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Molecular dynamics simulations reliably identify
vibrational modes in far-IR spectra of
phospholipidsT

Choon-Peng Chng, {22 Annette Dowd, '° Adam Mechler (2 *© and

K. Jimmy Hsia*®

The properties of self-assembled phospholipid membranes are of essential importance in biochemistry
and physical chemistry, providing a platform for many cellular life functions. Far-infrared (far-IR)
vibrational spectroscopy, on the other hand, is a highly information-rich method to characterize
intermolecular interactions and collective behaviour of lipids that can help explain, e.g., chain packing,
thermodynamic phase behaviour, and sequestration. However, reliable interpretation of the far-IR
spectra is still lacking. Here we present a molecular dynamics (MD) based approach to simulate
vibrational modes of individual lipids and in an ensemble. The results are a good match to synchrotron
far-IR measurements and enable identification of the molecular motions corresponding to each
vibrational mode, thus allowing the correct interpretation of membrane spectra with high accuracy and
resolving the longstanding ambiguities in the literature in this regard. Our results demonstrate the
feasibility of using MD simulations for interpreting far-IR spectra broadly, opening new avenues for
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Introduction

Mechanical vibrations of specific groups of atoms in organic
molecules are characteristic of each of these moieties. Shifts in
the eigenfrequency of a specific vibrational mode indirectly
reveal us about their chemical environment. Consistent
identification of bond vibrations in the infrared (IR) energy
range is a routine spectroscopy method with a sophisticated
empirical and theoretical tool-base to interpret the spectra.’
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Calculated spectra showing the effect of increasing numbers of methyl groups on
the DPPC lipid acyl chain. Calculated spectra from five DPPC or DMPC lipids in
the bilayer to highlight the presence of the choline deformation peak. Table
showing the effect of choline rigid body motion on the presence of the choline
deformation peak. Movies showing molecular vibrations of a single DPPC lipid in
water and in the bilayer taken from our MD simulations. Movies showing the
trajectory of the DPPC lipid in water and in the bilayer filtered along the first three
principal modes. See DOI: https://doi.org/10.1039/d4cp00521j
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practical use of this powerful method.

However, the reliability of the assignments suffers a fast break-
down at the low energy end of the spectrum: interpretation of
the modes in the far-IR, also known as terahertz, range is
ambiguous.” This is in spite of the feature richness of this
region, and the tacit understanding that far-IR spectroscopy
contains highly valuable information about large chemical
moieties, packing and ensemble effects.> Of particular inter-
est in the far-IR range is the detection of part or all-molecule
vibrations that involve an ensemble of atoms and bonds, and
which in turn are very sensitive to conformational and inter-
molecular interactions. Far-IR spectra can also reveal the
ensemble molecular structures and carry information about
the packing of adjacent molecules.” However, the identification
of these modes is increasingly difficult with increasing com-
plexity in the low energy end of the spectra. Far-IR has been
applied successfully to characterize a range of organic macro-
molecules, e.g. various polymers,® but in many cases the peak
assignment is largely speculative. The information richness of
far-IR spectra is generally acknowledged but most efforts have
failed thus far to extract this information.

An attractive feature of far-IR spectroscopy is the sensitivity
of its vibration modes to conformation and intermolecular
interactions that could provide unparalleled insights into the
properties of self-assembled systems.” A prominent example for
multiple disciplines is the plasma membrane.”®° The key
enabler of life as we know it, the plasma membrane separates
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Table1 Summary of peak assignments from the spectroscopy literature on phospholipids. Peaks are grouped into bands with suspected similar origins

Band Freq. [em '] Assignment(s) Ref.
#

I 50, 50-60 van der Waals, head group vibrations 9 and 13

11 70 van der Waals 9

111 88, 89 Water hydrogen bond stretch, van der Waals 9 and 14

v 110, 113, 116 C-CH, 9 and 15

A% 130, 136 Water hydrogen bond stretch, van der Waals 9 and 14

\Y% 155, 150-165, 150-190 van der Waals, Hydrogen bonds, CH, chain torsion 8,9 and 16

\Y% 186, 189, 191, 195 C-CH, chain torsion, CH, chain torsion, C-CH, chain torsion, 8,9 and 14
Water hydrogen bond stretch

VI 225 C-C-C deformation 18

VII 235, 240 Hydrogen bonds, C-C-C deformation 17 and 18

VI 247, 250, 251 Hydrogen bonds, C-CH; torsion, Water hydrogen bond stretch 8,14 and 17

VII 254, 260 C-C-C deformation, C-CHj; torsion 9 and 19

vl 275 C-CHj3; torsion 18

VII 328 C=O0 vibrations 17

VII 363, 368 C-C-C deformation, C-C-N torsion 8 and 18

VII 378 C=O0 vibrations 17

VIII 425-490 Libration of headgroup and rotation of top of the chain 13

VIII 428 C-C-O deformation (unclear which O is this in nonanoic-COOH), 18 and 19
C-C-C deformation

VIII 438 C-C-O deformation (which O is this in oleic-COOH?) 19

X 475, 480 C-C-0 and C-C-C deformations 18 and 19

X 505 O-P-O deformation 8

X 518, 520 C-C-O torsion and C-C-C deformation, Headgroup libration 13 and 19

X 526, 528, 531 C-C-O torsion and C-C-C deformation, O-P—O deformation, 8, 18 and 19
C-C-C deformation and C—C-C torsion

