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ABSTRACT
Inverted-headgroup (choline-phosphate) lipids are synthetic lipids that are not found in nature and are used as model systems to understand
the role of headgroup dipole orientation. Recently, studies revealed that the net orientation of interfacial water strongly depends on the head-
group electrostatics, i.e., the charges and dipole generated by the phosphate and the choline groups. In order to characterize interfacial H-bond
dynamics, we measured two-dimensional infrared spectra of the ester carbonyl band and performed molecular dynamics simulations in fully
hydrated 1,2-dioleoyl-sn-glycero-3-phosphocholine and 2-((2,3-bis(oleoyloxy)propyl)-dimethyl-ammonio)ethyl ethyl phosphate (DOCPe)
lipid bilayers. The experiments and simulations suggest that the reverse dipole generated by the inverted-headgroup in DOCPe does not
affect the carbonyl H-bond populations or the interfacial water H-bond dynamics. However, while phosphate-associated waters in both lipids
appear to show a similar H-bond structure, carbonyl-associated waters are characterized by a slightly disrupted H-bond structure in the
DOCPe bilayer, especially within the second hydration shell. Our findings show that changes in net water orientation perturb the water
H-bonds at the linker region between the headgroup and the lipid tail, although this perturbation is weak.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0080153

I. INTRODUCTION

Cell membranes are host to a large array of proteins, and several
biochemical processes take place within the interfacial environments
at the membrane/water region.1,2 Heterogeneity, compartmental-
ization, and asymmetry can significantly affect these interfacial
environments, but the role that these environments play in medi-
ating biochemical processes remains largely unknown. Model lipid
membranes are often used for biophysical studies, specifically zwit-
terionic phosphatidylcholine (PC) lipids, containing a hydrocarbon
tail linked to a negatively charged phosphate group via an ester
linkage and capped by a positively charged choline group. These
lipids have been the subject of countless experimental and compu-
tational studies aimed at investigating the dynamics, structure, and
interactions of lipids and interfacial water.3–25

In cell membranes, lipid composition is intimately linked to
the structure and the function of membrane proteins.26 In addi-
tion, part of these effects may be linked to the net orientation of the
water molecules induced by the headgroup electrostatics. For exam-
ple, zwitterionic lipids have weaker interfacial water orienting ability
than anionic lipids.27 Recently, the role of the headgroup dipole on

interfacial properties has begun to be studied more systematically
using inverted-headgroup analogs of phosphatidylcholine (PC), the
so-called “CP” lipids.24,25 This inverted-headgroup lipid is a syn-
thetic artificial lipid that is not found in nature.28 Both lipids have an
∼20 D permanent dipole but with opposite orientation, and bilayers
can produce large interfacial electric fields of 108–109 V/m, orient-
ing water molecules at the interface.29 The correlation between water
orientation and H-bond dynamics is still unclear, requiring studies
focused on characterizing waters located within specific regions of
the interface, including choline, phosphate, and carbonyl groups.25

Here, we investigate the interfacial water H-bonding struc-
ture and dynamics in both “PC” and “CP” lipids [Figs. 1(a) and
S1(a)], namely, 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
and 2-((2,3-bis(oleoyloxy)propyl)-dimethyl-ammonio)ethyl ethyl
phosphate (DOCPe), respectively, to elucidate the effects of water
orientation on the linker region, i.e., ester carbonyl groups. In
brief, we measured the ester carbonyl dynamics using ultrafast
two-dimensional infrared (2D IR) spectroscopy and interpreted the
measurements using molecular dynamics (MD) simulations. Near-
quantitative agreement between experimental and computational
results suggests that simulations provide an atomistic level of the
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FIG. 1. (a) Structures of DOPC and DOCPe lipids. (b) Absorption spectra of DOPC and DOCPe lipid carbonyls (solid lines) and their two Gaussian-fitted lines (dashed
lines). (c) Computed IR spectra of DOPC and DOCPe lipid carbonyls from electronic structure calculations. (d) Average H-bond number between the lipid carbonyl group
and water obtained from MD simulations and experiments (b). (e) Average H-bond number between the lipid phosphate group and water obtained from MD simulations.

description of headgroup effects on the interfacial H-bond structure
and dynamics.

II. METHODS
A. Experimental methods
1. Sample preparation

DOPC and DOCPe vesicles were prepared as described previ-
ously.30 In brief, DOPC and DOCPe 25 mg/ml chloroform solutions
were purchased from Avanti Polar Lipids (Birmingham, AL), stored
at −25 ○C, and used without further purification. Chloroform was
fully evaporated before bypassing a dry nitrogen stream followed
by desiccation under a mild vacuum. Lipids were then reconsti-
tuted in D2O to a concentration of 50 mg/ml. Reconstituted sam-
ples were subject to six freeze–thaw cycles, 20-min sonication, and

extrusion through 100-nm-pore filters at 60 ○C to obtain uniform
100-nm vesicles.

