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Extended Methods

System setup and MD Simulations. We used the MARTINI1 coarse-grained model for

the MD simulations. Coarse-grained 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC)

bilayers with varying degrees of asymmetry (∆N = 100, 200, 300, 400) were first built using

the insane.py script.2 The bilayers were then solvated with coarse-grained water contain-

ing 150 mM NaCl. All protein structures (FAM134B, KALP15, opsins) were coarse-grained

using the martinize.py script. For FAM134B, we used the coarse-grained model with sec-

ondary structure restraints as previously reported.3 Control simulations were performed with

KALP15 and opsin. The KALP15 peptide was modeled as an alpha helix with secondary

structure restraints. The coarse-grained opsin molecules were modeled based on a crystal

structure (PDB ID: 4J4Q) and used an elastic network with the default cutoff of 0.9 nm4 to

maintain the tertiary structure. All proteins were embedded in the asymmetric membranes

(30 × 30 × 18 nm3) in a square grid and energy minimized using a soft-core potential and

steepest-decent algorithm to remove steric-clashes with lipids.

MD simulations were then performed using GROMACS (v. 2018.7).5 We used the MAR-

TINI force field (v.2.2.),1,6 a 20 fs time-step, and a pair-interaction cutoff of 1.1 nm. Electro-

static interactions were modeled using the Coulomb potential with a reaction field. A dielec-

tric constant of 15 was used to model interactions beyond the cutoff distance rc = 1.1 nm.

Electrostatic interactions were shifted to zero between 0 and 1.1 nm. Short-range Lennard-

Jones interactions were also cut off at a distance of 1.1 nm and shifted to zero between

0.9 to 1.1 nm. The default Verlet-buffer cutoff scheme was used. The system temperature

and pressure were maintained at 1 bar and 310 K, respectively, by using the velocity-rescale

thermostat7 and the Parrinello-Rahman barostat.8 The Berendsen barostat was used for

equilibration.9 Production runs were simulated for at least 2 µs for data collection and

analysis in all cases. Table S1 lists all systems built and simulated.
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Analysis of MD trajectories. The simulation trajectories and individual frames were

visualized using VMD.10 Analysis scripts using MDAnalysis (v0.19)11,12 were implemented

in python 3.7 and plots were generated using matplotlib (v.3.1),13 SciPy (v1.2), and NumPy

(v1.16).14,15 Lipids corresponding to individual leaflets were analyzed using the LeafletFinder

algorithm in MDAnalysis.11 To analyze the segregation of the proteins into the emerging

membrane bud, the entire system was translated such that the lowest point of the lower

leaflet (Nupper > Nlower) was set to z = 0 nm and centered in the xy plane using the highest

point of the membrane for each frame. By tracing the highest and lowest z-positions of

the phosphate (PO4) beads, we were able to locate and measure the extent of budding

from the flat part of the bilayer. We monitored the time-traces of the z-component of the

protein centers of mass to ascertain their involvement in (i) curvature induction, (ii) cluster

formation, (iii) nascent stages of budding and (iv) segregation to the bud.

Analysis of FAM134B clusters. We quantified the FAM134B interactions by clustering

of the transmembrane helical hairpins described in ref 3. Each hairpin was treated as an

individual entity to account for the dynamic nature of the inter-hairpin connection.3 Two

hairpins were considered to be part of the same cluster if their centers of mass were within

a distance of 3.5 nm.

Protein-protein contact maps. Contact maps were generated for all protein pairs (X, Y )

and all frames t = 1, . . . , T in a given data set. First, all inter-protein pair-wise backbone

(BB beads) distances were calculated. A residue pair (i, j) was considered to be in contact

(qinter = 1) if any pair of BB beads was within 1.5 nm, with qinter = 0 otherwise. The number

of contacts was then averaged over frames and protein pairs according to

〈qinter(i, j)〉 =
2

n(n+ 1)T

T∑
t=1

n−1∑
X=1

n∑
Y=X+1

qinter(i, j|X(t), Y (t)). (S1)

