbations of acyl chain '*C resonances (Ca.11, Ci2, and C13) were described as changes
in first moments uj (Eq. 2). The standard errors of yj are estimated by including contributions from
noise in the intensity values after processing. The R, relaxation rate constants for the acyl chain CH3
and choline headgroup methyl protons and the R; relaxation rate constants for DMPC acyl chain, Cs.11,
Ci2, and C;3, were estimated by fitting the integrated intensities against the delays before the acquisition
using a single exponential decay model (Eq. 3) and by nonlinear fitting of the integrated intensities

against the relaxation delays using Eq. 4, respectively.

_ fCH3(DMPC)I(6) dé )
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Hypothesis tests for the equality of relaxation rate constants were conducted using two-tailed #-tests
with a significance level a of 0.05. The number of degrees of freedom for the R, and R, tests are 8 and
10, respectively.

The 'H-decoupled *'P spectra were processed with an exponential line broadening of 1 Hz prior to
Fourier transform. Nonlinear least squares fitting of the spectra, as sums of two Lorentzian distributions
corresponding to DHPC and DMPC, was performed using in-house routines written in Julia v1.10. The
residuals after fitting were used to confirm the homogeneity of the DMPC lipid phases within the range

of g values explored in the experiments.



2.4. Molecular dynamics simulations of pure DMPC bilayers

Molecular dynamics (MD) simulations of fluid DMPC bilayers were conducted using the
GROMACS v2023.3 MD engine [15] with the Slipids 2020 force field [16,17]. The simulation box
containeding 128 lipids with 30 TIP3 water molecules per lipid for sufficient hydration and equilibrated
for 500 ns at 303 K were obtained from the official Slipids web site
(http://www.fos.su.se/~sasha/SLipids/Downloads.html). As recommended for the force field, the
electrostatic interactions in the periodic simulation box were calculated using the Particle-Mesh-Ewald
(PME) method [16,17] with 0.12 nm Fourier spacing. The Lennard-Jones interactions were calculated
with a cut-off radius of 1.4 nm [16,17]. Distance constraints on the lipid and TIP3 bonds were solved
using the LINCS algorithm as implemented in the MD engine. These MD parameters are included in
the example MD parameter input files in the official web site.

The DMPC area per lipid (APL) in each simulation was varied by surface tension coupling
implemented in the MD engine. Eight reference values for the surface tension were selected between
120 bar-nm and 840 barnm. The temperature (303 K) and surface tensions in the equilibration and
sampling simulations were maintained using the velocity and stochastic cell rescaling algorithms
implemented as the v-rescale thermostat and c-rescale barostat in the MD engine, respectively. Both
equilibration and sampling simulations were 100-ns long, resulting in 200-ns long trajectories.

Trajectories were analyzed using in-house routines written in Julia v1.10. For each simulation, the
average APL or (4); was calculated as the area of the simulation box averaged over each simulation
snapshot, i.e., over time, divided by the number of lipids in each leaflet n;;;, /2 = 64, according to Eq.
5. The simulation box dimensions L, , were obtained using the gmx energy utility of the MD engine.
We assumed that the equilibrium of the APL is reached when there is minimal drift in its value. The
rotational diffusion of the acyl chain H-C bonds was evaluated based on the decay of the time
correlation function (tr) of their orientations with respect to the membrane normal (z-axis) according
to Eq. 6. The tcfs were fitted against single exponential functions (Eq. 7), deriving decay rate constants
1/7.. Assuming that the decay rate constants vary slowly and continuously with the APL, a simple
linear regression was performed to show a relationship between the 1/7, rate constants and the APL.
The statistical significance of the linear regression model was determined using an F-test of overall

significance with dof'= 6 and significance level o of 0.05.
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3. Results

