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ABSTRACT: Nanodiscs are examples of discoidal nanoscale lipid—protein particles that have been extremely
useful for the biochemical and biophysical characterization of membrane proteins. They are discoidal lipid
bilayer fragments encircled and stabilized by two amphipathic helical proteins named membrane scaffolding
protein (MSP), ~10 nm in size. Nanodiscs are homogeneous, easily prepared with reproducible success,
amenable to preparations with a variety of lipids, and stable over a range of temperatures. Here we present
solid-state nuclear magnetic resonance (SSNMR) studies on lyophilized, rehydrated POPC Nanodiscs
prepared with uniformly *C-, *N-labeled MSP1D1 (A1—11 truncated MSP). Under these conditions, by
SSNMR we directly determme the gel-to-liquid crystal lipid phase transition to be at 3 4+ 2 °C. Above this
phase transition, the lipid "H signals have slow transverse relaxation, enabling filtering experiments as
previously demonstrated for lipid vesicles. We incorporate this approach into two- and three-dimensional
heteronuclear SSNMR experiments to examine the MSP1D1 residues interfacing with the lipid bilayer.
These '"H—"*C and "H—"*C—"3C correlation spectra are used to identify and quantify the number of lipid-
correlated and solvent-exposed residues by amino acid type, which furthermore is compared with molecular
dynamics studies of MSP1D1 in Nanodiscs. This study demonstrates the utility of SSNMR experiments with
Nanodiscs for examining lipid—protein interfaces and has important applications for future structural studies

of membrane proteins in physiologically relevant formulations.

The structure and function of membrane proteins are often
significantly affected by the specific properties of the lipid bilayer
in which the protein is embedded or tethered. A number of
membrane bilayer properties such as cholesterol content, lipid
headgroup charge, saturation of the lipid acyl chains, and length
of the acyl chains can be crucial for proper folding and function
of the membrane protein. Given that the native membrane itself
can be closely tied to structural and functional properties of a
membrane protein, comprehensive studies of membrane proteins
should consider the structure and function of these proteins in the
context of the native membrane environment and appropriate
lipid components. Examples of effects of a membrane on protein
structure and/or function can be found in proteins involved in the
blood coagulation cascade (1, 2), drug-metabolizing cytochrome
P450s (3—5), G-protein-coupled receptors (GPCRs) (6), ion
channels (7, 8), and antimicrobial peptides (9—11). The constitu-
tion of lipid membranes can affect the binding affinity between
proteins, catalytic efficiency, and enzymatic activity of a mem-
brane protein (3, 7, 12). The interaction between membrane
proteins and the membrane bilayer implies that structural and
functional studies of membrane proteins should take all neces-
sary precautions in the preparation of protein—bilayer mimetic
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assemblies and ensure that the chosen conditions do not alter the
protein’s native structure or function, which often represents a
challenging prospect (13, 14).

In the past decade, a new membrane mimetic has been
developed and well characterized for structural and functional
studies of membrane proteins (/5—23). This mimetic, called the
Nanodisc (Figure 1a), consists of a ~10 nm discoidal lipid bilayer
encircled and stabilized by two molecules of amphipathic helical
membrane scaffolding protein (MSP),' derived from nascent
high-density lipoproteins (HDLs) (/6). Studies of Nanodiscs
have been important in improving our understanding of many
aspects of self-assembly and properties of HDLs (19, 20, 24, 25).
More importantly, Nanodiscs have been instrumental in a
number of functional and structural studies on various mem-
brane proteins, including rhodopsin and bacteriorhodo-
psin (21, 23), cytochrome P450s (17, 26—28), tissue factor (2),
and others (29—31). To facilitate structural analysis of MSP, the
protein component of Nanodiscs, we have developed methods
for the preparation of Nanodiscs for SSNMR studies (32). We
have further shown that membrane proteins can be assembled
in Nanodiscs and prepared in an active state suitable for

! Abbreviations: CP, cross-polarization; DMPC, 1,2-dimyristoyl-sn-
glycero-3-phosphocholine; DPPC, 1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine; DSC, differential scanning calorimetry; MAS, magic-angle
spinning; MD, molecular dynamics; MSP, membrane scaffolding pro-
tein; MSP1D1, A1—11 truncated membrane scaffolding protein; PEG,
polyethylene glycol; POPC, 1-palmitoyl-2-oleoylphosphatidylcholine;
SPCS, Supercycled POST-CS; SSNMR, solid-state nuclear magnetic
resonance; TPPM, two-pulse phase modulation.
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FiGURE 1: Gel to liquid crystalline transition of lipids in Nanodiscs. (a) Cartoon representation of a Nanodisc with MSP1D1 colored red, POPC
headgroups green, and tails white. 1D "H spectra of POPC Nanodiscs at (b) 12 and (c) —20 °C. Spectra were recorded on a 600 MHz ('H
frequency) spectrometer. The acyl 'H line width and peak height indicate the phase transition. (d) Graph of T values as a function of temperature
for the acyl methylene 'H signals (1.3 ppm). The lipid phase transition in POPC Nanodiscs is determined to be at 3 °C.