2. Infrared absorption spectroscopy
Absorption spectra were recorded on a Bruker Vertex 70 spec-

trometer as described previously.30 The spectrometer and sample
chamber were purged with dry air to minimize the absorption from
water vapor. Samples were held between two 1-mm CaF2 windows
separated by a 25-μm polytetrafluoroethylene (PTFE) spacer in a
brass sample cell. All spectra were measured at 25 ○C, well above the
gel to the liquid phase transition temperature of the lipids.

3. Ultrafast 2D IR spectroscopy
Ultrafast 2D IR spectra were measured using a pulse-shaper-

based 2D IR spectrometer described previously.31 In brief, 2D IR
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FIG. 2. (a) Experimental 2D IR spectra of the DOPC and DOCPe carbonyl stretching modes at three waiting times to show the decrease in diagonal elongation. (b) Center
line slope decays of DOPC and DOCPe extracted from 2D IR spectra along with single-exponential fits. (c) Single exponential decay constants extracted from fits to the
experimentally measured CLS decay and decay constants extracted from frequency–frequency correlation functions obtained from MD simulation trajectories.

measurements consist of excitation pulses (pump) and a detec-
tion pulse (probe) resonant with the carbonyl stretching mode.
2D IR spectra show the characteristic positive–negative peak dou-
blet that arises from the ground-state bleach (red contours, diag-
onal) and excited-state absorption contributions (blue contours,
below-diagonal) as shown in Fig. 2(a). Initially, the peaks are diag-
onally elongated, indicating that the pump and probe frequencies
are correlated. This correlation between the pump and the probe
decreases over time as a result of spectral diffusion. A center line
slope (CLS) analysis is used to quantify the diagonal elongation.32
The time evolution of the CLS as a function of waiting time, t2
[Fig. 2(b)], represents the frequency–frequency correlation function
of the carbonyls.

Pump and probe pulses were centered near 1700 cm−1. Coher-
ence times (t1) were scanned up to 3 ps in 20 fs steps. Spectra were
measured at a series of waiting times, t2, from 50 to 3000 fs. The
pump and probe pulses were maintained at perpendicular polariza-
tions to reduce pump scatter. The experimental temperature was set
to 30 ○C to maintain the DOPC and DOCPe lipids well above their
phase transition temperature. The CLS was extracted by mapping
the probe frequency, ω3, at each pump frequency, ω1, correspond-
ing to the maximum position of the positive peaks. The resulting
scatter plots are fit to a line, and the slope is extracted from each fit.
The decay constants and offsets were obtained from fitting the decay
curve to a single exponential function.

B. Molecular dynamics simulations
Simulations were performed using the GROMACS 2019.4 sim-

ulation package33 and the CHARMM36 general force field.34 The
initial DOPC lipid bilayer configuration was constructed using the
Chemistry at Harvard Molecular Mechanics (CHARMM)-graphical
user interface (GUI) membrane builder tool.35–38 However, no force
fields exist for the DOCPe lipid in the CHARMM-GUI membrane

builder, and we built the DOCPe force fields based on the gen-
eral CHARMM force field. Lipid bilayer structures were solvated
by water molecules using the Packmol package.39 Here, simulation
boxes consist of 100 lipids and 5000 water molecules (i.e., lipid:water
= 1:50, fully hydration). The TIP4Pew water model was used for all
simulations.40 A cutoff distance of 12 Å for the Lennard-Jones inter-
action and the real space part of the Ewald sum were used, and the
particle mesh Ewald (PME) method41 was applied for long-range
electrostatic interactions.

