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Introduction

Dimeric peptides with three different linkers self-
assemble with phospholipids to form peptide
nanodiscs that stabilize membrane proteins

Andreas N. Larsen,® Kasper K. Serensen,” Nicolai T. Johansen,® Anne Martel,
Jacob J. K. Kirkensgaard,® Knud J. Jensen,® Lise Arleth*® and Seren Roi Midtgaard*?

Three dimers of the amphipathic a-helical peptide 18A have been synthesized with different interhelical
linkers inserted between the two copies of 18A. The dimeric peptides were denoted ‘beltides’ where
Beltide-1 refers to the 18A-dimer without a linker, Beltide-2 is the 18A-dimer with proline (Pro) as a linker
and Beltide-3 is the 18A-dimer linked by two glycines (Gly—Gly). The self-assembly of the beltides with the
phospholipid DMPC was studied with and without the incorporated membrane protein bacteriorhodopsin
(bR) through a combination of coarse-grained MD simulations, size-exclusion chromatography (SEC),
circular dichroism (CD) spectroscopy, small-angle scattering (SAS), static light scattering (SLS) and UV-Vis
spectroscopy. For all three beltides, MD and combined small-angle X-ray and -neutron scattering were
consistent with a disc structure composed by a phospholipid bilayer surrounded by a belt of peptides and
with a total disc diameter of approximately 10 nm. CD confirmed that all three beltides were a-helical in
the free form and with DMPC. However, as shown by SEC the different interhelical linkers clearly led to
different properties of the beltides. Beltide-3, with the Gly—Gly linker, was very adaptable such that peptide
nanodiscs could be formed for a broad range of different peptide to lipid stoichiometries and therefore
also possible disc-sizes. On the other hand, both Beltide-2 with the Pro linker and Beltide-1 without a
linker were less adaptable and would only form discs of certain peptide to lipid stoichiometries. SLS
revealed that the structural stability of the formed peptide nanodiscs was also highly affected by the
linkers and it was found that Beltide-1 gave more stable discs than the other two beltides. With respect
to membrane protein stabilization, each of the three beltides in combination with DMPC stabilizes the
seven-helix transmembrane protein bacteriorhodopsin significantly better than the detergent octyl glucoside,
but no significant difference was observed between the three beltides. We conclude that adaptability, size,
and structural stability can be tuned by changing the interhelical linker while maintaining the properties
of the discs with respect to membrane protein stabilization.

mimicking systems such as liposomes, bicelles,> SMALPs* and
nanodiscs.’ In the present study we investigate a new type of

Membrane proteins have attracted great pharmaceutical interest
since they are the specific targets of more than 50% of all drugs.
However, only 1-2% of the known protein structures in the
Protein Data Bank are from membrane proteins. One reason is
that membrane proteins rely strongly on a native-like amphi-
philic environment to be stable, functional and accessible
by crystallization for high-resolution diffraction experiments.
This has motivated many studies on different reconstitution
systems, from detergent micelles and amphipols® to membrane
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nanodisc system based on dimers of the peptide 18A with
different interhelical linkers.

The conventional nanodisc system is composed of a lipid
bilayer, with the hydrophobic side screened by a double belt
consisting of two amphiphilic membrane scaffolding proteins
(MSPs) derived from human apoA1.>® MSP nanodiscs stabilize
membrane proteins well and are highly homogeneous from a
structural point of view.” This is essential for structural studies
such as small-angle scattering and single particle electron micro-
scopy. However, reconstitution of membrane proteins in MSP
nanodiscs is challenging from a sample handling point of view,
and the system has limited flexibility with respect to the size of
the membrane proteins that can be incorporated due to the fixed
size of the MSP belt. We have therefore previously investigated
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nanodiscs with repeated, unlinked peptide units as a possible
alternative to MSP, and showed that the amphipathic peptide,
184, self-assembles with DMPC to form well-defined peptide
nanodiscs with a diameter of about 100 A, which can stabilize
the seven-helix transmembrane protein bacteriorhodopsin
well.® The 18A peptide was first introduced by Segrest et al.®
and variants have been studied extensively'®™ due to their
potential as a therapy to prevent atherosclerosis.'* Also NMR
studies of 18A with DMPC were previously performed to elucidate
the structure of the discs.'"™

In our previous study,® the formed 18A discs were found to
be unstable over time and reorganize into larger particles.
In this study we hypothesize that the structural stability as well
as other properties, such as overall structure, homogeneity and
ability to stabilize membrane proteins can be tuned by using
dimers of 18A with different interhelical linkers, such that the
formed peptide nanodiscs can be optimized for specific purposes.
Therefore, we have investigated how dimers of 18A with three
different types of linkers self-assembled with DMPC to form
peptide nanodiscs. The belt peptides, which we denoted
“beltides”, were Beltide-1, which contained two copies of 18A
connected directly via a standard peptide-bond, i.e. with no
additional linker, Beltide-2 with the 18A-dimer linked by pro-
line (Pro), and Beltide-3 with the 18A-dimer linked by a double
glycine (Gly-Gly) linker residue (see Fig. 1). The choice of the
Pro and Gly-Gly motifs were motivated by their presence as
linkers in the amino acid sequence of human apoA1l, and
because of their helix-breaking properties."® They were expected
to provide 18A-dimers with different degrees of flexibility. The
helical structure of Beltide-1 is not explicitly interrupted so this
peptide was expected to be rigid. Pro is the most abundant linker
in apoAl and is found in seven out of ten helical segments.
It induces a ~30° kink and is helix-unwinding,'” such that the
a-helix does not twist 100° as usual, but only ~30°. Ramachandran
plots'® show how Pro limits the core regions for the dihedral
angles before and after the residue, meaning that Beltide-2 has
a limited flexibility. A double Gly motif is found between the
seventh and the eighth helix in apoA1. Gly has no side-chain, and,
excluding Pro, it has the lowest propensity for helix formation,"®

Beltide-1 18A 18A

Beltide-2

Beltide-3

Fig. 1 Sketch of the three dimer belt peptides (beltides) with, respectively,
no linker, Pro as a linker and a double Gly motif as a linker. The linkers were
expected to alter the structural flexibility of the beltides. Beltide-1 was
expected to be rigid, Beltide-2 to have a limited flexibility with an induced
kink of ~30° and a fixed helix-unwinding twist, and Beltide-3 was expected
to be very flexible.
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so the Gly-Gly motif is expected to locally break the helical
structure such that adjacent helical segments can move almost
freely with respect to each other,'® hence Beltide-3 was expected to
be very flexible. Peptides similar to Beltides-1 and -2, but without
the amidation and acetylation of the ends, have been previously
studied by circular dichroism and revealed a helical content of
respectively 89 and 73% when associated with DMPC," consistent
with the helix-breaking properties of Pro in Beltide-2. Beltide-2 in
complex with DMPC has furthermore been studied by negative
stain electron microscopy (EM) and found to form discoidal
particles with a diameter of ~90 A* at a 1: 1 weight ratio. Several
analogous peptide:phospholid systems have been investigated by
EM, and they all form discoidal particles."***** A recent study
investigated an asymmetric version of Beltide-2 in complex with
POPC and showed that these particles were more temperature
resistant than 4F:POPC particles, with 4F being 18A with the two
leucines (L) replaced by phenylalanines (F). To our knowledge,
no studies have been performed on Beltide-3.