SSNMR (33). Recently, Nanodiscs have also been used to
successfully study peptides and even integral membrane proteins
using solution NMR (34—36). Depending on the membrane
protein of interest, Nanodiscs can offer a number of advantages
over other traditionally used membrane mimetics. They can be
assembled with a variety of lipids and lipid mixtures, allowing for
precise control of the lipid composition in the microenvironment
of the embedded protein (16, 27, 37). This proved to be quite
useful in the studies of blood clotting, where the use of Nanodiscs
gave insights into the effects of an increasing amount of charged
phospholipids in the bilayer and that of a bilayer made com-
pletely of charged phospholipids on the activity of the proteins
involved in the initiation of the blood clotting cascade (12, 38).
Nanodiscs also provide access to both sides of the embedded
transmembrane proteins and allow control of the oligomeric state
of the incorporated protein (/7, 21), which is quite difficult in
detergent micelles or liposomes. This has previously allowed
investigations into the functional properties of a monomeric
human drug-metabolizing protein cytochrome P450 3A4 (39, 40),
whose function has been known to be affected by its aggregation
state (41), impossible to control in other membrane mimetics.
Nanodiscs have also allowed functional assessments and com-
parisons between monomeric and oligomeric protein assemblies
in the case of seven-transmembrane proteins (42, 43), the
bacterial chemoreceptor (37), and the peptide translocon com-
plex (44, 45). In addition, Nanodiscs are amendable to incorpora-
tion of well-defined protein assemblies, and studies of a single
P450 enzyme complexed with its redox partner in a Nanodisc
have provided valuable insights (39, 46, 47). Reviews of Nano-
discs as well as numerous membrane proteins studies that have
benefited from the use of Nanodiscs have recently been pub-
lished (48, 49). Advantages provided by the Nanodisc system
allow one to probe changes in protein conformation, protein—
membrane interfaces, and the depth of membrane insertion as a
function of lipid composition. The combination of these advan-
tages and the stability of Nanodiscs under SSNMR experimental
conditions make Nanodiscs a promising platform for structural
studies of membrane proteins in their native membrane environ-
ment using SSNMR.

SSNMR has been extensively applied in the recent years to
structural studies of membrane proteins (50—53), fibrils (54—56),
and other supramolecular assemblies that remained inaccessible
to other biophysical techniques. In particular, SSNMR is a
powerful tool for obtaining detailed information about the
membrane—protein interface and can yield information about
the assembly of membrane proteins into functional oligomeric
complexes, orientation (57—359), dynamics, location, and depth

of insertion of proteins in the membrane (60—66), as recently
reviewed (67).

In this study, we use two-dimensional (2D) and three-dimen-
sional (3D) magic-angle spinning (MAS) SSNMR to investigate
lipid—protein interfaces using the Nanodisc platform. Our
experiments use proton spin diffusion, where magnetization from
a spin source is selected on the basis of mobility and transferred to
the target protein. In this particular case, lipids are the spin
source, because they are mobile and have relatively long 75
relaxation times (several milliseconds or more, depending on
temperature) above the lipid phase transition. Our studies are
modeled after similar studies in which lipids within vesicles were
used as the magnetization source (64), but complementary
information with water as the magnetization source can be
obtained with proteins embedded in the bilayer below the lipid
phase transition temperature (68). In either case, a 'H T, filter is
used to select for the mobile 'H spins, and the 'H signals from the
relatively rigid protein are suppressed by this filter. In the studies
in which lipid protons are the source of magnetization, the spin
diffusion from lipid protons is fast for the transmembrane
domains of a protein, while this is not the case for proteins with
domains residing at the bilayer—water interface.

Here we use these proton spin diffusion experiments to
examine the lipid—protein interface of MSP in a Nanodisc. We
describe a new method of preparation of Nanodisc samples for
SSNMR that is compatible with the more physiologically
relevant POPC lipids. Studies presented here demonstrate that
Nanodiscs retain the phase transition behavior of lipid bilayers in
biological membranes under SSNMR sample preparation con-
ditions, and that the lipid:protein ratio is sufficiently low (i.e.,
sample sensitivity high) to yield three-dimensional 'H—"*C—"C
spectra of MSP. The experimental spectra are compared to the
molecular dynamic (MD) simulation results for MSP. The
SSNMR spectra of MSP allow for amino acid type assignments,
and the quantification of the 2D and 3D spectra by amino acid
type is consistent with the results of MD simulations. This work
shows the potential of combining SSNMR with the Nanodisc
platform for the examination of membrane protein topology and
protein—membrane interfaces.

