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ABSTRACT: Lipid nanodiscs can be used to solubilize functional membrane proteins
(MPs) in nativelike environments. Thus, they are promising reagents that have been
proven useful to characterize MPs. Both protein and non-protein molecular belts have
shown promise to maintain the structural integrity of MPs in lipid nanodiscs. Small-
angle neutron scattering (SANS) can be used to determine low-resolution structures of
proteins in solution, which can be enhanced through the use of contrast variation
methods. We present theoretical contrast variation SANS results for protein and styrene−maleic acid copolymer (SMA) belt 1,2-
dimyristoyl-sn-glycero-3-phosphorylcholine (DMPC) nanodiscs with and without additional bound or transmembrane proteins. The
predicted scattering properties are derived from atomistic molecular dynamics simulations to account for conformational
fluctuations, and we determine deuterium-labeling conditions such that SANS intensity profiles only include contributions from the
scattering of the MP of interest. We propose strategies to tune the neutron scattering length densities (SLDs) of the SMA and
DMPC using selective deuterium labeling such that the SLD of the nanodisc becomes homogeneous and its scattering can essentially
be eliminated in solvents containing an appropriate amount of D2O. These finely tuned labeled polymer-based nanodiscs are
expected to be useful to extract the size and molecular shape information of MPs using SANS-based contrast variation experiments,
and they can be used with MPs of any molecular weight.

■ INTRODUCTION

Membrane proteins (MPs) have a diverse set of functions that
are essential for life.1 Despite the progress made in the
structural determination of soluble proteins over the past
several decades, structural studies of MPs are more challenging
due to their inherent physical properties.2,3 While many
strategies have been developed to isolate MPs within defined
and relevant environments using polymer vesicles,4 liposomes,5

micelles,6 bicelles,7 and nanodiscs (NDs),8,9 there is a need to
extend the applicability of methods routinely used to study
soluble proteins to MPs.
An increasing number of studies of the structure and

function of MPs have been reported using self-assembled lipid
NDs10,11 due to their unique advantages to isolate and purify
MP samples12−16 over other approaches using bicelles or
liposomes. The discoidal bilayer structure of NDs is soluble in
water due to amphipathic macromolecular “belts” that can
wrap around hydrophobic lipid tails and stabilize the structure.
Two classes of molecular belts are known to form self-
assembled nanoparticles with phospholipids: an annulus of
apolipoproteins or their derivatives, so-called membrane
scaffold proteins (MSPs),10 and styrene−maleic acid copoly-
mers (SMAs).14,15,17,18 The molecular structures of NDs have
been investigated by various experimental methods, including
nuclear magnetic resonance spectroscopy (NMR),19−21 cryo-
electron microscopy,22,23 small-angle X-ray scattering
(SAXS),24−27 and small-angle neutron scattering

(SANS).17,24,25 Molecular dynamics (MD) simulations have
also provided a valuable insight into the self-assembly of MSP
nanodiscs (MSPNDs)28−32 and SMA nanodiscs (SMANDs).33

Small-angle scattering (SAS) using SAXS and/or SANS can
be used to obtain low-resolution structural information of
soluble proteins. Due to the significantly different neutron
scattering properties of hydrogen and deuterium isotopes,
SANS is the method of choice for contrast variation
experiments where one can isolate the scattering contribution
from one component in a multicomponent system.34 This is
accomplished by carrying out a series of measurements of
samples with different hydrogen and deuterium content, either
in the molecular components themselves and/or in the solvent.
Figure 1 shows a plot of the neutron scattering length

density (SLD), a measure of the scattering strength, as a
function of the percent of D2O (% D2O) in the solvent for
several important components of MSPNDs and SMANDs.
The difference between the SLD of a ND component and
water (black curve) for any given % D2O is called the contrast.
The % D2O where the SLD of water crosses that of the ND
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component of interest is called the contrast match point. For
example, the match point of SMA (purple line) is near 30%
D2O. Here, the SLDs of the solvent (water) and SMA are
equal, and the SMA does not contribute to the scattering and is
essentially invisible or contrast-matched. The match point of
perdeuterated SMA (dotted purple line), where all of the H
atoms bound to C atoms are replaced with D during synthesis,
is closer to 100% D2O. So, perdeuterated SMA would be
visible in a 30% D2O solvent but not in a 100% D2O solvent.
In the case of MSP (blue line), the match point of
perdeuterated MSP (dotted blue line) is above 100% D2O,
and so a lower amount of deuteration would be desirable to
contrast match MSPs in 100% D2O. Thus, the amount of
deuteration, also known as deuterium labeling, can be tuned to
obtain the desired match point of a given ND component.
The scattering intensity, I(q), is proportional to the square

of the sum of the contrasts of the components in the NDs.34

The intensity is a function of q, which is related to the
scattering angle and wavelength of the neutrons.34 The key
factor is to arrange conditions by varying the amount of
deuteration in the ND components and the solvent D2O/H2O
ratio such that there is measurable scattering intensity of one
component that dominates the scattering intensity, while the
scattering intensity of the other components, on average,
matches the solvent scattering so that the other components
do not contribute to the scattering intensity. Since only the
average contrast of the other components is matched, some q-
dependent residual scattering is usually present due to the
different SLDs of the individual components.
Several SANS contrast variation studies have demonstrated