Initial bilayer configurationswere energy-minimized for 10 000
steps and then a 10-ns NPT equilibration was performed with strong
positional restraints (1000 kJ mol−1 nm−2) on the lipid atoms to
equilibrate water distributions around the lipid bilayer surface. Next,
a 10-ns NVT equilibration was performed using the V-rescale ther-
mostat at 303 K, followed by a 100-ns NPT equilibration to obtain a
properly equilibrated box density. After the area-per-lipid stabilized
[Figs. S1(b) and S1(c)], the NPT production simulations were per-
formed using a Nose–Hoover thermostat and a Parrinello–Raman
barostat. Depending on the purpose of the analysis, two different-
length production simulations were carried out. First, to study the
carbonyl frequency fluctuation dynamics, 500 ps trajectories with
snapshots were saved every 20 fs. Second, to characterize the sta-
tistical water distributions, 10 ns trajectories were carried out with
snapshots stored every 1 ps. Hydrogen-bond populations were com-
puted using geometric criteria described previously.18,42,43 Briefly,
a donor–acceptor (D-A) cutoff distance of 0.35 nm and an H-D-
A angle of 30○ were used to define an H-bonds involving the ester
carbonyl or phosphate oxygen atoms. Frequency fluctuations of the
carbonyls were computed using an electrostatic map described pre-
viously.44 The interfacial water region was defined as the region
between 1 and 2 nm from the bilayer center (Fig. S1). This region was
used for mean-squared displacement and orientational relaxation
analyses reported in Fig. S3.
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C. Electronic structure models
The vibrational frequencies of the carbonyl groups were com-

puted at the B3LYP/6-31+G(d) level of theory, using 15 different
DOPC and DOCPe configurations randomly sampled from the MD
trajectories, to understand the impact of the chemical differences
between DOPC and DOCPe lipids on the vibrational mode frequen-
cies of the carbonyl groups.45 We removed lipid tails to exclude
potential effects of the tail orientation, as shown in Fig. S2. Vibra-
tional frequencies and transition dipole moments extracted from
harmonic frequency calculations were convolved with a Gaussian
function to generate the spectra shown in Fig. 1(c). A frequency scal-
ing factor of 0.961446,47 was applied to match with the experimental
spectrum.

III. RESULTS
A. Carbonyl/phosphate H-bond populations

Since the carbonyl spectra reflectH-bond environments involv-
ing local water molecules,48 measuring H-bond populations are the
first step to understanding headgroup effects on interfacial waters.
Carbonyl H-bond populations are extracted directly from the IR
absorption lineshapes. Spectra can be decomposed into the 0 and 1
H-bond ensemble peaks by fitting the band to a combination of two
Gaussian functions. Populations are proportional to the peak areas
weighted the ratio of the oscillator strength, as previously reported
(ε1HB/ε0HB = 1.49).19

The DOPC spectrum shows broader line shapes compared
to DOCPe [Fig. 1(b)], indicating that DOPC lipid carbonyl
groups experience a more heterogeneous environment compared to
DOCPe. In addition, there is an overall shift in the peaks between the
two lipids. DOPC peaks are red-shifted compared to DOCPe. Nor-
mal mode calculations using density functional theory (DFT) were
performed using isolated DOPC and DOCPe lipids, respectively, to
explain the observed frequency differences. Similar ∼20 cm−1 fre-
quency shifts between the carbonyls in the two lipids were observed
in the normal mode analysis, which shows that DOPC carbonyl
appears at a slightly lower frequency compared to DOCPe, as shown
in Fig. 1(c). This shows that the frequency shifts dominantly orig-
inate from the chemical differences between the two species not
from the environments. The DOPC absorption band is also broader
than DOCPe, which can be attributed to the larger frequency shift
between the 0 and 1 HB peaks in DOPC as well as a larger 1 HB pop-
ulation (Table S1). The 1 HB peak has a larger width compared to
the 0 HB and, as such, can contribute to an increase in the overall
width of the band.

The FTIR spectra show that the 1 H-bond peak [dashed
lines in Fig. 1(b)] in DOPC has a larger peak area compared to
DOCPe, indicating increased hydrogen bonding for DOPC. The
H-bond populations extracted from FTIR lineshapes are directly
compared to the average H-bond populations from the MD tra-
jectories [Fig. 1(d)]. Here, the average H-bond numbers from the
experiment were extracted by the oscillator-strength-weighted areas
of the two peaks [Fig. 1(b)].19 In both experiment and simulation, we
found out that DOCPe exhibits fewer H-bonds with water compared
to the DOPC lipid (0.94→ 0.79 in simulation and 0.79→ 0.66 in the
experiment). Interestingly, computed H-bond numbers between the

phosphate group and water in both systems did not show any differ-
ences [Fig. 1(e)]. This means that the inverted-headgroup effect does
not change the H-bond in the group in the headgroup region but
does perturb the linker region, although this perturbation is small.