EXPERIMENTAL PROCEDURES

Sample Preparation. Nanodiscs were made with uniformly
BC., PN-labeled MSPID1 (a Al—11 truncation construct
of MSPI1, shown to form more stable Nanodiscs) (/8) and
1-palmitoyl-2-oleoylphosphatidylcholine (POPC) lipids, and
the SSNMR sample was lyophilized and rehydrated. Uniformly
BC-, "N-labeled MSPIDI1 was expressed in Escherichia coli
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following a protocol described previously (32) and purified using
Chelating Sepharose Fast Flow (Amersham Biosciences, Piscat-
away, NJ) charged with Ni** according to the manufacturer’s
instruction, and a seven-His tag on the scaffolding protein. The
expression protocol yields ~20 mg of isotopically labeled
MSP1D1 per liter of growth medium. The preparation of empty
Nanodiscs was performed as described previously (16), using
POPC lipids (Avanti Polar Lipids, Alabaster, AL). In short,
lipids from a chloroform stock were dried under a stream of
nitrogen gas and left in vacuo overnight for the removal of
residual chloroform. They were subsequently solubilized in a
sodium cholate-containing buffer [10 mM Tris-HCl and 0.1 M
NaCl (pH 7.4)] where the lipid:cholate ratio was 1:2 and the lipid
concentration was approximately 50 mM. Incubation of the
mixture in warm water and subsequent sonication results in
complete solubilization of the lipids. MSP1D1 was then added to
this mixture in a 1:65 ratio with POPC lipids (/6). This mixture
was incubated for approximately 1 h at 4 °C. Finally, the self-
assembly was initiated by removal of detergent during incubation
with hydrophobic Amberlite XAD2 beads (Supelco, Bellefonte,
PA) for 4—5 h at 4 °C with moderate agitation. The final step of
Nanodisc preparation was gel permeation chromatography,
performed on a Superdex 200 HR 10/30 column (Amersham
Biosciences) using a Waters Millenium HPLC system with a
diode array detection system. The column was equilibrated in
buffer [10 mM Tris-HCland 100 mM NaCl (pH 7.4)]. The mobile
phase flow rate was 0.5 mL/min, with monitoring of the protein
absorbance at 280 nm, and one fraction collected per minute. Gel
permeation chromatography can also be used to test the stability
of the sample after experimental manipulations.

After being purified, Nanodiscs were exchanged into a 40 mM
Tris-HCL, 10 mM NaCl (pH 7.4) buffer and concentrated to
approximately 300 M using an Amicon ultra centrifugal filter
unit with a molecular weight cutoff of 10000 (Millipore, Billerica,
MA). This ensured that the NaCl concentration would remain
low in the lyophilized pellet. Trehalose was added in a 1:1 (w/w)
ratio with the lipid as a lyoprotectant. The sample was then flash-
frozen in liquid nitrogen and lyophilized overnight. The stability
of POPC Nanodiscs under this lyophilization procedure was
tested by resuspension of the samples in water and examination
by size exclusion chromatography.

The uniformly *C-, "N-labeled MSP1D1 POPC Nanodisc
sample was transferred to a 3.2 mm thin wall rotor (Varian
NMR, Palo Alto, CA) with a working volume of ~36 uL and
confined to the active sample region of the rotor by Kel-F and
rubber spacers as described elsewhere (69). The mass of MSP1D1
in the rotor was determined to be ~4 mg by comparison of the
intensity of one-dimensional (1D) "*C spectra to standard
proteins with known quantities. The mass of lipids, based upon
the stoichiometry of the Nanodisc, was estimated to be ~10 mg,
and the mass of trehalose was ~10 mg. This material was directly
rehydrated in the SSNMR rotor with 10 uL of water, which was
determined to be sufficient for the observation of a bulk H,O
signal at ~5 ppm in the 1D 'H spectrum.

SSNMR Spectroscopy. All SSNMR experiments were
conducted on a 14.1 T (600 MHz 'H frequency) wide bore
magnet with a Varian InfinityPlus NMR spectrometer, equipped
with a 3.2 mm HXY T3 probe tuned in 'H—"*C—""N mode.
Spectra were recorded at a magic-angle spinning (MAS) rate of
10 kHz. Pulse sequences were implemented with tangent-ramped
cross-polarization (CP) (70) with two-pulse phase modulation
(TPPM) (71) 'H decoupling at ~85 kHz. The typical 77/2 pulse
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widths were 2.35 us on 'H and 2.75 us on C. Data were
processed with NMRPipe (72) with back linear prediction, and
zero filling and Lorentzian-to-Gaussian apodization were em-
ployed for each dimension before Fourier transformation. Addi-
tional acquisition and processing parameters for each spectrum
are included in the figure captions. Chemical shifts were refer-
enced externally to adamantane (73).