X1 543, 547 O-P-0 deformation, C-C-O and C-C-C and C-O-P deformations 12 and 20

XII 575 CN + (CH,); deformation 8

XII 617, 673 0-PO,-0O deformation 12

XII 685, 690 C-0-0 deformation, O-C—O0O deformation 12 and 18

the biochemical life processes of cells from the external world,
regulating transfer, metabolism, and signalling.'® The core of the
plasma membrane is a phospholipid bilayer. Extensively studied
from the physicochemical point of view, some fundamental
properties of phospholipid bilayers such as the intermolecular
interactions governing their phase transitions, packing and
sequestration in the presence of ions or proteins, and the
localization of cholesterol in a lipid ensemble still elude
detection."’ Importantly, far-IR spectroscopy of phospholipid
membranes and membrane-protein interactions is of interest in
biochemistry and physical chemistry. Several works have noted
the feature richness of the far-IR spectra of phospholipid mem-
branes, suggesting that they carry the answer to a range of open
questions.”> However, attempts to assign vibrational modes in this
range has resulted in broadly divergent predictions that appear to
be little more than guesswork.>*'>'? In Table 1, reported data on
various lipids are included, i.e. phospholipids as well as fatty acids
where acyl modes are expected to be similar if not identical,
providing an overview as well as comparison and cross referen-
cing. It is apparent that the same features are often ascribed to
different effects: for example, the mode at ~50 cm ™" may be from
headgroup vibrations or van der Waals effects, whereas the band
at 150-190 cm ' is assigned to either CH, chain torsion or
hydrogen bonds. Considering the broad nature of peaks in this
part of the spectrum and their sensitivity to environmental
conditions, peak positions reported by different authors with
5-10 cm ™' difference are likely the same feature. Thus, there is
no consensus on peak assignment in the far-IR spectra of lipids in
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contrast to the peak assignment in the high energy region. And
this is a major hindrance towards using far-IR spectroscopy to
assess membrane interactions with biochemical agents.

The challenges of experimental data analysis of IR spectra
necessitate a computational approach. For the near and mid-IR
range computational quantum chemistry methods are routi-
nely used.”’* Density-functional theory (DFT) calculations
can reliably model bond vibrations in isolated small molecules,
amino acids, nucleic acid bases, peptides and even single
phospholipids.">*>**7° However, their predictive power breaks
down when folding, hydrogen bonding or dispersion forces are
involved. In particular, it is not suited to model molecular
ensembles. Hence the predictive power of DFT breaks down
exactly where modelling is needed the most: in the far-IR where
ensemble effects are believed to dominate.

While it is seldomly used to calculate the vibrational modes
of molecular ensembles, classical molecular dynamics (MD)
calculations have been employed to study various properties
of the lipid bilayer membrane.*’*® The far-IR spectrum of
liquid water has been satisfactorily reproduced using classical
MD simulations via the Fourier transform of time-correlation
function of the total dipole moment with considerations for
the dipole-induced mechanism and correction for quantum
effects.’” Temperature dependence of the water vibrational
spectrum has also been investigated using classical MD
simulations.*® By incorporating the effects of Fermi resonance
into a polarizable model of methanol, the complex C-H stretch-
ing region of the methyl group in IR, Raman and sum

This journal is © the Owner Societies 2024
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frequency generation spectra was successfully reproduced by
classical MD simulations.*® Ab initio MD (AIMD) simulations,
where the electronic structure is taken into account, were used
in the calculations of IR spectra for four organic molecules
including methanol whereby the modulation of the spectrum
by inter-molecular interactions was demonstrated.*® IR absorp-
tion spectra of small model peptides have also been calculated
using classical MD as well as quantum mechanical/molecular
mechanics (QM/MM) methods, with the latter having better
agreement with experiments.”' Use of a polarizable force-field
to extract IR spectra from classical MD simulations of small
peptide analogues and a helical peptide showed comparable
accuracy to various quantum chemistry methods.”> Thus
although there is precedence for the capability of the MD
approach to model molecular vibrations, the technique has
only been applied to a few model systems to date. IR vibrational
spectra of phospholipids have not been calculated using either
AIMD, QM/MM or classical MD simulations.

In this manuscript, we compare the experimental far-IR
spectra of dipalmitoyl phosphatidylcholine (DPPC) and dimyris-
toyl phosphatidylcholine (DMPC), two saturated phospholipids
that only differ in acyl chain length, to the calculated spectra from
classical MD simulations. Good agreement between the peaks
from the experimental and calculated far-IR spectra was obtained.
By observing how the calculated spectra change as we include
different groups of atoms on the phospholipids, we have
attempted to assign peaks to molecular vibrations of different
functional groups and compared to literature assignments that
were based on experiment or quantum chemistry calculations.
This integrated experimental-computational approach allows
us to better understand the far-IR spectra of phospholipids, as
computations can help interpret which functional groups on the
lipid contribute to peaks in the resultant far-IR spectrum.

