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ABSTRACT Membrane protein conformations and dynamics are driven by the protein-lipid interactions occurring within the
local environment of the membrane. These environments remain challenging to accurately capture in structural and biophysical
experiments using bilayers. Consequently, there is an increasing need for realistic cell-membrane mimetics for in vitro studies.
Lipid nanodiscs provide certain advantages over vesicles for membrane protein studies. Nanodiscs are increasingly used for
structural and spectroscopic characterization of membrane proteins. Despite the common use of nanodiscs, the interfacial en-
vironments of lipids confined to a ~10-nm diameter area have remained relatively underexplored. Here, we use ultrafast two-
dimensional infrared spectroscopy and temperature-dependent infrared absorption measurements of the ester carbonyls to
compare the interfacial hydrogen bond structure and dynamics in lipid nanodiscs of varying lipid compositions and sizes
with ~100-nm vesicles. We examine the effects of lipid composition and nanodisc size. We found that nanodiscs and vesicles
share largely similar lipid-water H-bond environments and interfacial dynamics. Differences in measured enthalpies of
H-bonding suggest that H-bond dynamics in nanodiscs are modulated by the interaction between the annular lipids and the scaf-
fold protein.

WHY IT MATTERS Mimetics of cellular membranes are widely employed in the biophysical and biochemical
characterization of membrane proteins. A critical step in preparing samples for such studies is selecting suitable mimetics
that preserve the structure and function of membrane proteins in environments that allow sample manipulation in aqueous
solutions. Lipid nanodiscs are one of the most widely used cellular membrane mimetics, particularly in protein structural
characterization. Thus, it is critical to understand the interfacial H-bond environment in nanodiscs to assess the impact on
membrane proteins.

INTRODUCTION protein-lipid interactions, such as electrostatics
or hydrogen bonding (6-8), require the use of a suit-
able membrane-mimicking environment. Nanodiscs,
composed of a phospholipid bilayer encircled by
amphipathic membrane scaffold proteins (MSPs)
(9,10), form soluble disc-shaped structures that serve
as a detergent-free phospholipid vehicle for solution-
phase studies of membrane proteins. Lipid nanodiscs
are among the most popular cellular membrane mi-
metics and are used extensively for NMR spectroscopy

Membrane proteins play a critical role in numerous
cellular processes including signaling and transport
(1). Membranes provide both a support structure for
proteins and highly heterogeneous interfaces that regu-
late biochemical processes in the cell (2). The lipid
composition and membrane environment influences
the topologies, orientations, and, ultimately, the func-
tion of transmembrane and membrane-associated pro-
teins (3—5).. Thus, signiﬂcant.efforts have been directed (11-17), fluorescence spectroscopy (18-21), cryoelec-
at deyelopmg membrane mimetics for.structural .and tron microscopy (22-25), and mass spectrometry
functional studies of membrane proteins that mirror (26-28), along with several other methods (29-32).
certain properties of native cell membranes. Specific To da'te, research efforts have been focused on the
properties of MSPs, the lipid compositions and shapes
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and lipid-water interactions modulates H-bond net-
works in vesicles and stacked multibilayers (40-44).
Here, we characterize the interfacial environments in
lipid nanodiscs and benchmark the measurements
against lipid vesicles with the same phospholipid com-
positions. We measure H-bond populations, enthalpies,
and local H-bond dynamics using a combination of
temperature-dependent  Fourier-transform infrared
(FTIR) spectroscopy and ultrafast two-dimensional IR
(2D IR) spectroscopy (45). Ester carbonyls are pre-
cisely located at the 1-nm boundary between the hydro-
phobic and hydrophilic regions of the interface and, as
such, are unique vibrational reporters of the interfacial
environment. We compare FTIR and 2D IR spectra of
the ester carbonyl stretching mode in vesicles and
nanodiscs of three different sizes from 8 to 12 nm in
diameter (Fig. 1).

MATERIALS AND METHODS

Preparation of lipid vesicles

Lipid solutions, 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC)
at 25 mg/mL in chloroform, and 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
pho-L-serine (POPS) at 10 mg/mL in chloroform were purchased from
Avanti Polar Lipids (Birmingham, AL, USA), stored at —25°C, and used
without further purification. Vesicles were prepared by evaporating the
chloroform solvent by passing a dry nitrogen stream followed by desic-
cation under a mild vacuum. POPC, POPS, and a POPC:POPS mixture
were then reconstituted in D,0 to 50 mg/mL for all solutions. Reconsti-
tuted samples were subject to six freeze-thaw cycles and 20-minute
sonication, followed by extrusion through 100-nm-pore filters at 60°C
to obtain uniform 100-nm vesicles (41). The lipid vesicle samples
were stored at 4°C prior to FTIR and 2D IR measurements.

