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ABSTRACT: Phospholipid membranes support essential bio-
chemical processes, yet remain difficult to characterize due to
their compositional and structural heterogeneity. The two most
common phospholipid headgroup structures in biological mem-
branes are phosphatidylcholine (PC) and phosphatidylethanol-
amine (PE), but interactions between PC and PE lipids remain
underexplored. In this study, we apply ultrafast two-dimensional
infrared (2D IR) spectroscopy to quantify the headgroup effects on
interfacial dynamics in PC/PE lipid mixtures. Experiments are
interpreted through molecular dynamics simulations using the
molecular dynamics with alchemical step (MDAS) algorithm for
enhanced sampling. Experimental results indicate that the PE
content decreases H-bond formation at the ester carbonyl positions near the lipid membrane’s hydrophobic core as a result of
increased packing density. The observed dehydration is linked to faster molecular dynamics within the interfacial region.

■ INTRODUCTION
Biological membranes are highly heterogeneous environments
that support a wide array of biochemical and biophysical
processes.1−5 Lipids themselves are a diverse group of
molecules with active roles in membrane-associated function
through signaling,5−8 lateral membrane organization,4,9,10 and
modulation of integral membrane protein function, including
ion channels,2,11−13 ATPases,14−16 and G-protein-coupled
receptors.17 Despite biological significance, the role of lipids
in the biophysics of heterogeneous membrane interfaces has
not been fully characterized. The conjunction of lipid−lipid
interactions and molecular crowding makes it challenging to
study systems with diverse lipid populations.3,18,19 Addition-
ally, the lipid−water interface constitutes a hydrogen bond (H-
bond) environment that is markedly different from that of bulk
water, adding to the complexity of local dynamics.20−22

Despite recent advances in modeling,3,23−26 lipidomics,27−30

imaging,31 and spectroscopy,21,32−36 mixed-lipid systems
remain a challenge to characterize via both experiment and
simulations.
The lipid−water interface is characterized by a network of

H-bonds that stabilizes the lipid structure and drives dynamics
of both water and lipid molecules.37−40 Indeed, H-bond
interactions are drastically different at hydrophobic−hydro-
philic interfaces when compared to those at the bulk, as a result
of confinement and interfacial H-bond donor/acceptor
balance.20,21,38,41−43 Lipids also exhibit a diverse array of
headgroup structures, which vary in size, polarity, charge, and
H-bond-donating and -accepting capacities, which strongly
impact interfacial structure and dynamics.29,41,42,44

Though membrane phospholipids are highly diverse,
phosphatidylcholine (PC) and phosphatidylethanolamine
(PE) lipid species are significantly more abundant than any
other phospholipid in both eukaryotes and prokaryotes.27,45,46

PC and PE also have nearly identical molecular structures but
different H-bond formation abilities due to differences in
nitrogen substitution (Figure 1). Specifically, PC lipids have a
quaternary ammonium with three methyl groups attached,
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Figure 1. Functional groups present at the lipid−water interface in
PC and PE lipids. Strong H-bond donors are shaded in mustard, and
H-bond acceptors are shaded in orange. Unlike PC, PE lipids have
polar protons that participate in H-bonding.
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while PE lipids have a primary ammonium, and as a result, PE
lipids can both donate and accept H-bonds.46 The difference in
nitrogen substitution leads to differences in lipid membrane
phase behavior,47,48 curvature,49 ion binding,50 and structure.51

The distribution of PC and PE is highly heterogeneous
across different membranes; in mammalian cells, for example,
PE is highly enriched on the cytoplasmic leaflet of the plasma
membrane, while high concentrations of PC lipids are present
in both leaflets.29 Traditionally, the different packing and
organization of PC and PE lipids result from a balance of three
closely related effects: (1) PE has less steric bulk in the
headgroup region than PC, and as a result, PE lipids are
described as having an intrinsic curvature;46 (2) lacking the
three methyl groups, PE lipids have less overall bulk than PC
lipids, and as a result, packing density is increased;52 and (3)
direct lipid−lipid H-bonding in PE52 further decreases the
area-per-lipid. The importance of these factors is supported by
a variety of findings, including measurements of area-per-
lipid,53,54 phase transition temperatures,55,56 and character-
ization of lipid packing geometries.49,51,57 Despite their
presence across biological membranes and inherent structural
effects, PE lipids have been largely understudied relative to PC
lipids46,47 due to their difficulty forming unsaturated planar
membrane structures, which are used in numerous biophysical
techniques including sum-frequency generation spectrosco-
py,21 neutron and X-ray reflectometry,58 NMR spectrosco-
py,59,60 electrochemical sensors,61 and fluorescence micros-
copy.62 While planar membranes with up to 90 mol % PE can
be prepared, PE concentrations above 50 mol % can lead to the
formation of defects, which limit the reproducibility of
experiments.46

