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ABSTRACT: Nanodisc technology is increasingly being applied for structural and
biophysical studies of membrane proteins. In this work, we present a general
protocol for constructing molecular models of nanodiscs for molecular dynamics
simulations. The protocol is written in python and based on geometric equations,
making it fast and easy to modify, enabling automation and customization of
nanodiscs in silico. The novelty being the ability to construct any membrane
scaffold protein (MSP) variant fast and easy given only an input sequence. We
validated and tested the protocol by simulating seven different nanodiscs of various
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sizes and with different membrane scaffold proteins, both circularized and
noncircularized. The structural and biophysical properties were analyzed and shown to be in good agreement with previously

reported experimental data and simulation studies.

B INTRODUCTION

Recently, nanodisc technology (NDT) has gained increased
attention as a valuable tool for biochemical and biophysical
functional studies of membrane proteins, as well as for
isolation, purification, and solubilization of membrane
proteins.” Several nanoparticle technologies exist, the differ-
ence being how the lipids are stabilized by either amphipathic
polymers such as styrene maleic acid copolymers
(SMALPS),”* or by amphipathic proteins such as Saposin A
(Salipro)* or membrane scaffold proteins (MSPs).”® In this
work, we focus only on the last mentioned technology, the
nanodisc technology. A nanodisc (ND) is a noncovalent
assembly of phospholipids and two MSPs.”® The MSPs are re-
engineered versions of the human apolipoprotein A-I (apo A-
I), which is a 243-residue-long protein weighing around 160
kDa. Natively, Apo A-I is found in high-density lipoprotein
(HDL) particles, which transport cholesterol, phospholipids,
and triglycerides in the body.”® Apo A-I consists of 10 tandem,
(11- or 22-residue) repeats or constituent helices punctuated
by either proline or consecutive glycine residues, enclosing the
lipid-binding domain," see Figure 1. Several versions of MSPs
have been generated by truncating and inserting these tandem
repeats,” see Figure 1 Panel B. By varying the length of the
MSPs, the diameter of the ND can be controlled." Newer
versions of NDs have appeared, where the N- and C-terminals
are covalently linked thereby circularizing the MSPs."”'" This
has been shown to increase the stability of the ND.”'* Along
with circularizing, a high abundance of negative charges have
been introduced for higher expression and yield."’

However, currently there are only a limited number of three-
dimensional (3D) structures of Apo A-I and hence nanodiscs
available, thereby limiting the full potential of the technology.
Two X-ray crystal structures of the Apo-A-I protein (PDB:
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1AV1" and 3R2P') in the absence of lipids were initially
published, followed by an NMR-derived structure of a
truncated version of the Apo-A-I dimer termed MSPAHS
(PDB: 2NSE’), since the tandem sequence identified as helix 5
is removed.”"*'* Common for these 3D structures is a more
than 80% helical conformation,” indicating lipid bound
structures, since it has been shown that a lower helical
propensity is present without lipids.'® The helical content of
the Apo-A-I structure was determined from circular dichroism
(CD) data, to be about 50% in the absence of lipids and about
80% when lipids are present.17 Before the NMR-derived
structure was published, two models were proposed describing
how the two MSP proteins could be arranged in a nanodisc
known as the picket-fence model'® and the double-belt
model.'"® The double-belt model is now the widely accepted
model and the one confirmed in the NMR-derived structure.
In the double-belt model, the two MSPs are oriented
perpendicular to the lipid tails in an antiparallel fashion with
a left to left (LL) interface,'® see Figure 1 Panels A and C. The
MSPs are proposed to orient to optimize the intramolecular
salt bridge network; this orientation is believed to be the LLS/
S orientation.'® The LL5/5 stands for a left to left orientation
of helix § in one MSP monomer placed opposite to helix S in
the other MSP monomer in an antiparallel arrangement,'® see
Figure 1 Panels A and C. However, in the NMR-derived
model, helix S is removed, hence the NMR-identified interface
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Figure 1. (A) Schematic representation of a nanodisc with an LLS/S interface. (B) Schematic representation of tandem repeats, which are either
inserted or removed from the MSP sequence to increase or decrease the size of the resulting nanodisc. (C) MSP dimer in the nanodisc can either
have a left—left (LL) or right—right (RR) interface. Here, each tandem in the MSP is represented by a 11-residue repeat. Proline indicates the
beginning of each tandem helix repeat, with residues at positions 4, 7, and 11 defined as the ‘right’ residues and residues at positions 2, S, and 9 as

the ‘left’ residues.

is RR9/9, a right to right interface with helix 9 opposite to
helix 9 in the two MSP monomers, suggesting the possibility of
other interfaces.” The interfaces follow the same definition as
described in Bibow et al.”

Several molecular dynamics (MD) studies have been
performed on NDs and related lipid partlcles, analyzing their
self-assembly and structural properties.'®'"™** However,
setting up simulation systems of NDs is not a trivial task. In
2018, Siuda and Tieleman published a potential protocol for
constructing NDs in silico, based on the crystal structure with
PDB ID 1AV1.'® The authors used coarse grained (CG)
methods and an elastic network to maintain a helix
conformation, thereby folding the MSPs into a circle, followed
by the possibility of adding or removing tandem repeats, hence
either increasing or decreasing the size of the ND.'