Our experimental study of the self-assembly and final struc-
ture of the peptide nanodiscs was based on size exclusion
chromatography (SEC), circular dichroism (CD) spectroscopy,
and combined small-angle X-ray- and neutron scattering (SAXS
and SANS). The SAXS and SANS combination is particularly
useful for these types of particles due to their internal multiple
scattering contrasts. Coarse-grained molecular dynamics (MD)
simulations were used to obtain further insight into the self-
assembly process of the peptide nanodiscs. The time depen-
dent structural stability of the formed peptide nanodiscs was
studied by time-resolved static light scattering. Throughout the
study, results on 18A nanodiscs from our previous work® were
used as reference and the present experiments were performed
under the same conditions, allowing for a direct comparison.
As a part of the study, bacteriorhodopsin was reconstituted into
the beltide nanodiscs to investigate their ability to stabilize a
transmembrane protein. It was found that the different flexi-
bilities provided by the linkers were directly reflected in their
self-assembly and in the structure of the formed beltide nano-
discs, as well as in the structural stability of the discs. It was also
found that all Beltides-1, 2 and 3 stabilize bacteriorhodopsin very
well and significantly better than the detergent octyl glucoside
(OG). No internal difference between the three beltides was
observed with respect to membrane protein stabilization.

Materials and methods
Peptide synthesis

The amino acid sequence of the 18A amphipathic helical peptide
is DWLKAFYDKVAEKLKEAF. For this study the beltides were
acetylated at the N-terminus and amidated at the C-terminus.>
The two-helix peptides were Beltide-1 with two copies of 18A with
no linker, Beltide-2 with two copies of 18A linked by Pro, and
Beltide-3 with two copies of 18A linked by Gly-Gly, see Fig. 1.
The peptides were synthesized by solid-phase peptide synthesis
(SPPS) on an automated peptide synthesizer (Syro II, Biotage) on
a TentaGel S Rink Amide 0.24 mmol g~* (Rapp Polymere GmbH)

This journal is © The Royal Society of Chemistry 2016
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resin with 9-fluorenylmethyloxycarbonyl (Fmoc) for protection
of N*amino groups and purified using RP-HPLC (Dionex
Ultimate 3000 system) with a preparative C18 column (FeF
Chemicals, 200 A 10 um C18 particles, 2.1 x 200 mm). The purity
of the peptides was evaluated by analytical high-performance
liquid chromatography (HPLC), and the identification was carried
out by electrospray ionization mass spectrometry (ESI-MS) (MSQ
Plus Mass Spectrometer, Thermo). The synthesis was the same as
in our previous work® with the exception of the modified amino
acid sequences.

o Beltide-1 (‘18A’—*18A")
Ac-DWLKAFYDKVAEKLKEAF-DWLKAFYDKVAEKLKEAF-NH,;
Yield after purification 10-15%; chemical formula: C,;,Hj315-
N,,055; molar weight: 4425.34 Da;

ESI-MS, found masses: m/z: 1475.7 [M + 3H[**, 1106.4 [M + 4H]",
885.5 [M + 5HJ’", 737.6 [M + 6H]*", 632.8 [M + 7H]""

Beltide-2 (‘18A’-Pro-18A’)
Ac-DWLKAFYDKVAEKLKEAF-P-DWLKAFYDKVAEKLKEAF-NH,;
Yield after purification 10-15%; chemical formula: Cy;;Hz3,,-
N,50s56; molar weight: 4520.38 Da;

ESI-MS, found masses: m/z: 1508.5 [M + 3HJ**, 1331.8 [M + 4H]",
905.5 [M + 5HJ’", 754.8 [M + 6H*"

Beltide-3 (‘18A™-Gly-Gly-‘18A")
Ac-DWLKAFYDKVAEKLKEAF-GG-DWLKAFYDKVAEKLKEAF-
NHo;

Yield after purification 5-10%; chemical formula: C,;¢Hj3,1-
N,90s57; molar weight: 4539.37 Da;

ESI-MS, found masses: m/z: 1513.0 [M + 3H]*", 1135.1 [M + 4H]*,
908.4 [M + 5HJ’Y, 757.0 [M + 6H]*", 649.2 [M + 7H]"".

Bacteriorhodopsin purification

Bacteriorhodopsin (bR) was produced and purified as described
in previously published work.®>**** Briefly, salt media were
inoculated with H. salinarium. After growth, the cells were
pelleted and washed in salt buffer. The cells were resuspended
in Milli-Q H,O (MQ). DNase (Sigma) was added, and the solution
was left for stirring over night. Cell debris was spun down, the
supernatant was transferred to centrifuge tubes, and the mem-
branes were pelleted. The supernatant was discarded, and the
pellet was resuspended in MQ and spun down further two times
to remove impurities. Isolated membranes were resuspended in
a minimum amount of MQ and carefully layered on top of a
sucrose gradient. After centrifugation, the band containing the
purple membrane was extracted and dialyzed against 25 mM
phosphate buffer pH 7.4 to remove sucrose. Octyl glucoside
(OG, Applichem) was added to the purple membrane sample to
obtain a weight ratio of detergent to bR of ~20, and the sample
diluted to obtain a final OG concentration of 40 mM. The solution
was lightly sonicated. The bR was loaded onto a Superdex 200
10:300 column (GE healthcare) equilibrated in 25 mM phosphate
buffer pH 7.4 and 40 mM OG. Fractions containing monomeric bR
were collected, concentrated, flash frozen and stored at —80 °C.

Self-assembly of peptide nanodiscs

The peptide dissolved in methanol was mixed with 1,2-dimyristoyl-
sn-glycero-3-phosphatidylcholine (DMPC). Samples were prepared

This journal is © The Royal Society of Chemistry 2016
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in stoichiometries ranging from 3 to 43 phospholipids per
peptide. This corresponds to weight ratios from (1:0.5) to
(1:6.5). Samples with no phospholipids were also prepared in
order to study the self-assembly of the peptides alone. The
samples were dried under a stream of nitrogen to a thin film on
the inside of sample vials, and subsequently lyophilized over-
night to ensure that all residual methanol and chloroform had
evaporated. The samples were then rehydrated in an aqueous
buffer of 5 mM KH,PO, to a final peptide concentration of
3.3 mM and incubated at 37 °C overnight. The temperature was
chosen in accordance with previous work® and is well above the
phase transition temperature of DMPC at 24 °C. However,
18A nanodiscs with DMPC could also self-assemble at RT (data
not shown). The samples were applied on an AKTA purifier with
a Superdex 200 column equilibrated in 1x Phosphate Buffered
Saline (PBS) and absorption at 280 nm was monitored. SEC was
performed at room temperature.