Methods

Experimental methods

The experiments were carried out on the THz/far-IR Beamline
at the Australian synchrotron. This beamline is equipped with a
temperature-controlled ATR consisting of a diamond prism and
45° incident beam angle, a Bruker IFS 125/HR Fourier trans-
form spectrometer and a silicon bolometer. A thermal stage was
fitted to the ATR unit and a thermocouple was placed next to the
diamond crystal. The temperature of the sample was controlled
to £0.5 °C. Environmental humidity was controlled using an
enclosure over the ATR unit. 20-50 pL of lipid sample was
dropcast onto the diamond crystal from chloroform solution
until the absorption was strong enough to give a signal to noise
ratio of approximately 1:10 for the clear distinction of absor-
bance peaks from artefacts. The sample was then hydrated and
that facilitated self-assembly into multiple bilayers with either a
drop (2-5 pL) of deionized water or increasing the relative
humidity to 70% and monitoring the spectrum until it stabi-
lised, such as the reduction of the bulk water feature below
150 cm ™. Spectra are averages of 100 scans. Raw single channel
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data was recorded with separate background scans collected at
regular intervals to eliminate any fluctuations in the synchrotron
beam intensity. Data analysis, including ATR correction, was
carried out with OPUS 8.0 software. The useable frequency range
was 70-640 cm .

Computational methods

Molecular dynamics simulation of phospholipids in bilayer
and in water. An atomistic model of a bilayer of 320 DPPC
(or DMPC or DPPE) phospholipids is generated using the
Membrane Builder module of the CHARMM-GUI webserver,
together with simulation parameter files and set-up files for
simulations using GROMACS."*™" The bilayer was placed in a
simulation box of size 10 nm x 10 nm x 8.5 nm with periodic
boundary conditions in all three directions, and the top and
bottom of the bilayer was solvated with TIP3P water molecules.
The CHARMMS36 all-atom force-field was used to describe
inter-atomic interactions and all simulations were performed
with the GROMACS v2020 MD package.*®*° First, energy mini-
mization was performed with the steepest descent method
with positional restraints on the lipid phosphate atom in the
Z-direction. This is followed by a series of five dynamics
simulations with restraints being progressively reduced: first
three simulations of 125 ps at a time-step of 1 fs, followed by
another two simulations of 500 ps at a time-step of 2 fs. Bonds
involving hydrogen atoms are constrained using the LINCS
algorithm. The system temperature was maintained at 323 K
or 50 °C (above the gel-fluid transition temperature of DPPC
lipid of 315 K,*° following a previous simulation study*?) with
the Berendsen method with a time constant of 1 ps. Pressure
control at 1 bar with the Berendsen method was turned on from
the third simulation, with a time constant of 1 ps and com-
pressibility of 4.5 x 107> bar™ . Positional restraints are turned
off in the sixth simulation for 500 ps at a time-step of 2 fs.
Lastly, a production simulation was carried out for 30 ns at a
time-step of 2 fs to equilibrate the lipid bilayer at 323 K with the
Nose-Hoover method and at 1 bar with the Parrinello-Rahman
method using the same time constants as above. The van der
Waals forces between atoms are smoothly switched to zero
between 1.0 and 1.2 nm. Electrostatic forces between atoms are
calculated with the Fast smooth Particle-Mesh Ewald method
with a cutoff of 1.2 nm for the real-space calculation. A similar
protocol was used for simulations of DMPC or DPPE lipids in a
bilayer, with a temperature of 313 K or 40 °C maintained for
DMPC in fluid phase and temperatures of 323 K or 350 K were
maintained for DPPE in the gel or fluid phase respectively. The
equilibrium area per lipid (area/lipid) of DPPC and DMPC in
the fluid phase is 0.63 nm> and 0.58 nm?, respectively. The
value for DPPC is similar to what was reported in previous
simulations with the all-atom CHARMM force-field,** though
the value for DMPC is slightly smaller than reported and also
smaller than DPPC as observed.?? The equilibrium area/lipid of
DPPE in fluid and gel phases are 0.58 nm? and 0.45 nm?
respectively, with the gel phase value very close to that reported
for the gel phase DPPE simulated with the CHARMM36
force-field.”*
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For simulations of a single lipid in water, a single DPPC lipid
is extracted from the 30 ns configuration of the lipid bilayer. It
is then placed in the centre of a cubic box of side 4 nm which is
then filled with TIP3P water molecules. Energy minimization
using the steepest descent method is followed by 10 ps of
dynamics simulation with the temperature maintained at 323 K
with the Nose-Hoover method, and then 200 ps of dynamics
simulation at a time-step of 1 fs (bonds involving hydrogen
atoms are unconstrained) with the temperature of 323 K and
pressure of 1 bar maintained with the Parrinello-Rahman
method.