Later CHARMM-GUI introduced a user-friendly ND
Builder with a preselected range of different MSPs all
assembled with the LLS/S interface.>® However, accessing
this tool is restricted to the browser interface relying on
CHARMM software and other CHARMM-GUI modules,>
which prevents scripted automation. Furthermore, the
CHARMM-GUI ND builder implements a Generalized Born
with Simple SWitching (GBSW) minimization for generating
the MSP monomers, which becomes increasingly slow with
long MSP chains. In this work, we suggest a possible solution
to these inconveniences by constructing the MSPs using
geometrical equations implemented in python, thereby
avoiding the long minimization step in constructing the MSP
monomer and neither relying on CHARMM software nor the
CHARMM-GUI Modules. The novelty of this work is
therefore in the ability to construct the MSP monomers for
any sequence and length, as the first critical step in an in silico
representation of NDs. The tool presented herein thereby
enables construction of circularized NDs”'* and NDs with a
higher abundance of negative charges in the sequence,'’ along
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with the possibility of testing different interfaces between the
two MSP monomers, LL or RR with a user-defined registry.
Coupled with the tool Insane.py,”’ the protocol makes it
possible to construct CG NDs in silico rapidly and easily while
still controlling parameters such as the MSP sequence,
interface, circularization of the MSP, and bilayer specifications
such as lipid types, ratio, and number of lipids per leaflet. The
protocol consists of two python scripts and two bash scripts.
The two python scripts construct the MSP monomers and
assemble the MSP dimer. The atomistic MSP dimer can then
be passed to any simulation or building software, applying any
force field. In this work, we used the Gromacs suite, being one
of the mainly used simulation packages, for which a ‘wrapper’
bash script was constructed, for automating the process of
building the ND, adding the phospholipids, solvation,
neutralization, minimization, and equilibration. The last bash
script is used for correcting the parameter files for circularized
MSPs in Gromacs software, however, any simulation software
can be used.”®*” See Figure 2 for an overview of the protocol.
The scripts and examples on complex lipid compositions and/
or embedded membrane proteins have been made available in
github at https://github.com/LHRK/Nanodisc-Builder/tree/
master.

In the following, we will first describe the ND building tool
in detail and subsequently demonstrate that this protocol
provides good starting conformations of NDs. To validate the
building tool, the first step is to build the disc MSPAHS
(named MSPAHS model) and compare it to simulations
using the experimental determined structure directly (named
MSPAHS_NMR). Subsequently, we construct and simulate
commonly used NDs'*~">**~*" and analyse and compare the
lipid properties to previous studies as well as to a simulated
lipid bilayer. The six selected NDs are three noncircularized
discs named 1D1, 1E3D1, and 2N2*'~*° and three circularized
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Figure 2. Representation of the protocol workflow for building molecular models of nanodiscs. The workflow consists of three modules. (1)
Construct the MSP monomer, (2) assemble the MSP dimer, and (3) coarse grain and insert lipids along with minimization and equilibration.
Modules 1—3 are implemented as separate python scripts, with a “master” bash script as a wrapper. Details regarding the scripts are given on the

right side.

Table 1. Overview of Systems”

system name

diameter (nm)

#lipids

#CI™

Coarse Grained

“MSPAHS_Model ~8 102 DMPC 291
“MSPAH5_NMR ~8 100 DMPC 291
51D1 ~9.7 138 POPC 286
$1E3D1 ~12.9 268 POPC 673
N2 ~16 604 POPC 1300
SNW9 ~9 116 POPC 696
SNW11 ~11 146 POPC 687
“NW13 ~13 302 POPC 650
POPC LB 660 POPC 74
All-Atom
SMSPAHS_Model AA ~8 102 DMPC 203

#Na* box size (nm)
301 16 X 16 X 16
302 16 X 16 X 16
296 1S X 1S X 15
693 20 X 20 X 20

1322 25 X 25 X 2§
730 20 X 20 X 20
727 20 X 20 X 20
708 35 X 35 X 35

74 1S X 1S X7
213 15 X 15 X 10

simulation length

~5 us
~S ps
~5 ps
~S us
~S ps
~S ps
~S us
~S ps
~1 ps

~200 ns

“LB refers to a lipid bilayer and Is and cs in superscript refer to noncircularized and circularized discs, respectively. The lipids used are either 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) or 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC).
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discs named NW9, NW11, and NW13'07!12404647 a1 of
varying sizes, see Table 1.

B THEORY

The protocol behind the tool for constructing an ND in silico
consists of 3 modules, see Figure 2.

Module 1. The first module involves the construction of an
MSP monomer given a FASTA™ sequence as the input
provided by the user. The MSP is a circular a-helix punctuated
by either a proline or two consecutive glycine residues.

