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Site-Specific Peptide Probes Detect Buried Water in
a Lipid Membrane
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ABSTRACT Transmembrane peptides contain polar residues in the interior of the membrane, which may alter the electrostatic
environment and favor hydration in the otherwise nonpolar environment of the membrane core. Here, we demonstrate a general,
nonperturbative strategy to probe hydration of the peptide backbone at specific depths within the bilayer using a combination
of site-specific isotope labels, ultrafast two-dimensional infrared spectroscopy, and spectral modeling based on molecular
dynamics simulations. Our results show that the amphiphilic pH-low insertion peptide supports a highly heterogeneous environ-
ment, with significant backbone hydration of nonpolar residues neighboring charged residues. For example, a leucine residue
located as far as 1 nm into the hydrophobic bulk reports hydrogen-bonded populations as high as�20%. These findings indicate
that the polar nature of these residuesmay facilitate the transport of water molecules into the hydrophobic core of the membrane.
INTRODUCTION
Lipid membranes are essential to numerous biological pro-
cesses, and their multiple functions are rooted in their
diverse interfacial environments (1–4). On its own, a
bilayer provides a nanometer-length gradient from a polar,
aqueous environment at the interface to a nonpolar hydro-
phobic environment within the membrane center. However,
the lipid-centric view of membranes may be too simplistic
because in cell membranes, transmembrane proteins make
up �50% of the mass, which can significantly alter the
bilayer properties (5–7). In general, residue polarity fol-
lows the hydrophilicity of its environment. However, the
presence of hydrophilic residues in the alkyl region of a
membrane is common. For example, in mitochondrial res-
piratory chain proteins, as much as �24% of lipid-facing
residues are polar or charged (4). Their purpose is not un-
derstood, but it has been hypothesized that these residues
may be energetically favored within certain membrane
potentials (8).

Polar residues may substantially alter the electrostatic
potential and drive water toward the otherwise hydrophobic
regions of the bilayer, but quantifying these effects remains
challenging (5,9). Here, we report a general strategy to study
local hydration environments using a combination of
ultrafast nonlinear infrared (IR) spectroscopy and nonper-
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turbative, site-specific spectroscopic probes within the back-
bone of a transmembrane helix.

In this study, we use pH-(low) insertion peptides
(pHLIPs) as model membrane peptides. pHLIPs are a family
of small amphiphilic peptides that have been extensively
studied for their pH-responsive folding and insertion into
lipid bilayers. Under acidic conditions, a pHLIP exists as
a membrane-embedded a-helix, a property of interest for
medicinal applications. For example, recent interest in
pHLIP stems from its ability to selectively insert into tumor
cells with potential applications for cancer diagnosis and
drug delivery (10–16). The pHLIP sequence is composed
of hydrophilic residues interspersed within the hydrophobic
region of the lipid bilayer (Fig. 1), providing a polar envi-
ronment and potentially reducing the free energy for
water molecules to penetrate into the alkyl region of
the membrane. The specific sequence of pHLIP is
AAEQNPIYWARYADWLFTTPLLLLDLALLVDADEGT.

IR spectroscopy of amide-I vibrational modes is
commonly used as a sensitive nonperturbative probe
of peptide structure and hydration (17,18). A variety of
strategies involving localized vibrational probes such as
isotope labels or covalently modified residues have been
valuable in extracting site-specific information (19–23).
Here, we employ single-site 13C¼18O isotope labels, which
localize the IR signal to individual residue vibrations by
shifting the labeled spectrum out of resonance with the
main band, allowing its environment to be studied indepen-
dently (24–31).
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FIGURE 1 (a) pHLIP sequence, colored according to residue hydropho-

bicity. Green indicates hydrophobic, red indicates acidic, blue indicates

basic, and black indicates polar residues. (b) A helix wheel representation.

(c) Positions of simulated water molecules (blue) and lipid ester oxygen

atoms (gold). (d) Positions of selected peptide residues in the bilayer

(from left to right: A13, L24, L28, and A32). To see this figure in color,

go online.