conditions to study MPs in contrast-matched carriers such as
mixed micelles,35 deuterated isotropic bicelles36 in a deuterated
buffer solution, and selectively deuterium-labeled MSPNDs37

that leverage contrast variation and SANS. These labeled
carrier approaches are an important advance to utilize contrast
variation methods as they could allow one to use the same
methodology used for the modeling of soluble proteins38−41 to

analyze MP structures. Here, we briefly summarize the
methodologies of preparing contrast-matched carriers.
The first is based on reducing the difference of contrast

match points between the hydrophilic head and hydrophobic
tails (i.e., lipid head group and CH2/CD2 in Figure 1) using
selectively deuterated detergents.35,42 The second utilizes
commercially available bicelles with deuterated lipids that are
contrast-matched in a 100% D2O buffer solution.36,43,44 The
third, which we aim to expand upon, utilizes “stealth
nanodiscs” with selectively labeled lipid head, tail, and MSP
components matched in a 100% D2O solution while keeping a
nativelike bilayer environment.35

Using stealth nanodiscs, it was found that the forward
scattering intensity, I(q = 0), of the 100% D2O-matched
labeled MSPNDs was 150-fold lower than that of nonlabeled
MSPNDs in a 100% D2O solvent. Yet, importantly, there was a
nontrivial q-dependency in the experimental SANS intensity
profile.37 This residual intensity from the labeled MSPNDs was
assumed to be negligible in the structural analysis of the Ca2+-
ATPase ACA845 and ABC transporter MsbA46 MPs in labeled
MSPNDs, as I(0) for the labeled MSPNDs was estimated to be
smaller than that of the MPs by 1 or 2 orders of magnitude.
Thus, the stealth nanodisc approximation can be valid for MPs
with a molecular weight greater than or equal to that of MsbA
or ACA8. However, it may not work well for smaller MPs of a
lower molecular weight, as the I(0) value of the MPs may no
longer be orders of magnitude larger than the residual
scattering from the MSPNDs. Furthermore, unlike micelles
or bicelles, the diameter of MSPNDs is controlled by the
length of MSP belts, which will limit the size of MPs to form a
complex with the contrast-matched MSPND. Thus, for large
MPs, it was proposed37 to use a 100% D2O-matched labeled
liposome even though it also showed a measurable I(0) under
matched conditions.
As noted above, the stealth nanodisc assumption is not valid

for MPs for which the forward scattering intensity is
comparable to the observed residual intensity of the labeled
MSPNDs. In this case, it is suggested to explicitly account for
the contribution of the labeled MSPNDs in the modeling of
the MP structures37 or to further reduce the residual nanodisc
intensity by refining the level of deuteration of MSPNDs.47

Even though the labeled stealth MSPND approach is an
important advance in structural studies of membrane proteins,
its broader application is limited by the target protein size due
to the observed nontrivial residual q-dependent intensity of the
labeled MSPNDs.
There have been no reports of using contrast-matched

SMANDs to study membrane proteins, even though they have
been shown to provide a nativelike bilayer environment. Just as
for the MSPNDs, the key to preparing contrast-matched
SMANDs for contrast variation experiments of membrane
proteins is to correctly predict the optimal deuteration
conditions for the SMA chains as well as the lipids. Neutron
SLDs can be calculated using the chemical composition and
stoichiometry of each component to predict the scattering
contrast of each component as well as that of the ND. But, the
SLD is a function of the mass density or molecular volume,48

which is nontrivial to estimate for SMA chains assembled in
nanodiscs. However, calculating SANS profiles using atomistic
coordinates rather than estimating the SLD from the chemical
composition negates the need to estimate the molecular
volume. Thus, it can be a direct method to perform contrast

Figure 1. Neutron scattering length density as a function of the %
D2O in the solvent for several important components of MSPNDs
and SMANDs.
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variation experiments in silico and gain insight into complex
correlations between components in nanodiscs.
In this paper, we present atomistic molecular simulations

that predict the results of contrast variation experiments to
obtain membrane protein structural information in both
MSPNDs and SMANDs consisting of 1,2-dimyristoyl-sn-
glycero-3-phosphorylcholine (DMPC) lipids with selectively
deuterated MSP, SMA, and lipid. Our models incorporate
thermal structural fluctuations of the NDs (MSPNDs and
SMANDs) through the use of MD simulations. To this end, we
have developed force-field parameters to model SMANDs.
Local and large-scale structures of SMANDs were measured
from MD trajectories and compared with those from
MSPNDs. Then, we evaluated the effect of the residual
intensity from the labeled MSPNDs under contrast-matched
conditions on the SANS intensity of model ND systems
containing MPs. For contrast-matched SMANDs, several
labeling strategies have been provided, and calculated SANS
intensity profiles of the model systems are shown. Our models
include peripheral HIV-1 Gag matrix protein (HIV-1 Gag) and
integral outer membrane protein X (OMPX) in MSPNDs and
SMANDs. The molecular weights of HIV-1 Gag (14.7 kDa)
and OMPX (16.4 kDa) are smaller than that of ACA8 (126
kDa) by an order of magnitude. These systems highlight the
potential of using labeled SMANDs and contrast variation to
determine scalar parameters, structural arrangement, and shape
information of small MPs in model lipid environments. We
anticipate that our prediction for contrast-matched SMAND
conditions will contribute to the investigation of membrane
proteins using SMANDs with less restriction of membrane
protein size than that reported in previous studies using
MSPNDs.37,46,47