Molecular Dynamics Simulations of Nanodiscs. Each
simulated Nanodisc was comprised of two MSP1DI proteins
and 160 DPPC lipids, and these Nanodiscs were constructed and
analyzed using Visual Molecular Dynamics program (VMD) (74).
The simulation parameters were described in detail elsewhere (24).

RESULTS AND DISCUSSION

Sample Preparation. We have shown previously that 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) Nanodiscs
can be prepared for SSNMR by precipitation with PEG (32).
This PEG precipitation procedure cannot be applied to the
POPC Nanodiscs, which disassemble under PEG precipitation.
The development of new, robust SSNMR sample preparation
protocols was necessary for wider application of Nanodiscs, in
particular for POPC Nanodiscs because of the greater physiolo-
gical relevance of POPC lipids and their utility in studying
membrane proteins. The lyophilization and rehydration proce-
dure for the preparation of Nanodiscs presented here is simple
and highly reproducible and allows ease of sample handling,
which includes concentrating Nanodiscs into a very small sample
volume without any loss of valuable sample that would occur
with the use of common concentrating units. While POPC
Nanodiscs can be readily lyophilized from 10 mM Tris-HCI
and 100 mM NaCl in the presence of trehalose as a lyoprotectant,
this results in a relatively large amount of mobile ions in the
rehydrated SSNMR samples. This preparation results in dete-
rioration of the "H pulse widths and increased dielectric heating.
Although we have previously developed probes that minimize
these effects through improved resonator designs (75), most
commercially available SSNMR probes (including those available
for the instruments used in this study) are not designed to perform
optimally with samples with an ionic strength of >50 mM. For
SSNMR studies, we desired to decrease the ionic strength for
optimal RF probe performance, so we optimized the total ionic
strength to address this concern. Therefore, we evaluated the
lowest ionic strength that could be achieved while maintaining the
integrity of POPC Nanodiscs upon lyophilization.

We found that POPC Nanodiscs are stable under lyophiliza-
tion in the presence of trehalose if the starting Tris concentration
is increased to 40 mM and the NaCl concentration is decreased
to 10 mM. After rehydration, these samples exhibit only a
small fraction of the detrimental tuning effects of mobile ions
in SSNMR, such that 7} relaxation times of the 'H signals
determined the optimal repetition rate. A size exclusion chromato-
gram of the resuspended lyophilized Nanodiscs shows that the
integrity of Nanodiscs is retained in the process of lyophilization
(Figure S1 of the Supporting Information). The integrity of the
sample is subsequently monitored by SSNMR spectra.

While Nanodisc samples were fully hydrated during SSNMR
experiments, the bulk solution contained a high concentration of
trehalose. It is known that sugars do not readily permeate the
membrane (76); however, it is likely that the OH groups of
trehalose form hydrogen bonds with the polar headgroups of the
lipid, and in this case with MSP as well, effectively replacing
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water molecules. This is known as the water replacement
hypothesis (76—78). However, the results of size exclusion
chromatography of lyophilized and rehydrated Nanodisc sam-
ples show no increase in size due to specific interactions of
trehalose with the Nanodisc (either the bilayer or the MSP), and
they indicate that the Nanodisc particles remain intact.

Lipid 'H 1D Spectra and the Bilayer Phase Transition.
As noted in the introductory section, the SSNMR lipid—protein
correlation experiments rely on the ability to separate the
magnetization from the mobile protons on the lipids or water,
relative to protons from the protein. The lipid protons are highly
mobile in the liquid crystalline phase. Therefore, it was a
prerequisite to examine the behavior of the lipid bilayer in the
Nanodisc, as prepared for SSNMR, and confirm that the gel to
liquid crystalline phase transition was well-defined, and in
agreement with the transition found in lipid bilayers and vesicles.
To this end, we performed a series of experiments measuring the
'H T, values of lipids in directly detected 'H spectra from —20 to
15 °C.[The actual sample temperature for these experiments that,
because of frictional and RF heating, varies from the reading on
the thermocouple of the probe was calibrated using ethylene
glycol (79).]

The limiting cases of the liquid crystalline phase (Figure 1b)
and the gel phase (Figure 1c) are easily distinguishable in the 1D
spectra as monitored by the intensity of the lipid CH, and methyl
peaks. The transition temperature was fit as the inflection point
of the T, curve as a function of temperature and thereby
determined to be 3 °C (Figure 1d). The relatively narrow (~0.2
ppm) lipid CH, and methyl peaks observed above the lipid phase
transition are indicative of the high mobility of lipid acyl chains.
Although these 7, values do not approach values observed for
isotropic liquids, they are more than sufficient for the proposed
2D 'H-"C and 3D 'H-"C—"C lipid protein correlation
experiments, where ~1 ms 7 filters were utilized.