Local Peptide Probes Detect Buried Water
Isotope-edited IR spectroscopy has been fruitful for un-
covering site-specific information of peptides in solution
as well as in the membrane (26–29,31–38). For instance,
Rothschild and co-workers (35) used isotope labeling to
probe the local secondary structure and orientation of
the membrane-anchoring region of an ion channel. How-
ever, the number of studies involving membrane peptides
is small because of key challenges in resolving single-site
isotope peaks. The low peptide/lipid ratio required to
ensure monomers coupled with the relatively low concen-
tration of the isotope-edited sites compared to unlabeled
residues makes isotope peaks difficult to reliably interpret.
Resolution-enhancing methods such as Fourier self-de-
convolution can circumvent some of these issues, but
this relies on strong signal/noise ratio to be effective
(39). Two-dimensional (2D) IR (2D IR) spectroscopy
has significant advantages for these vibrational modes
that are difficult to measure. In brief, 2D IR is a pump-
probe IR technique in which a pair of pump pulses excites
a specific vibrational frequency, followed by a probe
which detects vibrations over a broad frequency range.
The signal scales with the fourth power of the dipole
moment (40–43), compared to the second-order scaling
of Fourier transform IR (FTIR) spectroscopy, resulting
in narrower line shapes, particularly in the isotope region
(44). This mitigates overlap in congested spectra resulting
in peaks that are easier to isolate.

Spectral features in 2D IR spectroscopy can be inter-
preted similarly to FTIR spectroscopy (45). For example,
an oscillator in a water-exposed heterogeneous environment
will exhibit a broader peak than one in a homogeneous envi-
ronment because of the more diverse environments
and faster fluctuations. Most importantly, hydrogen-bonded
oscillators will produce peaks red shifted by �15 cm�1

per hydrogen bond (H-bond) from its characteristic fre-
quency (46).

To interpret 2D IR data from an atomistic point of view,
computational models based on electrostatic maps have
been developed for generating amide-I IR spectra from mo-
lecular dynamics (MD) simulations (47). Agreement be-
tween computed and experimental line shapes implies that
MD simulations accurately sample the molecular ensembles
observed in the experiment. Over the past decade, these
methods have proven useful in interpreting 2D IR spectra
of biomolecules, as well as providing a quantitative frame-
work for selecting potential isotope-labeled sites within pro-
teins (47–56). Here, we use 2D IR spectra of isotope-labeled
pHLIP in combination with these computational tools to
probe solvent penetration into a 1,2-dimyristoyl-sn-glyc-
ero-3-phosphocholine (DMPC) bilayer surrounding a trans-
membrane peptide.
METHODS

Here, we provide a summary of the methods. Additional descriptions are

provided in the Supporting Materials and Methods (Sections S1–S5).
Isotope site selection

Residues were selected through structure-based modeling of IR spectra as

described below. First, computed main band amide-I spectra for pHLIP

in a DMPC bilayer were used to confirm qualitative agreement with the

experimental FTIR spectra of the unlabeled peptide. Similarly, isotope-

labeled calculations were performed for all 36 residues to identify potential

label sites according to the following criteria: 1) Peaks must be narrow and

fully resolved from the main band, and 2) residues must be distributed

throughout the backbone to sample different membrane depths. Using these

two criteria, we selected four sites: A13 is located near the center of the

membrane, L24 is primarily within the hydrophobic region but accessible

to water, L28 lies at the lipid-water interface, and A32 is fully solvated ac-

cording to coordinates obtained from simulations. All four isotope peaks

are spectrally resolved from the main amide-I band (Fig. S1).
Isotope label synthesis

Isotope-enriched (13C,18O) alanine and leucine were synthesized in-

house following the procedure of Marecek et al. (25) from FMOC-pro-

tected 13C alanine and 13C leucine (Sigma-Aldrich, St. Louis, MO).

