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Glycolipids such as gangliosides affect the properties of lipid membranes and in extension the
interactions between membranes and other biomolecules like proteins. To better understand how the
properties of individual lipid molecules can contribute to shape the functional aspects of a membrane,
the spatial restriction and dynamics of C—H bond segments can be measured using nuclear magnetic
resonance (NMR) spectroscopy. We combine solid-state NMR spectroscopy with all-atom molecular
dynamics (MD) simulations to investigate how ganglioside GM3 affects the bilayer structure and
dynamics of C—H bond segments. These two methods yield reorientational correlation functions, mole-
cular profiles of C—H bond order parameters |Scy| and effective correlation times 1., which we compare
for lipids in POPC bilayers with and without 30 mol% GM3. Our results revealed that all C—H segments
of POPC reorient slower in the presence of GM3 and that the defining features of the GM3-POPC
bilayer lie in the GM3 headgroup; it gives the bilayer an extended headgroup layer with high order (|Scu|
up to 0.3-0.4) and slow dynamics (z. up to 100 ns), a character that may be mechanistically important

rsc.li/pccp

Introduction

Cell membranes are very complex biological assemblies composed
of a large variety of lipids, proteins and carbohydrates. Both
composition and structure vary largely between different cellu-
lar organelles and even between the inner and outer leaflets of
the cellular membranes.” With respect to the lipid components,
the evolution has led to a great chemical diversity of the major
lipid classes in mammals cells, including glycerophospholipids,
glycolipids and sterols, each of them promoting different
membrane structures and targets for interactions with bio-
molecules in the membrane environment. Glycolipids are
lipids with carbohydrate headgroups (Fig. 1) that typically
contain glucose (Glc) and galactose (Gal) residues with different
linkages and substitutions. The chemical properties of lipids
such as headgroup size and charge, hydrophobic chain length
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in ganglioside interactions with other biomolecules.

and degree of unsaturation affect lipid self-assembly” and may
have consequences for the function of integral membrane
proteins® and how peripheral membrane proteins interface
with the membrane surface.® The headgroup structure of
glycolipids enables strong inter-headgroup interactions,” which
can lead to the formation of clusters with in-plane dimensions
on the 10-100 nm length scale.® The formation of such clusters
may in turn be crucial for the interactions between the mem-
brane and macromolecules in the membrane surroundings.
As an example, glycolipid-containing membranes have pre-
viously been shown to interfere with the process of amyloid
formation for different amyloid-forming proteins.”®
Gangliosides are glycosphingolipids that contain sialic acid,
most commonly N-acetylneuraminic acid (NeuAc) in humans®
and ceramide (Cer) as their hydrophobic part. These types of
lipids are mainly located in the outer leaflet of the plasma
membrane and are particularly concentrated (up to 10 wt%) in
neurons,'® where they have been suggested to have important
roles in neuronal development and function,"* modulation of
cell-surface interactions and cell signalling."*™ Ganglio-
side GM3 is one of the simpler gangliosides, from which the
major brain gangliosides GM1, GD1a, GD1b and GT1b are
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Fig. 1 Chemical structures and carbon labels for (A) GM3 and (B) POPC lipid molecules.

biosynthesized."® The headgroup of GM3 is a three sugar-units
long oligosaccharide, including a negatively charged NeuAc
residue (Fig. 1). It is the major ganglioside type in mammalian
heart, skeletal muscle, kidney, liver and adipose tissue'*'® and
has been linked to insulin resistance,'” diabetes,'® cancer'® and
neuronal cell death.”

The composition of lipid membranes affects their self-
assembly behavior with implications for dynamics, structure
and lateral heterogeneity. Lipid membranes exhibit a range of
dynamics on different time scales,** such as librations, trans-
gauche isomerism and rotational and lateral diffusion. For
lipids like phosphatidylcholines the gradients in dynamic
properties along the molecular segments of the acyl chains
and the headgroup are relatively well characterized,®>*
whereas mixtures including gangliosides are far less investi-
gated. For a simple phosphatidylcholine bilayer, the choline
headgroup and the ends of the hydrophobic tails display much
faster dynamics than the parts of the molecules positioned at
the hydrophilic-hydrophobic interface.>® The presence of a
double bond in the hydrophobic tails has only a minor effect
on the rate of motions but rather decreases the C-H order
parameter |Scy|,””> which describes the amplitude of motions.
When the bilayer composition increases in complexity, one can
expect that the lipid dynamics at different positions of the
bilayer may be affected. Some characteristic properties of
glycolipids are related to the dynamics of the large and bulky
hydrophilic carbohydrate headgroup region, which is inflexible
due to a high energy barrier for conformational change of the
pyranose rings. These bulky and inflexible sugar headgroups
will thus likely influence the membrane dynamics in a different
way compared to small and flexible phosphocholine head-
groups, long and flexible synthetic polyethylene glycol (PEG)
lipids commonly used for pharmaceutical applications, or
lipids with a very small hydrophilic part like cholesterol.
Differences in lipid headgroups will also impact the lipid phase
behavior. As an example, different lipids with large hydrophilic
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headgroups may affect the phase behavior in different ways
depending on the chemical nature of the headgroup, where the
response in lipid phase behavior to temperature changes
appears much stronger for PEG-based lipids as compared to
glycolipids.>?® These observations could be related to differ-
ences in the dynamics of the large hydrophilic headgroups.