The first challenge is thus to construct the circular a-helix
without introducing an unnecessary strain in the structure. It is
possible to describe an a-helix using the following geometric
equat10n4)

x; X r-sin(t-i)
Yl =1% |+ [rcos(ti)]
Z Zo p-i (1)

where [x;, y, z;] is the vector identifying the position of the ith
C, atom of the helix, [xy, yo, zo] indicates the origin of the helix
system, and the helical axis n is parallel to the z-axis. The three
parameters are the radius of the helix (r), translation or pitch
(p), and turn angle (t), respectively."” For simplicity,
transformations are applied to describe the helix in the xy-
plane, see the Supporting Information (SI) for these
transformations. Once the helical axis is parallel to the y-axis,
the helix axis () can be updated after every turn (four
residues) along a circle, as shown in Figure 3, thereby

Helix origin

Figure 3. Helical axis (n) can be updated for every turn in the helix
along a circle with a certain radius.

obtaining eq 2, describing the positions for each ith C, atom in
the input sequence, constructing a circular a-helix trace with a

radius R,

x; R, cos a r-sin(t+i)-cos @ — p-isina

Y| = [Rysina] + [rsin(ti)-sina + p-i-cos a]

Zi 0 — r-cos(ti) (2)

The three parameters, radius of the helix (r), pitch (p), and
turn angle (t) are chosen to be 2.314 A, 1.516 A, and 100. 1°
respectively, since these are the values for an ideal a-helix.*’
The angle « is chosen to be 27/number of turns, where the
number of turns is estimated from the length of the input
sequence. Finally, R, is the radius of the circle. After
constructing the Ca-trace from the input sequence, a straight
a-helix is built using the python module PeptideBuilder.”" The
helix is then subdivided into helix pieces or tandems with the
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ends defined where either a proline residue or two consecutive
glycine residues are located. Each tandem is then aligned with
the constructed Ca-trace in Module 1, such that the full
straight helix is bent into a circle. Subsequently, for each
tandem a hydrophobic vector is defined from the center-of-
mass of the tandem to the center-of-mass of the side chains of
the residues alanine, valine, isoleucine, leucine, methionine,
phenylalanine, tyrosine, tryptophan, and proline. Each tandem
is then rotated such that the corresponding hydrophobic vector
points toward the center of the circle. By doing so, we make
sure that the hydrophobic side of each tandem faces the
phospholipids in the ND.

Module 2. The second module involves assembling two
identical MSP monomers with a user-defined interface. The
interface can be either an LL or an RR interface, but default is
an LL interface, see Figure 1 Panels A and C. The interfaces
follow the definition described in Bibow, et al.” The user will
also define which tandem or residue(s) to use for super-
imposing the two MSP monomers opposite in an antiparallel
arrangement along with the distance separating the two MSP
monomers. By default helix 5 will be used if present in the
input sequence.

Module 3. This module involves coarse graining the MSP
dimer based on the Martini force field,** using the Martinize
script,”” followed by addmg the desired phospholipids using
the Insane.py script.”” The now built ND can then be
minimized and equilibrated followed by either a production
run or by back-mapping the ND to an all-atom (AA)
representation. An atomistic topology file for the MSP dimer
can be generated for back-mapping using either the Back-
ward.py or Initram.sh script automatically, if desired.>

System Setup and MD Protocols. A total of nine CG and
one AA systems were constructed and each simulated in three
replicas, using Gromacs version 2018.2 software,” see Table 1
for an overview of the systems. The systems named 1D],
1E3D1, 2N2, NW9, NWI11, and NWI3 contain three
noncircularized (1D1, 1E3D1, 2N2) and three circularized
(NW9, NW11, NW13) discs in increasing size, respectively.
The sequences for the noncircularized discs are from Sligar’s
group’ and the sequences for the c1rcu1arlzed discs are from
Nasr et al.'' and from Johansen et al."’

All systems, except the MSPAHS NMR, MSPAHS_Mode-
1 AA, and POPC LB systems, are constructed using the
described building protocol. The MSPAHS_NMR was
constructed directly from the NMR-derived PDB structure
(PDB ID 2NSE), chain A and B, and coarse grained using the
Martinize.py script™ in combination with DSSP 2.0.4 (define
secondary structure of proteins) software’”>> for determining
the secondary structure. Ten conformations were resolved
using NMR, and the first conformation was chosen for this
study since the difference in root-mean-square deviation
(RMSD) between the conformations was only ~0.45 nm,
mainly caused by the movement of the terminals. The
sequence for the MSP in the systems MSPAHS Model and
MSPAHS_Model AA was extracted from chain A using PDB
ID 2NSE.

A ratio of 1:50 of MSP/DMPC lipids was used in the
MSPAHS NMR, MSPAHS Model, and MSPAHS_MOde—
1 AA systems to compare with the NMR study.”

The number of POPC lipids selected for systems 1D1,
1E3D1, 2N2, NW9, NW11, and NW13 are based on eq 3

M = 2(zr + JaNS)/L (3)

https://doi.org/10.1021/acs.jcim.1c00157
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Here, M represents the number of residues in the MSP
sequence, S the mean area per lipid (70 A” for POPC inside an
ND),***” ¢ the radius of the MSP helix (5.5 A),” L the helical
pitch per residue (1.5 A),” and N the number of lipids per
leaflet in the disc. The equation is derived geometrically and
validated from small-angle X-ray scattering (SAXS) and high-
performance liquid chromatography (HPLC) experiments
combined.”®