S3



Two data sets were analyzed: (i) all replicas at all concentrations for asymmetry ∆N = 300

and (ii) all replicas at all asymmetries ∆N = 100 to 400 with n = 9 with essentially the

same results.
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Table S1: MD simulations. Listed are the number of proteins n, the lipid number asymmetry
∆N , the number of lipids in the lower (Nlower) and upper leaflets (Nupper), the system dimensions
Lx×Ly×Lz at the start of the simulation, the simulation time, the number of replicate simulations
of each setup, and the number of observed budding events (with bicelle formation in parentheses).
The bottom block lists the simulations with other proteins and with FAM134B in reverse topology.

n ∆N (Nlower/Nupper) System size Simulation Replicates budding
[nm3] time [µs] (bicelle)

1 100 (1421/1521) 30×30×18 >2 3 0
2 100 (1421/1521) 30×30×18 >2 3 0
3 100 (1421/1521) 30×30×18 >2 3 0
4 100 (1421/1521) 30×30×18 >2 3 0
5 100 (1421/1521) 30×30×18 >2 3 0
6 100 (1421/1521) 30×30×18 >2 3 0
7 100 (1421/1521) 30×30×18 >2 3 0
8 100 (1421/1521) 30×30×18 >2 3 0
9 100 (1421/1521) 30×30×18 >2 3 0
10 100 (1421/1521) 30×30×18 >2 3 0
11 100 (1421/1521) 30×30×18 >2 3 0
12 100 (1421/1521) 30×30×18 >2 3 0
13 100 (1421/1521) 30×30×18 >2 3 0
1 200 (1321/1521) 30×30×18 >2 3 0
2 200 (1321/1521) 30×30×18 >2 3 0
3 200 (1321/1521) 30×30×18 >2 3 0
4 200 (1321/1521) 30×30×18 >2 3 0
5 200 (1321/1521) 30×30×18 >2 3 0
6 200 (1321/1521) 30×30×18 >2 3 0
7 200 (1321/1521) 30×30×18 >2 3 0
8 200 (1321/1521) 30×30×18 >2 3 1
9 200 (1321/1521) 30×30×18 >2 3 3
10 200 (1321/1521) 30×30×18 >2 3 2
11 200 (1321/1521) 30×30×18 >2 3 2
12 200 (1321/1521) 30×30×18 >2 3 2
13 200 (1321/1521) 30×30×18 >2 3 2
1 300 (1221/1521) 30×30×18 >2 3 0
2 300 (1221/1521) 30×30×18 >2 3 0
3 300 (1221/1521) 30×30×18 >2 3 2
4 300 (1221/1521) 30×30×18 >2 3 2
5 300 (1221/1521) 30×30×18 >2 3 3
6 300 (1221/1521) 30×30×18 >2 3 3
7 300 (1221/1521) 30×30×18 >2 3 2
8 300 (1221/1521) 30×30×18 >2 3 3
9 300 (1221/1521) 30×30×18 >2 3 3
10 300 (1221/1521) 30×30×18 >2 3 3
11 300 (1221/1521) 30×30×18 >2 3 3
12 300 (1221/1521) 30×30×18 >2 3 3
13 300 (1221/1521) 30×30×18 >2 3 3
1 400 (1121/1521) 30×30×18 >2 3 1(2)
2 400 (1121/1521) 30×30×18 >2 3 1(2)
3 400 (1121/1521) 30×30×18 >2 3 0(3)
4 400 (1121/1521) 30×30×18 >2 3 2(1)
5 400 (1121/1521) 30×30×18 >2 3 3
6 400 (1121/1521) 30×30×18 >2 3 3
7 400 (1121/1521) 30×30×18 >2 3 2(1)
8 400 (1121/1521) 30×30×18 >2 3 2(1)
9 400 (1121/1521) 30×30×18 >2 3 3
10 400 (1121/1521) 30×30×18 >2 3 3
11 400 (1121/1521) 30×30×18 >2 3 3
12 400 (1121/1521) 30×30×18 >2 3 3
13 400 (1121/1521) 30×30×18 >2 3 3