Fully hydrated POPC liposomes undergo gel to liquid crystal-
line phase transition at approximately —3 °C; dehydrated
POPC liposomes undergo the same transition at approximately
60 °C (78, 80), while dehydrated POPC liposomes lyophilized in
the presence of trehalose undergo the transition at approximately
—20 °C (78). The SSNMR-measured phase transition tempera-
ture of the lipid bilayer in a Nanodisc of ~3 °C is certainly
consistent with the fully hydrated POPC bilayer in the Nanodisc.
This temperature is indeed a few degrees higher than that
observed in fully hydrated POPC liposomes; however, this is
likely due to the properties of Nanodiscs, rather than the effects
of trehalose on the Nanodisc. In support of this, the same
phenomenon has been observed in fully hydrated dipalmitoyl-
phosphatidylcholine (DPPC) and dimyristoylphosphatidylcho-
line (DMPC) Nanodiscs in comparison to DPPC and DMPC
liposomes. Previously, the phase transition behavior in Nano-
discs was measured by differential scanning calorimetry (DSC),
small angle X-ray scattering (SAXS), and Laurdan fluorescence
and showed (for DMPC and DPPC) slightly higher values for the
phase transition versus that recorded in vesicles, as well as a
relative broadening of this transition (19, 20). The increase in the
melting temperature of the lipids in the Nanodiscs is a conse-
quence of additional lateral pressure exerted by the MSP.
Namely, the lipid phase transition from the gel to the liquid
crystalline phase results in the thermal expansion of the lipid
bilayer, which requires an increase in the surface area of the
thermodynamically unfavorable lipid—MSP interface, as well as
an increase in the size of the MSP belt (87). The broadening of the
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FiGure 2: '"H-"3C—"3C 3D pulse sequence used to obtain lipid—
protein correlations. Following presaturation of '*C Boltzmann
polarization, mobile 'H signals are selected by a T, filter. 'H
polarization is then transferred by spin diffusion to immobile pro-
tons, and to the attached '’C by cross-xpolarization. Following
evolution of the '*C chemical shifts, '*C—'*C mixing is achieved by
SPC-5 (83), and signals are detected under TPPM decoupling (77).