Labeled peptides were custom synthesized by Biosynthesis (Lewisville,

TX). Peptides were lyophilized to remove residual trifluoroacetic acid

before use.
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Sample preparation

Unilamellar 100-nm DMPC vesicles were formed by reconstituting dried

DMPC to 30 mM in 100 mM MOPS (3-(N-morpholino)propanesulfonic

acid) buffer (pH 8.0) followed by extrusion. An aliquot of 2.4 mM pHLIP so-

lution held at pH 8.0was added to the vesicle suspension until the final peptide

concentration was 0.6 mM for each sample. Samples were adjusted to their

final pH of 4.0 (values reported here are uncorrected pH readings in D2O)

and incubated for 30min at room temperature before the start of eachmeasure-

ment. Samples were held at pH 4 for two reasons: 1) Previous literature (15)

and circular dichroism measurements indicate helical character at this value

(see Supporting Materials and Methods, Section S2 c), and 2) deprotonated

carboxylate side-chain absorptionoverlapswith the isotope labels. pHLIP con-

tains six carboxylate side chains, including glutamate and aspartate (57).
2D IR experiments

2D IR spectra were measured at room temperature with a custom-built

pulse-shaper-based spectrometer (58). Spectra were collected at a fixed

pump-probe delay, or waiting time (t2) of 500 fs and scanned coherence

times (t1) up to 3 ps. The frequency resolution along the probe axis is

2.7 cm�1. Pump and probe polarization were perpendicular, and phase

cycling was used to remove contributions due to pump scatter. 11.2 million

laser shots were collected to produce each spectrum. Diagonal slices were

taken 7 cm�1 from the detection axis (shown by the dashed line in Figs. 2

and 3) for comparison with analogous experimental and simulated spectra.

All 2D spectra and diagonal slices were normalized to the maximal inten-

sity of the main amide-I peak.
MD

MD simulations were carried out using Groningen Machine for Chemical

Simulations. The initial box was constructed by inserting a single pHLIP

into a bilayer consisting of 128 DMPC lipids (64 per leaflet) as generated

using CHARMM-GUI (59–65). Simulations were carried out using the

CHARMM36 force field and TIP3P water (66). The system was equili-

brated for 2 ns, followed by a 10-ns NPT production run at 300 K and 1

atm. Proper equilibration and convergence was ensured by computing

spectra at different points along the production trajectories.

Radial distribution functions (RDFs) and H-bond populations were

calculated using built-in Groningen Machine for Chemical Simulations

functions over the course of each simulation trajectory. Water RDFs were
FIGURE 2 (a) Experimental (left) and (b) simulated (right) 2D IR

spectra of unlabeled pHLIP in a DMPC bilayer (pH 4.0). The isotope-

labeled region at frequencies below [u1, u3] ¼ 1600, 1610 cm�1 is scaled

by a factor of five to highlight the features in this region. The red (positive)

peaks represent the ground-state bleach and stimulated emission, and the

blue (negative) peaks are due to excited-state absorption. To see this figure

in color, go online.

FIGURE 3 Experimental (left) and simulated (right) amide-I 2D IR

spectra of all isotope-labeled pHLIPs in lipid vesicles. (a and b) A13-

labeled peptide; (c and d) L24-labeled peptide; (e and f) L28-labeled pep-

tide; (g and h) A32-labeled peptide. The insets indicate the label region.

Because the isotope peaks are small compared to the main band, the insets

are plotted at a lower contour level to highlight the features in this region.

To see this figure in color, go online.
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computed using the backbone carbonyl oxygen as a reference. The number

of H-bonds in each simulation frame was computed using a 0.35-nm donor-

acceptor distance cutoff and 30� (D-H-A) angle (67,68).
Spectral calculations

Spectra were calculated from the frequencymap parameterized by Tokmakoff

and co-workers (47,53,54), and the transition charge coupling map was con-

structed by Jansen and co-workers using the charges defined by the

CHARMM36 force field (69,70). Frequency maps correlate electric fields at

the C¼O positions computed from MD to the frequency of each amide unit,
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which become the diagonal elements of the Hamiltonian. Off-diagonal ele-

ments, or couplings, are obtained using the nearest-neighbor map of Jansen

and co-workers (48–52).Once aHamiltonian trajectory is obtained, IRabsorp-

tion and 2D IR spectra are computed through numerical integration of the

Schrodinger equation (NISE) (49). Individual isotope spectra were calculated

by red shifting the corresponding Hamiltonian site by 60 cm�1 to reflect the

characteristic 13C¼18O isotope shift and recomputing the spectrum (71,72).
FIGURE 4 Diagonal slices of the experimental (upper panel) and simu-

lated (lower panel) isotope region of all 2D IR spectra. These diagonals are

also indicated as dashed lines in Fig. 3. To see this figure in color, go online.
RESULTS

Fig. 2 shows experimental (Fig. 2 a) and simulated (Fig. 2 b)
2D IR spectra of the main amide-I band of pHLIP in DMPC
(pH 4) with the isotope region (insets). Both spectra are free
of signals in the label region, aside from the sloping tail of
the main band observed in the experimental spectra. The di-
agonal, where the excitation and detection frequency are the
same, is qualitatively analogous to the signal obtained from
an FTIR spectrum (26).