9(opsins) 300 (1221/1521) 30×30×18 12 1 0
15(KALP15 300 (1221/1521) 30×30×18 12 1 0
15(reverse) 300 (1221/1521) 30×30×18 12 1 0
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Figure S1: Sequence, topology and structure of FAM134B-RHD. (A) Schematic represen-
tation of the FAM134B sequence containing the RHD (80-260). The two transmembrane
hairpins (green, TM12 and TM34), and the two conserved amphipathic helices (yellow,
AHL and AHC) characterstic of the RHD are highlighted. Disordered regions are shown in
blue. (B) Topology of FAM134B-RHD (80–260) indicating the organization of TM segments
(green) and amphipathic helices (yellow) within the ER membrane (cytosol: top; lumen:
bottom). (C) Snapshot of a coarse-grained MD simulation of FAM134B-RHD embedded in
a POPC bilayer. Phosphate headgroups are shown in orange, lipid tails are shown as faint
grey sticks. Structural features are colored as in (B).
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∆N = 100 ∆N = 200 ∆N = 300 ∆N = 400

10 nm

Figure S2: Structure and shape of membrane buds at low protein concentration. Snapshots
show cross sections at the end of simulations with n = 1, . . . , 7 RHD molecules (top to
bottom) at asymmetries ∆N = 100, 200, 300, 400 (left to right). The flat membrane or
bicelle is shown for systems where no budding occurred. Phosphate groups are shown in
light blue, and lipid tails in white. FAM134B-RHD is shown as green surface. Water and
ions are omitted for clarity.
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Figure S3: Structure and shape of membrane buds at high protein concentration. Snapshots
show cross sections at the end of simulations with n = 8, . . . , 13 RHD molecules (top to
bottom) at asymmetries ∆N = 100, 200, 300, 400 (left to right). The flat membrane or
bicelle is shown for systems where no budding occurred. Phosphate groups are shown in
light blue, and lipid tails in white. FAM134B-RHD is shown as green surface. Water and
ions are omitted for clarity.
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Figure S4: Protein-protein contact maps. Shown is the average number of contacts between
distinct proteins resolved by residue-residue pairs as defined in eq S1. Green bars indicate
TM12 and TM34, and dashed lines the intervening luminal loops. (A) Average over all
replicas at all asymmetries ∆N = 100, 200, 300, 400 with n = 9 FAM134B-RHDs. (B)
Average over all replicas at ∆N = 300 with n = 2 to 13 FAM134B-RHDs.
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Figure S5: Asymmetric footprint of FAM134B in the membrane. (A) Top view of a system
with a single FAM134B-RHD molecule in an asymmetric membrane (∆N = 100). The blue
lipids indicate the 10× 10 nm2 square around the center of mass of FAM134B-RHD (green),
within which lipid numbers nupper and nlower in the two leaflets were counted and averaged.
(B) Difference ∆n = nupper − nlower in the average number of lipids within the square patch
around FAM134B-RHD as a function of the leaflet asymmetry ∆N = Nupper − Nlower for
simulations at ∆N = −14, 100, 200, 300. A straight-line fit (orange) gives ∆n = −18.1 +
0.114∆N . In a large membrane, we expect ∆n = ∆N (dashed green line) on average,
such that the lipid asymmetry of the membrane exactly compensates for the asymmetric
footprint of the protein. From the intersection of ∆n = ∆N with the linear fit, we find that
at equilibrium, FAM134B-RHD displaces 20.4 lipids more from the upper leaflet than from
the lower leaflet (red circle).

Movie Legends

Supporting Movie S1

MD simulation trajectory of membrane budding event induced by FAM134B-RHD. A simula-

tion of nine FAM134B-RHD molecules embedded in a membrane with asymmetry ∆N = 300

is shown. The movie covers a time of 2.5 µs. The same trajectory is analyzed in Figures 1,

3 and 5 of the main text. Phosphate groups are shown in light blue, and lipid tails in white.

The proteins are colored in green, orange, yellow and grey, respectively (same coloring as

in Figure 5 of the main text). In each frame, the trajectory was centered on the highest

phosphate (PO4) bead in z-direction, as described in the Methods section.
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