Expression and purification of MSP variants

MSP variants were expressed and purified according to published
protocols (11,46). Additional details are provided in Section S1.

Assembly of MSP-lipid nanodiscs

Nanodiscs were assembled according to protocols reported in previ-
ous studies (11,18,46) that were adapted and further optimized.
POPC and POPS lipids in powder form were solubilized in a buffer
containing 25 mM Tris (pH 8.0), 150 mM NaCl, and 200 mM sodium
cholate at 100 mM final lipid concentration and then mixed in desired
molar ratios. Solutions containing lipids and purified MSPs were
then mixed in molar ratios of 1:40 (MSP1D1AHS5:lipids), 1:50
(MSP1D1:lipids), or 1:120 (MSP1E3D1:lipids). The resulting mixture
was incubated for 4 hours at 4°C. Subsequently, bio-beads (Bio-Rad
Laboratories) were added, and the reaction proceeded overnight at
4°C. Following overnight incubation, bio-beads were removed, and
the samples were concentrated to the final concentrations for IR
experiments using a Vivaspin 6 concentrator with a 30 kDa MWCO
(Cytiva).

IR absorption spectroscopy

FTIR spectra were recorded on a Bruker Vertex 70 spectrometer. The
spectrometer and sample chamber were purged with dry air to mini-
mize absorptions from water vapor. Aqueous suspensions of vesi-
cles or nanodiscs were held between two CaF, windows separated
by a 25-um PTFE spacer in a temperature-controlled sample cell.
The sample cell was equilibrated for 5 min at each temperature set-
point using a recirculating chiller. Both sample and D,0 background
spectra were measured at the following temperatures: 5°C, 10°C,
15°C, 20°C, 25°C, 30°C, 35°C, 40°C, 45°C, and 50°C.

Ultrafast 2D IR spectroscopy and data analysis

The 2D IR spectrometer has been described previously (47). 2D IR
measurements in this study consist of excitation pulses (pump)
and a detection pulse (probe) resonant with the carbonyl stretching
mode in lipids. In brief, 100 fs mid-IR pulses were generated using
an optical parametric amplifier and difference-frequency generation
setup pumped by a Ti:Sapphire laser (Astrella, Coherent) and then
split into the pump and probe pulses. The pump pulses were then
generated by a pulse shaper (QuickShape, PhaseTech) and
then spatially and temporarily overlapped with the probe pulse at
the sample cell. The timing between the pump and probe was
controlled by a delay stage. The 2D IR signal was measured using
a spectrometer with an MCT array detector (Teledyne), which was
used to resolve the probe frequency axis. The pump frequency axis
was resolved through a numerical Fourier transformation of the
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pump delay time. The pump and probe pulses were maintained at
perpendicular polarizations to reduce pump scatter.

RESULTS AND DISCUSSION

Molecular architectures and dimensions of
nanodiscs

The most frequently used method for preparing lipid
nanodiscs employs an amphipathic protein that encir-
cles a small lipid bilayer, forming a soluble disc-shaped
assembly (9,10). MSP is an engineered protein derived
from human apolipoprotein A-1, the major protein of
high-density lipoprotein particles. The length of the
MSP enables precise control over the nanodisc size
(Fig. 1 A) (9,48). Furthermore, the lipid composition
can be adapted to obtain specific protein-membrane in-
teractions, enabling the tuning of lipid headgroup size,
polarity, H-bonding ability, and surface charge, which
strongly impact interfacial structure and dynamics
(47). Phosphatidylcholines are commonly used for
nanodisc preparations, but certain proteins require
other zwitterionic lipids such as phosphatidylethanol-
amines or anionic lipids such as phosphatidylserines.
Spectroscopic measurements were carried out for
nanodiscs formed from the MSPs shown in Fig. 1 B
and containing the phospholipids in Fig. 1 C. In short,
nanodisc assemblies were prepared by using estab-
lished procedures based on the production and purifi-
cation of MSP1D1, MSP1D1AHS5, and MSP1E3D1
proteins mixed with POPC, POPS, or 50:50 molar ratio
mixtures of the two lipids, as described in Section S1.
The goal of the experimental design was to investigate
the H-bond populations and dynamics in nanodiscs
made with various MSP and lipid compositions to
explore the influence of nanodisc size as well as net
charge of the phospholipid headgroups on the
extended H-bond network at lipid-water interfaces.