3.1. Resonance assignments

DHPC acyl chain signals were assigned by assuming a fast exchange of DHPC between the bicelle
and buffer solution [13,18,19], which implies that the observed chemical shifts of DHPC acyl chains
BC are averages of the chemical shifts in the bicelle and solution, weighted by their relative amounts.
Therefore, dilution of bicelle solutions causes upfield shifts of the DHPC signals. DEPT-45 spectra of
the bicelle solutions with ¢ = 0.5 but different [PC], viz., [PC] = 100 or 50 mM, were obtained (Fig.
2A). Sharp resonances that shifted upfield upon dilution were assigned to DHPC. We suspect that the
two peaks comprising each DHPC resonance may have originated from the DHPC sn-1 or sn-2 chains,
but they were not further assigned. Headgroup signals were assigned from the 'H-'3C correlation
spectra of bicelles with ¢ = 0.5 and [PC] = 100 mM (Fig. 2B). A one-to-one correspondence between
headgroup 'H and *C resonance indicates that the resonances of headgroups of DHPC and DMPC in

the bicelle rim and core, respectively, are not separated.

Assignments along the acyl chains were performed with 'H-"*C HSQC and HSQC-TOCSY spectra
of bicelles with ¢ = 0.5 and ¢ = 1.0 with [PC] = 100 mM, respectively (Fig. 2C). Separating the DHPC
acyl chain methyl signals allowed the identification of DMPC acyl chain Ci».14 signals. Finally, coupling
between DHPC C; and C; carbons allowed the assignment of DMPC C; and the central Cy4.11 chain by

elimination.

To determine the phase of the DMPC lipid bilayer core, the DEPT-45 spectra of bicelles were
compared with those of a reference fluid bicelle system at 308 K as a reference (Fig. 2D). The DMPC
Ci2 and Cy; resonances showing two peaks were used as markers. Similar to DHPC resonances, these
resonances originated from the sn-1 and sn-2 acyl chains having different local environments, as
reported previously [11]. The presence of peaks apart from these indicates the possible coexistence of
bicelles in the gel phase and liquid-crystalline phase [13,20]. The DEPT-45 spectra of bicelle samples
with ¢ ratios between 0.5—-1.2 exhibited (not shown) no such patterns, indicating that all samples were
in the liquid-crystalline phase. Furthermore, given that the range of ¢ ratios employed in this study
closely aligns with those utilized by Kot et al. [12,13], the bicelles in this study are also isotropic,
meaning they exhibit isotropic tumbling behavior, and are in the liquid-crystalline phase. ~ Although
25°C is near the phase transition temperature (7m) for DMPC/DHPC bicelles, neither the onset of the
phase transition nor the presence of a metastable state has been detected. This observation is consistent

with previous reports [12,13].



3.2. Increased bicelle sizes slow down H-C bond rotational diffusion

Previous studies have reported that the size of bicelles depends on ¢ ratios, and [PC] [18,19,21,22].
Two bicelle solutions with different average particle sizes, viz., ¢ = 0.5 and ¢ = 1.0, under [PC] = 100
mM, were prepared. Small angle neutron scattering dilution measurements revealed that between the
compositions of ¢ = 0.2 and ¢ = 1.0 and temperatures of 7= 10°C and 40°C, bicelle mixtures adopt the
idealized disk-shaped morphologies, in which the planar bilayer radius, R, ranged from 21 A (g = 0.2)
to 77 A (¢ = 1.0) [21]. The increase in bicelle size by increasing ¢ ratios was confirmed through 'H R,
relaxation rates. As shown in Table 2, the 'H R, relaxation rate for bicelles with ¢ = 0.5 was lower than
that for bicelles with ¢ = 1.0, indicating that the size of the bicelles with ¢ = 1.0 was larger than that of
the bicelles with ¢ = 0.5 under the same concentration [PC] = 100 mM.

The changes in local moiety motion were observed for the H-C bonds of the acyl and headgroups
through *C R, experiments using bicelles with ¢ = 0.5 and ¢ = 1 under [PC] = 100 mM (Fig. 3C, Table
3). Only the R, relaxation rate of *C in the choline methyl group clearly increased with bicelle size,
and the R, relaxation rates of the C4.1; and Cy3 in the acyl chain also tended to be higher in the larger
bicelles. This finding suggests that, as the size of the bicelle increases, the motion of the headgroup H—
C bonds of the lipid molecule and the local motion of the H-C bonds of the acyl groups are restricted.