Coarse Grained Systems, Construction, and the Simu-
lation Protocol. The CG systems, except for the POPC
bilayer, were solvated and neutralized using the Insane.py
script®” with a salt concentration of 0.15 M. For the systems,
MSPAHS NMR and MSPAHS Model, 10% antifreeze water
particles were added because freezing of the water was
observed initially in these systems.”® Martini 2.2°” was applied
in the coarse grained systems, without an elastic network
applied on the MSPs. All of the CG systems were treated using
the same protocol for both minimization, equilibration, and the
production run. The protocol starts with a steepest descent
minimization with 5000 steps followed by one NVT
equilibration stage and three NPT equilibration stages. In
the NVT stage, a timestep of 0.005 ps was used for a total of
500 ns and with the temperature held constant at 310 K using
a Berendsen thermostat with 7 = 1.0 ps.”” In the three NPT
stages, timesteps of 0.00S, 0.01, and 0.02 ps were applied with
a constant temperature and pressure at 310 K and 1 bar, using
the Berendsen thermostat and barostat™ with 7 = 1.0 and 12
ps, respectively. The compressibility was set to 3 X 107* bar™
for all of the steps. The MSP, lipids, and solvent were coupled
independently. During the production run a 20 fs timestep is
used with frames saved every 500 ps, in three independent
replicas with different starting conformations from the last
NPT stage and randomized velocities. The temperature and
pressure were held constant at 310 K and 1 bar using a V-
rescale thermostat® with 7 = 1.0 ps and Parrinello—Rahman
barostat®" with 7 = 12.0 ps, and compressibility at 3 x 107*
bar™’, respectively. The electrostatics were treated using the
reaction-field method®® and the van der Waals interactions
were truncated after 1.1 nm (“New-RF” Martini settings63)
using the potential-shift Verlet scheme.®*

The POPC bilayer system was constructed using the
CHARMM-GUI Module Membrane builder.”® The system
was minimized for 5000 steps of the steepest descent, followed
by five stages of equilibration with timesteps of 0.002, 0.00S,
0.010, 0.015, and 0.020 ps. Position restraints were applied on
the lipid headgroups during equilibration with a force constant

of 200, 100, 50, 20, and 10 —

)
stages. The simulation settings are the same as for the above
mentioned nanodisc systems, with the exception of semi-
isotropic pressure coupling. Three replicas of 1 ps each were
run.

All-Atom System Construction and the Simulation
Protocol. From the MSPAHS_Model system, the ND
extracted from the first frame after equilibration for all three
replicas was converted to AA using the CHARMM-GUI tool
based on the Backward.py script,’°"®® and resolvated and
neutralized using Gromacs tools solvate and genion,” with the
TIP3P water model and 0.15 M NaCl. The force field used was
CHARMM36.°”7% The systems were minimized with the
steepest descent for 500 steps followed by an NVT
equilibration stage for 1 ns with a timestep of 1 fs and the
temperature maintained at 310 K using the V-rescale

respectively, for the four first
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thermostat (7 = 1.0 ps).” The production run was performed
with a timestep of 2 fs and frames saved every 10 ps in three
independent replicas each around 200 ns long. The LINCS”'
algorithm was applied to all of the bonds including hydrogens.
The temperature and pressure were held constant at 310 K and
1 bar using the V-rescale thermostat® with 7 = 1.0 ps and the
Parrinello—Rahman barostat®’ with 7 = 1.0 ps, respectively.
The compressibility was set to 4 X 107> bar™'. The
electrostatics were treated using particle mesh Ewald
(PME),”" and the van der Waals interactions were truncated
after 1.2 nm using a switching function from 1.0 nm.

Calculating Chemical Shifts of Ca Atoms. Chemical
shifts of the Ca atoms in the atomistic system were calculated
using SPARTA+ software’” through the MDtraj module in
python.”” The chemical shifts were calculated every 100
frames, corresponding to every 1 ns and averaged across frames
and replicas providing an ensemble average. The secondary
structure chemical shifts were calculated by subtracting a
predicted random coil chemical shift from the calculated shifts
from SPARTA+ software. SPARTA+ software has an
uncertainty of 0.92 ppm for predicting chemical shifts of Ca-
atoms.”” The random coil chemical shift was obtained from the
database at the University of Copenhagen (http://www1.bio.
ku.dk/english/research/bms/research/sbinlab/groups/mak/
randomcoil/script/), using a perdeuterated protein and a
temperature at 42 °C and a pH of 7.4.

Lipid Properties. The lipid order parameters are defined as

1 2

S; S (3-cos*(0) — 1) @)
where 0 is the angle between the ith bond in question and the
bilayer normal. For the CG systems the bonds applied in the
calculations were defined from the beads of the lipid tails.”* An
in-house python script and the tool g ordercg were used for
calculating the order parameter of the phospholipids over a
grid with a 2 A X 2 A bin size and averaged across frames and
lipids for each bin.”> The mean-square displacement (MSD)
was calculated with the Gromacs tool msd, using only the
phosphate headgroups of the lipids.”” The diffusion
coeflicients were obtained through the fit of the MSD curves.
The fit is based on eq S obtained from “A note on confined
diffusion” by Bickel.”