Bacteriorhodposin (bR) was reconstituted in the peptide
nanodiscs by adding bR in 25 mM phosphate buffer pH 7.4
and 40 mM OG to the dry peptide-lipid film instead of KH,PO,.
The peptide-lipid stoichiometries were 1:19.6, 1:10.0, and
1:16.7 for Beltides-1, -2, and -3 respectively. This was incubated
at room temperature for 15 min before applying to the Superdex
200 column equilibrated in 1x PBS. Absorption at 280 and
550 nm was monitored.

Circular dichroism

Beltides and freshly prepared beltide nanodiscs with the optimal
DMPC:beltide stoichiometry were diluted in PBS to a final concen-
tration of ~10 uM while kept cold. 18A and 18A nanodiscs were
diluted to ~20 pM. Far UV CD spectra were acquired on a Jasco
J815 CD spectrometer equipped with a variable temperature
sample holder controlled by a Peltier element. Data were
collected in a 1 mm Hellma quartz cuvette at 10 °C with a scan
rate of 20 nm min ', 2 s digital integration time and 1 nm data
pitch. Eight spectra were recorded and subsequently averaged
and buffer subtracted. CD (mdeg) was converted to mean residual
ellipticity with the relation

_0- Mure
[0lpmRre = T0-c-1 (1)

where 0 is the measured ellipticity in mdeg, Mygg is the molecular
weight divided by the number of peptide bonds, ¢ is the mass
concentration, and [ is the path length in cm. The concentration
was determined from the absorbance at 280 nm measured on
a VWR UV-1600PC spectrophotometer in a 1 cm Hellma quartz
cuvette.

The percentage of helix was estimated from the mean residual
ellipticity at 222 nm as described elsewhere.”*2® The standard
error of the mean was computed from the eight spectra obtained
for each sample, respectively.

Small-angle X-ray- and neutron scattering (SAXS and SANS)

Samples were measured using SAXS and SANS at, respectively,
the BM29 BioSAXS beamline®® at the European Synchrotron
Radiation Facility (ESRF) and at the D11 beamline®® at the
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Institute Laue-Langevin (ILL). Both facilities are located in
Grenoble, France. SAXS samples were measured in 100% H,O
based buffers at 10 °C, using an X-ray wavelength 1 of 0.99 A
and the standard settings of the instrument,*" which provide
a g-range from 0.0046 to 0.45 A~'. The data were absolute
calibrated with water as standard. Samples for SANS were
applied to 2 mm Hellma Quartz cuvettes and measured in
100% D,O based buffers at 10 °C, using a neutron wavelength
. of 6.0 A &+ 10% (FWHM). SANS data intensity was calibrated
to absolute values using the flux of the direct beam. The SANS
measurements were performed at two sample-detector dis-
tances to cover the relevant g-range: 9.5 m (0.007-0.071 A™%)
and 1.5 m (0.05-0.42 A™"). In both experiments, the 2D data
were azimuthally averaged, normalized and background sub-
tracted to yield the scattering intensity I(q), where the scattering
vector ¢ is defined as g = (4n/A)sin 0 and 20 is the scattering
angle. Pair distance distribution functions p(r) were obtained
by indirect Fourier transformation performed using BayesApp>>
(www.bayesapp.org).

Samples were stored on ice after preparation and were
centrifuged at 14 000 rpm for 15 min to avoid large aggregates.
Peptide concentrations were determined from their absorption
at 280 nm measured on a NanoDrop 1000 spectrophotometer
(Thermo Scientific) and are given in Table 1.

The samples with Beltide-1 and DMPC were also measured
at the 1911-SAXS beamline at MAXLab (Lund, Sweden),* wave-
length A =0.91 A in 100% H,O based buffers at 20 °C. Data were
absolute calibrated with water and reduced using the same
procedure as described for the SAXS data from ESRF.

SAXS and SANS data analysis

The SAXS- and SANS data were fitted using an analytical
modeling approach, where the form factor of the peptide
nanodiscs was approximated by combining simple geometrical
objects with known analytical form factors. The general model
is described in our previous work”* and the details on imple-
mentation on peptide nanodiscs are also described previously.®
The open source program WillItFit*® with the model Polydisperse-
PeptideDiscs® was used to perform modeling, and the model is
illustrated in Fig. 2. The lipid bilayer was approximated by
cylindrical discs with the same diameter stacked upon each other.
The top and bottom cylindrical discs represented the phospho-
lipid head groups, the center cylinder represented the phospholipid
CH; tail group and the cylinders in between represented the
lipid CH, tail groups. The peptide belt was approximated using
a hollow cylinder surrounding the lipid bilayer and screening

Table 1 Peptide concentration of samples for SAXS- and SANS measure-
ments. Measured by 280 nm absorption

Peptide conc. [mg ml ]

Beltide-1, SAXS 0.56
Beltide-1, SANS 0.32
Beltide-2, SAXS 0.68
Beltide-2, SANS 0.50
Beltide-3, SAXS 0.40
Beltide-3, SANS 0.31

5940 | Soft Matter, 2016, 12, 5937-5949
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Fig. 2 3D illustration and cross section of the peptide nanodisc model.
The different colors correspond to different excess scattering length
densities in the disc. The peptide belts are blue, the lipid head groups
are gray, the lipid CH, tail groups are light brown and the lipid CHj tail groups
are white.

the hydrophobic faces of the bilayer from the water phase. The
scattering contrasts of each of these parts were calculated and
included in the model. Molecular constraints were applied to
minimize the number of free parameters and ensure that only
physically realistic models were tested.**

Light scattering

Static light scattering (SLS) and dynamic light scattering (DLS)
were performed on a light scattering instrument (Brookhaven
Instruments Corporation) using a laser wavelength of A = 637 nm
and was performed immediately after SEC. Time resolved
measurements were conducted within 20 seconds to 5 minutes
windows depending on the temperature. The particle size could
be found by the DLS signal. The field autocorrelation function
relates the scattered electrical field at a given time ¢ with the
field at time ¢ +

(EQ)E"(1+1))
(E()E*(1))

and can be found from the measured intensity using the
Siegert relation. The field autocorrelation function gt¥)(r) falls
exponentially with a mean decay rate I and for monomodal,
polydisperse samples this can be estimated via the cumulant
expansion,’®?” where terms up to second order were used in
the present study:

gV(r) = @)