To further explore the restricted local mobility of lipid molecules due to changes in the size of the
bicelles, MD simulations were conducted for the rotational diffusion of the H-C bonds in the acyl group
of pure DMPC lipids with varying APL. It has been reported that the APL, corresponding to the
distribution density of lipid molecules in the lipid bilayer leaflets, exerts significant effects on the
motility of lipid molecules [23,24], and previous MD simulations have also indicated that DMPC lipids
are more densely packed in larger bicelles [25]. Therefore, rather than conducting molecular dynamics
(MD) simulations with bicelles of varying sizes, we directly adjusted the area per lipid (APL) on pure
DMPC bilayers. The rotational diffusion rates are expressed as the decay rates of the time correlation
function of the angle between the H-C bond and the bilayer normal (z-axis). The correlation decay rates,
1/z, for the H-C bond angle in the acyl groups was plotted against the average APL, as depicted in Fig.
4. Although the autocorrelation decay rates of the C,, Cs, and C4 carbons were almost constant with
varying APL, the correlation decay rates for the Cyi, Ci2, and C3 carbons increased with APL. Despite
the decay rates showing significant variance among the DMPC lipids, tests of overall significance
revealed a linear relationship between the average APL and correlation decay rates. The H-C bonds,
particularly those closer to the terminal methyl chain, exhibit a more rigid motion under tighter lipid
packing. Together with the observed fast R; relaxation in larger bicelles, the restricted H-C bond
rotation is correlated with tighter lipid packing under lower APL and the increase in bicelle size. This
further implies that APL of the DMPC bilayer core is reduced in larger bicelles, corresponding to
structural changes in the bilayer, such as acyl chain extension of the DMPC lipids and an increase in

bilayer height [3].



3.3. DMPC acyl chain CH>-CH: rotation is affected by bicelle size

In lipid bilayers, changes in the dynamic properties of lipids are often accompanied by the
conformational transition of the lipid structure [26]. The extension of lipid acyl chains in increased
bicelle sizes can be confirmed through monitoring their conformation. From the R; experiments, the
one-dimensional spectra for the acyl chains showed downfield shifts of the central C4.11 chains and Ci3
resonances upon the increase in bicelle size (Fig. 3B). These downfield shifts were also observed for
the central Cy.11 chain signals of DMPC upon bicelle dilution (Fig. 2A). These downfield shifts, however,
were not observed for the DMPC acyl chain C; or any of the headgroup resonances (Figs. 3A and 3B),
indicating the sensitivity of the lipid acyl chain conformations against the size of the bicelle. Similar
downfield shifts were reported in a previous solid-state NMR study on DMPC liposomes,
corresponding to the conformational changes of the acyl chains from the flexible gauche rotamers to
the less mobile trans rotamers induced by the transition between the gel and the liquid-crystalline phases
around the phase transition temperature, 7m [20].

To further investigate the conformational changes of the acyl groups in detail, DEPT-45
measurements were conducted for bicelles with ¢ = 0.78—1.18. Based on the relationship between g
ratio and size of bicelles [13], these bicelles have predicted core diameters between about 70 A and 110
A. Similar to previous observations, the headgroup and acyl chain C, resonances did not shift
significantly with increasing ¢ ratios (not shown). Representative spectra of Cs.1; and Ci3 resonances
are shown in Fig. SA. The signals from DMPC lipids (Fig. 5A, left) are assumed to be from those in the
liquid-crystalline phase due to the similarity of the acyl chain C,s signals to the fluid bicelle spectrum
(Fig. 2D). All resonances shifted downfield with significant line-broadening as the ¢ ratio is increased.
Because the *C resonances from the trans conformer exhibit downfield shifts compared with those
from the gauche conformer [20], these downfield shifts indicate the increasing population of trans
conformations involved in the rapid trans—gauche conformational exchange on the NMR time scale in
larger fluid bicelles. The line-broadening of the NMR signal associated with the downfield shifts (Fig.
5A) corresponds to the faster '*C R, relaxation rates with increasing g ratios (Table 2) due to the large
molecular weight of larger bicelles. The first moments (Eq. 2) of Cs.11 and C3 resonances were plotted
against ¢ ratios (Fig. 5B). Least-squares regression models indicate a linear relationship between ¢
(bicelle size) and the first moments. Coefficients of the determination (R?) demonstrated that the linear
relationship with the lipid ratio ¢ could explain at least 85% of the variation in the first moments. This
suggests that there is a continuous relationship between the size of fluid bicelles and the amount of trans