■ COMPUTATIONAL METHODS
Materials. The compositions of MSPNDs and SMANDs

are summarized in Table 1. MSPNDs in our simulations

contained two MSP1D1 belt proteins49 and were experimen-
tally shown50 to form DMPC nanodiscs with a diameter of 98
Å. Note that the number of lipids in the MSPNDs, Nlipid, and
the ND dimensions, can be varied by the concentration of
lipids used during the formation of nanodiscs.50

Contrary to MSP1D1, which has a unique amino acid
sequence, SMA is an anionic copolymer composed of styrene
(S) and maleic acid (M) monomers, and the dimension and
structure of SMANDs are affected by many factors, such as
total molecular weight, polydispersity, charge interactions, and
the molar ratio of S/M.15,18

We first chose the M monomer to have a net negative charge
assuming neutral pH.15 Then, a random sequence of 45 S and
15 M monomers was generated to prepare a 6.4 kDa random
SMA copolymer with the constraint that maleic acid was not
allowed to bond to an adjacent maleic acid monomer.51,52 The
SMA chains used in this work had a sequence of
S SMSSSMSMS SMSSSMSMSS MSSMSSMSSM

SSMSSSSSMS SSSSMSSSSS MSSSSSMSSS and were capped
at the ends with hydrogen atoms. Note that commercial SMA
chains with a range of S/M from 3:1 to 1.2 are known to form
nanodiscs with a distribution of nanoparticle size.17,18,21 The
remaining molecular parameters, number of SMA chains and
lipids in SMANDs, depend on the size of wrapped bilayers21,53

as well as the added amount of SMA chains in the particular
simulation.54 Thus, the number of DMPC lipids in the
SMANDs was set to be identical to that in MSPNDs. Then,
five SMA chains were chosen after performing test MD
simulations with different numbers of SMA chains. Therefore,
the resulting mass ratio of SMA polymer to lipid is 0.33 in this
work. Figure 2 illustrates the final configurations of nanodiscs
and MP-associated nanodiscs obtained from MD simulations.

Force Fields. All simulations were performed using the
CHARMM36 force field.55 The CHARMM General Force
Field (CGenFF 3.0.1) program56,57 was used to generate
CHARMM36 force-field-compatible parameters for the SMA
chains. The CGenFF penalty scores for M and S were 10.077
and 5.591, respectively, when SMS and SSS triads were used.
Since the penalty score for M was near the recommended

validation threshold of 10,57 we then performed conforma-
tional sampling to obtain the ab initio potential energy surface
(PES) for the dihedrals of a methyl-capped maleic acid using
the Gaussian03 package58 and the force field toolkit (ffTK)59

plugin in VMD 1.9.360 (Figure S1). The CGenFF PES of
maleic acid was in quantitative agreement with the ab initio
PES using MP2,61 except for the energy barrier conformation.
MD simulations of the SMANDs were performed using the
CGenFF parameters as the first simulation study. Force-field
parameterization of the SMA polymers was carried out in ffTK
using HF/6-31G++. Allowed styrene and maleic acid-
containing triad residues were used (SMS, MSM, SSM, MSS,
and SSS) to define patches to combine residues and handle
chain termination. These topology definitions were used to
generate the random sequence of SMA copolymers, as
described in the Materials section.

MD Simulations. MD simulations were conducted using
NAMD62 at 300 K and 1 atm with [NaCl] = 0.2 M. The
TIP3P water model63 was used along with periodic boundary
conditions. Preparing initial configurations for solvated
MSPNDs and SMANDs started from making a cylindrical
shape DMPC bilayer composed of 158 lipids by truncating a
fully equilibrated planar DMPC bilayer with an average area
per lipid = 62.5 Å2, which is close to the experimental value of
60 Å2 at 300 K,64−66 that had undergone a 10 ns constant
pressure−temperature (NPT) simulation. The trimmed bilayer
was equilibrated in an implicit solvent under cylindrical
boundary conditions, as it was to be inserted into the center
of MSPD1 belts. For SMANDs, four to six SMA chains with an
extended configuration were initially located around the
trimmed bilayer. Under cylindrical boundary conditions, we
performed a MD simulation for 100 ps to allow the SMA
chains to wrap around the bilayer lipids. Five SMA chains were
found to be adequate to wrap the lipid tails within the ND
annulus. Thus, our SMAND system has a minimal amount of
SMA chains needed to make a model SMAND. The MSPND
and SMAND were solvated and ionized in water boxes and
energy-minimized for 10 000 steps.
We performed NPT MD simulations using the energy-

minimized configurations of the MSPND and SMAND in
water boxes for 160 ns. Equilibration of nanodisc structures
was monitored by the time trajectories of the radius of gyration