In the present study, we use Fourier-transform infrared
(FTIR) and ultrafast two-dimensional infrared (2D IR)
spectroscopy of ester carbonyl vibrations (Figure 1) to
characterize H-bond structure and dynamics at the hydro-
phobic−hydrophilic interface of mixed PC/PE membranes.
Spectroscopic measurements are interpreted through molec-
ular dynamics simulations with alchemical steps (MDAS)26 to
provide an atomistic perspective while ensuring full equilibra-
tion of the mixtures.

■ MATERIALS AND METHODS
Infrared Absorption Spectroscopy. Dipalmitoylphos-

phatidylethanolamine (DPPE) and dipalmitoylphosphatidyl-
choline (DPPC) were purchased from Avanti Polar Lipids and
used without further purification. DPPE was dissolved in
65:25:4 CHCl3/MeOH/H2O, and DPPC was dissolved in
CHCl3 at 25 mg/mL. Samples of 1:1 DPPC/DPPE, 3:1
DPPC/DPPE, and 100% DPPC were prepared by combining
lipid solutions in appropriate molar ratios and then evaporating
the solvent under a dry nitrogen stream followed by vacuum
desiccation. Lipid films were reconstituted in 0.15 M NaCl in
D2O at a concentration of 50 mg/mL. Samples were subjected
to six freeze−thaw cycles and 20 min sonication at 60 °C prior
to collecting FTIR measurements.
FTIR spectra were recorded on a Bruker Vertex 70

spectrometer. An aqueous suspension of 50 μL was held
between two CaF2 windows separated by a 25 μm Teflon
spacer. Samples were heated to 60 °C and equilibrated for 10
min using a brass sample cell and a recirculating chiller to
ensure all lipid membranes were in the fluid phase. Before and
during data collection, the spectrometer was purged with dry
air to minimize perturbations from water vapor. Four samples

were made for each lipid system, and infrared absorption
spectra were independently collected for each sample.

Ultrafast 2D IR Spectroscopy. Mechanically aligned lipid
multilayers63−65 were used in 2D IR and pump−probe
experiments. Lipid solutions, in the cosolvent system described
above, were combined in appropriate molar ratios, and then an
aliquot (1.5 mm total lipid) was drop-cast onto a CaF2
window. The solvent was allowed to evaporate for several
minutes at an ambient pressure and then further evaporated for
an hour under a mild vacuum. A solution of 0.15 M NaCl in
D2O was pipetted onto the dried lipid film in a 1:1 D2O/lipid
mass ratio, another clean CaF2 window was placed directly on
top of the film, and the two windows were equilibrated at 60
°C and 100% relative humidity for an hour using a custom-
built hydration chamber and a heated water bath. Following
equilibration, the two windows were rotated relative to each
other in the sample cell at 60 °C until proper optical quality
(low scatter and a carbonyl optical density of approximately
0.5) was achieved. Before and after acquisition of 2D IR
spectra, full hydration of the samples was checked by
measuring FTIR spectra of the samples.
The 2D IR spectrometer has been described previously.66 In

brief, 100 fs mid-IR pulses were generated using an optical
parametric amplifier and a difference frequency generation
setup pumped by a Ti/sapphire laser (Astrella, Coherent Inc.).
The mid-IR excitation pulses were generated by a pulse shaper
(QuickShape, PhaseTech). The pump−probe delay was
controlled by a delay stage. The 2D IR signal was measured
using a spectrometer with a 128 × 128 pixel MCT array
detector (Teledyne), which was also used to resolve the probe
frequency axis. The pump frequency axis was resolved through
a numerical Fourier transformation of the pump delay time.
The pump and probe pulses were maintained at perpendicular
polarizations to reduce pump scatter.