and gauche conformers along the acyl chains.



4. Discussion

The present NMR and MD simulation results of this study indicate that in bicelles, the mobility of
the acyl chains and headgroups of the lipid molecules is suppressed with an increase in bicelle size, and
the conformation of the central C4—C;; and C3 fragments of the DMPC acyl chain transitions from the
mobile gauche form to the less mobile trans configuration. Such conformational transition was also
encountered for the main phase transition from the liquid-crystalline, fluid phase to the gel phase in
DMPC liposomes [20] at around 300 K. The *C resonances from the acyl chains Cs, C4-C11, and C3 in
the lipid gel phase at lower temperatures demonstrated downfield chemical shifts, compared to those in
the fluid phase at higher temperatures [20]. Such downfield shifts suggest that the acyl chains are fully
extended and oriented nearly perpendicular to the plane of the lipid bilayer due to the highly restricted
intra- and intermolecular motions. This restriction leads to both short- and long-range ordering within
the gelled lipid bilayer, resulting in a highly impermeable structure. Conversely, in the liquid crystalline
phase, the acyl chains exhibit increased mobility, which leads to an increase in the effective cross-
sectional APL molecule and a concomitant decrease in the bilayer thickness [20].

Similarly, in the case of bicelles, as their size increases both due to dilution and an increase in ¢, the
population of the gauche conformer decreases, and the increase in the frans conformer implies that the
mobility of the lipid molecules decreases with the increase in bicelle size. Similar to the finding that the
decrease in the mobility of lipid molecules associated with the transition from the gel phase to the
liquid-crystalline phase in DMPC causes a reduction in the effective cross-sectional APL, in the present
study, the MD simulation for lipids in bicelles also demonstrated that a decrease in the local mobility
of lipid molecules corresponds to the reduction of APL. These findings suggest that with an increase in
the size of bicelles, the lipid molecules become more densely packed, and the conformation of the acyl
groups transitions to the trans conformer from the gauche conformer, which indicates the limited
mobility of lipid molecules.

Such suppressed mobility of lipids in larger bicelles was also suggested by the diffusion coefficients

estimated by '"H NMR [11]. Bicelles with ¢ = 0.5 exhibited a slower diffusion (D =2.7 X 10" m?s™)

than bicelles with ¢ = 0.25 (D = 7.3 x 10! m?s™!) [11]. Although DMPC dissociated from the bicelles
significantly contributed to the small diffusion coefficient [11], the slow diffusion of DMPC in large
bicelles correlates with the suppressed local mobility of lipid molecules. Conversely, the order
parameters calculated from the EPR spectra of the spin-labeled lipids were almost independent of the ¢
ratio, indicating that the motion of the spin-labeled moiety of lipids was insensitive to the size of the
bicelles. Interestingly, the order parameters for the headgroup and Ci, position were in the range of
0.03-0.08, and such low order parameters suggest that the motion around the headgroup and C;: of the
acyl chains is unrestricted despite the larger size of bicelles [11]. Although such unrestricted rotation
and the suppressed mobility of lipid molecules in bicelles demonstrated in this study may contradict

each other, the order parameter reflects rotation in the picosecond or nanosecond range of the spin



labeled moiety. In contrast, the relaxation measurement reflects processes in the hundreds of
millisecond range, which is in a different time domain for the motion [27].