Fig. 3 shows the experimental and simulated spectra for
the four isotope-labeled peptides studied here. The key
observation is the appearance of peaks below 1610 cm�1

in both the experimental and simulated spectra correspond-
ing to the labeled residues.

Because no distinctive off-diagonal features are observed,
the relevant information can be extracted from diagonal sli-
ces of the 2D spectra. Further, the main band remains un-
changed for the different isotope labels (see Supporting
Materials and Methods, Section S4). We focus our analysis
on the diagonal slices in the isotope-labeled region (1550–
1610 cm�1) as shown in Fig. 4 and interpret the experi-
mental line shapes of each isotope-labeled site separately,
comparing them to the simulations before discussing the
overall environment of the peptide within the membrane.
Unlabeled pHLIP

The main amide-I band of the experimental spectrum is
consistent with that of a primarily a-helical peptide, charac-
terized by a single band centered at �1650 cm�1. There are
no resolved spectral features in the isotope region (inset),
indicating an absence of deprotonated carboxylate groups.
The baseline is more clearly shown in Fig. 4, which contains
the diagonal slices in the isotope region (1550–1610 cm�1).
There are no resolved spectral features present in the unla-
beled slice except a feature near 1600 cm�1 corresponding
to the low frequency edge of the main band. There are also
negative features on the low frequency side of several of these
spectra. These arise from the interference between the funda-
mental (ground-state bleach) and overtone (excited-state ab-
sorption) bands of the 2D IR spectra. This feature has been
observed in other proteins (26) and illustrates one challenge
of interpreting 2D IR spectra without accurate structure-
based models: this overlap and resultant negative peaks
may alter or mask the underlying positive peaks.

The simulated 2D IR spectrum (Fig. 2 b) also appears as a
single peak centered at 1650 cm�1. As expected, the simu-
lated spectrum of unlabeled pHLIP shows no features in the
isotope region (Fig. 4). Main band line shapes, however, are
notably narrower and overall blue-shifted in the simulation.
We attribute the origin of this discrepancy to the membrane
environment for which the computational model has not yet
been parametrized, and thus its heterogeneity is not accu-
rately captured. As described in Supporting Materials and
Methods (Section S7), simulated pHLIP spectra in water
agree semiquantitatively with experiments (Fig. S10). In
the membrane, the low polarity of the lipid tail groups pro-
duces a ‘‘vacuum-like’’ electrostatic environment, which,
combined with the rigid geometry of the peptide, causes
the residue line shapes to be significantly narrower
compared to the solution.

Experimentally, main band spectra show no differences
for the four isotope labels (Fig. 3), confirming that the pep-
tide conformation is identical for the differently labeled pep-
tides. Because isotopes do not perturb the conformation,
these results confirm the consistency and reproducibility
of the experiments, particularly because each sample was
prepared starting from a different peptide. It is worth noting
that there are no crosspeaks detected between the isotope
peak and the main band; this is because of the weak
coupling among residues in the vibrational Hamiltonian.
Isotope peaks show qualitatively different features as a
result of different environments. Below, we examine each
isotope-labeled spectrum to assess the degree of hydration
at each site by qualitative interpretation of the experimental
Biophysical Journal 116, 1692–1700, May 7, 2019 1695
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diagonals combined with hydrogen bonding and analysis of
water density near each site based on the MD simulations.
FIGURE 5 (a) Total H-bond populations. (b) Normalized radial distribu-

tion functions (RDFs) calculated for water, using the carbonyl oxygen atom

as a reference. To see this figure in color, go online.
A13

The experimental A13 spectrum (Fig. 3 a) contains a single
isotope peak centered at 1582 cm�1. The diagonal slice
(Fig. 4) shows that this is a narrow peak, indicative of a uni-
form solvation environment. This peak is blue-shifted with
respect to other isotopes, which supports the interpretation
that this C¼O is primarily dehydrated, and the sharpness
of the peak compared to the other label sites indicates
conformational homogeneity in the A13 region of the
peptide.