K2‘L’2

mkWﬂ=fﬁ+3r+m 3)
The second cumulant x, corresponds to the variance of the
distribution around the mean decay rate. The mean diffusion
constant D can be deduced by I' = Dg?, with g = (4nn/J)sin(0)
where n is the refractive index, 20 is the scattering angle and
Ao is the laser wavelength under vacuum. The apparent radius
of hydration Rj, can then be found by exploiting the Stokes-
Einstein relation®® D = kT/6myRy,, where kg is Boltzmann’s
constant, T is temperature, and 7 is the viscosity. Evolution of
the mass of the particles could be monitored by the SLS intensity,
due to the direct relationship between intensity I(g = 0) and the
weight averaged molecular weight M of the particles, /(g = 0) = KcM,
where ¢ is the concentration and K is an optical constant. This
direct relation holds true when the Rayleigh-Debye-Gans (RDG)
approximation is satisfied, meaning that the wavelength used
should be much larger than the studied particles. In practice,
the condition is fulfilled for particle sizes less than ~300 A.
Also, it is assumed that the increase in the refractive index was
constant over time.*

This journal is © The Royal Society of Chemistry 2016
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Stability of bacteriorhodopsin in peptide nanodiscs

The stability of bR in the peptide nanodiscs was monitored by
measuring the chromophore absorption at 550 nm. The chromo-
phore of bR is only active when bR is natively folded. The absorp-
tion was measured using a NanoDrop 1000 spectrophotometer
(Thermo Scientific).

Coarse-grained MD simulations

Coarse-grained MD simulations were performed using ESPResSo™
and visualized using the VMD package.*' Lipids were simulated
with four beads, and each 18A unit of the dimer peptides were
simulated with 42 beads (see Fig. 3) as described in detail in
previous work.® The size of each bead was controlled by the
Weeks-Chandler-Anderson potential

a\ 12 sa\© )
Vwea(r) = 48((;) —(;) )+s, i r<re, “

0, if r>re,

where r. = 2°q is the distance at which Viycs = 0. By varying a,
the self-assembly of the lipids without peptides could be con-
trolled*” such that they formed vesicles, as DMPC is known to do.
The a between the lipid tails and the hydrophobic peptide beads
was set to 0.5 to give a flat hydrophobic peptide-lipid interface.
This was needed for the peptide to align as belts around the lipid
bilayers. See values of a in Table 2.

No explicit solvent was simulated and the hydrophobic effect
was taken into account by an additional attractive potential
between the hydrophobic beads:

—e, if r<re,

, (T —7e) .
Veos(r) = ¢ —ecos* | ———= |, fre<r<rc+o, (5)
2w
0, if r>r.+ w.
Beltide-1 Beltide-2
ADhe
18A 18A 18A P =30
Beltide-3
o0l
3>
18A

Fig. 3 Coarse-grained models of the three beltides and of DMPC. Hydro-
philic peptide beads in blue and hydrophobic in yellow. The central beads
are red and the linker bead is grey. The hydrophilic phospholipid head
bead is white and the beads representing the hydrophobic tail group are
turquoise.

This journal is © The Royal Society of Chemistry 2016
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Table 2 Values of a from the WCA potential between different bead

types. Abbreviations: h = phospholipid head, t = phospholipid tail, ppnii =
hydrophilic peptide, and ppnop = hydrophobic peptide

h-h h-t h-pphit h-pphob t-t
a 0.80 0.85 0.85 0.85 1.0

t=Pphil t=Pphob Pphil~Pphil Pphil~Pphob Pphob—Pphob
a 0.90 0.50 0.90 0.90 1.0

Following previous studies,®** the energy ¢ was set to unity

and the interactions were ®iipia-iipia = @peptide-lipid = 1.6 and
Dpeptide-peptide — 0.8.

The peptide beads and lipid tail beads had a diameter of
1lomp and the head bead diameter was 0.90p, Where oy is the
unit of length in the simulations. 1o\p corresponds to about
5.3 A, since the 18A peptide is 32 A long and simulated as being
6 beads long. The interhelical linker was represented as a point
through which an angle dependent harmonic bond connected
the two 18A peptides into a dimer

V (Buons = 56— ) ©

where the linker strength K was set to 10¢ for the Gly-Gly linker
and 100¢ for the Pro linker, and the resting angle ¢, was set to
respectively 0 and 30°. The fixed twist induced by Pro was
obtained by cross-linking the two 18A subunits with harmonic
bonds. The bonds had different lengths, such that the 30° kink
was sustained.

The total energy of the system and the number of lipids per
particle were monitored as a function of time. Simulation time
was converted into seconds following Illya and Deserno,"?
by comparing simulated phospholipid diffusion time with the
experimental value.

Peptides and lipids were placed at random in a (600yp)*
simulation box under periodic boundary conditions. This simple
initial point of the simulations was equivalent to the experimental
starting point, where the lipid-peptide film was mixed with buffer
without detergent. The 4-bead phospholipids matched to the
length of DMPC, namely 20 A, but the width was different, so a
computational conversion factor was found by comparing the
area per simulated phospholipid headgroup, 22 AZ, with the
experimentally determined area per headgroup for DMPC of
60.6 A%2.** This gave a crude conversion factor of 2.7 that was
used when the number of simulated phospholipids was com-
pared to experiment. The peptide concentration of 3.3 mM
correspond to 33 dimer peptides per simulation. The initial
amount of simulated phospholipids per peptide in each simu-
lation was determined from the SAXS/SANS modeling to be 53,
27 and 45 for Beltides-1, -2, and -3 respectively.

Results
Size exclusion chromatography (SEC)

SEC was performed to obtain information on the self-assembly
and overall size of the particles. A scan over different phospholipid

Soft Matter, 2016, 12, 5937-5949 | 5941
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to peptide molar stoichiometries was used to find the optimal
stoichiometry to use for further studies. The optimal stoichio-
metry should give rise to a chromatogram with a single, narrow
and symmetric peak close to 13 ml retention volume, where both
MSP nanodiscs and 18A nanodiscs are known to appear. Self-
assembly was investigated for a range of stoichiometries and Fig. 4
shows chromatograms for the particles prepared with DMPC and
respectively Beltides-1, -2, or -3. The chromatograms were normal-
ized by the area under the curve. High yields were observed for the
optimal stoichiometries (black curves on Fig. 4) as judged by the
absence of a peak at the void volume (8 ml).

Beltide-1:DMPC. Samples were prepared with 0, 3.3, 6.5,
8.5, 13.1, 17.0, and 19.6 phospholipids per peptide and the
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Fig. 4 Chromatograms for (A) Beltide-1:DMPC, (B) Beltide-2:DMPC and
(C) Beltide-3:DMPC particles. The legends list the number of lipids per
peptide, with the optimal stoichiometry in black. The chromatograms were
normalized by the area under the curve.
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obtained chromatograms are shown in Fig. 4(A). Peaks were
observed at three distinct retention volumes. The first peak
appeared at the exclusion limit of the column at 8 ml and was
most evident for the samples with many lipids per peptide. The
peak at 17 ml, on the other hand, was only seen for the samples
with few or no lipids per peptide, meaning that this peak
corresponds to peptide particles without lipids. The middle peak
at ~13 ml was assumed to be peptide nanodiscs. 19.6 phospho-
lipids per peptide was the optimal stoichiometry.