2t
nexp|—a -
MSD = azl_g.zz(—zlf)
= o (o - 1)
(s)

where 7 = a?/D, D is the diffusion coefficient, and a represents
the radius of the disc. The coeflicients a; are the ith positive
root of the derivative of the Bessel function of the first kind, J]
(a;) = 0. In principal, the calculation involves all possible roots
a;, however, in practice it is sufficient with the first few terms
only, since the behavior of the system at large times (¢t ~ 7) is
dictated by these (specifically we have used n = 3). The
difference between the diffusion coefficients across the systems
was accessed with a two-sided t-test, using the function
ttest_ind in Scipy.” An estimate of the curvature of the lipid
bilayer patch in the NDs was obtained as the averaged
difference in the z-height from the center-of-mass of the ND
and the rest of the lipid headgroups in the disc.

Protein Properties. The RMSD of the MSPs was
calculated using the Gromacs tool rms.”® For the CG systems,
the calculation was based on the backbone beads while the Car
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Figure 4. (A + B) Snapshots of the ND from replica 1 of both the MSPAHS_Model and MSPAHS_NMR systems. The MSPs are shown in yellow
and orange, while the DMPC lipids are shown in green and blue. (C) RMSD plotted as a running averaged across 125 ns of the position of the
backbone beads of the MSP in the two systems MSPAHS_Model and MSPAHS_NMR, referred to as Model and NMR, respectively. The first
frame of the production run is used as the reference conformation. (D) RMSD plotted as a running averaged across 125 ns of the position of the
backbone beads of the MSP for the Model and NMR systems, using the initial conformation from the protocol as the reference conformation. (E)
Shape factor of the MSP structure in the Model and NMR systems. Plotted as a running average over 125 ns. The shape factor equals 1 for a perfect

circle.

atoms were used in the atomistic system. The difference
between RMSD across systems was accessed using either a
one-way ANOVA or with a two-sided t-test using, respectively,
the function f oneway or ttest_ind in Scipy.”” The secondary
structure of the MSPs in the atomistic system was calculated
using the Gromacs tool do_dssp.”*’® The solvent accessible
surface area (SASA) was determined using the Gromacs tool
sasa, using a probe of 0.14 nm and 500 points.”® The NDs
were clustered with the Gromacs tool cluster,” applying the
clustering algorithm Gromos.”” The backbone beads of the
MSPs were used for the clustering with cutoff values of 0.6, 0.9,
1.0, 0.6, 0.4, and 0.6 nm for the discs 1D1, 1E3D1, 2N2, NW9,
NW11, and NW13, respectively. The cutoff values were
estimated from the RMSD distribution of the backbone in the
protein structures in the different discs. The cutoff was selected
based on the lowest RMSD value, where the majority of the
variance in the data was described. The shape factors were
calculated using either the Ca-atoms or the backbone beads of
the MSPs for the AA or CG-simulations, respectively, using the
python module MDAnalysis.”” The shape factor was calculated
every S ns.

The shape factor SF is defined as

SE = A,/2, (6)
where A, 4,, and A5 are the moments of inertia calculated as
the eigenvalues of the covariance matrix of the backbone beads
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or Ca-atoms for CG and AA, respectively. The eigenvalues
follow a descending order such that A, > 4, > 4;. The two
largest eigenvalues represent the two largest principal axes in
the ND plane, which in this work is the xy-plane. The shape
factor equals 1 for a perfect circle, and hence the deviation
from 1 provides an indication of the extent of anisotropy. As
we could not assume normality for the SF statistics, differences
were studied via a one-sided Mann Whitney U test using the
function mannwhitneyu in Scipy.”” All plots and figures were
made with the 8py‘chon module matplotlib®' and visualization
software VMD.*

B RESULTS AND DISCUSSION

The focus of the analysis is to first verify that the building tool
produces reasonable starting conformations of NDs near
equilibrium. The CG systems named MSPAHS_ Model and
MSPAHS_NMR are therefore constructed. The model system
is constructed using the protocol, while the NMR system is
constructed using the MSP structure directly from PDB 2NSE.
The lipid properties in these systems are thereafter analyzed
and compared, followed by studying the protein properties in
the system MSPAHS Model AA. The MSPAHS Model AA
system is the ND from the MSPAHS_Model system converted
to an all-atom resolution. More specifically, the lipid order
parameters, bilayer thickness, and MSD of the lipids are
investigated for the two systems, MSPAHS_Model and
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MSPAHS NMR, while the RMSD, secondary structure, and
chemical shifts of the Ca atoms are calculated for the
MSPAHS Model AA system for comparison with exper-
imental data. From these comparisons, we show that the
protocol can construct stable and meaningful NDs. After
validation of the building tool, three different sized non-
circularized (1D1, 1E3D1, 2N2) and three different sized
circularized (NW9, NW11, NW13) NDs were constructed,
analyzed, and compared across discs and with a simulated lipid
bilayer for benchmarking and testing the tool.

Protocol Validation. The stability of the discs in the
systems MSPAHS_Model and MSPAHS_NMR is inspected
through the RMSD of MSPAHS. As references, both the initial
conformation directly from the protocol and the first frame of
the production run were used, see Figure 4 Panels C and D.