Calculation of IR vibrational spectra of phospholipids in
water and in the bilayer. For calculation of the IR vibrational
spectrum for a phospholipid in water, 200 ps trajectory data
were saved every 1 fs and no constraints were placed on bonds
involving hydrogen atoms to capture C-H stretching vibrations.
For the case of phospholipids in the lipid bilayer, the simula-
tion was performed for 200 ps after 30 ns of equilibration with
trajectory data saved every 10 fs, with C-H bonds constrained to
allow for the larger 2 fs simulation time-step. The trajectory was
first least-squares-fitted to remove rigid body rotational and
translational motions. The IR intensity is given by the Fourier
Transform of a time correlation function involving dipole
moments,*°

A() o (Gt + o) e

where j(t) is the time derivative of the total dipole moment,
defined as pu(f) =) eZ;R;(t) where eZ; is the fixed atomic

J

charge on atom j and R;(¢) is the position vector of atom j at
time ¢ taken from the MD simulation. The IR intensity may also
be written using the dipole moment rather than its time
derivative.*® Working with the time derivatives has the advan-
tage of insensitivity to the choice of reference coordinates. The
term in angle brackets denotes a time correlation function
involving time derivatives of the total dipole moment, an
ensemble averaged over different starting time t. By invoking
the ergodic hypothesis, we may replace the ensemble average by
a time average over different starting times,

T
(e 7). = fim | i+ e
T—oo T — )

in which it is understood that the maximum value of ¢ + ¢/
cannot exceed the maximum time-step of the trajectory, T, and
that © < T. The algorithm was implemented in Python using
NumPy and SciPy numerical libraries. The computed frequencies
o in Hz are then converted to inverse wavenumbers in cm™ ' by
dividing by 30 x 10° Hz or 30 GHz, which is the frequency of an
electromagnetic wave with a wavelength of 1 cm in free space. By
changing the sampling time-interval in the calculation of the
autocorrelation function, we were able to calculate the spectrum
over different wavenumber ranges.

Principal component analysis of phospholipid trajectories.
Covariance analysis, also known as principal component ana-
lysis (PCA) or essential dynamics, could identify collective
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Fig. 1 Experimental far-IR spectra of fluid-phase phospholipid mem-
branes made up of saturated lipids DMPC (at 30 °C) and DPPC (at
45 °C). Lines are added as a guidance.

motions from MD simulations.”*** PCA was performed on
the MD trajectories of the DPPC lipid fatty acid tail in water
and in lipid bilayers using GROMACS tools to identify collective
motions.> First, a covariance matrix C of atomic positions is
constructed,

Cj= <M,-1,-/2(x,- - <x,->)M/-1/-/2 (xj B <x,>)>

where M is a diagonal matrix containing the masses of the
atoms (mass-weighted analysis) or unit matrix (non-mass
weighted analysis, which is our case as only carbon atoms are
used). This covariance matrix is diagonalized by GROMACS
“gmx covar” tool via orthonormal transformation to obtain
eigenvalues and eigenvectors, RTCR = diag(i1,la,...,/3n),
where A; > A, > - A3y. The columns of R are the eigenvectors,
also called principal modes. The eigenvectors define a new
orthogonal coordinate set. Typically, the eigenvectors are
ranked by their corresponding eigenvalues, with the first few
eigenvectors representing global, collective motions of the
molecule concerned. Specifically, the original trajectory is
“decomposed” into a superposition of ‘“‘component” trajec-
tories which are projections of the original trajectory (a 3N
dimensional vector for N atoms) onto the principal modes to obtain
the principal components (PCs): p(f) = RT M'/?(x(t) — (x)). The
original trajectory can then be filtered along one (or more) princi-
pal modes, eg for mode i the filtered trajectory is
¥ (1) = (x) + M~2R;p;(¢). The filtered trajectories exhibit bend-
ing or twisting motions as the dominant collective motions present
in the original trajectory.

Calculation of the order parameter of phospholipids in
bilayers. The packing of lipids in the bilayer was quantified
using the order parameter Scp, defined as [(3cos®6 — 1)/2],
where the straight brackets represent taking the absolute value,
the angle brackets represent averaging over lipids and simula-
tion time (20 to 30 ns), and 0 is the angle of the CH vector of
the acyl chain carbons with respect to the bilayer normal.*

This journal is © the Owner Societies 2024
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Fig. 2 Calculation of the IR spectrum of one or more CH, groups along a phospholipid fatty acid tail. (a) (top) 3D atomic structure of DPPC, a fully
saturated phospholipid. Atoms are colored as follows: carbons in cyan, hydrogens in white, oxygens in red, phosphorous in dark green, and nitrogen in
blue. Selected carbon atoms along one of the fatty acid tails are labelled. (Middle) Representative snapshot of DPPC lipid in water (shown as lines).
(Bottom) Representative snapshot of DPPC lipid in a bilayer (surrounding lipids shown as lines). (b)—(e) Calculated IR spectra of different numbers of CH,
groups along one of the two saturated fatty acid tails of the DPPC phospholipid from a 200 ps molecular dynamics simulation of a DPPC lipid in water.
The wavenumbers of the peaks are labelled in the plots. The experimental IR spectrum of polyethylene is overlaid in (e) which is an analogue of the
multiple CH, groups along the fatty acid tail. (f) Schematics of the inter-atomic vibrations contributing to peaks at the mid to high wavenumbers. (g) and
(h) Spectra for the DPPC lipid in water calculated over lower wavenumbers. (i) and (j) Spectra for the DPPC lipid in the bilayer calculated over lower

wavenumbers. Simulation times are 200 ps for both systems.

The order parameters were calculated using the GROMACS
“gmx order” tool.