Beltide-2:DMPC. Samples were prepared with 0, 3.3, 6.7, 10.0,
13.3, 16.7, 20.0, and 23.4 phospholipids per peptide, and the
chromatograms are shown in Fig. 4(B). The overall pattern was
smeared compared to the Beltide-1:DMPC chromatograms, but a
peak at ~13 ml appeared for most stoichiometries. One data set
with 10.0 lipids per peptide had only one narrow peak close to
13 ml, so 10.0 was the optimal stoichiometry. A ratio dependency
was observed: the higher the amount of peptides, the larger the
retention volume of the main peak. Several data sets, e.g. with
23.4, 20.0, and 16.7 lipids per peptide, are clearly sums of more
than one peak, that is, the samples consisted of two or more
particle sizes.

Beltide-3:DMPC. Samples with 0, 3.3, 10.0, 13.4, 16.7, 20.1, 23.4,
30.1, 36.8, and 43.5 phospholipids per peptide were measured and
chromatograms are shown in Fig. 4(C). All chromatograms had
one narrow, symmetric peak and the position of each peak was
directly correlated with the stoichiometry, i.e. the more lipids
per peptide, the larger the particles. The optimal stoichiometry
was chosen to be 16.7, but other stoichiometries could have
been chosen.

Static light scattering (SLS) stability measurements

SLS was performed to probe the structural stability of the peptide
nanodiscs, ie. how quickly the scattering intensity from the
sample increased, corresponding to the formation of larger parti-
cles in the sample. Fig. 5 shows SLS measurements at 20 °C for
particles with DMPC and, respectively, 184, Beltides-1, -2, and -3.
Experiments were performed with and without bR in the nano-
discs, such that the effect of a transmembrane protein on the
structural stability could be investigated. The 18A:DMPC data from
our previous paper® were included for comparison. Data revealed a
significant variation in the stability of the peptide nanodiscs, as
judged by the slope of the curves, both with and without incorpo-
rated bR. Beltide-2 nanodiscs are by far structurally most unstable.
Interestingly, Beltide-1 nanodiscs are as stable as 18A nanodiscs
without bR and when bR is incorporated, they are structurally
more stable. The SLS signals for Beltide-3 nanodiscs were fluctuat-
ing. This could be explained by a combination of many small and a
few very large particles in the sample. An increase in SLS intensity
over time was seen for all peptide nanodiscs. This could be
explained by growth of all particles in the sample, or by few larger
aggregates emerging over time, and others still having the same
structure, Z.e. a multimodal distribution of particles. To investigate
this, a sample of 18A nanodiscs was measured by SEC after 0,
4.5 and 19 hours SLS measurements at 20 °C (data not shown). The
peak shifted from 13.5 ml to 13.1 ml after 4.5 hours and finally
to 12.7 ml after 19 hours, so the 18A nanodiscs did indeed grow
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Fig. 5 SLS measured after the formation of peptide nanodiscs respec-
tively without bR (A) and with bR (B). Data for 18 A:DMPC with and without
bR are plotted for easy comparison. All SLS data were measured at 20 °C,
and the grey line at unity is a guide to the eye.

in size. However, this alone could not explain that the SLS intensity
more than doubled within the 19 hours. That is, large particles did
also appear in the sample, i.e. the samples developed a multimodal
size distribution over time. No additional peak was observed after
4.5 or 19 hours, so these large particles either did not contain
peptides, or they were large enough to end in the void volume, that
is, larger than a 600 kDa protein.

SLS was also performed at 10 °C and 30 °C (data not shown)
and showed that the particles aggregated faster at higher tempera-
tures, as also observed for the 18A:DMPC system.® In particular it
was observed that the samples developed very slowly at 10 °C for
which reason this temperature was selected for further SAXS/SANS
experiments.

Dynamic light scattering (DLS)

DLS measurements performed during the time scans showed that
the initial hydrodynamic diameters of the peptide-lipid particles
were ~100 A, which were comparable to the typical diameter of
MSP1D1 nanodiscs*>*® and 18A nanodiscs.® The DLS autocorrela-
tion data could not be fitted with a single exponential function,
when the SLS intensity had increased significantly, suggesting that
particles with different sizes were present in the sample, i.e. again
consistent with a multimodal size distribution in the sample.

Circular dichroism

The CD spectra of a-helical proteins and peptides are charac-
terized by two distinct negative minima at 208 and 222 nm,

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Far UV CD spectra of free 18A and beltides (O) and 18A and beltides
with DMPC (+). The data are shown from 200 to 260 nm as the S/N ratio was
poor below this range. All beltide samples were in PBS with a concentration
of ~10 uM, while 18A samples had a concentration of ~20 uM.

Table 3 Percentage helix (+standard error of the mean) in peptides and
discs calculated from the mean residue ellipticity at 222 nm

% Helix

Free DMPC
18A 48.4 + 1.1 76.7 £ 1.5
Beltide-1 89.1 + 1.3 86.3 + 1.2
Beltide-2 68.3 + 1.0 58.2 + 1.3
Beltide-3 61.1 +£1.3 65.5 + 1.4

and a positive maximum at 192 nm.*” To maintain the condi-
tions used in our other experiments, the CD measurements
were carried out in PBS at 10 °C. Due to the high chloride
concentration in this buffer, the signal/noise ratio was only
acceptable down to around 195-200 nm in this analysis, leaving
out the possibility of convincingly observing the strong positive
feature at 192 nm. Based on the two distinct minima at 208
and 222 nm, however, all beltides and beltide nanodiscs were
significantly helical in solution (Fig. 6).

The percentage of helix was estimated from the mean
residual ellipticity at 222 nm (Table 3). Ranging from 48 to
89% helix, all peptides were highly helical both in the free form
and in complex with DMPC.

Combined SAXS and SANS measurements

Small angle scattering, supplemented by modeling, provided
information on the size, structure and composition of the self-
assembled peptide nanodiscs. Data are plotted in Fig. 7. All
data sets have a flat Guinier region at low g. SAXS data exhibit
an oscillation with a local minimum at ¢ ~ 0.06-0.07 A™*
followed by an upturn and then a decrease to a constant level
atg > 0.3 A™%

p(r) functions. In Fig. 8 the pair distance distribution func-
tions p(r) are provided for the SAXS- and SANS data. These were
normalized by the area under the curve. A minimum is observed
for the SAXS p(r) functions at ~30 A and can be explained by
the lipid bilayer: the p(r) function is weighted with the excess
scattering length density, which is oscillating in the discs. It is
negative for the lipid tails, but positive for the peptide belts and

Soft Matter, 2016, 12, 5937-5949 | 5943
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Fig. 7 Combined SAXS and SANS data for peptide nanodiscs. (A) Beltide 1
with DMPC, (B) Beltide-2 with DMPC and (C) Beltide-3 with DMPC. Data are
fitted with a model of discoidal particles (Fig. 2). The fitting parameters for
the model are listed in Table 4. Data were fitted with the program WillltFit.3®

lipid heads. Because of the neutron contrast situation, this
oscillatory profile is not present in SANS data. Both SAXS and
SANS data indicated that the Beltide-1 nanodiscs were the largest
with a maximal distance Dy, of ~120 A according to the SAXS
data and ~110 A according to SANS data. Beltide-2 nanodiscs
had the smallest maximal distance of ~110 A according to SAXS
and ~100 A according to SANS. The Beltide-3 nanodiscs were
slightly smaller than the Beltide-1 nanodiscs.