In this study, we raised the question of how lipid dynamics
are affected by the presence of a glycolipid. We chose a model
system composed of a common phospholipid, 1-palmitoyl-2-
oleoyl-phosphatidylcholine (POPC) in the presence and absence of
ganglioside GM3. These model systems are sufficiently complex to
display the expected dynamical properties, while being simple
enough for atomically resolved studies using molecular dynamics
(MD) simulations and NMR experiments.>’

We present an atomic-resolution description of the dynamics
and order in the POPC-GM3 bilayer based on solid-state NMR
experiments and all-atom MD simulations. Solid-state NMR
spectroscopy can directly measure |Scy| from dipolar splittings,”®
and dynamics in the form of relaxation constants. Separated
local field (SLF) is a class of NMR methods that allows for
the measurement of powder-pattern type dipolar splittings for
all chemical shift-resolved segments simultaneously in a
2D-experiment under magic-angle spinning (MAS), or without
MAS on oriented samples.”® Measurements of the set of *C R,
and R, , relaxation constants, which are sensitive to motions in
liquid crystalline lipid membranes on different time scales,
together with |Scy| can be expressed as an effective correlation
time, .. The value of 7. is appropriate for describing nano-
second dynamics in anisotropic lipid bilayers.>*"** The physical
interpretation of relaxation data is however not straightforward
and depends on the choice of a motional model, which may
lead to bias.*® To resolve the ambiguity surrounding relaxation
constants, NMR measurements can be combined with MD
simulations, which have a direct physical interpretation on
timescales probed by NMR R, and R;, measurements.’* The
C-H reorientation autocorrelation function g(z) can be directly
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calculated from the MD trajectory and be related with relaxa-
tion rate constants via the spectral density.*® Using the meth-
ods above, a quantitative and atomically-resolved picture of the
dynamics in a lipid membrane is obtained, which can be used
to investigate the effect of the presence of GM3.

The obtained MD trajectories and NMR observables were
analyzed in terms of 7., describing molecular segment reorien-
tation on timescales below microseconds. Fully hydrated POPC
bilayers display a gradient in 7. along the different lipid
segments, ranging from around 5 ns for the hydrophilic-
hydrophobic interface to 0.1 ns at the ends of the acyl chains
and the phosphocholine headgroup.?>*' Our results highlight
the different behaviors in the hydrophilic surface of the POPC
and POPC-GM3 bilayers, where the GM3 headgroup forms a
carbohydrate layer at the bilayer surface with effective correla-
tion times up to 100 ns in the sugar residues of the GM3
headgroup, which is 10 times slower than the slowest segments
in POPC. As the headgroups of glycolipids, such as ganglio-
sides, are the most exposed moieties on membrane surfaces,
their structural and dynamical behavior could be essential for
biological functions that takes place via membrane interactions
with other biomacromolecules.

Materials and methods

Materials and sample preparation

POPC and ganglioside GM3 were purchased from Avanti Polar
Lipids (Alabaster, AL). Chloroform and methanol were pur-
chased from Sigma-Aldrich. Homogeneous mixing of POPC
and GM3 was ensured by dissolving the freeze-dried powders
in chloroform:methanol 2 : 1. The solvent was gently evaporated
under a stream of N, and further dried at reduced pressure
overnight. Lamellar phases of lipids were prepared by adding
50% (wt/wt) water to the lipid films followed by equilibration
for 24 h before transferring the samples to 4 mm NMR rotors
with disposable inserts.

MD simulations

All-atom MD simulations were performed for a pure POPC
bilayer and a bilayer containing 30 mol% GM3, with 64 water
molecules per lipid. The CHARMM36°° force field was used
with TIP3P?7*® water. The initial bilayers were constructed with
the CHARMM-GUI Membrane Builder®® and the simulations
were performed using the GROMACS package (version 2021).*°
Following equilibration, production runs were performed for a
duration of 1 ps with a time step of 2 fs and saved every 100 ps
in the NPT ensemble, maintaining 303 K temperature with the
Nose-Hoover thermostat**> and 1 bar pressure with the
Parrinello-Rahman barostat.*® Further simulations were done
for a minimum of 1 ns where frames were saved more fre-
quently, down to the limit of 2 fs, and used in the calculation of
correlation functions. Correlation functions from the different
trajectories were plotted together and cropped when necessary
to obtain continuous data in Fig. 2(B). Further details of the
simulations are presented in the ESL.{ Snapshots with motion
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blur in Fig. 2(A) and Fig. S5 (ESIt) were produced using the
POV-Ray software** from the average of 500 snapshots calcu-
lated in Matlab®® using equally spaced times between ¢ = 0 and
the exposure time (0 ps, 50 ps, 0.5 ns or 5 ns).

The autocorrelation function g{(t) is expressed as the time-
averaged reorientation of the C-H bond unitary vector p at the
time ¢ for a given correlation time t

g(t) = (Pa(n(1) - n(r + 7)), (1)

where P, is the second-order Legendre polynomial. The C-H
order parameter Scy is defined as

1
Sch = §<3 cos’ 0 — 1), (2)

where 0 is the angle between the C-H bond and the bilayer
normal. Calculation of Scy was done using code from the
NMRIipids project.”*™*® The autocorrelation function for fast
internal motions can be written as***"

(o) = (1= 52, :Cpm) exp(—t/w)de + 20, (3)

where the probability distribution p(z¢) of fast motions ¢ can be
estimated by an inverse Laplace transformation procedure.*®
MD simulations enable direct computation of g¢(tr) using the
“rotacf” function in Gromacs, which then allows the calcula-
tion of 7, from

00 00 ) — S2
Te = J p(ze)tedee = J gfl()jwdr. (4)
0 0 — OCH

The R, and R,, relaxation rates are calculated from g(r)
obtained in MD simulations via the reduced spectral density,
which is the Fourier transform of eqn (1) and can be written as

M

J(@) = (1= 824) Y piK (0, 7ci) + SeuK (,0), (5)
i=1

where the values of p; and 1.; come from the inverse Laplace
transformation procedure described above and where the func-
tion K is a sum of Lorentzians that depend on the MAS
frequency and the correlation time for slow motions t..*° The
R; and R, relaxation rates are then calculated from linear
combinations of j(w) as®

d2 N,
R = Cg—o“[.ﬂwﬁ —wc) + 3j(oc) + 6j(oc +on)]  (6)
and
d2 N,
Rip = " gi(00)) + j(on — oc) + 3i(oc) + 6i(on)

40
+ 6]((,0(: + wH)L

where dcy is the C-H dipolar coupling constant which is
approximately —22 kHz for a methylene C-H bond,*" Ny is
the number of bound 'H and wc, wy and w, are the angular
Larmor frequencies of >C, 'H and the frequency of the spin-
lock pulse respectively.