phase transition in Nanodiscs is an established consequence of
the size of the lipid bilayer in a Nanodisc, and the relatively small
number of lipids participating in the cooperative phase transition.
In addition, the boundary lipid associated with the MSP, which
constitutes ~50% of the lipids in these Nanodiscs, is thought to
be excluded from the cooperative lipid domain (81, §2).
TH—"3C—="3C 3D Spin Diffusion Pulse Sequence with a
Double Quantum Filter. To examine the lipid—protein inter-
face, we developed a "H—'"C—"3C pulse sequence that takes
advantage of the lipid phase transition behavior. Figure 2 shows
the 3D 'H spin diffusion pulse sequence with '*C detection, which
we have adapted from earlier versions (64) by the addition of an
(optional) indirect "*C dimension and double quantum mixing.
The four initial 90° pulses on carbon destroy residual '*C
magnetization. The 'H magnetization from the mobile protons
(lipids or water) is selected by a T filter after the initial 90° pulse,
and frequency labeled in the first dimension. The 'H signals from
the comparatively rigid protein relax during this time because of
strong "H—"H dipolar couplings, while the lipids have a com-
paratively long T relaxation time. The 180° pulse in the middle of
the filter refocuses the isotropic chemical shift evolution and B,
field inhomogeneity. The lipid magnetization is then allowed to
evolve under the isotropic chemical shift interaction during #;. A
subsequent 90° pulse stores the magnetization along the z-axis
and allows magnetization to be exchanged from mobile protons
to the (less mobile) protein protons by "H—"H spin diffusion
during a mixing time 7. After this mixing time, another 90°
pulse flips the magnetization, which is then transferred to '*C
spins via tangent-ramped CP, followed by a '*C evolution period.
An SPC-5 mixing period in the "H—""C—"C 3D experiment
is used to observe only one-bond "*C correlations (83). The
sequence also includes an optional double quantum filter to
attenuate the natural-abundance '*C background coming from
the large number of natural abundance lipids in the samples.
Finally, signals are detected on '*C under TPPM decoupling.
"TH—"3C 2D Lipid—MSP Correlations in Nanodiscs. To
obtain the "H—'3C 2D correlations of MSP1D1 in a Nanodisc,
we first identified and evaluated the strength of the *C resonances
from the natural abundance lipids. To do this, a *C 1D spectrum was
acquired with a 1 ms 75 filter, without 'H—"H mixing (Figure 3a).
Observed lipid signals are consistent with those previously
published belonging to lipid carbons (9, 84). In the *C 1D
spectrum, the strongest lipid signals at ~32 ppm belong to the
CH, atoms of the lipid acyl chains. The carbons at the end of the
lipid chains (w) are at ~18 ppm, followed by w-1 carbons at
~23 ppm, and C3 (~27 ppm), carbons neighboring the oleate
double bond carbons (~29 ppm), and subsequently w-2 and C2
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carbons (~33 and ~35 ppm, respectively). Headgroup carbons
(0, B, v, G1, and G3) are observed between 55 and 70 ppm, and C9
and C10 involved in the double bond are observed at ~130 ppm.
Notably, the spectrum observed here arises exclusively from the
natural abundance lipids. We also observe individually site-
resolved 'H resonances in the "H—"C 2D correlation spectrum,
which are assigned (Figure 3b). The majority of lipid 'H polariza-
tion, from the long methylene chain, resides at ~1.3 ppm.
Although the number of *C sites in the protein is significantly
greater than the number of '°C sites in natural abundance lipids,
the lipid signals present a potential complication because of their
large number (~130 POPC lipids per Nanodisc) and very narrow
line widths (~0.2 ppm for "*C). We evaluated the relative
intensities by incrementing the "H—"H spin diffusion time in a
series of °C 1D spectra (Figure 4). The "*C 1D spectrum at very
short "H—"H mixing times (effectively zero mixing, but with the
identical phase cycle and number of pulses as subsequent spectra)
corresponds to the assigned lipid spectrum in Figure 3a. With an
increasing "H—"H mixing time, in addition to lipid signals, the
protein signals are polarized on the time scale of ~30 ms. The
protein signal intensity is derived both from the mobile lipid
protons and from water, although the latter would have no
appreciable contribution to the initial lipid spectrum. At the
longer mixing time, the protein signals dominate the total
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FIGURE 3: '*C 1D and '"H—"3C 2D spectra of a POPC bilayer in a
Nanodisc. (a) 1D '*C spectrum of Nanodiscs with uniformly '*C-,
5N-labeled MSP1D1 and natural abundance POPC lipids at 8 °C on
a 600 MHz ("H frequency) spectrometer. The lipid spectrum was
acquired with a 1 ms 75 filter, no "H—'H mixing, and a 0.4 ms
"H—"13C contact time. The data were processed with 25 Hz Lorent-
zian-to-Gaussian line broadening. (b) "H—'3C 2D spectrum of the
same sample acquired under the same conditions for 6.5 h, with a
schematic of a POPC lipid molecule. The spectrum was processed
with 100 Hz of Lorentzian-to-Gaussian line broadening in each
dimension.
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intensity; for example, carbonyl (~175 ppm), Ca (55—65 ppm),
aromatic (100—130 and ~160 ppm), Leu CS (~40 ppm), and
various methyl and methylene "°C sites (15—35 ppm) become
prominent in intensity at ~3 ms and dominate the overall
spectrum at 30 ms. Nevertheless, sharp lipid peaks are still
observed superimposed upon the protein spectrum,; this is most
readily appreciated by the relative line widths, because the lipids
do not experience broadening due to one-bond (residual)
3C—"13C dipolar and scalar couplings. Therefore, the intensity
of natural abundance lipids would present a challenge in the
interpretation of the 'H—'"°C 2D spectrum of MSPIDI, if
superimposed on some protein cross-peaks of significantly lower
intensity. Consequently, the 'H—'C 2D sequence implemented
on MSP1D1 in Nanodiscs contained a double quantum filter to
reduce the "*C background from natural abundance lipids by a
factor of 100.

The 'H-"C 2D correlation spectrum of uniformly *C-,
I5N-labeled MSPID1 in a Nanodisc (Figure 5) contains only
water and mobile lipid signals in the 'H dimension, because of the
1 ms 7> filter. With a 30 ms "H—"H mixing time, a significant
fraction of the polarization is transferred to the protein, as
confirmed by the retention of the signal following the double
quantum filter. The number of protein resonances correlated to
the lipids (~1.3 ppm) and the intensity of lipid—protein cross-
peaks are smaller than those of water—protein correlations (at
~5 ppm 'H frequency), which we attribute to the larger initial
polarization and longer T for the water resonance. Furthermore,
the exposed surface area of the MSP1DI on the outside of the
Nanodisc (exposed to water) is larger than the internal surface
area (exposed to lipid). This 1D "*C spectrum has minimal resolu-
tion, enabling only a small subset of peaks (e.g., Ala) to be
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FIGURE 5: "H—"3C 2D spectra of MSP1D1 in POPC Nanodiscs. The
experimental spectrum was acquired on uniformly C-, N-
labeled MSP1D1 at 15 °C. Spectra were recorded with a 1 ms 75
filter, a 0.4 ms "H—"'3C contact time, and a 30 ms "H—"H mixing time.
The spectrum was processed with back linear prediction, 100 Hz net
line broadening in the direct dimension, and 80 Hz in the indirect
dimension (Lorentzian-to-Gaussian apodization), and zero filled to
4096 (w,) x 16384 (w;) complex points before Fourier transforma-
tion. Data were acquired in ~7 h.
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FIGURE 4: '*C 1D spectra of MSP1DI in POPC Nanodiscs. Spectra were recorded on uniformly *C-, "*N-labeled MSP1D]1 at 8 °C. '3C 1D
spectra were recorded with a 1 ms 75 filter and a 0.4 ms HC contact time, where the "H—"H mixing time was incremented and sequentially set to
3 us, 1 ms, 3 ms, 10 ms, and 30 ms. The data were processed with 30 Hz Lorentzian-to-Gaussian line broadening.
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FIGURE 6: '"H—"3C—"3C 3D spectrum of MSP1D1 in Nanodiscs. "H—"*C—"3C spectrum recorded at 600 MHz ('H frequency) and a sample
temperature of 8 °C in ~115 h. The 75 filter time was set to 1 ms to eliminate protein 'H polarization. A '"H—"H mixing time of 30 ms was used
followed by "H—"3C cross-polarization. '*C—"3C mixing with 12 ms of SPC-5 was used without the double quantum filter. Water (a) and lipid (b)
13C—13C planes are shown with peaks labeled by amino acid type (87). Positive contours are colored red and negative contours blue. The seeming
artifact in the lipid plane is due to a strong signal originating from lipids correlated to themselves.