Model fitting. A model of polydisperse circular peptide
nanodiscs fitted the SAXS and SANS data excellently. The fits
were accurate up to ¢ ~ 0.25 A~', showing that the model
reflected the low-resolution structure. The analysis was con-
sistent with the assumption that all three beltides with DMPC
self-assembled into peptide nanodiscs. Structural information
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Fig. 8 pl(r) functions of (A) SAXS data and (B) SANS data. The data sets
have been normalized with the area under the graph.

of size, shape and composition, which could be retrieved from
the fitting parameters, is listed in Table 4. The relative poly-
dispersity, i.e. the variation of the number of lipids per peptide
nanodisc, was comparable for the three peptide nanodiscs,
namely 6, & 0.2, where o, is the relative standard deviation
of a normal distribution describing the number of lipids per
nanodisc in the sample.*® The model included nanodiscs with
different sizes, but all having the same width of the beltides.
However, the values of mean no. of lipids per disc, mean diameter
of the disc, mean no. of peptides per disc and lipids per peptides
in the disc listed in Table 4 are all peak-values, i.e. values for the
most common nanodisc in the distribution. However, because of
the narrow size-distributions, the mean values for the entire
distribution only deviates slightly from the peak-values. For
Beltide-1:DMPC the mean and peak values are respectively 288.2
and 288.2 lipids per disc, 26.4 and 26.6 lipids per peptide, and
10.9 and 10.8 peptides per disc.

Number of lipids

The number of lipids per peptide in the sample before SEC was
known, and it differed from the stoichiometry found by SAS
modelling. For example, the initial sample stoichiometry for
Beltide-1:DMPC was 19.6 lipids per peptide and the stoichio-
metry found by SAS modelling was 26.4, i.e. there were more
lipids per peptide in the peptide nanodiscs than in the initial
sample. This was also seen for Beltide-2:DMPC, Beltide-3:DMPC
and 18A:DMPC, showing that some peptides are lost during the
formation of nanodiscs.

This journal is © The Royal Society of Chemistry 2016
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Table 4 Parameters from fitting the peptide nanodisc model simultaneously to SAXS and SANS data. The 95% confidence interval (C.1) is listed

Refined Parameters

Beltide-1:DMPC

Area per headgroup [A%]
Mean no. of lipids per disc
Width of belt [A]
ONo.lipids,relative o
Volume of a single lipid [A%]

Volume of a single peptide [A%]

Derived parameters

Beltide-1:DMPC

Mean diameter of disc [A]
Mean no. of peptides per disc
Lipids per peptide in disc

Quality of fit

Beltide-1:DMPC

Reduced »*

Coarse-grained molecular dynamics simulations

Three MD simulations were set up, corresponding to the
three systems with DMPC and Beltides-1, -2, and -3 respectively.
Fig. 9 shows snapshots from one simulation with Beltide-3
and DMPC. Visual inspection reveals rapid formation of inter-
mediate lipid-peptide particles within the first few ps and
in about 2 ms most of these particles merged to form peptide

nanodiscs.

The systems converged rapidly with respect to total energy, as
shown in Fig. 10. Note the linear behavior of the total energy on a
log-log scale, indicating that the total energy in the simulations

Fig. 9 Simulation snapshots for Beltide-2 with DMPC at time 0, 20,
40 and 1800 ps. The peptides and phospholipids self-assembled by a
quick formation of small, intermediate lipid—peptide particles that merged
to form peptide nanodiscs within about 2 ms.

This journal is © The Royal Society of Chemistry 2016

Beltide-2:DMPC Beltide-3:DMPC
Value C.I. 95% Value C.I. 95%
52.7 49.2-56.4 50.8 47.4-54.5
164 152-177 243 225-263
9.6 8.2-11.4 9.8 8.8-10.8
0.24 0.00-0.48 0.23 0.00-0.39
1074 1064-1084 1068 1057-1078
5714 5144-6133 5733 5337-6119
Beltide-2:DMPC Beltide-3:DMPC
Value C.I. 95% Value C.I. 95%
93 — 108 —
10.5 — 12.6 —
15.6 — 19.4 —
Beltide-2:DMPC Beltide-3:DMPC
Value C.I. 95% Value C.I. 95%
1.06 — 0.92 —
10 - -
(A) ——Beltide-1:DMPC
——Beltide-2:DMPC
Beltide-3:DMPC
—18A:DMPC
=y
S,
>
=
Q
[ =
()
©
°
l_
1 n n
107 102 10°
Time [ms]
1200 y
(B) —o—Beltide-1:DMPC
—+—Beltide-2:DMPC
1000 + Beltide-3:DMPC
% —-—18A:DMPC
5 800}
k7]
Q
2 600+
<
£
8 400}
2
*
200+
O 1
0 0.5 1 15 2
Time [ms]

Fig. 10 The total energy of the systems (A), averaged over two simulations.
The inset shows how the energy falls stepwise, reflecting that particles merge
to form peptide nanodiscs. This stepwise behavior is lost when the curves
are averaged. The number of lipids in the largest particles (B) converges
after 1.1 ms.

converged approximately as Eioga) = #®, where t is the time and b is
the slope on the log-log plot.

The largest particles in the simulations (Fig. 11) had diameters
that corresponded well with the small-angle scattering data,
but the polydispersity was higher in the simulations. On a
longer timescale, the simulations might converge to a less

Soft Matter, 2016, 12, 5937-5949 | 5945
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Fig. 11 Top view and side view of the peptide nanodiscs with, from left to
right, Beltides-1, -2 and -3. Approximate diameters, as estimated from the
simulations, are ~150, ~104 and ~120 A respectively. The side view
shows the different belt alignments.