The overall RMSD, calculated using the first frame from the
production run as the reference, remains stable for both
systems (Model and NMR) with the replicas fluctuating
between 0.5 and 1 nm in RMSD. The observed increase in
RMSD for replica 1 of the Model system is caused by a change
in the shape of the disc, from an initial more elongated shape
after the equilibration to a final circular shape, see Figure 4
Panels A and B. However, overall, the discs remain stable. To
study this further, the shape factor was calculated. Figure 4
(Panel E) shows the shape factor as a function of simulation
time. After approximately 3.5 us, replicas 2 and 3 of the Model
system reach the same values as replicas 2 and 3 of the NMR
system, while replica 1 from both the Model and NMR system
equilibrates around 1.2—1.4. These observations suggest
similar shapes for both the Model and NMR system, which
can also be observed visually from the snapshots in Figure 4
(Panels A and B). However, it could appear that two
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metastable states are present, one with a shape factor around
1.6 and another between 1.2 and 1.4. Hence, it is possible that
both circular and more elliptical shapes of the nanodisc are
present in the ensemble. This has previously been suggested,
based on SAXS, NMR, and MD data.®*™%

Regarding the RMSD values calculated using the initial
conformation from the protocol as the reference, the RMSD
for the NMR system begins at ~1.5 nm and decreases to ~1.4
nm. The Model system begins at ~1.1 nm in RMSD and
replicas 2 and 3 end with an RMSD value of ~1 nm while the
first replica has an RMSD value of ~1.3 nm after 4 us. The
fluctuation in the RMSD is quite low, suggesting stability.
However, the Model system takes around 3 us to reach the
same RMSD values and the NMR system indicating a small
bias toward the initial conformation.

The next step is to assess the lipid properties by calculating
the order parameters, see eq 4, of the phospholipid tails, the
thickness of the bilayer, as well as the lateral diffusion of the
phospholipids. The thickness and order parameter profiles for
the two systems are shown in Figure 5.

In the center of the disc, the thickness and order parameter
are approximately 3.6 nm and 0.24 for both the Model and
NMR systems, respectively (Figure S). Interestingly there
seems to be zones in the disc where the lipid properties differ.
From the thickness and order parameter profiles of the xy
plane in Figure S Panels E + F and the two-dimensional (2D)
profiles in Panels A—D, the disc can roughly be divided into
three zones. The first zone starts at the center and ends after
~2 nm, followed by a zone with a decrease in the thickness and
order parameter, between 2 and 4 nm from the center. The
third zone is between 4 and 5 nm from the center, where the
thickness and order parameter fluctuates before decreasing to
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shown in orange. Kinks, where either proline or glycine residues are present, become more pronounced resulting in a more elliptic shaped disc at

200 ns. The proline and glycine residues are shown in blue.

low values at the rim of the disc. Based on visual inspections,
the reason for this appears to be that the peripheral
phospholipids tilt away from the center, toward the scaffold
proteins due to interactions between the lipid headgroups and
the hydrophilic side chains of the proteins in the rim of the
disc. This phenomenon has previously been observed for the
same disc, simulated at atomistic resolution.> These zones
have also been observed in other MD studies of
NDs.'®>72%855¢ Finally, the lateral diffusion was investigated
by calculating the MSD of the phosphate headgroups, with the
diffusion coefficients obtained using eq S (see Figure S1). The
diffusion coeflicients are determined to be 49.2 + 0.3 and 50.0
+ 0.5 nm*/s for the Model and NMR systems, respectively,
averaged across replicas. A two-sided f-test showed no
significant difference between the two diffusion coefficients
(p-value 0.13). Overall, the Model system appears to
reproduce the same lipid properties as the NMR system,
suggesting an accurate model. In the following, we will assess
the quality of the model from the perspective of its protein
properties.

Validating the Protein Properties for the System
MSPAH5_Model_AA. First, the RMSD of the Ca atoms in
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the MSPAHS was calculated for the system MSPAHS_Mo-
del_AA, see Figure 6 Panel A. The RMSD was calculated using
an averaged structure of the last 50 ns of the production run.
Replicas 2 and 3 reach a plateau after ~50 ns while replica 1
continues to decrease in the RMSD value until around 150 ns.
This indicates stable nanodiscs in the three replicas.

The stability was also estimated from the fluctuation of the
shape factor (eq 6) in Figure 6 Panel B. After around 50—100
ns all of the replicas seem to have found a stable shape.
Interestingly, two replicas end with a factor of ~1.2, while the
last replica has a factor of ~2.0, indicating two states, a circular
and an elliptical shape. One example is replica 1, which starts
around 2 and ends with a factor of ~1.2, indicating a change
from an elliptical to a circular shape. In general, the kinks,
where proline or glycine residues are located in the MSP,
become more pronounced visually, see Figure 7. The shape of
the discs is still debated in the literature.”~** Two papers by
Arleth et al. based on small-angle neutron and X-ray scattering
have shown that the NDs obtain a more elongated and
elliptical shape,” whereas other groups report more circular
forms.** Our simulations hint to a situation where the shape of
the discs seems to fluctuate between elliptical and circular, with
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the most pronounced change occurring in replica 2, where the
disc moves further away from the circle and into a more
elongated shape, as depicted in Figure 7. These results support
the hypothesis that two metastable states exist, where the
nanodisc fluctuates between circular and elliptical shapes.
From CD experiments it is known, that the MSP structure
increases in helicity to above 80% in the presence of
phospholipids."”®> The secondary structure of the MSP was
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hence calculated for the three replicas. The fraction of helicity
in the MSP as a function of the simulation time is plotted in
Figure 6 Panel C. All replicas display fluctuations of the helicity
fraction in the range between 82 and 90% throughout the
simulation, beginning at around 80%, demonstrating a high
stability of the two MSPAHS proteins.