Line shapes are in good qualitative agreement between
experimental and simulated spectra; in the simulation, a sin-
gle, blue-shifted isotope peak is present at 1592 cm�1, as
expected for a residue in a nonpolar environment. Resi-
due-specific coordinates extracted from the MD trajectory
(Fig. 1) show that A13 is embedded near the center of the
hydrophobic lipid tail region. The peak is further narrowed
by the primarily hydrophobic neighboring residues within
the helix, producing a nonpolar, homogeneous environment
around this residue.

Further MD analysis involved counting the number of to-
tal H-bonds and donor-specific H-bonds per simulation
frame using the backbone C¼O at each labeled site as the
H-bond acceptor. Donor-specific analysis included sepa-
rately counting peptide-peptide and peptide-water H-bonds.
Through this method, we determined that nearly all simula-
tion frames included a single peptide-peptide H-bond. Any
frames with two H-bonds contained one peptide-peptide
and one peptide-water H-bond. Total H-bond counts for
each site are given in Fig. 5 a and are further discussed in
the next section.

With this designation, we assign this single A13 peak to a
1-HB population wherein this residue forms helix-stabiliz-
ing H-bonds between the carbonyl O and the helical back-
bone. This type of H-bond is more stable and long-lived
than a water H-bond, which results in the peak narrowness
observed here.

The intensity and narrow linewidth is consistent with a
single H-bond between the carbonyl O and the helical back-
bone, which is more stable and long-lived than a water
H-bond (26,46). Subsequent H-bond and hydration analysis
from MD corroborates this interpretation, revealing a pri-
marily singly hydrogen-bonded ensemble (Fig. 5 a).
Compared to the peptide, H-bonds to water produce broader
and less intense peaks (26,46).

Simulated peaks are narrower than the experimental
peaks, as observed not only in the main band but also in
the isotope signals. Possible contributing factors are dis-
cussed in Supporting Materials and Methods (Section S7),
and the sharpness of the peak supports the conjecture
that the peptide environment in the simulations may be
1696 Biophysical Journal 116, 1692–1700, May 7, 2019
artificially homogeneous because of the membrane
electrostatics.
L24

The experimental L24 diagonal slice appears qualitatively
similar to the A13 peak but with a shoulder to the red of
the main isotope peak, which is suggestive of a second
distinct population within the sample. We have assigned
the blue-shifted peak to an H-bond with the peptide, making
up roughly 80% of the total ensemble. The red-shifted peak,
comprising the remaining 20% of the population, is as-
signed to an H-bond with water because the low intensity
and approximate 15 cm�1 red shift is consistent with a sol-
vent H-bond (46). The shoulder illustrates that water mole-
cules penetrate into the L24 region to transiently H-bond
with the backbone.

This shoulder is not observed in the simulated spectrum.
There is partial qualitative agreement as the peak appears as
a narrow stretch on the blue side of the window, but the
shoulder is absent, suggesting the absence of water within
the L24 region in the MD simulation. Likewise, H-bond
counts reveal a predominantly single H-bonded ensemble
with no H-bonds to water (Fig. 5 a). Similarly, the RDF in-
dicates a lack of water penetration within the range of
0.35 nm from the carbonyl. This discrepancy may arise
from three sources: 1) Water penetration may be slow, and
by consequence, our trajectories may not be sufficiently
long; 2) the force field underestimates the degree of hydra-
tion within the L24 region of the membrane; and 3) although
unlikely, interactions between peptides may contribute to
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hydrogen bonding. Previous literature has not cited multi-
merization at the experimental pH or concentration
(73,74), and control experiments have not detected any ag-
gregation (Fig. S7), but peptide-peptide interactions cannot
be entirely ruled out with the methods used here. The second
suggestion is more plausible, as we have demonstrated in
Supporting Materials and Methods (Section S7) that our
system is converged within the 10 ns simulation time;
although it is still conceivable that fluctuations slower
than 10 ns are not captured, which indicates a need for
more powerful, multiscale simulations, to more completely
sample the structural ensembles within this model system.