Table 1. Compositions of MSPND and SMAND Used in
Simulations

MSPND SMAND

belt MSP1D1 S45M15

Nbelt 2 5
Nlipid 158 158

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.1c05050
J. Phys. Chem. B 2022, 126, 1034−1044

1036

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c05050/suppl_file/jp1c05050_si_001.pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c05050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Rg, area per lipid (APL), and bilayer thickness, hbilayer, as shown
in Figure S2. The equilibration of the nanodisc systems was
also monitored by evaluating the SAXS profiles calculated
using the SasCalc module in SASSIE-Web38 (see Figures S3
and S4) and total energy and temperature (see Figures S9 and
S10). We used the last 100 ns from the trajectories to evaluate
time-averaged structural properties and SAS profiles for the
MSPND and SMAND.
Final configurations for the MSPND and SMAND were

used to generate the initial configurations for the membrane
protein−nanodisc (MP-ND) systems. HIV-1 Gag was placed
on the surface of the nanodiscs, while OMPX was placed into
the nanodiscs after removing 39 DMPC molecules, as shown
in Figure 2. The MP-ND systems were solvated and ionized in
water boxes and then energy-minimized. NPT simulations for
80 ns were run, and the last 40 ns from the trajectories were
used for data analysis.
Deuterium Labeling of Nanodiscs and Contrast

Variation. Deuterium labeling and SANS intensity profile
calculations were performed using the SasCalc module in
SASSIE-Web38,67−69 utilizing the MD trajectories. SasCalc
allows separate control of the fraction of deuterated
nonexchangeable H atoms bonded to carbon atoms, f H−D,
and exchangeable H atoms, fexchangeable, for each selected group
of atoms, which enables random labeling of the lipid head
groups including choline and glycerol, alkyl tails, and protein
belts independently. fexchangeable was fixed to 0.95, while f H−D
was controlled to change the deuteration level for each
component.
SANS intensity profiles for the membrane protein

contribution, IMP(q), and the nanodisc contribution, IND(q),
were decoupled from the total scattering intensity of the MP-
ND systems, Itotal(q), to analyze the SANS profiles of the MP-
NDs and their MP and ND components separately under
various D2O concentration as well as to determine contrast
match points. In each case, the scattering intensities calculated

by SasCalc were scaled assuming a molar concentration of 0.1
mM. This concentration was chosen so that the calculated
SANS intensities are large enough to be comparable to
measurable SANS intensities of nanodiscs in a dilute solution,
where there are no interparticle interactions. The contrast
match points were determined from the x-intercept of a linear
fit to I(0)1/2 versus fD2O

32 and are reported as a function of
fD2O in Figure S5. The validity of the labeling schemes was
tested by comparing the total scattering from the MP-ND
system to that from MP alone with no nanodisc present using
q-dependent residuals, defined as residual [%] = 100 ×
(Itotal(q) − IMP(q))/IMP(q).

■ RESULTS

Segregation of SMA in SMANDs. Since the structures of
MSPNDs in various conditions have been studied by both
simulation28−30,32 and experiment,25,40,41 here we first focus on
the local structure of the SMA chain wrapping the DMPC
bilayer, as shown in Figure 3. SMA chains were observed to
form a beltlike structure that was maintained throughout the
simulation, consistent with the core−shell model previously
used for SANS data analysis of SMANDs.17

The segregation in SMA monomers is shown in Figure 3A in
which the interfacial regions, e.g., lipid/SMA and SMA/water,
are magnified to show the close contact of the S monomers
(orange lines) to the lipid tails (gray beads), while the M
monomers (blue lines) preferentially populate at the SMA/
water interface. The local interaction between DMPC and
SMA can be understood by the pair correlation function, g(r),
between atoms in the lipids and atoms in the SMA chains. As
shown in Figure 3B, a strong correlation between the lipid tail
carbon (Ctail) and the phenyl carbon in S (Cph) was observed
at r = 4.9 Å, followed by the second correlation peak around 10
Å. g(r) for the pair of Ctail and the backbone carbon in S (CS)
exhibited a peak at r = 9.1 Å, with a weak correlation close to
the first correlation peak position for the Ctail−Cph pair, while