Molecular Dynamics Simulations. Three DPPC/DPPE
bilayer mixtures with PC/PE ratios of 1:0 (pure DPPC), 3:1,
and 1:1 were constructed using the CHARMM-GUI67

interface with lipids distributed randomly across each 100-
phospholipid leaflet. The bilayers were solvated with TIP3P
water molecules and 0.15 M sodium chloride (NaCl). Each
system consisted of approximately 50,000 atoms. Simulations
were run using the CHARMM36 force field,68 as implemented
in the NAMD package of programs.69 Each system was energy-
minimized, then equilibrated in the NPT ensemble using the
Langevin thermostat and Nose−Hoover barostat70,71 at 333 K
and 1 atm for 20 ns. The systems were then equilibrated in the
NVT ensemble at 333 K for 10 ns. Waters were kept rigid
using the SETTLE algorithm,72 and all other bond lengths
with hydrogen atoms were kept fixed with the SHAKE
algorithm.73 The time step used was 1 fs in all of the
simulations. A real space cutoff distance of 12 Å was used, and
particle mesh Ewald (PME)74 was accounted for long-range
electrostatic calculations. The 1:1 DPPC/DPPE system was
selected to be equilibrated with the MDAS algorithm (Section
S2) to explore further the equilibrium distribution and
miscibility of the binary system. Upon confirming uniform
mixing at the corresponding temperature, the production runs
for each system were performed for 200 ns at the NVT
ensemble. We note that the equilibration rate within the
MDAS algorithm is about a factor of 1,000 faster than
traditional MD simulations.26

Following MDAS equilibration, 100 ps trajectories were
carried out to characterize the dynamics at the ester carbonyl
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position. Frames were saved every 20 fs to capture the fast
fluctuations, and frequency shifts were calculated using an
electrostatic map.75

■ RESULTS
Infrared Absorption Spectroscopy. The ester stretching

mode is used as a probe of the interface, as the absorption
frequency is sensitive to H-bonding to ester carbonyls, which
are precisely positioned at the interface between hydrophobic
and hydrophilic environments.75 This sensitivity is well
documented for lipids, which usually exhibit a 0 H-bond
peak around 1745 cm−1 and a 1 H-bond peak around 1730
cm−1.76 Figure 2 shows IR absorption spectra of the ester

carbonyls for DPPC and DPPC/DPPE mixed bilayers.
Headgroup composition effects on H- bonding populations
are quantified by fitting absorption spectra to a pair of
Gaussian peaks centered within 2.0 cm−1 of the minima
identified in the second-derivative plot. Indeed, the local
minima in the second-derivative plots (Figure 2) agree with
previous assignments.76 The populations of each H-bond
ensemble can then be extracted by integrating the area under
each fit peak, as the relative peak areas are proportional to the
number of lipid ester carbonyls with 0 or 1 H-bonds.75,76

Repeated FTIR experiments were performed to determine the
error in H-bond ensemble estimates (Figure S1), and
temperature-dependent FTIR spectra were used to evaluate
the relative oscillator strengths of the 0 H-bond and 1 H-bond
peak (Section S1).
The CO H-bond populations, shown in Figure 2, indicate

that H-bonding decreases with increasing PE composition: in
pure DPPC, 74% of the lipid carbonyls form H-bonds, while in
the 1:1 DPPC/DPPE this value decreases to 58%, and an
intermediate number of H-bonds to carbonyls are observed in
3:1 DPPC/DPPE. Similar to the shifts in peak frequency
previously discussed, these H-bonding effects may in part be

explained by the differences in lipid packing: PE increases the
packing efficiency and decreases H-bond populations.

Molecular Dynamics Simulations. Atomistic MD
trajectories provide a molecular interpretation of the measured
IR absorption line shapes. The miscibility of DPPC and DPPE
was tested using the MDAS enhanced sampling algorithm,26,77

and phase separation was not observed. Further details are
included in Section S2.
H-bond populations (Table 1) are extracted from the

trajectories using geometric criteria:78,79 < 0.35 nm donor (D)

and acceptor (A) distance and a donor-hydrogen−acceptor
angle of < 30°. Simulations show that the presence of DPPE
led to decreased H-bonding to the ester carbonyls of DPPC.
DPPE carbonyls experienced fewer H-bonds overall than
DPPC carbonyls; however, the presence of DPPE resulted in
decreased H-bonds to DPPC ester carbonyls. While simu-
lations are in qualitative agreement with experiment, the
magnitude of the effect is smaller in simulations, and the
prevalence of H-bonds in experiment is higher than in
simulations. For example, in experiment, 74% of the DPPC
ester carbonyls experienced H-bonds versus approximately
50% in simulations. Additionally, the area-per-lipid was
significantly decreased in the systems containing DPPE when
compared to that of the pure DPPC system (Table S1).
In summary, simulations indicate that (1) DPPE decreases

H-bonding to DPPC ester carbonyls at the lipid−water
interface, (2) DPPE ester carbonyls form fewer H-bonds on
average than DPPC ester carbonyls, and (3) DPPC and DPPE
are well mixed on a molecular length scale.

