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Simulation Setups

Membrane Mimics. A bilayer with a size of 10.7 nm x 10.7 nm consisting of 300 lipids was
constructed with the membrane builder plugin for VMD', converted to a CG description, and
solvated with 6114 water beads to a total box size of 10.7 nm x 10.7 nm x 10.7 nm. This system
was simulated for 2000 ns (simulation named Bilayer). For construction of some of the other
membrane mimics (see below) a 100 nm x 100 nm bilayer was formed by replicating the initial
bilayer 10 times in both dimensions of the bilayer plane and equilibrating it for 1 ns.

The q=0.5 bicelles were modelled in two ways; either they were created from self-assembly of
a random distribution of lipids or they were cut as a disc with a radius of 3 nm or 5 nm from the
large equilibrated DMPC bilayer described above followed by randomly selecting lipids for
mutation to DHPC to achieve the desired q-value. Afterwards, all g=0.5 bicelle systems were
equilibrated by use of a simulated annealing (SA) protocol for obtaining equilibrated bicelles.
This was necessary due to the very large uncertainty in the real size of these structures”* and the
slow equilibration of this type of systems (see Figure S1). To find the most efficient way of
reaching equilibrium, different simulated annealing protocols were tested by varying the
annealing temperature, T, and the length of the time intervals tini, theat, tmax and teooldown (S€€

Figure S2).
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Figure S1. The average aggregation number as function of time. The simulations are started
from a random distribution of lipids (full lines), discs with a radius of 3 nm (dotted lines), and

discs with a radius of 5 nm (broken lines).
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Figure S2. Schematic representation of the simulated annealing protocol.

Initially, tinit, theat, tmax and teooldown Were all set to 100 ns, while the annealing temperature Tpax
was varied and simulations starting from different starting conditions were compared. The
average aggregation number over time is plotted in Figure S1. Three different starting conditions
were tested: Lipids randomly distributed in a box (full lines), discs with a radius of 3 nm (dotted
lines), and discs with a radius of 5 nm (broken lines). When the temperature was increased after
100 ns, the bicelles started from a 5 nm disc started to fall apart and the average aggregation
number decreased. In the simulations started from a random composition of lipids, the lipids
started to form larger structures and the average aggregation number increased. After 200 ns the
temperature was kept fixed at Ty.x for 100 ns and the change in average aggregation number
continued. During the cooldown period from 300 to 400 ns the aggregation number increased
further. This was because the free DHPC concentration doing the increased temperature period
was larger than at room temperature (see Figure S3) and doing the cooling the free DHPC started
to adhere to the other aggregates. In the following equilibration period the aggregation number
continued to increase a bit, however, a final plateau was about to be reached. It was found that
heating the lipids alone with an annealing temperature of 700 K and above gave similar average
aggregation numbers independent of the temperature. It was furthermore found that this
temperature was high enough to obtain the same average aggregation number when starting from
the three different starting configurations. Therefore, 700K was chosen as the annealing

temperature. The size of these bicelles fitted the smallest values previously found.”> No
consistent bicelle size matching the larger experimental values® was obtained with any of the

annealing protocols.
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Figure S3. Free DHPC concentration plotted as function of time doing the different simulated

annealing protocols. The descriptions of the lines are the same as in Figure S1.

After 900 ns the average aggregation number had almost converged to approximately 85 with
the chosen protocol but the aggregation number distribution was rather broad (Figure S4). To
evaluate if this was a result of the simulated annealing procedure, different SA protocols were
tested. The large distribution might be due to the fast cooling period which could result in
bicelles being trapped in metastable states. To test this hypothesis simulations were conducted
where the cooling period was increased from 100 to 600 ns. The distribution obtained with this
protocol was, however, very similar to the one obtained using the standard protocol with a wide

size distribution with aggregation numbers up to approximately 200.
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Figure S4. Aggregation number distribution observed in the 900-1000ns interval. The data is
taken from 51 frames distributed evenly in the interval. The three lines are the standard protocol

(orange), Tmax=600 K and t.,,x=300ns (dark green), and T;.x=700K and tcoo1down=600ns (light

purple).