B. Lipid carbonyl dynamics
The frequency fluctuations report on the local C=O group

H-bond dynamics.18,19 To investigate inverted-headgroup effects on
dynamics, we measured the frequency fluctuation correlation times
of ester C=O stretching modes. Since the carbonyl frequencies are
sensitive to the H-bond environment, the 2D IR measurements
directly report on the interfacial water dynamics. Specifically, the
diagonal elongation of the 2D IR lineshapes is quantified through
a center line slope analysis, and the loss in frequency correlation as a
function of waiting time is fit to an exponential [Figs. 2(a) and 2(b)].
The relaxation time constants for DOPC and DOCPe lipid carbonyl
stretching offer a direct comparison of dynamics for the two species
[Fig. 2(c), top]. Despite the different water orientations supported
by the two lipids, the dynamics are indistinguishable within mea-
surement error (0.95 ± 0.08 ps for DOPC and 1.1 ± 0.10 ps for
DOCPe). This means that the inverted-headgroup and its differ-
ent water orientations do not impact the carbonyl dynamics within
the headgroup region. Next, we examine these effects in more detail
through MD simulations.

The MD trajectories offer an atomistic view of the local water
dynamics in DOPC andDOCPe. Computationally, a C=O frequency
correlation function (FFCF) can be directly compared to the CLS
relaxation, as described previously.44 The relaxation times shown in
Fig. 2(c), bottom, are in good agreement with experiments, both
exhibiting a ∼1 ps decay time. Furthermore, both species, DOPC
and DOCPe, show nearly identical dynamics (0.99 ± 0.03 and 0.84
± 0.04 ps relaxation times, respectively). Even though there is a
difference in the relative order of the experimental and simulated
FFCF, decay time constants and the values in both experiment and
simulation are very similar; in fact, the measured values are indis-
tinguishable within experimental error. Thus, both experiments and
simulations suggest that the inverted-headgroup does not alter water
dynamics within the linker region. One important consideration
is the large differences in area-per-lipid between the two systems.
The simulated area-per-lipid values of DOPC and DOCPe are 67.6
and 77.6 Å2, respectively, which are in good agreement with the
experiment.25 To examine the relation between area-per-lipid and
dynamics, we carried out a separate set of MD simulations at a lat-
eral pressure of 5 bars (Fig. S3), with the purpose of reducing the
area-per-lipid.We observed that the DOPC area-per-lipid at 5 bars is
reduced by only 3 Å2 compared to original MD trajectories at 1 bar,
and DOCPe area-per-lipid remains unchanged. The FFFC decay
constants in both systems at 1 and 5 bars are indistinguishable, indi-
cating small changes in area-per-lipid do not have an effect on the
local water dynamics, as measured through the carbonyl vibration.

C. H-bond structure of carbonyl-
and phosphate-associated water

Radial distribution functions (RDFs) and orientational distri-
bution functions (ODFs) of waters around phosphate and carbonyl
groups were computed using the phosphate or the carbonyl oxy-
gen atoms as a reference. The RDFs of phosphate-associated water
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FIG. 3. (a) and (b) Computed RDFs between phosphate oxygen and water oxygens (a) and between carbonyl oxygens and water oxygens (b). (c) and (d) Computed ODFs of
water around phosphate group (c) and carbonyl group (d). The second peak, around 90○–120○ in both plots, corresponds to the H atom that is not directly hydrogen-bonded
to the phosphate or carbonyl group.

in both lipids are nearly identical [Fig. 3(a)]. However, the RDF
of the carbonyl-associated water around DOCPe shows a slightly
smoother shape than that around DOPC lipid carbonyl groups, par-
ticularly around the second solvation shell [0.4–0.6 nm, Fig. 3(b)].
This implies that (1) the carbonyl-associated water H-bond struc-
ture in the DOCPe lipid bilayer system is more disordered compared
to DOPC, especially at the second hydration shell. This is consistent
with the H-bond populations [Fig. 1(d)], which shows the reduced
H-bond number for DOCPe. (2) Such disordered H-bond structures
are only represented in the linker region but not in the phosphate
region, suggesting that there is a subtle perturbation by the inverted-
headgroups (i.e., the electric field generated between the phosphate
and the choline groups), which is not observed in the headgroup
region.

The RDFs of water around choline groups were also com-
puted using the nitrogen atom as a reference (Fig. S4). The RDFs
of choline-associated water in both lipids show slight differences.
In the DOCPe system, the choline-associated water has slightly
less defined solvation shell peaks compared to DOPC, suggesting
an increased disorder in the water structure around this group. In
addition, the second solvation shell is shifted, likely a result of the
different headgroup structures.

Phosphate- and carbonyl-associated water ODFs are shown in
Figs. 3(c) and 3(d), respectively. Here, we used the following defini-
tions: (1) Distances between donor oxygen and acceptor oxygen is
less than the first minimum positions in RDFs [<0.31 nm, Figs. 3(a)

and 3(b)] and (2) angles are defined as the angle between the water
O–H vector and vector connecting the carbonyl/phosphate oxy-
gen (i.e., acceptor) and water oxygen (i.e., donor). Both carbonyl
and phosphate ODFs are indistinguishable for both lipids, suggest-
ing that the inverted-headgroup effect on the first hydration shell
is minor and, therefore, explaining the underlying reason why the
carbonyl dynamics in both lipid systems are almost identical.