Results and discussion
Experimental far-IR vibrational spectra

Fig. 1 shows the attenuated total reflectance (ATR) spectrum of
hydrated multiple DPPC bilayers at 45 °C and DMPC bilayers at
30 °C. It should be noted that these lipids are largely identical,
differing in the acyl chain length only; to ensure they are both
in the same thermodynamic (fluid) phase the measurement
temperatures are different, just above the chain melting tem-
peratures for each, respectively. The chain melting temperature
for DMPC is ~23-24 °C whereas for DPPC ~41-42 °C. Fig. 1
shows that temperature has little to no effect on peak shape.
Neglecting the smaller and ambiguous peaks, the main
features of the spectra are three weak peaks at low wavenum-
bers and an increasing background and stronger peaks feature
above ~300 cm™'. As per Table 1, the peaks at 575 and
505 ¢cm™ " have usually been attributed to vibrations from the
head group, peaks at 460, 380 and 250 cm™~ " have been tentatively

This journal is © the Owner Societies 2024

attributed to torsional modes in the hydrocarbon chains and
peaks at ~190 and ~100 cm™ ' have simply been called “hydro-
gen bonding features”.>

Inconsistencies notwithstanding, according to literature
assignments (Table 1), there should be several acyl chain
vibration modes in the 460-250 cm ™" range, hence differences
would be expected between the lipids with the varying acyl
chain lengths. Yet there is little to no difference in the observed
spectra, with one small shift observed at ~475 cm™". Thus, the
experimental data suggest that the modes observed here origi-
nate predominantly from headgroups and/or collective effects.

Computational spectra from molecular dynamics simulation
and data analysis

The computational approach is outlined in Fig. S1 (ESI}).
Molecular dynamics simulations allow for the sampling of
atomic-level vibrations of various functional groups in a phos-
pholipid within a bilayer membrane as a function of time. The
absorption spectrum can then be calculated as the Fourier
transform of the time-correlation function of time derivatives
of the dipole moments (Fig. S1, ESIT). In the following sections,
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Fig. 3 The effect of including phospholipid head-group atoms on the calculated IR spectrum for a DPPC lipid in a bilayer and comparison with an
experimental spectrum. (a) 3D atomic structure of DPPC with the glycerol backbone (i), phosphate (ii) and choline (iii) atoms highlighted using dashed
boxes from bottom to top. (b) Spectrum calculated using a DPPC fatty acid tail and glycerol backbone atoms, with a new peak compared to Fig. 2j
labelled in blue. (c) Spectrum with phosphate atoms included, with new peaks labelled in red. (d) Spectrum with choline atoms included (i.e. tail +
complete head-group), with new peaks labelled in green. (e) (top) Averaged calculated spectrum (over 5 spectra). (Bottom) Experimental spectrum.
Dashed lines are shown for ease of comparison of the respective peak locations. (f) Comparison of averaged calculated spectra for DMPC (blue) and
DPPC (red). The major peak positions on DMPC are shown with dashed lines for ease of comparison with DPPC spectra.

we present validation of the calculated spectrum for lipid fatty
acid chains with the analogous polyethylene spectrum and
investigate the effect of the environment (water or bilayer) on
the spectrum for fatty acid tails (Fig. 2). The complete far-IR
spectrum with all functional groups (lipid head and tail) was
then calculated and found to be in good agreement with the
experimental spectrum (Fig. 3), and thus it is possible to
proceed with the assignment of peaks to the vibrations of lipid
functional groups, i.e., a comprehensive interpretation of the
far-IR spectrum.

Vibrations of the acyl chains

We have performed molecular dynamics simulations of the
DPPC phospholipid in water and in a bilayer and computed the
corresponding IR vibrational spectra (Fig. 2). Movies from 200 ps
of MD simulations showing molecular vibrations of a single
DPPC lipid molecule in water and in a lipid bilayer are included
in the ESL{ The spectra for a DPPC lipid in water computed
with an increasing number of CH, groups along one of its fatty
acid tails (Fig. 2a) are presented in Fig. 2b-e. The IR spectrum
for a single CH, group (Fig. 2b) shows a peak at 3000 cm ™"
attributed to the C-H stretching vibration, and the peaks at
1340 and 1430 cm™ " are attributed to C-H bending vibrations
(e.g. scissoring or rocking) known for alkanes.’®*® The cartoons
depicting stretching, scissoring and rocking vibrations are

18720 | Phys. Chem. Chem. Phys., 2024, 26, 18715-18726

shown in Fig. 2f, where scissoring is the opening/closing of
the H-C-H angle and rocking is the side-to-side movement of
the whole CH, group about an axis centered on the carbon
atom and pointing out of the plane of the figure. Note that real
simulation snapshots are used in Fig. 2f, hence C-H stretching
could occur concurrently with the bending vibrations.

As more CH, groups were included in the calculation of the
molecular dipole moment, the peaks attributed to C-H bending
vibrations shift to lower wavenumbers likely due to an increase
in the effective mass contributed to these vibrational modes
(Fig. 2c-e). Furthermore, a peak around 720 cm™ ' appears as we
included more than one CH, group, becoming stronger as we
progressively include more CH, groups. This peak is regularly
attributed to long chain methyl rocking.”® For comparison with
experimental data, the IR spectrum for polyethylene (adapted
from ref. 57) is overlaid on the spectrum processed using 15
CH, groups in Fig. 2e, which shows generally good agreement
especially the peaks at 1410 and 720 cm ™~ ". The peak at 3000 cm ™"
from our calculated spectrum for the DPPC C22-C216 chainisata
slightly higher wavenumber compared to polyethylene which may
be due to inter-acyl chain interactions which make the C22-C216
chain stiffer than a single polyethylene chain.