Although the R, relaxation measurements suggest suppression of the local mobility of the acyl group,
the changes in R; relaxation rates for the central C4-Ci; chains and C;3 signals were not prominent.
Despite small changes in the local mobility of the acyl group, the fast R; relaxation for the headgroup
and conformational changes of the acyl group from the gauche conformer to the trans conformer were
evident (Fig. 5) and the rotational correlation times calculated from simulations also demonstrated a
similar trend (Fig. 4). The relatively small changes in the acyl chain R; relaxation rates can be attributed
to the low signal-to-noise ratio of the signals, especially when compared to the sharp and intense signals
of the headgroup methyl group. The subtle but significant changes in lipid mobility are a result of the
larger bicelle sizes and the consequent tighter lipid packing.

Considering that the decreased APL in bicelles with a larger ¢ ratio implies the more densely packed
lipid molecules in larger bicelles, the tight packing in larger bicelles would suppress the mobility of the
headgroup of the lipids and promote the transition from the gauche conformer to the trans conformer.
This conformational transition is an exothermic process [20]. Some of the energy released from the
transition would be used to maintain mobility around the H-C bonds of the acyl groups, causing in a
smaller decrease in their mobility. Conversely, the lack of such structural changes for the headgroup
would significantly suppress its mobility by the dense packing of the lipids in larger bicelles.

Despite the lack of experimental evidence for the origin of the changes in the dynamic properties of
lipid molecules depending on the size of the bicelle, it can be assumed that the presence of the rim
region in the bicelle exerts significant effects on the dynamic properties of the lipid molecules
constituting the bicelle. In the rim region of the bicelle, lipids with short acyl groups form a micelle-
like structure instead of a lipid bilayer structure. A previous MD simulation [25] indicated that bicelles
with ¢ = 0.5, i.e., small bicelles, are more micelle-like than expected by the ideal bicelle model [28],
where the DMPC lipids might form a regular bilayer. An interface would be formed between the
micelle-like bicelle rim and the lipid bilayer core, where the packing of lipids is not as tight as in other
components of the bicelle, and the interface probably has large structural fluctuations. Therefore, the
structural fluctuations at the interface between these structures will also enhance the mobility of the
lipid molecules in the lipid bilayer near the interface. In other words, in small bicelles, the interface
with large structural fluctuations strongly affects the mobility of lipid molecules in the lipid bilayer.
However, in large bicelles, the effect is relatively small because of the larger number of lipid molecules
away from the interface, and the mobility of lipid molecules would be reduced due to their more densely
packed structure in the core region of bicelles. This observation aligns with the conclusion from the
previous report [11] that the detergents surrounding the bicelle core disrupt the lipid packing. Moreover,

this disturbance is dependent on the extent of lipid exposure at the bicelle rim.

3. Conclusion



The NMR experiments and the MD simulation demonstrated that increasing the sizes of isotropic
bicelles results in more densely packed lipids, suppressed local motion of lipid molecules, and
conformational transition of the gauche conformer to the trans conformer. This conformational
transition would relieve suppression of the local motion of the acyl groups of lipids, causing to small
changes in the R; relaxation rate. The dependence of such dynamic properties on the size of bicelles
would be attributed to the rim region of bicelles. Therefore, when using bicelles as artificial lipid
bilayer models, it will be necessary to consider the dynamic properties of lipids, especially the mobility
of the headgroup and the conformation of the acyl chains of the lipid, depending on the size of the

bicelle.

Abbreviations: NMR, nuclear magnetic resonance; DMPC, 1,2-dimyristoyl-sn-glycero-3-
phosphocholine; DHPC, 1,2-dihexaoyl-sn-glycero-3-phosphocholine; [PC], total lipid concentration;
MD, molecular dynamics; APL, area per lipid; DEPT, distortionless enhancement by polarization

transfer; HSQC, hetero-nuclear single quantum coherence; TOCSY, total correlation spectroscopy



Table 1: Resonance assignments used for spectra and relaxation rate analyses along with their
labels.