As seen from Figure S3 a large increase in free DHPC concentration was observed doing the
increased temperature and some of the smaller aggregates in the distribution could be a
consequence of this. Therefore, it would be of interest to reduce this. It is obvious from Figure
S3 that the increase in free DHPC concentration was very dependent on the annealing
temperature and on if only the lipids or the whole system was subject to the simulated annealing
protocol. Since the free lipid concentration was significantly smaller when the system was
increased to 600 K instead of 700 K, another protocol was tested where Tax= 600 K and ty.=
300 ns to see if an equilibrated system could be obtained with a lower increase in free DHPC
concentration. This setup gave an average aggregation number just below 80 and some of the

smallest and largest aggregates disappeared. The distribution in aggregation number was



however overall very similar with most of the aggregates positioned within the same interval as
with the other two protocols. As all three protocols showed very similar distributions and the
lower average aggregation number obtained with the decreased temperature protocol most likely
was because equilibrium had not been reached, we went with the initial one as it was the most
computational efficient protocol. To sum up, the systems were initially equilibrated for 100 ns at
308 K, heated to 700 K over another 100 ns, kept at 700 K for 100 ns, and cooled to 308 K over
100 ns. This procedure was followed by 600 ns of equilibration at 308 K and 1000 ns of
production-run. The temperature of the solvent, lipids, and protein was controlled separately, and
only the lipids were subject to the simulated annealing protocol.

Nanodiscs with a diameter of approximately 10 nm were constructed by combining the o-
helical peptide MSP-A1-11, used by Shih et al. and available online,”” with 150 DMPC lipids cut
out of the bilayer simulation (75 lipids in each leaflet). The system was solvated, neutralized
with sodium ions, and copied twice in each direction prior to simulation. This resulted in a total
of eight nanodiscs placed 12.3 nm apart. As the secondary structure of proteins in the MARTINI
force field is fixed, the MSP’s was simulated as ten helix repeats as previously predicted and
later found by NMR and X-ray crystalography®® separated by dipeptide turn segments. The helix
segments were residue 1-10, 13-32, 35-43, 46-65, 68-87, 90-109, 112-131, 134-153, 156-164,
and 167-189. The simulation was named Nanodisc.

Membrane Mimics with KALP21. For the KALP21 simulations, four peptides were embedded
into a pre-equilibrated DMPC bilayer in a transmembrane conformation with a random rotation
along their helix axis. This gave a peptide:lipid ratio of 1:75 similar to the q=0.5 bicelle
experiments conducted by Lind et al.®> Equilibration of the peptides in the membrane without

deletion of lipids was achieved by a minimization followed by a 40 ps simulation with 1 fs time



step and 1000 ns equilibration under standard conditions. This was followed by a 1000 ns
production-run. The simulation will be referred to as BilayerKALP.

Small bicelles with KALP21 peptides bound were modelled by self-assembling the bicelles
using the simulated annealing protocol described above for pure bicelles. The systems contained
3000 lipids and 40 KALP21 peptides each, which were randomly distributed in the simulation
box likewise resulting in a peptide:lipid ratio of 1:75 (simulations named BicelleOg5KALP). The
large bicelle with KALP21 peptides bound was constructed by taking the bicelle obtained in the
last frame of Bicelle3q2 and placing 30 KALP21 peptides in the bicelle in a transmembrane
orientation on a 6 by 5 grid with grid points spaced 3 nm apart. This gave a peptide:lipid ratio of
approximately 1:75. Overlapping lipids were moved slightly away from the peptides to allow for
insertion without deletion of lipids. The 34 free DHPC lipids that were removed during the
isolation of the large bicelle were re-introduced randomly around the bicelle together with water
and counter ions. This simulation was called Bicelle3g2KALP. In both the small and the large
bicelle simulation, the systems were neutralized with chloride ions.

For simulations with KALP21 inserted into the nanodiscs, a disc of the same size as in the
nanodiscs simulations without peptides was cut from a bilayer where the lipids had equilibrated
for 100 ns around two fixed inserted peptides. The coarse grained MSP structure, water and
counter ions were added, and the system was copied in all three dimensions, resulting in eight
nanodiscs each consisting of 140 lipids, 2 KALP peptides, and 2 MSPs. The system was
simulated under the name NanodiscKALP.

Modelling Membrane Mimics with Rhodopsin. Rhodopsin is known to form at least dimers'®**

and a recent study combining MARTINI CG simulation and chemical crosslinking evaluated

10,12

which dimer conformation seemed to be the most stable one. The dimer simulated here was



initially oriented in its preferred conformation found in that study'” and ELnedyn"® was applied
to maintain the structure of the individual rhodopsin monomers, requiring a reduction in the time
step used; a 15 fs time step was thus applied in all simulations with rhodopsin.

The bilayer simulations with a rthodopsin dimer were built by initially placing the dimer in a
box with dimensions 12 nm x 12 nm x 5 nm followed by randomly distributing 300 DMPC
molecules in the box. Afterwards, the box dimensions was increased to 12 nm x 12 nm x 12 nm
and water and counter ions were added. The system was equilibrated for 105 ns with the protein
position restrained allowing for the lipids to form a bilayer around the proteins before the 2100
ns of simulation without position restraints. This simulation will be referred to as BilayerRho.
The slight difference in simulation time compare to the simulations without rhodopsin was due to
the difference in time step.