To assess the hydrophobic mismatch between the MSPs and
the lipids, the SASA of the hydrophobic residues in the MSPs
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was calculated. A decrease in SASA indicates that the
hydrophobic residues have oriented themselves toward the
lipid tails to minimize the hydrophobic mismatch. The SASA
of the starting structure was compared to the averaged SASA of
the production run for the three replicas. The starting SASA
amounts to 220 nm?* while the averaged SASA values for the
three replicas are 195 + 2 nm?, implying a significant decrease
of the SASA as part of the equilibration. From these results, it
can be concluded that the hydrophobic mismatch between the
scaffold proteins and the phospholipid tails is quickly removed
during the equilibration and beginning of the production run.

Instead of simply studying the helical propensity in the MSP
structure, a more detailed validation of the protein secondary
structure is to calculate the chemical shifts and compare with
the corresponding measured chemical shifts from the
literature.” The chemical shifts depend primarily on the type
of amino acid and to a minor extent on the secondary structure
as well as the environment. The secondary structure chemical
shifts were therefore chosen to be the focus for this study.”’
The MD and NMR ensemble of secondary structure chemical
shifts for Ca atoms in the MSPAHS proteins were obtained by
subtracting predicted random coil chemical shifts for the same
sequence from, respectively, predicted and recorded chemical
shifts. An average across frames and replicas was calculated to
represent the MD ensemble. The uncertainty in the NMR
ensemble was not taken into account herein.

In Figure 8, the secondary structure chemical shifts for each
residue are shown for the MSPAHS_ Model AA system
alongside the experimental data for the Ca atoms. Positive
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values indicate the presence of a fully formed a-helix. The
MSPAHS_Model_AA ensemble seems, indeed, to reproduce
the experimentally measured chemical shifts. We note that a
few residues show a deviation from the corresponding
experimental chemical shift for the secondary structure. Two
sample t-tests were therefore performed to assess the p-values
associated with the differences. These were found to equal
0.072, which is not typically considered statistically significant,
in particular not taking into account that no multiple
correction was applied for the number of chemical shifts.

To further test whether the MSPAHS Model AA system
reproduces the experimental data, a weighted linear regression
was performed on the averaged secondary structure chemical
shifts from the MSPAHS_Model AA system vs experimental
secondary structure chemical shifts. The regression was
performed with the weights either being the variance between
the three MD replicas or the uncertainty of the predictor
SPARTA+ (0.92 ppm) plus the variance between the three
MD replicas, see Figures S2, S4, and S6 in the SI for the
regression plots. The correlation coefficients (R*-value)
obtained from the two regressions were 0.61 and 0.57,
respectively. At first glance, this means the MSPAHS_Mode-
1 AA ensemble only reproduces around 60% of the variance in
the experimental NMR ensemble. However, this does not
include the uncertainty of the experimental data. When
studying the residuals for both regressions, all of the secondary
structure chemical shifts with the exception of three, are
reproduced within an uncertainty of 2 ppm, which is lower
than the total noise in the MSPAHS Model AA system (see
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Figures S2, S5, and S7 in the SI). This strongly indicates that
the unbiased MD simulations indeed do reproduce the
experimental values. As a final check, the hypothesis for the
slope of the regression being equal to 0 was tested, meaning no
correlation. The resulting p-value was < &, where € is the
computer precision, hence the hypothesis could be rejected. In
summary, the simulated protein properties generally agree with
the experimentally known protein properties.

Commonly Used Nanodiscs—CG systems. In exper-
imental studies of membrane proteins where the NDT is
applied, the most commonly used NDs are the 1D1, 1E3D1,
and sometimes the 2N2.*'~* The naming of these, refer to the
different tandems, which are removed or added to the MSP
sequence generating three differently sized discs of ~9.7, 12.9,
and 16 nm in diameter. Circularized versions of NDs have
subsequently been presented and named NW9,"' NW11,"" and
NW13,'? where the naming refers to the approximate diameter
of the disc, in this case 9, 11, and 13 nm in diameter,
respectively.'' These circularized discs have shown higher
stability compared to the noncircularized versions.'’”"> CG-
simulations of the six different discs are performed and
properties of each are compared across and with a simulated
POPC bilayer to benchmark and validate the building tool.

First, the RMSD of the backbone beads in the MSPs is
analyzed. Figure 9 Panel A shows the RMSD for the three
replicas for each system during the simulations. For both
noncircularized (1D1, 1E3D1, 2N2) and circularized discs
(NW9, NW11, NW13), a trend of increasing RMSD values
with increasing diameter is observed (p-value < & using
ANOVA across systems and replicas), which correlates with an
increase of the twist in the MSP structure with increasing
diameter, see Figure 9 Panel B. An alternative approach to
study the twist and dynamics of the discs is to calculate the
shape factor. Panel C in Figure 9 shows the averaged shape
factor for each system with the standard deviation between
replicas shown in red. Not surprisingly, the two small discs
1D1 and NW9 are more circular compared to the larger discs.
Interestingly, the medium-sized discs 1E3D1 and NW11 are
the least circular discs among the three sizes. However, 1E3D1
and NW13 are approximately the same size, indicating that the
circularized discs are indeed more circular compared to the
corresponding noncircularized discs. The shape factors are all
significantly different across discs, with the exception of NW13
and 2N2 (p-value 0.1) and NW9 and 1D1 (p-value 0.3). See
Table SI in the SI for all p-values.