This journal is © the Owner Societies 2022
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NMR spectroscopy

The measurements were performed using a Bruker Avance
NEO-500 NMR spectrometer operating at a “*C frequency of
125 MHz equipped with a standard bore E-free CP-MAS 4 mm
(**c/*'P/*H) probe. All experiments used a MAS frequency of
5 kHz at a temperature of 303 K. Measurements with INEPT>” or
CP*>® for "H-">C polarization transfer used the following set-
tings: refocused INEPT with 7; and 1, of 1.79 ms and 1.20 ms
respectively, CP contact time equal to 1000 ps, radiofrequency
pulses set to give the nutation frequencies 81 kHz (**C and 'H
90° and 180° pulses) and 68 kHz SPINAL64°* decoupling of
protons. >C dimensions were sampled using a spectral width
of 250 ppm during an acquisition time of 100 ms and a 2 s
recycle delay.

In 'H-"?C heteronuclear chemical shift correlation
(HETCOR)*® and R-PDLF experiments, the indirect dimension
was sampled with ¢; increments of 200 pus and 400 ps in 128
or 32 steps respectively. The R-PDLF technique’® is used to
measure high-resolution dipolar splittings for unoriented
liquid crystals under MAS via recoupling of heteronuclear
"H-"3C dipolar couplings at natural isotopic abundance. The
R-PDLF R18] recoupling pulses were set to a nutation frequency
of 45 kHz. The *C R, values were measured with polarization
transfer by INEPT or CP, followed by a 90° pulse applied to
the resulting '*C transverse magnetization, a waiting time ¢
defining the indirect dimension and a subsequent 90° pulse
prior to acquisition. A phase cycling scheme for the sequence
was used as described by Torchia.’” The "*C R,, values were
measured by performing a sequence with a subsequent spin
lock of the "*C magnetization at spin lock frequencies of 24.0,
28.8, 33.6, 38.4, 43.2 and 48.0 kHz. 8 points were used for the
indirect dimension of R; experiments from 0.1 to 2 s with
logarithmic spacing, while for R;, measurements, 8 points were
used from 0.1 to 100 ms with linear spacing.

The "*C dimensions were processed with a line broadening
of 10 Hz, zero-filling from 6250 to 16384 time-domain points,
Fourier transform and phase- and baseline corrected with an
in-house Matlab®® script, partly derived from MatNMR.>® In the
dipolar dimension of R-PDLF experiments a sine-square apo-
dization and zero filling were applied to the time-domain signal
before the final Fourier transform. The values of |Scy| were
determined directly from the dipolar splittings using the rela-
tion

AR-PDLF
Sch| = ——7—— 8
ISenl = 5 3T5d0m (®)

where ALXPPLF s the dipolar splitting in the R-PDLF spectrum

and dcgy is the C-H dipolar coupling constant defined above.
The values of |Scy| obtained from fitting the R-PDLF time-
domain signal used the equation®

[Fo(x) co8 Orec + Fs(x) 8in Oec

S(Oree) ~ So . : ©)

with S, as the initial signal and the angle 0,ec = |AvRFPLF |7,

The approximation sign originates from a truncation of the
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infinite sum interpretation of the powder pattern signal inte-

gral while ignoring weak heteronuclear contributions. The
functions F.(x), Fy(x) are the corresponding Fresnel equations

F.(x) = Ecos (ny;) dy

2
Fy(x) = [, sin (n}?) dy,

(10)
and
(11)

with the parameter x = (20.../n)">. The fitting includes a
phenomenological description of the effects of "H-'"H homo-
nuclear and chemical shift anisotropy (CSA) cross terms by

f(tl) = k + (1 - k)S(erec)eialtly

with & and a; as R-PDLF fitting parameters, along with
|AVPPEE| D) @, So, Ry, and Ry, as detailed in the following
section. The value of |Scy| is then obtained from the dipolar
splitting in the definition of 6. The direct dimension ¢,
(INEPT and CP), R-PDLF, R, and R,, relaxation signals were
fitted with S(w,) using manually assigned chemical shifts as an
initial condition with

(12)

7
S(wr) = Soy—————, (13)
72+ (02 — o)
while the R; and R, , values where fitted with exponential decays
in the indirect dimension ¢, using the equation®"

S(ts) = Soe~ P,

(14)

with 9, o, So, Ri, Rip as the Lorentzian linewidth, center
frequency, signal amplitude and relaxation constants respectively.
Data from all spin lock frequencies was analyzed simultaneously
assuming a single value of R,,. For peaks including contributions
from multiple "*C atoms with similar chemical shifts, the obtained
values of R; and R,, represent INEPT and CP intensity-weighted
averages of the values for the individual atoms.

With the modest assumption that g(t) can be separated into
fast g¢(r) and slow gy(r) motion regimes for frequencies w/2n >
1 MHz and w/2n < 100 kHz, respectively, it is possible to
express an effective correlation time 7, which can be estimated
from experimental measurements of Ry, Ry, Sep as”>"

SRy, —3.82R
4nd2gN (1 — Sty)

Te

(15)

Results
MD simulations

To investigate the effect of ganglioside GM3 on the structure
and dynamics of a POPC bilayer, we performed all-atom
MD simulations for POPC with and without 30 mol% GM3
using the CHARMM36 force field and the TIP3P water model.
Snapshots for the two systems are shown in Fig. 2(A), where the
GM3 headgroup sugars form an additional layer at the hydro-
philic surface that extends into the water. We calculated the
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Fig. 2 MD simulations of POPC in the absence and presence of 30 mol% GM3 at 303 K. (A) MD simulation snapshots of POPC and POPC with 30 mol%
GM3 at varying expoure times (motion blur), illustrating the timescale of segmental motions. The colors identify different molecular segments: blue
(water), red (headgroups) and yellow (hydrophobic tails). White labels and arrows annotate water, the POPC headgroup, the central acyl chain carbons
and terminal methyl groups on the acyl chains. The view scale for all snapshots is the same and the length of the white scale bar represents 1 nm. The field
of view is 1.1 times the box sizes in the x and y directions and 0.7 in the z-direction. Periodic boundry conditions were applied in all directions.
(B) Autocorrelation functions g(z) for selected C—H bonds of a 30 mol% GM3 bilayer calculated with egn (1). Cyan lines show segments of POPC in the
absence of GM3. For lipid bilayers, g(z) typically decays to a plateau value equal to the square of the order parameter |Scy| due to anisotropic molecular
motions at time scales below ms. The black lines are fits to eqn (3) and the dotted points at the end of each g(z) correspond to |Scy| calculated
with egn (2).

head-to-head (Dyy), hydrophobic (Dc) and bilayer thickness
(Dg) from the electron densities and volume probabilities
(Fig. S1-S4, ESIf). All the distances increase when GM3 is
present in the bilayer (Table 1).