polydisperse ensemble. However, this was not practically possible to
investigate, due to long simulation time. The simulations represent
the first few ms, whereas the self-assembly in the experiment took
place over night at 37 °C. Therefore, it seems reasonable to compare
experiments only with the largest particles in the simulation. The
number of lipids corresponded very well with the experimental data.
As seen in Fig. 10, the mean number of lipids for the largest
particles were respectively 317, 163, and 245 for Beltides-1, -2 and -3
nanodiscs (corresponding to 855, 439, and 661 simulated lipids).
This should be compared to the number of lipids from SAS
modelling, as listed in Table 4, namely 288, 164 and 243 respec-
tively. The diameters of the discs were found in simulations to be
~150, ~104, and ~120 A for peptide nanodiscs with Beltides-1, -2,
and -3 respectively and SAS modelling gave 114, 93, and 108 A, ie.
25% smaller for Beltide-1 nanodiscs and 10% for Beltides-2 and -3.
So the largest particles from the simulations were qualitatively
consistent with the SAS models but slightly larger. Despite being
larger, the simulated particles had almost the exact same number of
phospholipids per disc as the SAS models. This means that the
conversion factor of 2.7 between simulated and real DMPC mole-
cules is overestimated. The area per headgroup for DMPC in uni-
lamellar vesicles (60.6 A%) was used to calculate the conversion
factor, and the SAS models had a smaller area per headgroup (54,
53 and 51 A? respectively). Using that would give a smaller conver-
sion factor of 2.4 and a consistent picture of the largest simulated
particles being qualitatively equal to, but slightly larger than the SAS
models. Monitoring the energy for the whole simulated system
showed firstly the stepwise decrease in energy, as shown in the inset
in Fig. 10(A), corresponding to merging of particles, and secondly, it
showed the final total energy, which correlates well with the stability
of the dimer peptide nanodiscs, as judged by SLS, such that the
particles with lowest final energy were most stable and vice versa.
However, this correlation between final energy and stability was not
seen for the 18A nanodiscs, which had a total energy in the simu-
lations that was remarkably similar to Beltide-2 nanodiscs, even
though the 18A nanodiscs were significantly more stable.

Stabilization of bacteriorhodopsin

The stability of bR reconstituted in the three peptide nano-
discs and in OG micelles was monitored by measuring the
chromophore absorption of bR at 550 nm. When bR unfolds,
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Fig. 12 bR activity monitored by 550 nm absorption at 20 °C. When bR
unfolds, its chromophore becomes inactive and the absorption decreases,
as seen for bR in OG micelles.

the absorption decreases. Fig. 12 shows that bR was stable for
more than 300 hours in the peptide nanodiscs at 20 °C whereas
the absorption dropped rapidly for bR in OG detergent. At 5 °C
bR was stable both in OG and in the peptide nanodiscs over the
measured time interval. As seen from the light scattering
experiments plotted in Fig. 5, the bR-loaded beltide nanodiscs
were not structurally stable at 20 °C. Therefore, samples were
taken from the top layer of the tube to avoid sedimented aggre-
gates and the spectrum was checked for the scattering signal, but
no such signal was observed.

Discussion

Self-assembly

SEC showed that the self-assembly was highly affected by the linkers
in the beltides. Beltide-3, with the most flexible linker, Gly-Gly, gave
rise to a single symmetric SEC peak for all tested molar stoichio-
metries, showing that the peptide belt adapted its size to different
number of lipids per peptide. Beltide-1, on the other hand, was
very non-adaptable, so several SEC peaks were observed for each
stoichiometry. Not surprisingly, Beltide-2 with the semi-flexible Pro
linker exhibited a semi-adaptable behavior. Monomeric 18A was
very adaptable (data not shown), similar to Beltide-3, reflecting that
the absence of the linker gave high flexibility. Coarse-grained MD
simulations gave detailed insight into the self-assembly, with
hydrophobic attraction between the molecules as the main driving
force. The beltides and the phospholipids aggregated into small
peptide-lipid particles within few ps and the total energy of the
system also decreased very rapidly. These particles then merged by
collisions and the first full-sized peptide nanodiscs were formed
within about 1 ms. The self-assembly slowed down with less
frequent collisions and after about 2 ms, there were still particles
in the solution that had not reached the full size. The initial- and
final states of the simulation were consistent with experiment,
which is a required condition to trust the simulations.

Secondary structure

In previous work, 18A was found to be 55% helical in the free
form, and 72% in complex with DMPC estimated from the

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6sm00495d

Open Access Article. Published on 01 June 2016. Downloaded on 12/4/2025 5:05:07 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

mean residueal ellipticity at 222 nm.>® In another study, 18A was
38% helical in the free form and up to 92% helical in complex
with DMPC depending on the peptide:lipid ratio. In our study,
18A was estimated to be 48% helical in the free form and 77% in
complex with DMPC, which was in good accordance with the
previous data. Interestingly, the high helix content of Beltide-1
was close to invariant between the free peptide (89%) and the
complex with DMPC (86%). This indicated that the secondary
structure of free Beltide-1 was far more stable than that of free
18A. As expected, the proline and glycine containing Beltide-2
and Beltide-3 were less helical than Beltide-1 due to the helix
puncturing residues. The slightly lower helicity of Beltide-3
compared to Beltide-2 is in accordance with the presence of
two glycines in the first and only one proline in the latter. 37 pA, a
model peptide with the same sequence as Beltide-2 but without
chemical modification of the termini, was previously found to be
26-28% helical alone and 34% helical in complex with DMPC.>"?®
Here, Beltide-2 was estimated to be 68% helical alone and 58%
in complex with DMPC. N-terminal acetylation and C-terminal
amidation of 18A significantly stabilized the peptide, which
resulted in an increase of helicity from 6 to 38%.” It is noteworthy
that the previous experiments were carried out under different
conditions, particularly at higher temperatures, but given a more
than two-fold increase in helicity from 37 pA to Beltide-2, our
results indicated that the chemically modified termini provided
significant stability. For Beltide-2, we found a significant loss of
helicity when complexed to DMPC. In the work by Sethi et al,”®
the presented CD spectra indicate a slight loss of helicity for 37 pA
when complexed with DMPC, although they report an increase
in helicity. A decrease in helicity is in accordance with our
results. This result could indicate that Beltide-2 must undergo a
conformational change to adopt an adequate hydrophobic
match with the lipids. Beltide-3 was estimated to be 61% helical
alone and 65.5% in complex with DMPC. This indicates that the
probably highly flexible glycine linker is slightly stabilized upon
DMPC binding. Thus, the CD data indicated that Beltide-1 and
Beltide-3 underwent no or subtle conformational rearrange-
ments when binding DMPC, whereas 18A gained a substantial
amount of helix, and Beltide-2 lost a small amount of helix.
Our results confirmed previous findings that chemical modifi-
cation of the termini contributes favorably to the stability of
a-helical peptides.