Interfacial H-bond environments in vesicles and
nanodiscs

The lipid-water interface produces an H-bond environ-
ment markedly different from that of bulk water, stabi-
lizing lipid-lipid interactions and driving the dynamics
of both water and lipids (40-44). Lipid ester carbonyl
groups (Fig. 1 C) serve as internal vibrational reporters
of the interfacial environment. The carbonyl stretch ab-
sorption band is well represented by two Gaussian
peaks centered around 1,730 and 1,745 cm ',
which correspond to the H-bonded (1 H-bond) and
free (0 H-bond) carbonyl groups, respectively (Fig. 2)
(42).

The absorption spectra of POPC and POPS lipid ves-
icles and nanodiscs formed from MSP1D1 containing
POPC and POPS are shown in Fig. ST A. Spectra
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FIGURE 2 IR absorption band of POPC and POPS carbonyl stretch-
ing modes with 2-peak gaussian fitting, representing the H-bonded
(1,730 cm™") and non-H-bonded carbonyl (1,745 cm~") groups,
respectively.

of nanodiscs contain an amide | band around
1,650 cm ™", which corresponds to the ester carbonyl
stretch of the MSPs and is well separated from the lipid
carbonyl band. Fig. ST B shows the peak shape of the
carbonyl stretching mode remains unchanged when
comparing nanodiscs containing POPC with POPC ves-
icles. However, lipid nanodiscs with different lipid
compositions have significantly different H-bond popu-
lations as a result of the headgroup net charge (49). For
example, POPC has a significantly higher 1 H-bond pop-
ulation compared with POPS (Fig. 2).

The peak frequency is also correlated with the
H-bond strength (50,51). Observing the peak positions
of the H-bonded and non-bonded peaks in nanodiscs
with lipid vesicles (Fig. 3), we found that the center fre-
quency remained relatively unchanged with composi-
tion in vesicles, while there was some variation in the
peak positions in the nanodiscs, as observed in the
large error bars indicating a broader distribution of en-
vironments. These observations are consistent with
the simulation studies that show rim lipids carrying
different properties than the center lipids (36). A similar
trend of increasing frequency of the 1 H-bond peak is
observed in both vesicles and nanodiscs.

Enthalpy of H-bonding via temperature-dependent
FTIR

H-bond enthalpies can be calculated from temperature-
dependent FTIR spectra using a simple van't Hoff anal-
ysis, as described previously (44). The measured
values in Fig. 3 B correspond to the H-bond enthalpies
of the lipid carbonyl groups. Because the H-bond
enthalpy of a fully water-exposed carbonyl group is
6.6 kJ/mol (52), a higher enthalpy shows that carbonyl
groups form a stronger H-bond compared with a
similar carbonyl in bulk water. In all samples studied,
the H-bond enthalpy is larger than bulk water due to
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FIGURE 3 (A) Experimentally measured FTIR peak positions and (B)
H-bond enthalpies of vesicles and nanodiscs containing POPC, a
50:50 mixture of POPC, and pure POPS, respectively. All nanodiscs
in this dataset were formed with MSP1D1 and have an average diam-
eter of ~10 nm.

the confined environment of the lipid-water interface.
POPC lipids in nanodiscs show significantly reduced
H-bond enthalpy compared with POPC in vesicles,
and POPS in nanodiscs show increased H-bond
enthalpy compared with POPS in vesicles. These differ-
ences suggest a role of MSP-lipid interactions that in-
fluence H-bond enthalpies. Previous results from
molecular dynamics simulations showed highly or-
dered lipids at the center of the nanodisc and remark-
ably disordered annular lipids that are in contact with
the MSP proteins (36). We conclude that the center
and annular lipids have a competing impact on the
overall H-bond enthalpy and that this effect is head-
group-charge dependent, suggesting that the lipid
ordering and the distribution within the mixed-lipid
nanodiscs may not be uniform.

H-bond dynamics measured with 2D IR

Ultrafast 2D IR spectroscopy directly probes local dy-
namics in heterogeneous systems by measuring the
picosecond frequency fluctuations of a vibrational
probe (53-55). Here, we studied interfacial H-bond dy-
namics by using 2D IR to measure the frequency fluctu-
ations of carbonyl probes in lipid nanodiscs and
vesicles (Fig. 4). Example 2D IR spectra in Fig. 4 A
show the ~1,740 cm™ carbonyl region as well as the
1,640-1,680 cm~' amide | band corresponding to the
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MSP amide carbonyls, which was not analyzed here.
The positive red lobe along the diagonal line and the
negative blue lobe correspond to the fundamental
(v =0 — 1) and excited state (v =1 — 2) transitions,
respectively. The correlation between the excitation
(pump) and the detection (probe) frequencies results
in peak elongation along the diagonal at early waiting
times (pump-probe delay, t,). The peaks become
rounder with increasing waiting time; the peak elonga-
tion is captured using a center-line-slope analysis as
shown in Fig. 4 B (56,57). Exponential fitting to the cen-
ter-line-slope decays in Fig. 4 C yielded the relaxation
time of the carbonyl frequency-frequency correlation
function (58). The fluctuations in frequency are driven
by the local H-bond fluctuations, and therefore, the
decay timescales are a measure of the local H-bond
lifetime.(40,47).