Overall, the experimental line shapes suggest that this site
is primarily enclosed within the hydrophobic bulk of the
lipid membrane, as indicated by the sharp blue-shifted
peak, and the shoulder on the red side corresponds to a small
2-HB population between the amide C¼O and transient
water.
L28

In contrast with the A13 and L24 sites, both experimental
and simulated L28-labeled spectra appear broader and lower
in intensity. Diagonal broadening supports the interpretation
of multiple different H-bond populations within this region.
The experimental diagonal band is composed of two peaks
centered at 1573 and 1560 cm�1, respectively, indicative
of 1-HB and 2-HB populations. We approximate the single
H-bond population to compose 60% of the total ensemble
and the double H-bond population to compose 40%. The
red shifts and lower intensity of these peaks suggest that
L28 is partially water exposed. The low intensity of the
red-shifted peak also indicates a more heterogeneous envi-
ronment at this position.

The simulated spectrum shows similar broadening; how-
ever, it appears more blue-shifted than the experimental
spectrum with the two peaks centered at 1590 and
1575 cm�1 with roughly equivalent populations to those
observed in experiment. We attribute the blue shift to the
same artificially homogeneous environment described
earlier, which is further discussed in Supporting Materials
and Methods (Section S7). According to the MD trajectory,
the L28 site is characterized by two distinct H-bonding pop-
ulations in which the peptide backbone is H-bonded to water
in �70% of the snapshots. This agrees semiquantitatively
with experiments, and we hypothesize that part of the
discrepancy in the estimated populations between experi-
ments and this analysis are due to the nonlinear scaling of
2D IR signals discussed earlier. Whereas the MD analysis
presents the 2-HB population to be greater than the 1-HB,
experimental 2D IR signals show the opposite trend. These
observations can be attributed to the transient nature of
a peptide-solvent H-bond compared to a peptide-peptide
H-bond, explaining the origin of the larger peptide
H-bond peak. The RDF (Fig. 5 b) further supports this inter-
pretation because it shows significant water density within
the vicinity of the backbone at the L28 position. The first
and second solvation shell peaks at 0.18 and 0.28 nm are
sharp and narrow, showing that waters molecules are locked
into well-defined conformations around the peptide. The
presence of confined water is expected because the MD tra-
jectory reveals that L28 resides in an area of intermediate
polarity at the interface between the hydrophobic and sol-
vated regions of the membrane where water networks may
be severely disrupted compared to the bulk (Fig. 1).
A32

The experimental A32 label peak is weak and broadened,
appearing on the red side of the isotope region as two peaks
of approximately equal intensity at 1580 and 1565 cm�1.
The bimodal character of this feature is reproduced in the
simulated spectrum, albeit with an overall frequency shift
toward lower frequencies, with the two peaks appearing at
1570 and 1580 cm�1. Additionally, the populations do not
match those represented in experiment, with the single
H-bond peak representing only 30% of the ensemble.
H-bond analysis of the MD trajectory reveals that A32
also contains two distinct environments corresponding to
1-HB and 2-HB populations (Fig. 5 a). Similar to L28, the
two peaks can be assigned to a single peptide H-bond
(1565 cm�1) and a peptide H-bond plus a water H-bond
(1580 cm�1), respectively. In a more quantitative analysis,
discrepancies arise between computed H-bond populations
and the estimated populations based on the A32 2D IR
spectra, wherein simulations underestimate the hydrogen-
bond populations at this site. This system was equilibrated
with structural restraints to maintain a transmembrane, heli-
cal conformation, and although these constraints were
relaxed during equilibration and removed during the pro-
duction MD run, it is possible that the simulation may
undersample the peptide conformational landscape. In
particular, slower fluctuations beyond the nanosecond time-
scale cannot be captured by this 10-ns simulation. This may
result in a higher helical character, which could lead to the
recorded over- and underestimation of peptide and solvent
H-bonds, respectively.
DISCUSSION