The vectors defined by the I1-14, II1-1I14 and III2-1II5
carbons in the Glc, Gal and NeuAc residues (Fig. 1) of the
ganglioside molecules report on the overall orientation of the
respective residues. In the simulations the I1-14 and II1-114
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Table1l Head-to-head (Dyn), hydrophobic (D¢) and bilayer thickness (Dg)
calculated from the electron densities and volume probabilities in Fig. S1-
S4, ESI. The two values for Dy correspond to the two maxima in the total
density for the POPC-GM3 bilayer (Fig. S2, ESI)

Lipid system Dyy (nm) D¢ (nm) Dg (nm)
POPC 3.91 2.65 3.90
POPC with 30 mol% GM3 5.68, 4.24 2.85 4.62

vectors are orientated parallel to the bilayer normal while the
11121115 vector is often tilted. Fig. 2(A) illustrates the timescales
of segmental motions in the bilayers by “motion blur” pictures
obtained by averaging hundreds of simulation snapshots over
increasingly longer time intervals. While all molecules appear
sharp at an exposure time of 0 ns, corresponding to a conven-
tional snapshot, motions that are fast on the scale of the
exposure time will introduce blurring of the involved segments
due to averaging of the atomic positions. Fig. 2(A) shows that
the estimated order-of-magnitude hierarchy of timescales
for different segments is as follows, from fast to slow; water
(<50 ps), terminal methyl groups and phosphocholine (<0.5 ns)
and hydrophobic tails (<5 ns). The motions of the GM3 head-
groups are still slow compared to the rest of the bilayer on these
time scales. The blurring in Fig. 2(A) is caused by translational
motion, which is most strongly coupled to the rotational motion
that we quantify at short time scales. More side- and top view
images at additional exposure times are available in Fig. S5 in
the ESL{ The full motion pictures are available for the POPC
bilayer (M1 and M2) and POPC with GM3 bilayer (M3 and M4) in
the ESL{

The reorientational autocorrelation function g(zr) and the
order parameter |Scy| for each C-H bond vector was calculated
from the MD trajectory using eqn (1) and (2), respectively. Fast
internal motions normally causes decay of g(tr) on the ps-ns
time scale and approaches a plateau value of Szy related to
anisotropic reorientation. The dynamical hierarchy illustrated
by the snapshots in Fig. 2(A) is expressed quantitatively using
g(r) and |Scy| in Fig. 2(B) for selected segments of GM3 and
POPC. The plots of g(z) show a gradient in dynamics and order
throughout the molecules, where faster reorientation corre-
sponds to more rapidly decaying g(r) and shorter effective
correlation time t.. The value of 7. described by eqn (4) is
defined as the area under g(7) scaled by (1 — Sgu) ',> and
roughly corresponds to the exposure time at the sharp-blur
transition in Fig. 2(A).

The most rapidly decaying g(t) is from the terminal methyl
groups (18, 16’, R18 and R16’) on the hydrophobic tails (0.1 ns),
followed by the y groups in the POPC headgroup (1 ns). The
order of these segments is low, with |Scy| close to zero because
of methyl group rotation. Compared to the other methyl
groups, g(t) for the N-acetyl methyl moiety (III11) in the GM3
headgroup decays in an additional distinct step related to the
rotation barrier associated with the amide bond, where the first
step is from unrestricted methyl group rotation. Carbon atoms
representative of the hydrophobic tails (10’, R9’) have more
slowly decaying g(t) (10 ns), which is mainly associated with

This journal is © the Owner Societies 2022
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trans-gauche isomerization but also whole-molecule rotational
diffusion and wobble.®®®" The value |Scu| =~ 0.2 for the
hydrophobic tails is greater than for the methyl groups. There
is a pronounced gradient in |Scy| which increases towards the
hydrophilic-hydrophobic interface where the headgroup is
anchored,?” limiting the amplitude of motions. The segments
in the hydrophilic-hydrophobic interface of POPC have slower
dynamics than the tail region, with g(t) for the g2 carbon
extending into 100 ns due to the inflexibility of the interface
region.

The GM3 headgroup stands out with exceptionally slow
dynamics and high order compared to the rest of GM3 and
POPC; g(t) for segments in the Gal and Glc residues and the
interface region of GM3 (III5, II3, I3 and R2) do not plateau
on the time scale of the simulation analysis (ca. 500 ns of
the 1000 ns trajectory) and give |Scy| up to around 0.35. The
internal dynamics in the GM3 headgroup should be slow
considering high energy barriers for conversion between
different conformations of the pyranose rings. The I1-14 and
I11-114 vectors of the Glc and Gal residues are oriented approxi-
mately parallel to the bilayer normal, which leads to high |Scy|
for the equatorial C-H bonds because |Scy| has a local maxi-
mum at an angle of 90° as described by eqn (2). A gradient in
dynamics exists for the GM3 headgroup that is similar but
smaller than the corresponding gradient along the hydrophobic
region, where the sugar residue closest to the hydrophobic-
hydrophilic interface region is slowest (Fig. 2(B), GM3 oligo-
saccharide panel). Comparing the simulated bilayers with and
without GM3 (cyan lines in Fig. 2(B)) shows that the presence of
GM3 leads to a slower decay rate of g(r) for segments in the
headgroup (B) and interface region (g2) of POPC. Other segments
of POPC, like the hydrophobic tails and methyl groups, are less
affected but are also slightly slowed down. The presence of GM3
also causes small increases of |Scy| for the interface region and
hydrophobic tails.