Fig. 4 D shows a comparison of H-bond dynamics
in nanodiscs and vesicles of the same lipid composi-
tion. Overall, nanodiscs exhibit similar dynamics as
the vesicles, suggesting that the interfacial water dy-
namics are largely the same in both systems. How-
ever, the dynamics are somewhat affected by lipid
composition as well as nanodisc size. In vesicles,
we have previously found that the presence of
H-bond-donating headgroups leads to faster dy-
namics due to a combination of interfacial water
and lipid-lipid H-bonds (42). Here, the POPC:POPS
vesicles experience faster dynamics than POPC ves-
icles, in agreement with previous observations (42).
However, this influence becomes negligible in nano-
discs, as the relaxation time in nanodiscs shows
essentially no dependence on the lipid composition.
Instead, the effect of nanodiscs sizes on the dy-
namics are more pronounced, as shorter MSPs result
in shorter relaxation times (Fig. 4 D). Combined with
previous observation of central, boundary, and inter-
mediate lipids from electron paramagnetic resonance
spectroscopy and molecular dynamics simulations
(59), we conclude that the size dependence is due
to the presence of a heterogeneous lipid environment
within the nanodiscs, containing both annular lipids
adjacent to the MSP and central lipids that do not
interact with the MSP. In smaller nanodiscs, the
annular lipids make up a larger fraction of the overall
lipids. Thus, the observed longer frequency fluctua-
tion relaxation timescales with increasing nanodisc
size suggest that the annual lipids may experience
faster dynamics, which is consistent with the inter-
pretation that the annular region is more disordered
and more solvent exposed. Indeed, increased solvent
exposure correlates with faster dynamics (44). How-
ever, this effect is relatively minor, and H-bond
dynamics can be approximately considered indepen-
dent of nanodisc size. Thus, the results indicate
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FIGURE 4 (A) Representative ester carbonyl 2D IR spectra of nanodiscs and vesicles at short and long waiting times as indicated in the insets.
The nanodisc 2D IR shows the amide | band from MSPs (1,650 cm™") and carbonyl stretching mode from lipids (~1,730-1,745 cm™"). (B) Cen-
ter-line-slope (CLS) analysis of four example 2D IR spectra of POPC vesicles; the slope (red line) decays with waiting time t, as the frequency
correlation is lost. (C) CLS decay curves (squares) with single exponential fitting (solid lines). The fitted curves are vertically offset for display,
and the color scheme corresponds to the samples in (D). (D) Relaxation time constants obtained from single exponential fitting of the CLS curves
in (C). The sample labeled “PC” represents POPC, and “PC:PS” represents a 1:1 molar ratio mixture of POPC and POPS.

that nanodiscs provide an environment that is largely
similar to vesicles, with the caveat that annular lipids
are more disordered and solvent exposed.

CONCLUSIONS

We investigated the interfacial environment and ultra-
fast dynamics of lipids in nanodiscs formed from three
MSPs of different lengths and compared the H-bond
structure, enthalpy, and dynamics of lipids in nanodiscs
with vesicles of the same lipid composition. The main
finding is the overall lipid-water interfaces in nanodiscs
are largely similar to those in lipid vesicles. However,
the two environments are not identical, and our data
suggest MSPs perturb annular lipids within nanodiscs,
as evidenced by higher heterogeneity of the H-bond
environment. In nanodiscs, the influence of lipid head-
group net charge on H-bond dynamics is diminished,
potentially due to MSP-lipid interactions. In contrast
to lipid vesicles, the H-bond-donating capacity does

not have a substantial effect on H-bond dynamics in
nanodiscs. The interfacial H-bond dynamics are faster
in the smallest nanodiscs compared with the largest
nanodiscs, likely because the proportion of annular
lipids is larger in smaller nanodiscs. These results indi-
cate that nanodisc size may be an important consider-
ation when choosing which nanodisc system to use for
membrane protein studies. Considering that the inser-
tion of large membrane proteins further changes the
center-to-rim ratio of lipids, a larger lipid nanodisc sys-
tem should more closely resemble the lipid vesicles.
Overall, however, we observe that nanodiscs provide
an interfacial environment that is similar to vesicles
with only minor differences noted above, and thus
nanodiscs are reasonably suitable membrane mi-
metics for protein studies.

SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.
bpr.2022.100066.
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