Ultrafast 2D IR Spectroscopy. Complete characterization
of the hydrophilic−hydrophobic interface includes probing the
effects of the lipid headgroups on interfacial dynamics. Here,
we expand upon the IR absorption results by using ultrafast 2D
IR to measure the dynamics around the carbonyl probes. In
brief, 2D IR spectra provide a correlation between a set of
excitation (pump) frequencies and a set of detection (probe)
frequencies. The changing environment around the oscillator
results in loss of correlation between the pump and probe
frequencies as the delay between the excitation and detection is
increased. Specifically, 2D IR spectra of the lipid ester
stretching vibration provide an autocorrelation of the carbonyl
frequency fluctuations, referred to as the frequency−frequency
correlation function (FFCF). Figure 3B shows four represen-
tative spectra of DPPC collected at different pump−probe
delay times. The loss of correlation is observed as a horizontal
rotation of the peak at longer delays. The full set of 2D IR
spectra is included in Section S4. Multiple methods exist for
extracting the FFCF from 2D IR peaks to describe
dynamics.80,81 The presence of partially overlapping peaks
within the ester band necessitates peak fitting using the Kubo

Figure 2. Absorption spectra of the ester carbonyl band of DPPC/
DPPE lipid bilayers. Absorption (upper) and second-derivative
(lower) spectra of the lipid ester band for (A) pure DPPC, (B) 3:1
DPPC/DPPE, and (C) 1:1 DPPC/DPPE lipid systems. Gaussian fits
are shown by dashed lines, and the center frequencies of the Gaussian
peaks are indicated by the dotted vertical bars. The insets show the
populations along with the error bounds extracted from multiple
replicates (see Figure S1).

Table 1. Average Number of H-Bonds to Lipid Ester
Carbonyls Computed from MD Trajectories Using
Geometric Criteriaa

ester location 1:0 DPPC/DPPE DPPC/DPPE 3:1 DPPC/DPPE 1:1

PC (sn-2) 0.52 0.51 0.50
PC (sn-1) 0.49 0.48 0.47
PE (sn-2) N/A 0.49 0.49
PE (sn-1) N/A 0.44 0.44
average 0.51 0.49 0.48

aSee the text for details.
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line shape model.82,83 Fitting the time-dependent 2D IR
spectra at 34 separate time delays yields a set of two time-
dependent peaks (Figure 3A), and the changes in each peak’s
shape are modeled by an FFCF. Within this model, the FFCF,
C(t), during the time scale of experiment is assumed to be an
exponential decay of the form

ω= Δ τ−| |C t( ) e t2 / c (1)

in which Δω is the amplitude of frequency fluctuations, τc is
the correlation lifetime, and t is the time delay. A more detailed
description of the fitting process is provided in Sections S3 and
S4 with all spectra and fits (Figures S9−S14). Separate
correlation times are assumed for the 1 H-bond and 0 H-bond
peaks. The values of Δω and τc obtained from fitting are
tabulated in Table 2. In each system, the fluctuation

magnitude, Δω, is greater in the 1 H-bond ester peak than
in the 0 H-bond ester peak. We also observed a difference in
dynamics; the 1 H-bond peak exhibited dynamics that were
consistently faster than the 0 H-bond peak regardless of the PE
content. The presence of PE had a pronounced effect on the
time scale of the FFCF extracted using the Kubo model. The
1:1 DPPC/DPPE system exhibited the shortest correlation
lifetimes, indicating fast dynamics, while the 3:1 DPPC/DPPE
system exhibited slower dynamics, and the slowest dynamics
were observed for pure DPPC. We were able to model the line
shapes observed via 2D IR without accounting for chemical
exchange, suggesting that the dynamics probed primarily
describe fluctuating electric field amplitudes.64

Electrostatic autocorrelations were also calculated from the
MD trajectories of the lipid membranes as a point of
comparison between experiment and simulations (Table S4

and Figure S15). These autocorrelations were fit to a function
of the form

= + +τ τ τ− − −C t a a a( ) e e et t t
1

/
2

/
3

/c1 c2 c3 (2)

where the parameters a1, a2, and a3 describe the amplitudes
and τc1, τc2, and τc3 describe the decay constants of the three
exponentials, respectively. The three decay constants appear in
the range of ∼20−40, ∼250, and 3−4 ps, respectively. The
slowest component is compared directly with the experimental
value of the FFCF. The fastest dynamics were observed in the
3:1 DPPC/DPPE system, with correlation times of 3.5 ps,
while the correlation times for the 1:1 DPPC/DPPE system
and pure DPPC system each were fit to correlation times
between 3.8 and 4.0 ps. Correlation times were slightly faster
for DPPE than for DPPC. Trends in FFCF lifetimes from
simulations were not identical to trends obtained from
experiment; however, they allow for a direct comparison
between experiment and simulation.