A rhodopsin dimer was embedded in the g=3.2 bicelle isolated from the last snapshot from the
simulation of the large bicelle by deleting lipids within 5 A of the proteins as well as 18
randomly chosen DHPC molecules to keep a g-value of 3.2. Water and counter ions were added
and the system was simulated for 2100 ns in the simulation named Bicelle3q2KALP.

For simulations with rhodopsin inserted into the nanodiscs, the lipids and inserted proteins
were cut out of a bilayer where the lipids had equilibrated for 105 ns around the fixed protein
dimer. The radius of the circle cut out was the same as that used for the nanodisc without
rhodopsin. This resulted in 8 nanodiscs consisting of 96 lipids, one rhodopsin dimer and two

MSPs. The simulation will be referred to as NanodiscRho.



Analyses

Area per lipid for the DMPC bilayer was calculated by measuring the box dimensions in the
plane of the bilayer and dividing it by the number of lipids in each leaflet. The thickness of the
bilayer was measured from the z-distance between the average position of the glycerol beads in
the upper and lower leaflet. The equivalent position in an atomistic setup was calculated from the
center of mass of C2, C21, O21, and O22 and the center of mass of C3, C31, 021, and 022 for
each lipid representing the GL1 and the GL2 beads, respectively. The atomistic simulation of a
DMPC bilayer previously published'* was used for comparison and the snapshots for the 25 to
100 ns time interval was used for this analysis.

The shape of the aggregates as well as the clustering of the individual molecules into
aggregates was done as previously reported.’ In short, the molecules were counted as part of the
same aggregate if protein or lipid tail/glycerol linker beads were within 6 A of each other. This
distance includes the first interaction shell. The dimensions of the aggregates were found by
measuring the maximum distance between beads within an aggregate along the three principal
axes of inertia of the aggregate. In simulations including KALP21 or rhodopsin, these proteins
were included in the evaluation of the inertia axes but ignored in the calculation of the membrane
mimic dimensions to measure the true thickness of the membrane mimic. KALP2I
oligomerization was characterized by defining the peptides to be in a cluster if any beads of the
two peptides were closer than 6 A.

To evaluate if the bicelles are described best by a mixed micelle model, where the two lipids
are completely mixed, or by a model where the lipids are segregated in two domains, the average
fraction of DMPC neighbors was measured for each individual lipid molecule, and the DMPC

cluster sizes were computed. If the lipids were totally mixed the fraction of DMPC neighbors for
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DHPC and DMPC should be the same and close to the DMPC:DHPC ratio participating in
bicelles. However, if domains were formed, DMPC would show an increased fraction of DMPC
neighbors, while DHPC would show a decreased fraction of DMPC neighbors. To evaluate this,
Voronoi tessellation was employed with the program Voro++ 0.4.5.* In Voronoi calculations,
the space of the simulation box is assigned to a given bead according to which bead it is closest
to. The result is that smaller polygonal boxes centered on each bead are formed, where all points
on the polygons facets are defined by being equally close to the two beads that facet separates.
Each aggregate was isolated before the Voronoi calculation. In this analysis two lipid were
defined as being neighbors if one of the lipid’s glycerol linker beads shared a facet with the other
lipid’s glycerol linker beads. This choice was made to avoid lipids on opposite sides of the
bicelle to be assigned neighbors. The analysis slightly underestimates the DHPC contacts
compared to DMPC contacts due to the higher dynamics and curvature of DHPC, which results
in DHPC not being as well aligned in the surface of the aggregates; however we do not expect
this to affect the overall conclusions. The neighbors of the KALP21 peptides were found by
measuring the contacts between any KALP21 bead and the lipids’ glycerol linker beads. The
same technique was used to count the number lipids with the glycerol linker in contact with the
different beads in KALP21 defining which part of the peptide was in contact with the
hydrophilic part of the lipids. To compare the interaction of KALP21 in different environment
the values of each lipid type in each environment was normalized so the maximum interaction
equaled one.

The solvent accessible surface area (SASA) was measured by use of Voronoi tessellation as
described above; however, the calculations were done on the full system, where only the charged

interaction sites of the water beads were removed, since they have no van der Waals interactions.
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The SASA of a molecule was defined as the total surface area shared between the water beads
and any of the beads in that molecule.

The tilt angle of the KALP21 with respect to the membrane normal was calculated in all
membrane mimics except the bilayers by aligning the aggregates with the principal axis of inertia
with the highest principal value along the z-axis and measuring the angle between the z-axis and
the vector defined as going from the center of mass (COM) of the backbone bead of residue 1-4
to the COM of the backbone beads of residue 18-21. In the bilayers the bilayer normal was
assumed to be aligned the z-axis, and the angles were measured with respect to this axis.