Nanodisc structure

SAXS and SANS data were consistent with a model of slightly
polydisperse peptide nanodiscs composed of a flat lipid bilayer,
with a belt of peptides screening the hydrophobic side of the
bilayer (Fig. 2), i.e. the same model that described the 18A
nanodiscs.® Comparison of the derived model parameters showed
that different linkers resulted in difference in size, with Beltide-1
nanodiscs being the largest and Beltide-2 nanodiscs being the
smallest. Beltide-3 did not confine the size of the formed peptide
nanodiscs due to its adaptability and the size could be controlled
by changing the lipid-peptide stoichiometry of the sample. The
largest particles from the coarse-grained MD simulations were
qualitatively consistent with the SAS models but slightly larger.
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The SAS modelling suggested that the peptide nanodiscs all
had a relative polydispersity of 0.2 (see Table 4). The dimeric
beltide nanodiscs were expected to be more polydisperse than
MSP1D1 nanodiscs,®**** but interestingly the analysis suggested
that they were less polydisperse than 18A peptide nanodiscs with
a relative polydispersity of 0.4.® The optimal composition of the
discs differed, which can be seen from the extracted model
parameters in Table 4. The nanodiscs with Beltide-1 and DMPC
had fewer peptides per lipid than discs with Beltides-2 and -3.
This is a natural consequence of the difference in size and the
fact that the number of phospholipids scales with the area, and
the number of peptides scales with the circumference. It was
expected that larger nanodiscs would contain more beltides. The
size order including the 18A nanodiscs was: 18A nanodiscs —
Beltide-2 nanodiscs — Beltide-3 nanodiscs — Beltide-1 nano-
discs. The number of beltides per nanodisc was (listed in the
same order): 15 — 21 — 25 — 22. So Beltide-1 nanodiscs had
fewer peptides per disc than expected. Furthermore, the width of
Beltide-1 was only 7.3 A, as compared to 9.6 and 9.8 A for Beltides-
2 and -3 respectively. This can be explained by Beltide-1 forming
both single belts and double belts at the rim of the nanodisc, and
not only double belts as assumed in the model. The discrepancy
between the model and the sample was then compensated for by
decreasing the number of peptides per disc and the thickness
of the belt. Coarse-grained MD simulations also indicated the
presence of single belt formation in addition to the double belt,
as seen in Fig. 11, however not to a higher degree for Beltide-1
than for Beltides-2 or -3.

Structural stability and ability to stabilize membrane proteins

SLS showed a structural change of the sample over time, and
the structural stability could be assessed by the slope of the SLS
curves. A correlation between size and stability of the formed
nanodiscs was observed: Beltide-2 nanodiscs were smallest and
least stable, whereas Beltide-1 nanodiscs were the largest and
most stable.

The stability of the beltide nanodiscs was reflected in the
energy of the system, as monitored in the MD simulations, see
Fig. 10. The simulations converged to different total energies
and these energies correlated well with the stability of the
systems, such that Beltide-1 nanodiscs were most stable and
reached the lowest energy, and Beltide-2 nanodiscs were most
unstable and converged to the highest energy. However, this
was not true for the 18A nanodiscs, which had the same total
energy as the Beltide-2 nanodiscs, but where more stable, as
judged by the slope of the SLS curves.

In our previous work,® we showed that 18A nanodiscs are
structurally less stable than apoAl-based MSP1D1 nanodiscs,
and a motivation for investigating the two-helical beltides was
to find a system that was structurally more stable than the 18A
nanodiscs. By having two linked helical segments, the dimer
peptides bridge part of the gap between the 18A peptides with
one helical segment and MSP with ten helical segments. Beltide-1
nanodiscs were shown to be structurally more stable than the
18A nanodiscs, when bR was embedded in the nanodiscs,
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indicating that higher structural stability can be obtained by
increasing the subsequent helical units per beltide.

All three peptide nanodiscs stabilized the 7 transmembrane
protein bR equally well and significantly better than OG at 20 °C,
meaning that the nanodiscs have great potential as systems for
handling membrane proteins.

The role of interhelical linkers in apoA1 and its effect on
nascent HDL

Due to the similarity between the beltides and apoA1, the study
gave insight into the role of the interhelical linkers in apoA1, the
main protein constituent of nascent discoidal high density lipo-
proteins (HDL). The Pro linker, which is present in seven out of ten
helices in apoA1, had a 30° kink that confined the formed Beltide-2
nanodiscs to a specific size, corresponding to a SEC peak around
13 ml on the Superdex 200 column. The size of HDL is shown to be
important for its function,*® so one main function of Pro is
possible to confine the HDL particles in size. The Gly-Gly linker
induced more adaptability and we hypothesize that it provides
structural flexibility in apoAl, meaning that it can change
dynamically between different states, such as those suggested
by Mei and Atkinson.*® Hence, Pro and Gly-Gly have opposite
effects as linkers, i.e. Pro linkers confine the formed HDL
particle to a specific size, whereas Gly-Gly linkers give structural
variability.

Conclusion

We studied three dimer peptides: Beltide-1, which contained two
copies of 18A with no linker, Beltide-2 with the two copies of 18A
linked by Pro, and Beltide-3 with the two copies of 18A linked by
Gly-Gly. CD spectroscopy showed that all peptides were helical in
the free form and when bound to DMPC. It was found that all
three self-assembled with DMPC to slightly polydisperse, circular
peptide nanodiscs, as revealed by combined SAXS and SANS and
coarse-grained MD simulations. The nanodiscs were more poly-
disperse than MSP nanodiscs but less than 18A nanodiscs. Inter-
estingly, all peptides had a diameter between 100 and 150 A, as
seen for similar systems, such as 18A nanodiscs, MSP nanodiscs,
polymer SMALP discs* and other apoA1 mimicking peptide nano-
disc systems with different peptide architectures.*” Even though
the overall structure was the same for all the beltides, the linkers
affected the size of the formed peptide nanodiscs with Beltide-1
nanodiscs being the largest and Beltide-2 nanodiscs being the
smallest. Coarse-grained MD simulations were consistent with the
SAS data and gave insight into the timescale of the self-assembly,
showing how small, intermediate particles merged to form peptide
nanodiscs within few ms. The presence of an interhelical linker
affected the adaptability of the peptide dimers, so the peptide belt
could adapt to different lipid—peptide stoichiometries. Beltide-3
was very adaptable and several peptide-lipid stoichiometries gave
single, symmetric SEC peaks, while Beltides-1 and -2 were not
very adaptable.

The linkers also affected the structural stability of the formed
peptide nanodiscs, meaning that the nanodiscs with the rigid
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Beltide-1 were more stable than the two other peptide nanodiscs.
It is noteworthy that when bR was incorporated, Beltide-1 nano-
discs were more stable than 18A nanodiscs, showing that it is
possible to increase structural stability by increasing the length of
the peptide, and thereby bridging the gap between the dynamic
18A nanodiscs with one helical unit and the stable MSP nano-
discs with 10 helical units. This structural stability could have an
effect on the ability to stabilize membrane proteins.

It was shown that the peptide nanodiscs could stabilize
bacteriorhodopsin much better than OG micelles at 20 °C, so the
peptide nanodiscs have great potential as a system for easy hand-
ling of membrane proteins.

Both the Pro linker and the double Gly linker are present in
the apoA1l sequence. The Pro linkers confine the HDL particles
to a specific size by inducing a 30° kink between the helices,
and the Gly-Gly linker provides the flexibility that is needed in
order to change between different states. This way, the two linkers
balance each other.

We conclude that it is possible to tune stability, adaptability,
size and polydispersity of peptide nanodiscs by using beltides
of different lengths and with different interhelical linkers.
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