To further study the shapes sampled for both the
circularized and noncircularized discs during the simulations,
the structures of the MSPs in the NDs were extracted and
clustered. The representative structures for the largest cluster
for each disc are shown in Figure 9 Panel B. The smaller-sized
discs 1D1 and NW9 are found to be mostly circular and planar,
while the larger discs become less circular and visual inspection
reveals that more curvature or twist is introduced in the MSP
with increasing size. As mentioned, there has been a discussion
in the literature whether NDs are generally circular or elliptical
shaped.'"*****? The conclusion seems to be that it depends
on several factors with the most important aspect being the
number of lipids in the loaded ND.*** For a fully loaded ND
the shape will be circular. However, it is experimentally
difficult, if even possible, to fully load the NDs.

Following, the lipid bilayer properties were investigated in
the different discs. First, an estimate of the curvature of the
discs was calculated. Figure 10 Panel A shows the averaged

2879

difference in the z-height from the center-of-mass of the ND
and to the rest of the lipid headgroups in the disc, as a measure
of the curvature. For both circularized and noncircularized
discs, the averaged curvature increases with increasing size.
Though the trend is only indicative and not significant from a
statistical perspective, given the large fluctuations across
replicas, it correlates well with the clustering results depicted
in Figure 9 Panel B. Hence, the bilayer patch in the ND
becomes less planar with increasing size. As observed in Figure
S, zones exist in the ND where the lipid properties such as
thickness and order parameters differ when moving from the
edge of the disc toward the center. Three zones were defined
based on Figure 5 Panel C and referred to as the rim, middle,
and center. The rim zone includes all of the lipids within 10 A
of the MSPs, the middle zone contains lipids placed within
10—20 A of the MSPs, and the center zone includes all of the
lipids further away than 20 A from the MSPs. Figure 10 Panel
B shows how the bilayer thickness and packing of the lipids
changes from the rim of the disc toward the center for all of the
discs. The lipids in the rim zone are perturbed, in the sense of a
lower ordering, resulting in a lower thickness. In the center of
the discs, there is a trend of increasing order and hence
thickness with decreasing size of the disc. In the center, the
small- and medium-sized noncircularized (1D1 and 1E3D1)
and circularized (NW9 and NW11) discs show a higher order
of the lipids compared to a bilayer, resulting in a slightly higher
thickness compared to the simulated bilayer. These observa-
tions have previously been reported in other MD studies.'®*®
The circularized and noncircularized discs do not seem to be
considerably different when comparing the lipid and protein
properties. The circularized discs have shown to maintain
stability for longer periods of time and over a larger range of
temperatures and pH values.'” However, in the MD
simulations the discs are only simulated at a constant
temperature and pressure, and hence not stressed similar to
the experiments. Furthermore, the force field Martini 2.2 has
previously been shown to be too “sticky”, with the tendency to
over stabilize the protein—protein interactions.”””" It can
therefore be speculated that the interface between the two
MSPs is overstabilized in the Martini 2.2 force field, leading to
a too high stability of the discs. This means that the differences
between the different discs would only become apparent at
e.g., higher temperature or pressure. The forthcoming release
of the improved Martini force field (3.0)”* could remedy this
problem.

B CONCLUSIONS

We have developed a generic protocol for building molecular
models of NDs, where the sequence of the MSPs, the lipid
composition, and the interface between the two MSP
monomers are user defined. The protocol was first validated
using an NMR-derived ND-structure with PDB ID 2NSE and
afterwards tested by constructing and simulating commonly
used NDs for experimental studies of membrane proteins.
Overall, the protocol produces models with structural and lipid
properties that are in fine agreement with previously reported
computational and experimental studies.'*”**** We showed
that the protocol is not restricted by the size of the ND nor the
variant: circularized or noncircularized. Also, modifying the
sequence of the MSPs, e.g., introducing more charges as done
experimentally,'” is easy and straightforward with the protocol.
The novel component of the protocol is the method for
constructing the MSP monomers and assembling the MSP
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dimer with any user-defined sequence and registry. This will
greatly assist research groups working with the ND technology,
where different variants might need to be screened for
desirable properties.

In this work, the phospholipids DMPC and POPC were
used; however, any single or mixed phospholipid composition
can be applied through the Insane.py script’’ though they have
not been validated in this work. Other tools can be used for
inserting the lipids, such as Packmol”® It is furthermore
possible to easily modify the protocol and, if desired, not to
coarse grain the system for minimization and equilibration. A
bash script for converting the ND to atomistic resolution
within the Gromacs suite is available at the provided github
page. For embedding a membrane protein, the python tools
Insane®” or Alchembed®® are available, or the Gromacs
g membed tool can be applied.”

B ASSOCIATED CONTENT
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