tentatively assigned by amino acid type. Clearly, a 3D spectrum is
required to conduct more detailed analysis.

TH=C="C 3D Spectrum for Identification of Lipid
Interfaced MSP Residues by Amino Acid Type. MSP, like
ApoA-I, has a repetitive amino acid sequence with several similar
amphipathic a-helices. The '*C chemical shifts are only partially
resolved in two "*C dimensions; however, this same uniform
secondary structure enables us to readily identify the chemical
shifts of specific amino acids (Ala, Leu, Val, Pro, and Lys) and
classify the remaining signals into groups (e.g., Glu, Gln, and
Arg). To separate the lipid and water correlations, we retained the
'H dimension, while also digitizing the indirect '*C dimension,
resulting in a "H—"*C—"3C 3D experiment. In this case, we chose
SPC-5 ¥C—"3C double quantum mixing (but without the coher-
ence filter), because this was more sensitive under these experi-
mental conditions. The short SPC-5 mixing time results in only
one-bond *C—"3C cross-peaks, simplifying the spectral analysis
and enabling the identification of several amino acid types with-
out cancellation of signals due to multibond transfers.

Figure 6 shows the *C—"3C planes of the '"H-"*C—"C 3D
spectrum at the water proton (a) (‘"H of 5 ppm) and lipid proton
(b) ("H of 1.3 ppm) chemical shifts. The resolution in the proton
dimension is sufficient to differentiate between the water plane
and lipid acyl chain plane (~1 ppm). Resolving the protons of
lipid acyl chains from the lipid terminal methyl group would be
challenging with these experiments, although it is easily achieved
in 'TH-"C 2D experiments described above. Both strips show
cross-peaks that can be confidently assigned by amino acid type,
allowing further analysis. Both the water and lipid planes show
peaks corresponding to uniquely resolved amino acid types Ala,
Leu, and Val, as well as intensity grouped among Glu, Gln, and
Arg; all of these shift patterns are consistent with helical
secondary structure. In addition, the water plane (Figure 6a)
shows correlations corresponding to Lys and Pro. The relative
intensity of the cross-peaks within each plane, as well as the
absolute intensity of each plane in total, varies depending on the
source of polarization. The peaks in both *C—"C planes were
picked in NMRPipe (72) and integrated using the nlinLS package.

Table 1: Intensity Ratios for Water—Protein and Lipid—Protein
Correlations

amino acid MD ratio” NMR ratio” NMR confidence®
A 3.7 2.4 0.3
EQR 8.3 3.7 0.6
K 6.8 3.7 0.8
L 3.0 3.1 0.4
\Y 1.2 2.4 0.5

“Calculated as the ratio of CB carbons within 4.0 A of water or lipid over
the last 0.75 ns of a 4.5 ns MD simulation of MSP Nanodiscs. “Calculated
as the ratio of 3C—"3C cross-peaks to lipid and water in the '"H-"3C-'3C
3D spectrum. “Calculated as A = [(1 /Iwmer)2 +@ /Inpid)z]l"’z, where Iyaer
and Jj,iq are the signal:noise ratios of the water and lipid peaks, respectively,
used in the calculation.

These intensities provide a semiquantitative assessment of which
amino acids are in the proximity of water and/or lipid. We then
compared these results with those from a 4.5 ns MD simulation of
MSPIDI in Nanodiscs (24).