The contact time between a lipid and the rhodopsin molecules was calculated by measuring
when approximately 40 % of the lipid’s beads (2 for DHPC and 4 for DMPC) were within 7 A of
the protein. If the contact was lost or present for less than 12 ns (6 sequential snapshots) the
change was ignored. When evaluating the contact time to the individual helices only 1 lipid bead
had to be within the cutoff of the helix for the contact to be present.

Calculation of NMR Spectra for Large Bicelles. Large bicelles (q = 2) in aqueous solution
orient in a strong magnetic field with the bicelle normal perpendicular to the direction of the
magnetic field."” Since the force fields used in the present MD simulations do not include the
magnetic susceptibility effects governing the alignment, we have aligned the bicelles in each
snapshot before calculating the nuclear interaction parameters for the lipids as described
elsewhere.' In brief, the alignment is such that the largest principal element of their inertia
moment tensor is aligned along the z axis of an alignment frame.

In the alignment frame we may calculate the orientation of the *'P chemical shift tensor
assuming a particular orientation of the tensor in the coordinate system defined by the PO4, GL1,

and GL2 beads, derived from a detailed comparison of AA and CG bilayer systems.'* The final
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transformation to the laboratory frame involves a scaling of the orientation-dependent *'P
chemical shift by a second-order Legendre polynomial (3 cos?90°—1)/2 = —1/2, which
arises from the perpendicular orientation of aligned bicelles with respect to the magnetic field.
The simulated >'P NMR spectra are obtained by adding peaks corresponding to the time- and
ensemble averaged frequencies for the 3P chemical shifts in DMPC and DHPC. Likewise, the
order parameters of the bonds in the CG description of DMPC were calculated from the aligned
bicelle with the formula P, = 0.5(3 cos? 8 — 1) where 0 is the angle between the bond and the

bicelle normal.
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Figure SS5. Pictures of the diffusion of lipids within a g=0.5 bicelle which changed its shape. The
aggregation number is approximately 135 (somewhat larger than the average of 91). Consecutive
pictures from left to right show the time development of a bicelle spaced 20 ns apart and viewed

from three different orientations: Top, side, and bottom. Lipids with their phosphate bead
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initially below the center of the bicelle with respect to the short dimension are colored gray while
lipid with their phosphate bead initially above the center are colored according to the lipid type;
red for DHPC and blue for DMPC. The lipids are observed to quickly mix and furthermore, it is

seen that the bicelle changed from an oblate to a prolate shape within 80 ns of simulation.
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Figure S6. The observed distribution in aggregation number for q=0.5 bicelle doing the last ps

of simulation. Systems started from a) disc with a radius of 3 nm (BicelleOg5r3) and b) disc with

radius of 5 nm (BicelleOg5r)5).
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Figure S7. Size and shape of the aggregates observed in simulations started form discs with a

radius of a) 3nm (BicelleOg5r3) and b) 5 nm (BicelleOg5r5).
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Figure S8. A q=0.5 bicelle build as a disc with a radius of 5 nm shown from the top and from the

side a) prior to MD simulation and b) after 100 ns of MD simulation.
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Figure S10. Distribution of the shape and size of a) the large bicelle (Bicelle3g2), b) the large
bicelle with KALP21 peptides (Bicelle3g2KALP), and c) the large bicelle with a rhodopsin dimer

embedded (Bicelle3g2Rho).
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Figure S11. Distribution of the nanodiscs dimensions and shape in a) nanodiscs (Nanodisc), b)

nanodiscs with KALP21 (NanodiscKALP), and ¢) nanodiscs with rhodopsin (NanodiscRho).
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Figure S12. Order parameter, P,, for each CG bond in DMPC. Top insert show a zoom-in of the
sixth bond to illustrate the typical difference in order parameter observed. Bottom insert show
the DMPC lipid with bond numbers defined. Green line describe all DMPC in Bicelle3q2 while
blue and red line represent all DMPC lipids or only the DMPC lipids in contact with KALP21,

respectively, in Bicelle3q2KALP.
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Figure S13. The tilt angle distribution of KALP21 in different membrane mimics. a)
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MSPs or not; and c) the distribution in tilt angle of KAL21 in q=3.2 bicelles in different intervals

of the distance to the bicelle center.
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Figure S14. Oligomerization of the KALP21 peptide in the different membrane mimics.
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Figure S15. Solvation of rhodopsin in a large bicelle and in a nanodisc compared to in a bilayer.

Blue color indicates areas that are more solvated in the mimic than in a bilayer while red indicate

areas that are less solvated than in a bilayer.
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(TM) in rhodopsin that last for at least a given time interval as function of the time interval.
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