Figure 2. Nanodiscs simulated in this study. (A) MSPND, (B) HIV-1 Gag/MSPND, (C) OMPX/MSPND, (D) SMAND, (E) HIV-1 Gag/
SMAND, and (F) OMPX/SMAND. Styrene monomers are represented in green, maleic acids in orange, lipid tails in gray, lipid head groups
(choline + glycerol) in cyan, MSPD1 belt protein chains in blue, and membrane proteins (OMPX and HIV-1 Gag) are in red. Waters and ions are
not shown. All snapshots are taken from MD trajectories after 160 ns. (G) Energy-minimized configuration of a SMA chain (S45M15), where M and
S stand for maleic acid and styrene monomers, respectively.
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the oxygen atom in M (OM) showed a correlation with Ctail at
12 Å.
This observation indicates that the lipid tail/SMA

correlation is dominated by Ctail−Cph interactions via the
hydrophobic portions of the SMA chains. Maleic acid units are
segregated from the lipid tail/SMA interface and preferentially
located at the SMA/water interface. On the other hand, the
lipid head group/SMA correlation, as seen in Figure 3C, was
observed to be driven by the interaction between choline and
M due to the hydrophilicity of the SMA chain. This
hydrophilic nature of SMA has been conjectured to enable
the self-assembly of SMANDs in a detergent-free proc-
ess.14,15,17

Dimension and Shape of Nanodiscs. The dimension
and shape of MSPNDs and SMANDs were calculated from the
simulations using the principal components of the moment of
inertia (I11 > I22 > I33) for the lipid bilayer in the nanodiscs and

compared to experimental data.17,50 The shape of the bilayer in
the nanodiscs was modeled as an elliptical cylinder, in
agreement with the experimental evaluation of the shape of
MSPND.47,70 Three-dimensional parameters for the bilayer in
a nanodisc, e.g., two semiaxes (α and β) and hbilayer, were
determined by eqs S1 and S2 in the Supporting Information.
The cylindrical parameters were used to calculate the diameter
of the lipid bilayer, dbilayer, and APL, as well as the shape
anisotropy parameter, κ = α/β, as shown in eq S3 in the
Supporting Information, to measure the degree of deformation
of shape from a circular cylinder (κ = 1).
The time-averaged bilayer dimensions ⟨dbilayer⟩ and ⟨hbilayer⟩

at 300 K for MSPNDs and SMANDs quantitatively agree with
experimental data, as seen in Table 2. Interestingly, ⟨APL⟩ =

58.4 Å2 from MSPNDs is smaller than the value of 62.5 Å2

obtained for an infinite bilayer simulated under the same
conditions as those of the MSPNDs. This is consistent with
previous small-angle scattering,49,71 MD simulation,28 and
solid-state NMR results showing enhanced lipid order
parameters,20,72 as well as differential scanning calorimetry
reports of increased lipid melting temperature, Tm,

73,74 in
MSPNDs. Moreover, ⟨κ⟩ for MSPNDs of about 1.6 was found
to be in line with recent experimental MSPND studies70,75 of
their shape deformation.
The simulated SMANDs in this work showed a smaller ⟨Rg⟩

than the simulated MSPNDs by 9% but comparable to dbilayer
and hbilayer from the SANS experiment.17 This ⟨Rg⟩ reduction
for the SMANDs is related to the smaller ⟨dbilayer⟩ and ⟨APL⟩
values compared with the MSPNDs. In our simulations, the
bilayer in the SMANDs was observed to maintain the initial
circular cylindrical shape as shown by ⟨κ⟩ about 1.1. Just as for
the MSPNDs, the reduction of ⟨APL⟩ for our model SMANDs
may indicate an increase of Tm. Indeed, Tm was experimentally
observed to nonmonotonically vary as a function of the molar
ratio of SMA to lipid and show a broad Tm distribution.76

Overall, the size and shape of our model MSPND and
SMAND are comparable to experimental results.

SANS Profiles for MPs in Contrast-Matched MSPNDs.
Before investigating the properties of labeled MP-ND systems,

Figure 3. Local correlation of SMA belt chains with the lipid bilayer.
(A) Snapshot of the equilibrated SMAND (left) showing the irregular
ring shape of the SMA belt (styrene monomers in orange, maleic acid
monomers in blue) wrapping around the lipid tail leaflets (carbon in
gray) rather than the lipid head groups (cyan). Lipid/SMA and SMA/
water interfacial regions (right) are magnified and shown in atomistic
detail. Pair correlation functions, g(r), for heavy atom pairs between
(B) lipid tails and SMA chains, and between (C) choline groups in
the lipids and SMA chains.

Table 2. Average Dimensions and Shapes for MSPNDs and
SMANDs from MD Simulationsa

MSPND SMAND

sim. exp.50,73 sim. exp.17

⟨Rg,ND⟩ [Å] 35.8 ± 0.2 32.7 ± 0.1
⟨dbilayer⟩ [Å] 76.6 ± 0.4 76b 74.2 ± 0.5 76 ± 4
⟨hbilayer⟩ [Å] 45.0 ± 0.4 47b 48.0 ± 0.5 46 ± 6
⟨APL⟩ [Å2] 58.4 ± 0.6 54.8 ± 0.7
⟨κ⟩ 1.58 ± 0.06 1.10 ± 0.03