To determine how inclusion of CH, groups contribute to the
vibrational spectrum at lower wavenumbers, we have obtained
spectra by including one to five CH, groups in the total dipole

This journal is © the Owner Societies 2024
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moment in the spectra calculations. For wavenumbers below
1800 cm " in the range of bending vibrations and collective
modes (Fig. S2, ESIT), we changed the sampling time-interval in
the calculation of the autocorrelation function: 10 fs for wave-
numbers up to 1800 ecm ™' and 20 fs for wavenumbers up to
900 cm ™', The spectra up to 1800 cm™* (Fig. S2a, ESIt) show a
similar trend in terms of the growth of the 720 cm ™" peak as
those spectra shown in Fig. 2b-e. The peak at about 1300 cm ™"
(C-H rock) also shifts to lower wavenumbers as more CH,
groups are included in the total dipole moment, whereas the
peak at about 1410 cm ™' (C-H scissoring) does not shift. Hence
the C-H rock motion seems to be affected by a hitherto
unknown collective motion, which we speculate to be coupled
motions via dihedral angle restraints. The spectra up to
900 cm ™' (Fig. S2b, ESIY) reveal peaks at 240-250 cm ' and
334-440 cm ™' (currently unassigned and absent from experi-
mental spectra of lipids or alkanes). Whereby the former peak
remains at about 250 cm ™" after 2 or more CH, groups are
included, and the latter peak increases from 334 to 440 cm ™ * as
we include more CH, groups. What accounts for this shift
towards larger wavenumbers is unclear.

The effect of the environment

The effect of the environment on the vibrational spectra was
examined by comparing the vibrational spectrum for a DPPC
lipid in water with that in a lipid bilayer consisting of 320 lipids
(Fig. 2a). As the surroundings of the lipid are more likely
to affect collective motions than individual bond vibrations,
we have focused on lower wavenumber (up to 1800 cm %)
spectra as shown in Fig. 2g-j. The two spectra for lipids in
water (Fig. 2g and h) and two spectra for lipids in a bilayer
(Fig. 2i and j) are obtained using different sampling time-
intervals in the calculation of the autocorrelation function
(see the methods section).

We found that the IR vibration spectra for a single lipid tail
in water vs. a lipid tail in a bilayer (where it can be affected by
inter-molecular interactions) are similar for the mid-range of
wavenumbers from 0 to 1800 em ' (Fig. 2g and i). But the
calculated spectra for the lower range of wavenumbers from 0
to 900 cm ™' (far-IR) showed more significant differences, in
particular the shifting of the peak at 255 cm™" to 225 cm ™"
(Fig. 2h and j). This is likely the result of inter-molecular
dispersion interactions between fatty acid tails that restrains
free movement of neighbouring lipid tails enforcing a collective
motion. Lipid tails in water have more conformational freedom
and are surrounded by hydration shells formed by H-bonded
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water molecules thus the tails are separated in a high dielectric
environment. In contrast, lipid tails in a bilayer are in a
low dielectric environment and can interact via dispersion
interactions.

Vibrations of the polar moieties

We next studied how the glycerol backbone, phosphate
group and other head-group atoms contribute to the vibrational
spectrum. Fig. 3a shows the atomic structure of DPPC with a
glycerol backbone. Comparing Fig. 3b with Fig. 2j, inclusion of
the glycerol backbone (Fig. 3a(i)) resulted in a new peak at
645 cm ™" (Fig. 3b). Further inclusion of phosphate (Fig. 3a(ii))
resulted in new peaks at 530 and 830 cm ™', and the disap-
pearance of the peak at 225 cm ™' (Fig. 3c). The 645 cm™* peak
in Fig. 3b shifted to 650 cm ™" due to a change in the chemical
environment. Lastly, inclusion of choline in the head-group
(Fig. 3a(iii)) gave rise to peaks at 400 cm ' and 579 cm '
(Fig. 3d). These peaks may be attributed to C-C-N torsion
and choline deformation, respectively (see Table 2). Spectra
for four other lipids well separated on the bilayer were then
computed and all five spectra were averaged as shown in the
top panel of Fig. 3e. The experimental spectrum for DPPC in the
fluid phase is shown in the bottom panel of Fig. 3e. Both
spectra are up to 600 cm ™' as the quality of the near-IR data
beyond that in our experiment is lower. The corresponding
peaks between the calculated and experimental spectra are
labelled, showing reasonably good agreement between the
two other than acceptable shifts in the wavenumbers of corres-
ponding peaks. However, the 579 cm™ " peak is missing in the
averaged spectrum (Fig. 3e). The five individual spectra con-
tributing to the average are shown in Fig. S3 (ESI{), where only
the first spectrum has a clear 579 cm™ ' peak. Close inspection
of the corresponding simulation trajectories reveals different
degrees of residual rigid body motion of choline after removal
of whole lipid rigid body motion. Recalculating the spectra after
fitting the trajectories onto only N and C12 atoms more
effectively removed the rigid body motion of choline and
enhanced the peak at 574 to 580 cm ™", possibly attributed to
choline deformation modes (Fig. S3d, ESIt). Lastly, Fig. 3f
shows that the averaged spectrum for DMPC is broadly similar
to that of DPPC, as observed in our experimental spectra
(Fig. 1). However, a peak at 578 cm™ " appears in the averaged
spectrum for DMPC, in agreement with the experimental
spectrum in Fig. 1. The individual DMPC spectra seem to show
more peaks near 575 cm™ ' (Fig. S4, ESIf). The presence of
peaks close to 575 cm™' might be correlated with a low to