It should be noted that the Nanodiscs used in the MD
simulations were composed of DPPC lipids in a lipid gel phase,
but given the time scales simulated ( < 10 ns), lipid diffusion is not
actually observed within the simulations. The simulations do,
however, provide sufficient time for the lipids to relax around the
amphipathic helices of MSP, allowing for determination of which
amino acid residues are in contact with the lipids. As the
comparisons with the NMR measurements are only looking at
the matching of hydrophobic amino acids with lipid acyl chains,
the difference in lipid type in the experimental data and the MD
simulations is not expected to affect the resulting analysis.

We analyzed the MD trajectories according to the following
strategy. The majority of cross-peaks in the 2D *C—"2C planes
are CA—CB or CB—CG cross-peaks, consistent with the
expectation that polarization is transferred from lipid or water
to the amino acid side chain. We averaged the distance (over the
final 0.75 ns of the MD trajectory) from each CB to the closest
lipid acyl chain or water molecule. Because the absolute intensity
of each plane depends upon a number of factors that cannot be
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FiGUure 7: Plot of water:lipid ratios determined by NMR and molec-
ular dynamics. Ratio of CB carbons in MSP within 4.0 A of a water
molecule to the ratio of CB carbons within 4.0 A oflipid plotted vs the
ratio of cross peak intensities for the same residues at the water and
lipid 'H frequencies in the '"H—"*C—'C 3D spectrum. MD ratios are
the average number of CB atoms for a given residue within 4.0 A of
lipid or water averaged over two MSP molecules for the last 0.75 ns of
a 4.5 ns MD simulation (24). NMR ratios were calculated using
integrated peak intensities for '*C—'3C cross-peaks corresponding to
the same residues appearing at both the lipid and water 'H frequency
in the "H—"3C—"3C 3D spectrum. Error bars for the NMR ratio were
calculated using the signal-to-noise of the peaks in the 3D spectrum
using the method of Mani et al. (63). The linear best fit line is plotted.
The NMR ratio is scaled due to different "H T, values as well as
differences in total initial polarization.

predicted from theory (absolute polarization, range of T; values,
diffusion rates, etc.), we normalized the data to the common ratio
of intensities. For the MD simulations, this was the W:L ratio,
where Wis the number of residues within 4.0 A of water and L is
the number of residues within 4.0 A of lipids. We then calculated
the observed ratio of NMR signal intensity for W and L,
corresponding to the *C—"C cross-peaks occurring in the
respective planes (~5.0 ppm for W and 1.3 ppm for L). These
results are summarized in Table 1 and Figure 7. Figure 7 shows a
graph of the W:L ratios in the NMR and MD experiments, along
with a line of best fit. Error bars for the NMR data were
calculated using the signal-to-noise ratio of the peaks in the same
manner as Mani et al. (63), in the case of Leu, averaging the
multiple observed cross-peaks. As expected, the data show a
higher W:L ratio for charged and polar residues (Glu, Gln, Arg,
and Lys) than for hydrophobic residues (Ala, Leu, and Val) in
both cases. Indeed, for Lys and Glu, the lipid correlations were
weak, but still observable. This is consistent with previously
published results from modeling (85) and the published X-ray
structure of truncated apo A-I (86), where a number of charged
residues can be found associated with the lipid interface.

These results with MSPIDI in Nanodiscs demonstrate the
potential of the "H—"*C—"3C pulse sequence for obtaining infor-
mation about the membrane protein topology and lipid—protein
interfaces. The information that can be obtained in the case of MSP
is limited by the large portion of the protein interacting with the lipid
bilayer (approximately one-third of 211 residues), and the degen-
eracy in the chemical shift distribution due to all amino acids being
present in a helical secondary structure. More qualitative informa-
tion can certainly be obtained from experiments like these in
combination with amino acid type-specific isotope labeling schemes
of the protein of interest, and more quantitative information if site-
specific assignments for the protein are available.

Kijac et al.
CONCLUSIONS

In this work, we have demonstrated a new sample preparation
method for POPC Nanodiscs and applied SSNMR in examining
a membrane—protein interface. SSNMR was used to assess the
phase transition behavior of the lipid bilayer in a Nanodisc and
confirm that under the sample preparation conditions POPC
Nanodiscs exhibited the expected gel to liquid crystalline phase
transition characteristic of POPC lipid bilayers. Using MSP1D1
Nanodiscs, we demonstrated that the 'H—">C—"*C 3D pulse
sequence provides qualitative information about the protein
residues at the lipid—protein boundary. The experimental infor-
mation was compared to results of MD simulation of Nanodiscs,
and it was found that the experimental results are consistent with
the predicted lipid—protein interface from the MD simulations in
amino acid type and number of residues in the interface. The
study demonstrates the potential for use of the Nanodisc platform
in combination with presented proton spin diffusion experiments
in the examination of lipid—protein interfaces and membrane
topology for embedded membrane proteins.
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