aRg,ND is the radius of gyration for the nanodiscs. The dimensions for
the lipid bilayer in the nanodiscs, such as the diameter of the lipid
bilayer, dbilayer, thickness of the lipid bilayer, hbilayer, area of the lipid
head group per lipid, APL, and the shape anisotropy parameter for the
bilayer plane, κ, were calculated from the principal eigenvalues of the
moment of inertia tensor, assuming an elliptical cylindrical shape for
the lipid bilayer in the nanodisc. κ is defined as a ratio of the longest
to the shortest semiaxes for an elliptical object. The expressions for
the dimensional parameters for the lipid bilayer as a function of the
principal axes parameters are shown in eqs S1−S3. The corresponding
experimental data17,50 for the lipid bilayer dimensions are given for
comparison. ⟨...⟩ is the ensemble-averaged property. bReference data
did not contain experimental uncertainties.
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we compared theoretical SANS profiles for MP-ND systems
without labeling the ND components. As shown in Figure S5,
calculated SANS intensities, Itotal(q), for nonlabeled MP-ND
systems at the nanodisc match point condition strongly deviate
from that for the MP alone, IMP(q), at the same contrast for q
values greater than 0.01 Å−1. This deviation of Itotal(q) from
IMP(q) is due to the difference in the contrast match points
between lipid head (choline + glycerol), lipid tail, and belt
regions of the NDs. The contrast-matched carrier approaches
were basically aimed at reducing such a difference in scattering
contrasts within these structural components of the NDs. This
is explored further for SMANDS in Figure S6, where it is
shown that the nonuniform neutron SLDs of the lipid head
and tail groups (see Figure 1) prevent the scattering from the
NDs from being matched out without selective deuterium
labeling.
Figure 4 shows the effect of selectively labeled MSPNDs on

the contrast variation of MP-MSPND systems with the small-

molecular-weight proteins, HIV-1 Gag and OMPX. In this
case, the f H−D for the MSP, lipid head groups, and lipid tail
groups was chosen to be 0.70, 0.78, and 0.93, respectively.
These f H−D values were taken from those used in the previous
stealth MSPND study.37 The calculated total SANS intensity,
Itotal(q), for the MP-MSPNDs in 100% D2O was compared to
those of the nanodisc, IND(q), and membrane protein, IMP(q),
alone under the same contrast condition.
For both MP-MSPND systems, the calculated IND(0) values

as a function of % D2O in the solvent were in good agreement
with previous experimental data.37,46 For HIV-1 Gag-
MSPNDs, the calculated IMP(0) was about seven times greater
than IND(0), as shown in Figure 4A. The residual plot shows
that Itotal(0) deviates from IMP(0) by 88%. There is also a
significant deviation around q = 0.1 Å−1. Itotal(q) and IMP(q)
should be equal under ideal conditions where the SANS
intensity from the MSPND is completely matched in 100%
D2O. Therefore, the approximation of stealth MSPNDs is not
applicable for the HIV-1 Gag-MSPND system, with an HIV-1
Gag molecular weight of 14.7 kDa, consistent with the previous
MSPND study.37

A similar deviation of Itotal(q) from IMP(q) was observed for
the OMPX-MSPND system, as shown in Figure 4B. In
addition, we also observed that IND(q) was different from that
obtained from the HIV-1 Gag-MSPND system. This variation
of IND(q) between the HIV-Gag and OMPX-MSPND systems
resulted from the shape change of the MSPND upon insertion
of OMPX into the lipid bilayer. Since HIV-1 Gag is a
peripheral membrane protein, no such shape change of the
MSPND occurred.

Toward More Complete Contrast-Matched MSPNDs.
Our calculations show that further reduction of the residual
intensity for MSPNDs is necessary for small-molecular-weight
MP characterization. Refined labeling conditions for MSPND
were formulated based on Figure 5, which shows the contrast
match points in terms of fD2O as a function of the fraction of
nonexchangeable H atoms bonded to C atoms, f H−D, for the
components in OMPX-MSPNDs. The black arrow corre-
sponds to f H−D = 0.73, where the SLDs of the lipid head and
lipid tail groups are the same. This is less than 0.78 and 0.93,

Figure 4. Prediction of SANS profiles in 100% D2O from MD
simulations of (A) HIV-1 Gag-MSPND and (B) OMPX-MSPND in
which the deuteration scheme of the previous stealth ND experiment
was adopted for our calculation in such a way that nonexchangeable H
atoms bonded to C atoms were replaced by D atoms by the ratio of
0.70, 0.78, and 0.93 for the MSP, lipid head (choline + glycerol)
groups, and lipid tail groups, respectively. H atoms in the MSP and
the lipid tail were randomly selected to be converted to D atoms,
while 14 H atoms (nine from three methyl groups and five from
glycol) were selectively deuterated among 18 H atoms in the lipid
head group. The poor agreement between Itotal(q) and IMP(q) in both
cases indicates that the contribution from IND(q) is still significant.