Chemical shift assignments

Fig. 3(A) and (B) shows the assigned chemical shifts of GM3
and POPC from 1D '*C and 2D 'H-'?C spectra with CP and
INEPT for polarization transfer. All carbons from POPC are
resolved except for the CH, carbons of the hydrophobic tails in
the crowded 30 ppm region. The following descriptions use the
labels shown in Fig. 1 for GM3 carbon atoms. GM3 peaks that
are well-resolved in 1D spectra are: III8, 16, III5, 1113, R2’ and
II111. Several more peaks that overlap in 1D spectra are resolved
in the HETCOR spectrum: R1, 12, III6, 1117, 113, II5, 13, I5, 114
and II6. GM3 peaks that remain unresolved are: R3 overlapping
with R6, I1 with II1 and III4 with III7/114. Peaks from the
hydrophobic tails of GM3 overlap with those from similar
carbons on POPC. In the presence of 30 mol% GM3, the
crowded CH, 30 ppm region extends towards higher chemical
shift values because of a higher fraction of all-trans confor-
mations,® also suggested by the increased |Scy| in Fig. 2(B).
More detailed assignments of this region are shown in Fig. S6,
ESI.{ Peaks from carbons in the GM3 headgroup and interface
are distributed across the spectrum except for some carbons
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Fig. 3 13C MAS NMR spectra of a fully hydrated lamellar phase of POPC in the presence of 30 mol% GM3, recorded at 303 K, a *3C Larmor
frequency of 125 MHz, 5 kHz MAS and 68 kHz SPINAL64 *H-decoupling during *C acquisition. All experiments were done using both INEPT (red)
and CP (blue) for *H-13C polarisation transfer. (A) 1D CP and INEPT *3C spectra with POPC peak assignments from Ferreira et al.®* (B) 2D *H-3C
HETCOR?®® spectra with chemical shift correlations used for GM3 peak assignments together with reported values from Sillerud et al.®* (C) 2D
IH-13C R-PDLF?® spectra, where the CP data is an overlay of two separate measurements with 2.5 and 7.5 kHz spectral width in the dipolar
dimension. The experimental C—H order parameters are proportional to the splittings in the dipolar dimension according to eqn (8). The label n.a.

means “not assigned”.

belonging to the pyranose rings, which are concentrated in the
68-79 ppm region. The III1, III2 and II10 carbons are not
connected to a proton, which cuts off signal enhancement by
INEPT or short CP. Not all peaks in Fig. 3(A)-(C) could be
assigned to POPC or GM3; there are peaks of unknown origin at
71.8, 70, 68, 60.2, 34 (side of 2,2’ peak) and 33 ppm with
amplitudes similar to the smallest GM3 peaks. Because of the
similarities in chemical shift and dipolar splitting between the
peaks assigned to GM3 and the unidentified ones, it is possible
that the latter stem from chemically modified or isomerized
forms of GM3.

Measurements of dipolar coupling

To investigate how GM3 affects the structure of a POPC
membrane, we determined |Scy| experimentally with R-PDLF
NMR spectroscopy. These data can be directly compared with
|Sc| calculated from bond orientations relative to the bilayer

25594 | Phys. Chem. Chem. Phys., 2022, 24, 25588-25601

normal in the MD trajectory. The 2D R-PDLF spectrum of POPC
with 30 mol% GMS3 is shown in Fig. 3(C). The peak splittings in
the dipolar dimension are directly proportional to |Scy| on
the time scale of <10 ps described by eqn (8) and decrease
in magnitude with the amplitude of anisotropic motions
according to eqn (2). Several well-resolved dipolar splittings
are shown for POPC and GM3 segments in Fig. 3(C), except for
the phosphocholine methyl groups, which can reorient isotro-
pically. While not immediately apparent in Fig. 3(C), the
terminal methyl groups on the hydrophobic tails yield a finite
splitting of 0.027 kHz as deduced from the dipolar modulation
minimum that is observable in the indirect time domain of the
R-PDLF experiment (Fig. S7, ESI{). The N-acetyl methyl group
(II111) in the GM3 headgroup, however, shows a distinct splitting
of around 0.50 kHz. Protruding groups like o and § on POPC
and III7-1119 on GM3 are relatively unrestricted by neighboring
molecules and have splittings in the range 0.15-0.40 kHz.
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The dipolar dimension of the R-PDLF experiments in Fig. 3(C)
provides additional resolution of carbons in the hydrophobic tails
compared to the 1D and HETCOR experiments in Fig. 3(A) and (B).
These give splittings in the range of 0.60-1.6 kHz, in a gradient
of order that decreases from the hydrophobic-hydrophilic inter-
face region towards the terminal methyl groups in the hydro-
phobic tails. The hydrophilic-hydrophobic interface region in
both lipids has high order and gives splittings up to 1.4 kHz for
the glycerol part in POPC and 1.7 kHz in the Cer-Glc interface of
GM3. While the values for the NeuAc residue of the GM3 head-
group are relatively small (0.1-0.3 kHz), the Gal and Glc residues
give large splittings of up to 1.9 kHz caused by ordering of ring
C-H bonds perpendicular to the bilayer normal and low ampli-
tudes of motion in the rigid pyranose rings. Comparing the
values with and without GM3 (Fig. S8, ESIt) reveals that the
presence of GM3 leads to changes in splittings for some seg-
ments in POPC on the order of 0.15 kHz. Increased splittings are
observed in the middle of the hydrophobic tails, while decreased
values are observed for the g1 and g3 segments in the POPC
glycerol region.