In general, spectral predictions from MD simulations are in
qualitative agreement with experimental 2D IR slices,
which enables us to interpret the solvation environment of
pHLIP in a DMPC bilayer. Consistently, spectral linewidths
from simulation are narrower than their analogous experi-
mental spectra in both the main amide-I and the amide-I
isotope region. The source of the narrow line shapes can
be attributed to two different factors: first, our trajectories
are unlikely to sample the full conformational landscape
of the peptide because structural rearrangements can occur
Biophysical Journal 116, 1692–1700, May 7, 2019 1697
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on the microsecond timescales or beyond; and second, these
computational models are predominantly parametrized for
solvated peptides and may require further development to
capture the heterogeneous environments produced by the
bilayer. Supporting Materials and Methods (Section S7)
show the effects of the membrane charges on the computed
spectra. In brief, setting the lipid tail group charges to zero
has minimal effect on the line shapes, which indicates that
according to the model, the membrane has no effect on fre-
quencies, essentially acting as a ‘‘vacuum’’ with respect to
electrostatics. Thus, the line shapes may be artificially nar-
rowed by this environment. As such, this leads to simulated
spectra being more sensitive to single water molecules inter-
acting with the backbone.

We have observed within our experiments that rigid res-
idue-residue interactions that stabilize the helix backbone
result in intense, blue-shifted line shapes compared to
more solvated carbonyls. The A13 label indicates that effec-
tively no water penetrates into the membrane and that this
site is surrounded by both hydrophobic and bulky residues
that likely also resist water penetration. L24, which is
closely adjacent to the hydrophobic lipid tails and is neigh-
bored by hydrophobic and bulky residues, reported a small
degree of water penetration indicated by experimental
hydrogen-bonded peaks. The L28 data depict two distinct
states: one in which L28 is only H-bonding with other pep-
tide residues and one in which it is water exposed. This site
is an ideal candidate to investigate the role of the lipid struc-
ture, including aliphatic tail lengths, by performing similar
analyses on membranes with distinct compositions. The
A32 experimental data are consistent with a solvated resi-
due, whereas the simulation underestimates the water con-
tent at this site.

Altogether, these site-specific peptide probes enabled us
to view water penetration into the hydrophobic region of
the bilayer, which may be otherwise thermodynamically un-
favorable in peptide-free bilayers. Previous literature has
observed negligible water presence beyond the ester
carbonyl in pure lipid membranes (75–77) and has also sug-
gested that embedded amino acids and peptides may facili-
tate water diffusion across lipid bilayers and into the alkyl
bulk (6,78–82). Our results are consistent with this litera-
ture; however, additional methods beyond the scope of
this study are required to rule out potential peptide multi-
mers in the membrane.
CONCLUSIONS

Our results provide concrete experimental evidence of water
permeation into the DMPC lipid bilayer using a series of
site-specific probes of backbone hydration. Introducing sin-
gle-residue 13C¼18O isotope labels additionally allowed us
to probe local environments at various embedding depths,
and we captured increased hydration facilitated by a trans-
membrane peptide.
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In summary, our conclusions are as follows: 1)We demon-
strate the capabilities of isotope-edited 2D IR spectroscopy
for examining site-specific hydration levels that are other-
wise difficult to access with most common biophysical tech-
niques; 2) residues in pHLIP that are fully inserted in the
membrane core remain hydrated, and the polar residues
may facilitate water penetration into the hydrophobic region
of aDMPCbilayer; 3)MD simulations underrepresent solva-
tion and water interactions; and 4) further improvements in
electrostatic maps and MD should more accurately capture
the effect of membrane electrostatics.

These studies showcase the advanced sensitivity of 2D IR
over traditional FTIR experiments to successfully resolve
low-concentration spectra above background signals. The di-
agonal slices of these 2D IR spectra give us an analog to FTIR
spectra, which we can use to identify hydrogen-bond popula-
tions. Simulations serve to interpret experimental data from
an atomistic perspective. Our evidence suggests that current
models are unlikely to accurately reproduce hydrogen-bond
ensembles within the bilayer, which may have important
implications for modeling transmembrane proteins. Further
improvements to the model will enable more quantitative
comparisons between simulations and experiments.
SUPPORTING MATERIAL
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