D. Interfacial water dynamics
The H-bond structure of both DOPC and DOCPe is very sim-

ilar despite the differences in dipole orientations. A further view of
water dynamics can be obtained through lateral (xy plane) and ori-
entational diffusion plots. The water mean-squared displacements
(MSDs) are shown in Fig. 4(a). The plots show nearly identical
dynamics. Self-diffusion coefficients in both systems are identical
within error (1.94 ± 0.12 × 10−5 cm2/s for DOPC system and
1.97 ± 0.09 × 10−5 cm2/s for DOCPe system), meaning that the
inverted-headgroup orientation does not affect the overall transla-
tional properties of water. A similar analysis is performed for the
interfacial water (Fig. S5), also showing nearly identical diffusion
rates across both lipid species; however, slightly faster diffusion rates
of the interfacial water for the DOCPe system than for the DOPC
system may be a result of the larger area-per-lipid of DOCPe.

Orientational relaxation functions of water in both systems
also showed the almost identical orientational dynamics [Fig. 4(b)].
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FIG. 4. (a) Mean-squared displacements (MSDs) of water molecules in simulation.
(b) Orientational relaxation functions of whole water molecules in simulation boxes
and their time constants obtained from the bi-exponential decay function.

Here, the orientational relaxation function49–52 is defined as

Crot(t) = ⟨P2(ûOH(t) ⋅ ûOH(0))⟩, (1)

where P2(x) is the second-order Legendre polynomial function, and
ûOH(t) is the O–H unit vector. The relaxation can be described by a
biexponential decay pattern with time constants of 0.38 and 3.46 ps
for DOPC lipid bilayer systems and 0.41 and 3.43 ps for DOCPe,
respectively.

IV. DISCUSSION
Analysis of the H-bond structure and dynamics from the

present experiments and simulations are consistent with previous
sum frequency generation (SFG) spectroscopy studies of Deiseroth
et al.25 We found out that the inverted-headgroup and its inter-
facial water have negligible effects on interfacial water properties,
but they slightly perturb the local H-bond structure at the linker
region between the headgroup and the lipid tail. This indicates that
water dynamics are largely driven by short-range interactions with
the polar headgroup phosphate and the choline but not on the

global orientation at the interface. In other words, since both DOPC
and DOCPe have the same phosphate and choline groups, which
produce nearly identical dynamics. Other studies have indicated
that interfacial dynamics are largely dependent on the headgroup
structure, especially the phosphate group.14,16 Therefore, the present
studies indicate that although the net water orientationmay bemod-
ulated by the local electric fields, the H-bond structure and dynamics
are only dependent on the local headgroup composition and overall
lipid–lipid interactions that determine packing.

Finally, despite the minor effects on interfacial H-bonds, the
large dipole induced by the headgroup could significantly modu-
late the structure and orientation of membrane proteins. Inverted-
headgroup lipids are an excellent experimental platform to further
test any effects, or lack thereof, on the structure or the function of
transmembrane proteins.

V. CONCLUSIONS
Here, we investigated the interfacial H-bond structure and

dynamics of the DOPC and DOCPe lipid bilayers using 2D IR
spectroscopy and MD simulations, particularly focusing on the
carbonyl-associated water located near the linker region. We found
that the inverted-headgroup has only a minor effect on the car-
bonyl dynamics and its H-bonding properties, which is the partially
disrupted H-bond between the carbonyl group and water. Simula-
tions also showed the negligible effect of the inverted-headgroup
on the carbonyl dynamics and the interfacial water H-bond struc-
ture and dynamics. Interestingly, a subtle perturbation was observed
near the linker region, especially within the second hydration shell
that could reflect slight changes in lipid packing or other long-
range interactions. These results add to the recent literature focused
on understanding the dipole effects on water orientation.24 These
studies answer the question of whether the headgroup dipole orien-
tation perturbs interfacial H-bonds, but there is still an important
question of the extent to which headgroup electrostatics affect the
protein structure, orientation, or function within more complex cell
membranes.

SUPPLEMENTARY MATERIAL

Structural information of the lipid bilayers, chemical structure
of DOPC and DOCPe lipids for DFT calculations, area-per-lipids
of DOPC lipid bilayers and FFCF decay constants with different
lateral pressures, RDFs of choline-associated water, computed self-
diffusion coefficients, and rotational relaxation decay time constants
of interfacial/bulk water are included in the supplementary material.
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