Molecular profiles of [Scul|, e, Ry and Ry,

The values of 7. calculated from MD using eqn (4) and NMR
using eqn (15) are shown in Fig. 4-6 together with values of
|Scul, Rip and R; for the headgroup and glycerol segments,

View Article Online
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ceramide and POPC tails respectively. All values are available in
Tables S2-S5 in the ESLt The 7. profiles from MD and NMR
produce consistent patterns that show the expected dynamics
gradient going from fast (methyl groups, phosphocholine) to
intermediate (hydrophobic tails) to slow (interface region),
where the presence of 30 mol% GM3 introduces a new region
with slow dynamics (GM3 interface-headgroup). The effect of
GM3 to decrease POPC dynamics is also consistent between
experiments and simulation, while this is less clear for the
hydrophobic tail from NMR because of spectral overlap in the
30 ppm region. In contrast to conventional R; measurements,
changes in the quantity ., obtained by combining Ry, R, and
|Scu| according to eqn (15) always represent slowdown or
acceleration of C-H bond reorientation in lipid bilayers when
the following assumptions are met:** (i) g(t) decays to the value
of. SZy in less than 1 ps, (ii) slow isotropic motions related to
diffusion between bilayers with different orientations do not
affect the spectral density on time scales below ps, (iii) R, and
R,, measurements are carried out using B, fields above 1 MHz
and spin lock frequencies between 10-100 kHz, respectively.
The pyranose ring C-H bonds in the GM3 headgroup (Fig. 4)
have 7. in the range 20-100 ns (MD) and 2-15 ns (NMR). The
hydroxymethyl groups that extend from the rings rotate about
a single bond (e.g., 15-16), analogous to terminal methyl groups,
which gives a lower 7. of 15-20 ns in the simulations.
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Fig. 4 Experimental NMR and simulated MD molecular profiles of order parameters |Scnl. effective correlation times . and R1, and Ry relaxation rates
for the GM3 NeuAc, Gal and Glc carbons and the POPC choline and glycerol carbons in a fully hydrated lamellar phase of POPC with and without
30 mol% GM3 at 303 K. In the frequency-domain analysis, Av®""PF was manually measured in the 2D spectrum, while the fitted values were obtained via
eqn (9). All experiments were performed using both INEPT and CP for *H-3C polarisation transfer. The panels show the values of |Scy| calculated with
eqgn (2) and (8), 7. calculated with egn (4) and (15) and measured values of the *C R; and Ry, relaxation rates for the respective POPC and GM3 carbons.
Values of Ry and Ry, were calculated from MD simulations with eqn (6) and (7).
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Fig. 5 Experimental NMR and simulated MD molecular profiles of order parameters |Scyl, effective correlation times t. and Ri1p and Ry relaxation rates
for the ceramide carbons in a fully hydrated lamellar phase of POPC with 30 mol% GM3 at 303 K. All the values correspond to carbons in the ceramide
chains of GM3. See Fig. 4 caption for details. The arrows annotate carbons that were assigned the same values because their signals could not be

individually resolved in the NMR experiments.

This detailed information is more difficult to extract from the
NMR results because of the larger uncertainty in the individual
7. values for the GM3 headgroup. However these CH, segments
(I6, 116) have the shortest 7. of the respective sugar residue
which means that they reorient faster than the C-H bonds fixed
to the pyranose rings. However, the 16 and II6 carbons suffer
from poor resolution in the 1D spectrum, which complicates
the interpretation of 7.. The segments at the interface of Cer
and the GM3 headgroup (Fig. 5) have long t. values around
40 ns in the simulations and some of the longest 7. values of
around 10 ns in the NMR results.

The carbons in the central part of the ceramide tails (Fig. 5)
have 7. of approximately 0.3-7 ns (MD) and 0.5-3 ns (NMR),
illustrating the gradient in order and dynamics from the end of
the hydrophobic tails near the terminal methyl group (small
|Scrl, fast dynamics) to the interface with the hydrophilic
headgroups (high |Scu|, slow dynamics). The corresponding
values for the POPC palmitoyl and oleyl chains (Fig. 6) are
0.2-1 ns. The central carbons in the tails have no experimental
points due to low 1D resolution in the 30 ppm region, which
prevents extraction of atom-specific information from the pseudo-
2D relaxation measurements. The interface region of GM3 has 7. of
30-40 ns (MD) and 1.5-10 ns (NMR), while for POPC the value of .
for this region is 2-5 ns (MD) and 2-4 ns (NMR) in our results at
303 K. This can be compared with 2-3 ns and 1.5-3 ns reported for
glycerol segments in POPC bilayers without GM3 at a lower
temperature of 298 K,***" which in general leads to longer t..

25596 | Phys. Chem. Chem. Phys., 2022, 24, 25588-25601

The methyl segments follow a trend in the MD-values of t.:
hydrophobic tails (0.02 ns) < phosphocholine (0.2 ns) <
N-acetyl moiety on GM3 (10 ns). The NMR values of 7, for these
segments are close to 0.1 ns for both the tails and phospho-
choline and not determined for the N-acetyl group because of
overlap with the peak from the 17, 15’, R17 and R15’ carbons.
Values of 7. for the terminal methyl groups in the tails and
phosphocholine segments have been reported as close to zero
and 0.1 ns respectively from previous NMR experiments.*®*"
The lower detection limit of 7. is determined by the need to
avoid excessive heating from radio-frequency irradiation, which
gives a maximum spin lock duration of around 100 ms corres-
ponding to 7. = 0.1 ns.

While the GM3 headgroup-interface region forms an
extended headgroup layer with exceptionally slow dynamics
and high order, we also observe an effect on POPC in the bilayer
in the presence of GM3. When POPC is in the presence of
30 mol% GM3, the hydrophobic tails have increased 7. and
|Scu| values from MD simulations and increased dipolar split-
tings from NMR (Fig. S8, ESIf). The MD t. values for these
segments are then increased by up to a factor of two. More
specifically, the MD values of 7. are increased in the glycerol
(2 ns to 5-10 ns), a-, B- (0.3 ns to 2 ns) and y-segments (0.07 ns
to 0.15 ns). The NMR results for these segments confirm an
increase in the headgroup-interface . values, but the effect is
smaller than indicated by MD. This increase in 7. values
suggests that the presence of GM3 decreases the rate of POPC

This journal is © the Owner Societies 2022
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Fig. 6 Experimental NMR and simulated MD molecular profiles of order parameters |Scyl, effective correlation times 7. and Ry, and R, relaxation rates
for the POPC acyl chain carbons in a fully hydrated lamellar phase of POPC with and without 30 mol% GM3 at 303 K. All the values correspond to carbons
in the palmitoyl and oleyl chains of POPC. See Fig. 4 caption for details. The arrows annotate carbons that were assigned the same values because their

signals could not be individually resolved in the NMR experiments.

headgroup axial rotation and tumbling that occurs on the time
scale of several ns.