■ DISCUSSION
Two dynamic processes are measurable via 2D IR spectros-
copy of the ester carbonyl stretches: (1) local electric field
fluctuations observed through the FFCF of individual peaks
and (2) H-bond breaking and formation observed through
cross-peak growth. Within our PC/PE system, electric field
fluctuations were faster for DPPC/DPPE mixtures than for
pure DPPC membrane.

Local Electrostatic Fluctuations. Fluctuation dynamics,
quantified through the FFCF, were faster in densely packed
membranes with high DPPE concentrations and a relatively
low proportion of H-bond ester carbonyls. This measured
trend mirrors the effect observed in surfactant interfaces;
increased packing density is associated with decreased H-
bonding to water accompanied by faster FFCF dynamics.84

Water at interfaces exhibits slow dynamics due to constraints
to the H-bond network. Interfacial water molecules have fewer
possible H-bond configurations than bulk water molecules and
are thus increasingly constrained. The presence of constrained
interfacial water in the membrane slows the conformational
fluctuations in the lipid headgroup region, and therefore
measured differences in dynamics between the 1:1 DPPC/
DPPE, 3:1 DPPC/DPPE, and DPPC systems can be

Figure 3. Experimental spectra of the ester carbonyl band of DPPC, 3:1 DPPC/DPPE, and 1:1 DPPC/DPPE. (A) 2D IR spectra of DPPC, 3:1
DPPC/DPPE, and 1:1 DPPC/DPPE (left) with Kubo line shape fits to the 0 and 1 H-bond peaks, and the total fit to the data. All spectra in panel
A are plotted with a pump−probe delay time of 0.6 ps. (B) Waiting-time dependence of the experimental DPPC spectra and line shape fit.

Table 2. FFCF Parameters from Fitting to 2D IR Spectra

1 H-bond 0 H-bond

system
Δω1Hb
(cm−1) τ1Hb (ps)

Δω0Hb
(cm−1) τ0HB (ps)

1:0 DPPC/DPPE 13.4 ± 0.2 1.9 ± 0.1 6.6 ± 0.2 9 ± 1
3:1 DPPC/DPPE 12.4 ± 0.2 1.7 ± 0.1 5.7 ± 0.1 4 ± 1
1:1 DPPC/DPPE 13.4 ± 0.4 1.4 ± 0.2 4.1 ± 0.2 2.3 ± 0.5
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rationalized in terms of differing levels of interfacial hydration
resulting from changes in the packing density.
Measured 2D IR dynamics also differed between the 1 H-

bond and 0 H-bond peaks. Electric field fluctuations had a
greater magnitude in the 1 H-bond peak than in the 0 H-bond
peak, as evidenced by the difference in inhomogeneous line
widths, which may be explained in part by the large fields
produced by the partial charges of primary amines and water
molecules. In addition, ester carbonyls contributing to the 1 H-
bond peak experience stronger static electric fields than those
contributing to the 0 H-bond peak, which is evidenced by the
15 cm−1 red shift of the 1 H-bond peak relative to the 0 H-
bond peak. Differences in the time scales of the fluctuations
were also observed between the two component peaks:
dynamics were faster for the 1 H-bond peak than for the 0
H-bond peak across all three systems. Relatively slow
fluctuations for the 0 H-bond carbonyls have been observed
previously; however, the source of the slowdown remains
unclear.64 At first glance, the two results from the FFCF may
appear contradictory; the interfacial dynamics are fastest in the
system with the fewest H-bonds to the ester carbonyls, but the
1 H-bond peak exhibits faster dynamics than the 0 H-bond
peak. One possible explanation may lie in the role of molecular
orientation, and not just proximity, in H-bond formation.
Interfacial water is vibrationally coupled to the esters in both
the 1 H-bond and 0 H-bond peaks,85 indicating that the
carbonyls in the 0 H-bond and 1 H-bond peaks are both
similarly exposed to interfacial water. The differences between
the 0 H-bond peak and 1 H-bond peak may then be more
closely related to the orientations of esters than their proximity
to water since H-bonds require both proximity and the proper
orientation to exist. Indeed, there are significant differences in
the orientations of esters in these peaks.86 H-bonded ester
carbonyl dipoles are oriented, on average, toward the lipid−
water interface, while 0 H-bond dipoles are oriented away from
the lipid−water interface. Thus, the trends observed between
the 0 H-bond and 1 H-bond peaks do not contradict the
composition-dependent trends observed between DPPC, 3:1
DPPC/DPPE, and 1:1 DPPC/DPPE.
Trends in electrostatic fluctuations were not reproduced