Figure 5. Contrast match points in a fraction of D2O in the solvent,
fD2O, for the components in OMPX-MSPND and OMPX-SMAND
systems as a function of the fraction of deuterated nonexchangeable H
atoms bonded to C atoms, fH−D. Equations S4−S7 corresponding to
the solid lines can be found in the Supporting Information.
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which are the values used for the lipid head and tail groups,
respectively, in the experimental stealth MSPND study.37 If the
MSP could be deuterated to a value of f H−D = 0.67 to achieve
the same SLD (orange arrow), the entire MSPND would be
contrast-matched in an 85% D2O solution. This is close to the
value of fH−D = 0.70 used in the experimental stealth MSPND
study,37 and so this should be experimentally achievable. The
challenging part is to achieve the matching lipid head and tail
group SLDs via random deuteration. If this scheme could be
implemented experimentally, it should result in better contrast-
matched MSPNDs and less residual q-dependent scattering.

Furthermore, the contrast match point for fully protonated
OMPX without deuterium labeling (h-OMPX) is 41% D2O
(dashed line), which is sufficiently different from 85% D2O for
the MSPNDs to allow good data to be obtained for OMPX in
contrast-matched MSPNDs.
Another option would be to find deuteration conditions for

the MSP, lipid head groups, and lipid tails where all three
components are contrast-matched in a 100% D2O solution.
This is desirable due to the lower incoherent background in
100% D2O as well as the larger difference in contrast match
points between h-OMPX and the contrast-matched MSPNDs.

Table 3. Composition of Contrast-Matched, Fine-Tuned SMANDs ( f-SMANDs)

labeling scheme f H−D (SMA) fD2O

f-SMAND1 Drandom-PC: f H−D (head) = 0.155; f H−D (tail) = 0.231 0.0 0.334
f-SMAND2 Drandom-PC: f H−D (head) = 0.730; f H−D (tail) = 0.730 0.817 0.851
f-SMAND3 Drandom-PC: f H−D (head) = 0.859; f H−D (tail) = 0.842 1.0 0.967

Figure 6. Labeling scheme for contrast-matched SMANDs. Deuterium labeling is treated randomly for the lipid head and tail groups and the SMA
chains.

Figure 7. Simulated SANS profiles for fine-tuned SMANDs ( f-SMANDs) in complex with (A) HIV-1 Gag and (B) OMPX. Lines and symbols
indicate the SANS profile for the MP-ND system, Itotal(q), and for the membrane protein alone, IMP(q), at the corresponding contrast match points
for the f-SMANDs, respectively. For clarity, only every 6th data point is shown in the SANS profiles, and every 2nd data point is shown in the
residual plots.
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The green star in Figure 5 highlights the condition where all
three lines approximately cross each other. Here, all three
components would be contrast-matched at f H−D ≈ 0.85 in a
95−97% D2O solution.
Toward Contrast-Matched SMANDs. Based on the

calculation of contrast match points, as shown in Figure 5,
Table 3 shows three examples of deuterium-labeling conditions
for contrast fine-tuned SMANDs ( f-SMANDS). f H−D values
are summarized depending upon f H−D for the SMA. These f-
SMANDS are designed to be contrast-matched using random
labeling of the lipid head and tail groups as well as the SMA
belts, as illustrated in Figure 6. f-SMAND1 is composed of fully
protonated SMA chains. f-SMAND2 represents a nanodisc
where the contrast match points for the lipid head group and
the lipid tails are identical at the same fH−D. f-SMAND3 is
made of fully deuterated SMA chains. The f-SMANDS are
described in more detail below.
f-SMAND1 is a nanodisc for which the SMA belt chains are

fully protonated and contrast-matched in a 33% D2O solution.
This can be seen in Figure 1, where the SLD of water (black
line) crosses that of SMA (solid purple line). The lipid bilayers
are partially labeled such that f-SMAND1 would be contrast-
matched in a 33% D2O solution. This condition would be
appropriate only for the study of deuterated membrane
proteins since the difference in the contrast match point
between nonlabeled MPs (such as h-OMPX in Figure 5) and
SMAND1 is too small to obtain good data on the MPs,
especially since the incoherent background is high under this
condition. Deuterated integral membrane proteins are
generally difficult to obtain in practice.
f-SMAND2 is a hypothetical nanodisc motivated by our

calculations that the lipid head and tail groups showed an
identical contrast match point at f H−D = 0.73 (black arrow in
Figure 5). f-SMAND2 was predicted to be contrast-matched in
an 85% D2O solution if f H−D = 0.82 for the SMA (blue arrow
in Figure 5). f-SMAND3 uses perdeuterated SMA chains (blue
star in Figure 5) that are contrast-matched in a 97% D2O
solution. This match point can also be observed in Figure 1,
where the SLD of water (black line) crosses that of
perdeuterated SMA (dashed purple line). f H−D for the lipid
head and the lipid tail groups of f-SMAND3 were adjusted to
the contrast match point of 97% D2O for the perdeuterated
SMA (green star in Figure 5), which corresponds to f H−D =
0.84 for the lipid tails and fH−D = 0.86 for the lipid head
groups.
Itotal(q) values for contrast-matched f-SMAND2 and f-