Discussion
The extended GM3 headgroup layer

Our combined experimental and MD simulation results show
that there exists a distinct hierarchy of molecular motions on
the ps-ns time scale in the POPC-GM3 bilayer. The GM3
oligosaccharide groups form an extended headgroup layer
structure, which is reflected in the head-to-head distance
(Dgpr) that increases from 3.91 nm without GM3 to 5.68 nm
for the furthest maxima in the total density with GM3 (Table 1
and Fig. S2, ESIT). The GM3 headgroup segments have high
order parameters with |Scy| = <0.35 and long effective correla-
tion times 7. up to 100 ns, compared to POPC. Our results show
that the dynamics in the GM3 headgroup is slower than for
other lipid segments, including the POPC headgroup. The
hydrophilic layer of the membrane is also extended (protrudes
further into the bulk water) in the presence of GM3. Together
these two effects can give a membrane containing GM3 or other
gangliosides profoundly different properties compared with
other membranes, which can in turn affect interactions with
other macromolecules.

The extended headgroup layer observed in MD simulations
includes the GM3 Gal and NeuAc residues, whereas the Glc

This journal is © the Owner Societies 2022

residue is approximately level with the phosphocholine on
POPC. The values of |Scy| are high for Gal where the C-H
bonds are oriented approximately perpendicular to the bilayer
normal, while NeuAc gives smaller values due to a tilted
orientation of the III2-III5 vector relative to the bilayer normal.
The bilayer properties at the hydrophilic-hydrophobic interface
will be significantly affected by changing the lipid composition
and by an increased thickness of the hydrophilic layer when
GM3 is present, which may promote interactions with peri-
pheral proteins. The presence of bulky GM3 headgroups may
also limit the access to hydrophobic parts of the membrane,
which can affect proteins with exposed hydrophobic patches.
From Fig. 2(A) it is inferred that the Gal and NeuAc are more
accessible to water molecules than Glc, which is the closest
GM3 headgroup residue to the hydrophilic-hydrophobic inter-
face of the bilayer. The time-dependent position of the GM3
headgroup relative to the bilayer surface in a DMPC:GM3 47: 1
bilayer has previously been investigated using all-atom MD
simulations using the GLYCAMO06% force field and validated
with *J-coupling constants and NOE distances from NMR
together with crystallographic data.>” It was shown that the
Lee-Richards molecular surface®® is around 25% for Glc, 75%
for Gal and close to 100% for NeuAc, where solvent exposure of
residues increases with distance from the bilayer. In the same
study it was also found that the glycosidic torsion angle for
Gal-Gle pair is smaller than for the NeuAc-Gal pair. This is
consistent with the values of |Scu| we obtained, which are
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smaller for NeuAc. The |Scy| values in this report are directly
related to the angle of C-H bonds relative to the bilayer normal
and are complementary to values of J-coupling and NOE that
give information on dihedral torsion angles and internuclear
distances, respectively.

The present data can be compared to previous studies of the
properties of the headgroup layer in ganglioside containing
bilayers. The position and orientation relative to the membrane
surface of ganglioside GM1 in DMPC bicelles has previously
been investigated using NMR paramagnetic relaxation enhance-
ment (PRE) together with all-atom MD simulations.®” In these
systems, GM1 showed similar behavior with respect to solvent
exposure as what is here shown for GM3 in Fig. 2 and in both
cases the residues closest to the membrane surface are shielded
from the solvent by phosphocholine groups. It is here impor-
tant to point out that the headgroup of GM1 is branched and
contains two more sugar residues than GM3. Because of aver-
aging of the molecular positions on the time scale of an NMR
experiment, the variance in calculated PREs using an ensemble
of GM1 structures also showed that there is a large conforma-
tional heterogeneity in the glycosidic linkages of the terminal
Gal and NeuAc residues of the GM1 headgroup. This effect
coincides with the small values of |Scy| for the terminal NeuAc
residue of our system in Fig. 4, which shows that the amplitude
of C-H reorientations is relatively large for these segments.

Slow dynamics in the GM3 headgroup

We observed the following hierarchy of motional rates in the
POPC-GM3 bilayer on the 7. scale: methyl groups and phos-
phocholine < hydrophobic tails < POPC hydrophilic-hydro-
phobic interface < GM3 headgroup and interface. Values of 7
were especially large for the GM3 headgroup and hydrophilic-
hydrophobic interface regions compared to the rest of the
bilayer. While there are no other reported 7. values for ganglio-
sides in the literature, studies on the branched, six-residue long
and doubly negatively charged GD1a in detergent (dodecylpho-
sphocholine, DPC) micelles showed that the corresponding
R, values for the headgroup are similar to our results (approxi-
mately 2 s~' on average throughout the headgroup in both
cases) while R, values are up to five-fold smaller (compare
8.9 s~ ' to our result 10-50 s ').°® The latter discrepancy is
explained by the fast tumbling time (5 ns) of the DPC micelles,
whereas the time scale of motions that contribute to isotropic
reorientation are many orders of magnitude longer for the
bilayers in our experiments.