Table 2 Summary of peak assignments from our calculation for DPPC/DMPC/DPPE in bilayers

Frequency [cm ']

Reference frequencies from Table 1

Possible assignment Atoms involved

230 (DPPC), 237 (DPPE) 225, 235, 240
380 (DPPC, DMPC, DPPE) 368

440 (DPPC, DMPC), 447 (DPPE) 428, 480

515 (DPPC, DMPC, DPPE) 505, 528, 543
578 (DMPC) 575

630 (DPPC), 650 (DMPC, DPPE) 690

740 (DPPC, DMPC), 760 (DPPE) N.A.

This journal is © the Owner Societies 2024

C-C-C deformation
C-C-N torsion

C-C-C deformation
O-P-0 deformation

CN + (CHj3); deformation
0O-C—0 deformation
Long chain methyl rock

Fatty acid tail

Head-group choline/amine
Fatty acid tail

Head-group phosphate
Head-group choline
Glycerol backbone

Fatty acid tail
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Fig. 4 The effect of including phospholipid head-group atoms on the calculated IR spectrum for a DPPE lipid in a bilayer and comparison with the DPPC
spectrum. (a) 3D atomic structure of DPPE with the glycerol backbone (i), phosphate (i) and choline (i) atoms highlighted using dashed boxes from bottom to top.
(b) Spectrum calculated using a DPPE fatty acid tail and glycerol backbone atoms, with new peaks compared to Fig. 3j labelled in blue. (c) Spectrum with
phosphate atoms included, with new peaks labelled in red. (d) Spectrum with amine atoms included (i.e. tail + complete head-group), with new peaks labelled in
green. (e) Overlay of DPPE and DPPC spectra with major peaks labelled. The baseline of the DPPC spectrum has been shifted upwards for ease of comparison.

moderate residual rigid body motion of choline with more of
these peaks for DMPC (Table S1, ESIY).
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projections. Only carbon atom positions are included in the analysis. (c)
Principal component eigenvalues for lipids in water and in the bilayer.
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To investigate the effect of different phospholipid head-
groups on the resultant IR vibrational spectra, we carried out
MD simulation of the 1,2-dipalmitoyl-sn-glycero-3-phospho-
ethanolamine (DPPE) bilayer following the same protocol as
used for the DPPC bilayer. The simulation temperature was
raised to 350 K, above the gel-to-fluid transition temperature of
337 K for the fluid phase DPPE bilayer.”® DPPE and DPPC differ
in their head-group, while the head-group of PC lipids is
N-(CH3);, that of PE lipids is NH; which is more polar in
nature. The effects of the head group (labelled (iii) in Fig. 4a)
are studied using a similar analysis as that in Fig. 3 and the
results are presented in Fig. 4b-d. The amine head-group in
DPPE yielded several new peaks in the vibrational spectrum
(Fig. 4d), distinct from those from the choline head-group in
DPPC (Fig. 3d). After averaging over five spectra, peaks at
wavenumbers lower than 400 cm™ ' appear more prominent for
DPPE as compared to DPPC, as well as a stronger peak at 650
em™ ' for DPPE versus a weak peak at 630 cm™ ' for DPPC
(Fig. 4e). The peaks at 237 and 300 cm ' (DPPC shows very
weak peaks at 230 and 320 cm™ ') may reflect stronger collective
motions of the PE head-group in contrast to the PC head-group
due to H-bonding between the PE and phosphate groups. The
prominent peak at 440 cm™ ' in the DPPC spectrum becomes
more diffused in the case of DPPE (Fig. 4e). Lastly, the peak
assigned to the long chain methyl rock slightly shifted from
740 cm™ " for DPPC to 760 cm ' for DPPE (Fig. 4e), possibly
reflecting a more packed environment for the lipid tail (Fig. 6a
shows the lipid tail order parameters). The peak assignments
from the averaged spectra of DPPC, DMPC and DPPE (Fig. 3f and
4e) are summarized in Table 2. Since the analysis presented
herein clearly and unambiguously identifies specific vibrational
patterns of key moieties and atomic groups, the results allow us
to resolve the conflicting assignments that hitherto prevailed in
the literature as summarized in Table 1 above. Our results in
Table 2 thus supersede the information collected in Table 1,
providing the first ever theoretically confirmed peak assignment
of vibrational spectra of lipid membranes in the terahertz range.

This journal is © the Owner Societies 2024
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Fig. 6 Effect of lipid head-group type and lipid phase on the IR vibrational spectrum of lipid tails. (a) Representative simulation snapshots of DPPC and
DPPE lipids extracted from lipid bilayers simulated for 30 ns at 323 K (DPPC fluid phase and DPPE gel phase) and at 350 K (DPPE fluid phase). Lipid order
parameters of lipid tails (denoted snl and sn2) averaged over the last 10 ns of simulation and over all lipids in the bilayer for each of the three systems are
shown at the bottom of each simulation snapshot. (b) IR vibrational spectra for fatty acid tail atoms of DPPC and DPPE lipids in the fluid phase, averaged
over spectra from five lipids, for wavenumbers less than 900 cm™. (c) Similar to (b) but for DPPE lipids in the fluid or gel phase.