quantitatively in simulations. In the 2D IR spectra, the slowest
electrostatic fluctuations were observed in the DPPC
membrane and the fastest fluctuations were observed in the
1:1 DPPC/DPPE membrane, while in simulations the
fluctuations were fastest in the 3:1 DPPC/DPPE membrane.
There are multiple factors that may play a role in this
difference: (1) the 1 H-bond and 0 H-bond peaks arise from
esters with distinct orientational distributions.86 The difference
in orientation between 1 H-bond and 0 H-bond ester
carbonyls is not captured by simulations, which can limit
comparison between simulations and experiments that probe
the lipid esters. (2) The trajectories utilized TIP3P water,
which may produce faster dynamics compared to experiment,87

although TIP3P has been used previously to reproduce
experimental trends in lipid dynamics.88,89

Interfacial H-Bond Interactions. In our 2D IR experi-
ments, the H-bond rates were too slow to be measured
precisely, as the carbonyl vibrational lifetime (∼1.5 ps) limits
the acquisition of 2D IR spectra to several picoseconds.
However, the FTIR spectroscopy utilized here provides insight
into the H-bond equilibrium at the hydrophilic−hydrophobic
interface of the lipid bilayer. The esters used as vibrational
probes are adjacent to both the headgroups and tails of the

lipids and, as such, probe the interface between the hydrophilic
and hydrophobic regions of the lipid membrane.
Recent ultrafast studies have shown that lipids with H-bond-

donating primary amine headgroups slow down dynamics at
the lipid−water interface much more than lipids with tertiary
amine headgroups, which cannot donate H-bonds.90 Here, we
found a separate set of changes to ultrafast dynamics at the
interface between the hydrophilic headgroup region of the
membrane and the hydrophobic bilayer core, rather than the
interface between water and the lipid headgroups. The effects
of PE headgroups on the dynamics at the hydrophilic−
hydrophobic interface are striking, given that the structural
differences between PC/PE lipids are exclusive to the
ammonium group at the boundary between the headgroup
region and water, while the functional groups probed here
occupy a completely different region of the membrane. These
depth-dependent changes in dynamics have implications for
the function and structure of integral membrane proteins,
which exist in membranes with high concentrations of both PC
and PE lipids. Specific examples of membrane proteins with
preferential interactions involving PE lipids are already
abundant,14,91,92 and as integral membrane proteins cross
through the entire lipid membrane, the differential effects of
PC and PE at the hydrophilic/hydrophobic interface are likely
to be crucial for understanding lipid−protein interactions.

■ CONCLUSIONS
Phosphatidylethanolamine (PE) and phosphatidylcholine
(PC) headgroups are the most common phospholipid
headgroups in eukaryotes; however, PC−PE interactions still
remain largely unexplored on a molecular time and length
scale. Through a combination of linear infrared spectroscopy,
ultrafast 2D IR spectroscopy, and molecular dynamics
simulations, we have characterized the effects of PC and PE
headgroups on dynamics and intermolecular interactions in
lipid membranes. Within the interface between polar and
nonpolar regions of lipid membranes, the presence of H-bond-
donating headgroups leads to an increase in dynamics on a
sub-ns time scale. Additionally, the number of CO H-bonds
in this region decreases with increasing PE content, as PE
lipids pack together more closely than PC lipids. Taken
together, these results suggest that interfacial water drives
dynamics at the lipid−water interface and that lipid−lipid H-
bonds are implicated in complex depth-dependent interfacial
dynamics. These results have implications for membrane
protein folding, bilayer organization, and lipid−peptide
interactions. Further work will be required to bring these
results to the full context of heterogeneous multicomponent
biological membranes, which contain high concentrations of
both PC and PE lipids.
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