We observed a longer 7. and greater R,,, values for almost
all POPC segments in the presence of 30 mol% GM3 in the
bilayer as compared to the bilayer composed of only POPC.
From the MD simulations it is inferred that the effects of GM3
are strongest for the hydrophilic-hydrophobic interface region.
This can be compared to the effects of other additives on
phosphocholine molecular dynamics. It has been shown that
addition of cholesterol to a POPC bilayer leads to a rough
doubling of R,,values for segments in the interface and
hydrophobic tails region of POPC, which was interpreted as a
slowdown of the whole-lipid rotational diffusion rather than of
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the internal motions.*® Interestingly the POPC headgroup dynamics
observed by Antila et al. was unaffected by the addition of
cholesterol, which indicated that the dynamics of the phospho-
choline is decoupled from the main body of the lipid. In our
experiments, the POPC headgroup is affected on a similar scale
as other segments in the presence of the large GM3 headgroup.
It is finally noted that the present results for the phosphocholine
headgroups in the bilayer composed of only POPC are consistent
with previous reports for similar systems.**'

Ordering of GM3 headgroups and implications for lateral
heterogeneity in bilayers

The orientation and interactions between the GM3 headgroups
at the bilayer interface can strongly impact the overall lipid
organization in the bilayer. Gangliosides have been reported
to distribute heterogeneously in a POPC membrane,*® which
may be driven by favorable ganglioside-ganglioside headgroup
interactions.”® Early MD simulations of an all-atom GM3
bilayer using a force field derived from GROMOS87”" was
validated using wide-angle X-ray experiments and showed that,
as opposed to phosphocholines, there is a strong headgroup-
headgroup correlation on the scale of 0.4 nm for GM3 that
depends on the branched nature and asphericity of the sugar
rings.”” No clear correlations on such a scale are visible in our
simulation snapshots in Fig. 2(A).

More recently, it was shown from all-atom MD simulations
that in a POPC membrane GM3 may form clusters that are
more ordered and larger than in the corresponding membrane
with GM1.”° In these simulations GM3 lipids are packed tightly
and almost parallel to each other, where the headgroups adopt
planar structures with extensive hydrogen bonding between
neighboring molecules. This tight packing of the headgroups
and the parallel orientations of the Gal and Glc residues are
consistent with our experimental |Scy| values, that are highest
in the headgroup Gal-Glc residues and interface regions of
GM3. This means that the I1-14 and II1-I14 vectors in the GM3
headgroup are oriented parallel to the bilayer normal and that
the amplitudes of C-H reorientations are small. In analogy with
the mechanism for cellulose insolubility in water,”* stacking of
carbohydrate groups in adjacent molecules may be driven by
hydrophobic interactions between the faces of the pyranose
ring planes.”* However, our high |Scy| values are observed in
the absence of tight packing or clusters in the MD simulations,
which indicates that the high order is rather related to the
conformational rigidity of the pyranose rings.

Quantitative comparisons between the MD and NMR results

MD simulations and NMR spectroscopy are synergistic methods
since they both, in principle, offer atomic resolution information
on the lipid molecular dynamics. It is possible to directly calculate
and compare |Scy| and 7. from the MD trajectory (via the
correlation function and spectral density) with values obtained
from NMR measurements on lipid bilayers. The CHARMM36
force field with TIP3P water can reproduce 7. values within
experimental uncertainty for a POPC bilayer and capture the
qualitative changes when cholesterol is present in the bilayer.*
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In those simulations, 7. values are often underestimated for the
hydrophobic tails while overestimated for the hydrophobic-
hydrophilic interface.

From the comparisons in Fig. 4-6 we conclude an overall
good agreement between the MD and NMR data, but that there
are also some clear discrepancies. In line with the previous
observations, |Scu| was overestimated for almost all segments
of GM3 and POPC while 7. values were overestimated for the
GM3 headgroup and interface segments. Overestimation of
|Sciz| has been discussed in terms of incorrect dihedral angle
parameters in the MD model or lateral heterogeneity in the
bilayer.®®> MD simulations are carried out with a small periodic
set of molecules on a short time scale compared to NMR
experiments. As such, it is difficult to capture the influence
of slow motions that are responsible for the behavior of g(r)
beyond the initial fast decay due to rotational diffusion of
single molecules and bonds. A relatively small MD system
compared to an experimental sample can also have problems
with capturing the effect of collective or concerted motions
about several bonds or different/neighboring chains. The para-
meterization of the force field can also be tuned to reduce the
mismatch between experiment and simulation to reproduce
experimental results more accurately.

When peaks overlap in the NMR spectra, atomic resolution
is lost and direct comparison with MD results becomes diffi-
cult; the low resolution of the 30 ppm region with signals from
the hydrophobic tails (Fig. 3) led to missing 7. values for these
segments in Fig. 4-6. From peak overlap in the 1D spectrum
some peaks will have less reliable relaxation values, for example
the I1 and II1 segments of the GM3 headgroup. In the case of
complete overlap only an average can be measured, while for
partial overlap deconvolution can be attempted. The good
qualitative agreement between our MD and NMR results allows
the use of the simulation data to interpret the gaps in the
experimental results. The MD results for multiple atoms with
the same chemical shift could also be combined for a more
direct comparison with NMR results. This approach would
however also require estimation of the CP and INEPT efficiency.

Conclusions

The atomic-resolution behavior of specific lipids like ganglio-
sides in lipid membranes are useful for understanding their
effects on the physical properties of the membrane and how
they may modulate membrane interactions with other bio-
molecules. Our all-atom MD simulation results on a POPC
bilayer with and without 30 mol% ganglioside GM3 are com-
pared to experimental NMR results that include measurements
of residual dipolar couplings, R; and R, relaxation rates in
terms of molecular profiles of C-H order parameters |Scy| and
effective correlation times t.. The results can be summarized in
two main observations:

() The most prominent feature of the GM3-POPC bilayer
is the high values of |Scy| and 7. obtained for molecular
segments in the headgroup and hydrophilic-hydrophobic
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interface of GM3. Because of the role of gangliosides as
surface-recognition molecules, a detailed view of the structure
of the GM3 headgroup residues is important for understanding
how GM3 is presented to binding partners in the headgroup
layer at the membrane. Values of 7. for headgroup segments
can be used to gain atomically resolved mechanistic informa-
tion on interaction with other molecules, for example in
the presence of a protein that binds selectively to GM3 in
membranes.

(II) The presence of 30 mol% GM3 in the bilayer leads to
increased |Scu| and 7. for basically all molecular segments of
POPC. This type of information can be used to understand
how the atomic-scale properties of individual C-H bonds are
connected to the physical properties of lipid membranes and
how these properties are affected by the presence of specific
lipids like gangliosides.

The main relevance of this work is to reveal atomic-
resolution structural and dynamic behavior of GM3 in a lipid
membrane. We believe that the results presented here may be
an important contribution to the underlying mechanisms
of how gangliosides in lipid membranes interact with other
biomolecules.
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