Peak assignment to molecular motions

To gain insights into the vibrational modes that contribute to the
peaks in the spectrum, we carried out principal component
analysis (PCA) on the molecular movement trajectories for a
lipid fatty acid tail in water and in a bilayer, as shown in Fig. 5.
PCA provides the orthogonal directions (eigenvectors) in the
high dimensional space of molecular motion that reveal low
frequency, collective motions. The details of PCA are given in
Methods. The first few principal components (PCs) with the
largest eigenvalues (variance of the motion along the first few
eigenvectors) are identified. The first two PCs for lipid in water
are shown in Fig. 5a whereas those for lipid in a bilayer are
shown in Fig. 5b, whereby the simulation trajectories have been
projected onto each eigenvector and the extreme projections are
shown to indicate the range of motions for each PC. In both
cases, the first mode is related to bending of the chain and the
second mode is related to twisting of the chain. Subsequent
modes are all twisting modes. However, the eigenvalues for the
first four PCs in the bilayer are lower than those in water
(Fig. 5c), especially for the first PC corresponding to bending
of the chain. This agrees with the simulation trajectory of a lipid
in water where the tails can easily bend compared to the bilayer
environment whereby tail motions are more restricted due to
tail-tail packing via hydrophobic interaction (Fig. 2a). Movies of
the original trajectory filtered onto the first three principal
modes (see Methods) are presented in the ESI.t Despite the lack
of direct correspondence of PC modes to the peaks in the IR
vibrational spectrum, it is probable that the lowest wavenumber
peaks correspond to one or more of the first few PC modes.

As the chemical nature of the lipid head-group as well as the
lipid phase (driven by temperature) affects the packing of lipids
in the bilayer, their respective IR vibrational spectrum may

This journal is © the Owner Societies 2024

reflect these different states. The top panels in Fig. 6a show
representative snapshots of DPPC and DPPE lipids in both fluid
(disordered) and gel (ordered) phases. The PE head-group could
form H-bonds with water or with a neighboring PE head or
phosphate groups. This enhances lipid-lipid packing as shown
by the order parameters (measures the degree of alignment of
acyl chains to the bilayer normal, see the methods section) as
presented in the bottom panels in Fig. 6a. The order parameter
close to the glycerol group for DPPC is about 0.2, close to values
reported using MD simulations in the literature.>*”® The order
parameters profile suggests that the acyl tails are reasonably
ordered close to the headgroup and become more conforma-
tionally disordered towards the center of the bilayer. Order
parameters are slightly higher values for DPPE compared to
DPPC in agreement with the literature.***>> However, the
vibrational spectra for DPPC and DPPE lipid tails in the fluid
phase overlap very well, except for a very slight shift to a higher
wavenumber in the DPPE spectrum for the peak at 730 cm ™"
attributed to long chain methyl rocking (Fig. 6b). Since the gel-
to-fluid transition temperature for DPPC is about 315 K and that
of DPPE is about 337 K,*® DPPC lipids in our simulations at
323 K are in the fluid phase, whereas DPPE lipids at the same
temperature are in the gel phase. In the gel phase, the lipid tail
packing becomes highly ordered and the order parameter values
are thus higher, with a higher (and wider) plateau value of about
0.37 in the gel phase vs. 0.27 in the fluid phase at 350 K. In terms
of the resulting vibrational spectra, the set of major peaks again
overlap well except that the peaks for the gel phase lipids appear
sharper (Fig. 6¢). Note that results for DPPC lipids in the gel
phase are not available as simulating DPPC bilayers at tempera-
tures below the transition temperature resulted in a phase more
resembling the ripple phase rather than the gel phase."*
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Conclusions

Self-assembly of lipid molecules into superstructures such
as the plasma membrane underpins a plethora of phenomena
and applications in chemistry, biochemistry, and biology, making
life itself possible. Understanding the properties of lipid assemblies
at the molecular level is essential to reveal their structures and
functionalities. Far-IR spectroscopy is a powerful tool to characterize
the intermolecular interactions and collective behaviour of lipid
ensembles. However, due to the complexity of membrane beha-
viour, interpretation of the far-IR spectra remains a major challenge.
In this study, we have addressed this challenge by using a molecular
dynamics-based approach to reveal the vibrational modes of phos-
pholipid molecules in separation and in an ensemble. The method
is validated by demonstrating a good match to known high
frequency IR bond vibrational modes. Our results also show good
agreements between the peaks from the MD simulations and those
from synchrotron far-IR measurements. For the far-IR spectra, our
method allows for the identification of molecular motions respon-
sible for each vibrational mode, thus underpinning the correct
interpretation of membrane spectra with high accuracy and resol-
ving the longstanding ambiguities that have hitherto prevailed in
the literature. Our results demonstrate the feasibility of using MD
simulations for interpreting far-IR spectra more broadly, opening
new avenues for future use of this powerful method.
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