SMAND3 were compared with IMP(q) for protonated HIV-1
Gag and OMPX in Figure 7. In each case, the scattering
intensities were calculated assuming a total concentration of
0.1 mM. For HIV-1 Gag-f-SMANDs, we observed a significant
reduction of residuals for the entire q range, as seen in Figure
7A. At most, a 10% deviation of Itotal(q) from IMP(q) was found
for q greater than 0.1 Å−1. f-SMAND3 is preferred over f-
SMAND2 due to the ability to synthesize perdeuterated SMA
( fH−D = 1) that is contrast-matched in 97% D2O, where there
is significantly lower incoherent scattering. The average Rg
calculated from a Guinier fit to Itotal(q) in the range where
qmaxRg = 1 (24 data points) was 16.8 ± 0.3 Å for HIV-1 Gag-f-
SMAND3 and 16.4 ± 0.1 Å for HIV-1 Gag alone.
f-SMANDs were also contrast-matched in the OMPX-f-

SMAND system, as shown in Figure 7B, even though OMPX
significantly altered the shape of the bilayer in the SMAND.
Thus, f-SMANDs can be applied in SANS regardless of the

membrane protein type. Moreover, using f-SMANDs would
mitigate the limitation of membrane protein size in contrast to
MSPNDs, where the diameter is restricted by the finite
circumference of the MSP. Therefore, we expect that using f-
SMANDs would be a powerful tool in contrast variation SANS
experiments for membrane protein characterization, over-
coming the limitation of MSPND-based approaches.
Although this paper explores theoretical f-SMANDs, three

possible formulations of f-SMAND3 that can potentially be
realized experimentally are explored in Figure S7. For example,
f H−D = 0.84 for the lipid tails is close to f H−D = 0.86 for the
lipid head groups. Thus, a mixture of commercially available
fully protonated and fully deuterated DMPCs having a molar
ratio of 15:85 is one way to make f-SMAND3. Alternatively,
one can use mixtures of labeled DMPCs with randomly
deuterated tail groups and either selectively or randomly
deuterated head groups. The latter methods are shown to
produce an excellent agreement between Itotal(q) and IMP(q)
for simulated OMPX-f-SMAND3 systems.
The prediction of scattering profiles for f-SMAND systems

was based on MD configurations of a single composition of the
SMAND. However, it is noted that our method using MD
simulations can be generally applicable to a family of SMANDs
with different compositions. Considering the experimental
findings of broad size and Tm distributions for SMANDs,17,76 it
may be necessary to perform MD studies on the bilayer phase
in the SMAND and corresponding contrast match point
perturbations77 caused by changing the size and composition
of the SMAND. The optimum labeling conditions of SMANDs
that have a nativelike bilayer environment must be validated
and refined along with experimental contrast variation studies
on deuterium-labeled SMANDs.

■ CONCLUSIONS
Lipid nanodiscs are a promising tool to characterize membrane
proteins. The contrast variation method using SANS has been
used to measure low-resolution structures of soluble protein
complexes34 by employing deuterium labeling. Selective
labeling for each component of the nanodisc37 is essential to
effectively contrast match the nanodisc in SANS-based contrast
variation experiments, enabling the modeling of the membrane
protein structure in a manner similar to that of soluble
proteins.45,46 However, the use of SANS for MP-ND systems
has been limited to large-molecular-weight membrane proteins
of ca. 130 kDa due to the nontrivial contribution of contrast-
matched MSPND to the SANS data of the MP-MSPND
system. We performed atomistic molecular dynamics simu-
lations on small-molecular-weight membrane proteins, less
than 20 kDa, associated with MSP and SMA DMPC nanodisc
systems and studied the neutron contrast matching conditions
of labeled MSPNDs and SMANDs. In this work, we presented
the conformational properties of model SMANDs for the first
time by MD simulations based on CHARMM36-compatible
force-field parameters for polymeric SMA chains. Our
simulation results on the structure of MSPNDs were in
quantitative agreement with experiments20,49,50,70−75 and
simulation studies.28 In addition, this work presents the first
MD simulations of SMANDs. We observed in our simulations
the segregation of styrene and maleic acid monomers of the
SMA belts near the lipid−belt and the belt−water interface,
respectively. Model scattering profiles for MSPNDs that were
deuterium-labeled as carried out experimentally37,45,46 showed
that the residual q-dependent scattering intensity significantly
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contributed to the total scattering intensity of the MP-MSPND
system at the MSPND contrast match point. To overcome the
limitations of the currently used MSPNDs, we proposed
labeling conditions for contrast-matched SMANDs as well as
MSPNDs that would be applicable to a small membrane
protein system.
In this seminal MD study on SMAND systems, we

considered a single composition for the SMAND to investigate
the conformational properties and to predict corresponding
SANS profiles of MP-SMAND systems after applying
deuterium labeling. The conformations of SMANDs made
with polymer belts are experimentally known to be affected by
pH, ionic strength, temperature, SMA composition, etc.76,78−80

The complexity due to the polymer chain belts can be also
considered in our framework to predict and design conditions
for SANS measurements for membrane protein character-
ization. Appropriately labeled SMANDs should be an
important tool to fully realize the potential of contrast
matching SANS to study membrane proteins of all sizes with
important implications in basic biology and medicine.
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