Label Nucleus Assignment Chemical shift range (ppm)

A 'H DMPC sn-1/2 CH; (0.82~0.76)" t0 0.7

As 'H DHPC sn-1/2 CH3 0.9 to (0.82 ~ 0.76)"

A3 BC DMPC sn-1/2 C4-Ciy 30.9to 29

Ay BC DMPC sn-1/2 Ci2 32.7t031.8

As BC DMPC sn-1/2 Ci3 23.1t022.5

As 'H PC sn-3 N(CHs); 32t03.1

Ay 13C PC sn-3 N(CHs); 54.1t0 53.7

“Because the methyl resonances shift with the ¢ ratio, the upper (lower) limit of the integration
ranges for signals from DMPC (DHPC) was determined at the position of the lowest intensity
between the separated signals.

Table 2: R, relaxation rate constants of 'H resonances in bicelles with different ¢ ratios.
q ARy (s As Ry (s)
0.5 3.68+0.21 2.12+0.02
1.0 7.94+£0.11 2.46 +£0.05

Table 3: R, relaxation rate constants of '*C resonances in bicelles with different ¢ ratios.

q ARy (s7h) A4 Ry (Sfl) As Ry (Sfl) ARy (s
0.5 1.27 £0.03 0.61+0.10 0.52 +0.06 1.43£0.03
1.0 1.32+0.04 0.60 £0.07 0.61 +£0.05 1.62 +£0.02
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Figure 1: '"H-decoupled 3'P NMR spectra of bicelles with different ¢ ratios.
The g values were estimated using 'H NMR spectra (Eq. 1). Each measurement was conducted at 25°C. The
total phospholipid concentrations [PC] were maintained at 100 mM the for ¢ = 0.5 and ¢ = 1.2 bicelles. (A)
"H-decoupled *'P NMR spectra of bicelle solutions between 5 and -30 ppm with the indicated g values. (B
and C) 'H decoupled *'P NMR spectra of bicelle solutions with ¢g=0.5 (B) and g=1.2 (C) in the region
containing phospholipid signals. The bottom figures in B and C display the residuals after fitting the spectra

as sums of two-Lorentzian distributions for the ¢ = 0.5 and ¢ = 1.2 samples, respectively.
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Figure 2: Reference spectra for resonance and lipid phase assignments in isotropic bicelles. (Top)
Chemical structure of DMPC, including the assignments of various nuclei (positions) along its length.
(A) A section of the acyl chain region of DEPT-45 spectra for bicelles with ¢ = 0.5 and [PC] = 100 mM or
50 mM as indicated. The difference (50 mM — 100 mM) spectrum is included to emphasize the upfield shift
of the sharp DHPC Cs.s resonances upon bicelle dilution. Also labeled in the difference spectrum is the
downfield shift of the central DMPC Ca.1; chain. (B) Headgroup region of '"H-'3C HSQC spectra, where
13C resonance assignments are based on their correlations with 'H resonances [21]. (C) Acyl chain region of
'H-13C HSQC (blue) and HSQC-TOCSY (red) spectra. Sequential *C assignments were performed by
assuming that nuclei connected through fewer bonds produce more intense cross-peaks than those connected

through more bonds. (D) DMPC acyl chain Ci, and C;3 regions of DEPT-45 spectra show apparent splitting

of respective resonances despite a low signal-to-noise ratio.
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Figure 3: 3C NMR spectra for bicelles with ¢ = 0.5 and ¢ = 1 and decays for 1*C R, relaxation.

(A) Headgroup vy peaks for bicelles from the R; spectra with 10-s relaxation time. The red line serves

as a guide for the chemical shifts indicating no perturbations in the structure of the choline methyl

groups. (B) Acyl chain resonances for the bicelles from the R; spectra with 10-s relaxation time. The

red line serves as a guide for the chemical shifts indicating no perturbations in the structure of C,

carbons. (C) Traces of integrated intensities from the R experiments along with fitted recovery curves.

Plotted intensities and curves were scaled to have matching A; parameters in Eq. 4.
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