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CG Model Details

The coarse-grained (CG) models used in this study were systematically parameterized from
reference all-atom simulations. We first describe the atomistic simulations used, then the
procedure to train and simulate the coarse-grained models.

All-atom simulation details

All-atom simulations of a single [-BAR domain of IRSp53 interacting with a fully solvated,
periodic lipid bilayer were run using GROMACS (version 5.0) (1). Initially, a lipid bilayer
composed of 75% 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 20% 1,2-dioleoyl-sn-
glycero-3-phosphoserine (DOPS), and 5% Phosphatidylinositol-4,5-diphosphate (PI(4,5)P,) was
generated using the CHARMM-GUI and equilibrated using the CHARMM-GUI scheme of
sequentially restrained simulations (2-6). Next, the [-BAR domain of IRSp53 (PDB: 2YKT(7))
was added to the membrane, and solvated with 150 mM NaCl using GROMACS tools (1).
Production simulations were run at 298 K at 1 atm using a Nose-Hoover thermostat and the
Parrinello-Rahman barostat implemented with corresponding 1 ps and 5.0 ps coupling constants
in GROMACS (1, 8, 9). The CHARMM36 force-field was used in all simulations as well (10-12).

CG model details

A coarse-grained map of - BAR domain of IRSp53 was created using Essential Dynamics Coarse-
graining (ED-CG) using 24 beads per monomer (13). This number of beads was chosen to
reproduced to maintain a similar resolution between the protein and lipid model, which has been
thoroughly described ref (14). The ED-CG protocol generates a mapping dividing the protein
along its primary sequence by minimizing the residual (shown in Eq. 1) describing the fluctuations
between beads.
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where N is the number of CG sites, n,is the number of configuration, and ArPis the displacement
from equilibrium of the ith CG site at configuration t. The protocol used here first maps each
residue to the carbon-alpha atom of the residue backbone, then maps multiple carbon-alpha atoms
to a single bead resulting in approximately 10 residues per bead. For example, the boundaries for

the first bead are the first residue and the fourth residue i.e. the first three residues’ carbon alphas
map to the first bead. As a result of a steepest descent and simulated annealing minimization
scheme, the residue boundaries between beads are as follows, 1%, 47, 8™ 20% 35M 48™ 637 77%
90", 105™, 114™, 127", 138", 147", 152", 156", 160", 167", 177", 190", 202", 216", 226", and
236", The spacing is not regular as ED-CG optimizes these boundaries to maximally capture the
atomistic fluctuations in the protein. The intraprotein interactions are parameterized using a hetero-
elastic network model parameterized using the all-atom simulations (15). Parameters, k; and b;;
shown in Eq. 2, between each pair of CG protein beads are determined to reproduce the fluctuations
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of the CG beads in the mapped all-atom trajectory. In Table 1, the intraprotein elastic network
parameters are shown.

Up(ry) = kij(riy = byy)” 2)
The interprotein and protein-lipid (nonbonded) interactions use a shifted-force 10-6 Lennard Jones
potential defined below (16). Both interprotein and protein-lipid interactions used a sigma value
of 1.5 nm, which was the most probable distance between mapped protein beads to the mapped
lipid head groups. The nonbonded interaction cutoff was assumed to be 26. The epsilon values of
the protein-lipid interactions were investigated as described in the main document. The interprotein
interactions were the repulsive portion of the protein-lipid interaction.

Ung = UL](rij) — U () — (r —1,) F (), r<rc 3)
10 6

UL](rij) = 4e l(%) - <T;.l—j) l and FL](rij) = _Uij(rlj) (4)
The initial configurations for each system were created by placing lipids on equally spaced points
in the desired geometry (e.g., cylinder) and equilibrating under zero membrane tension when
applicable. Proteins were subsequently added to the equilibrated lipid bilayer system. CG
simulations were run using the LAMMPS MD engine and the Langevin thermostat with
temperature dampening parameter of 5000fs and Parrinello-Rahman barostat with pressure
dampening parameter of 50,000fs (8, 17, 18). The timescale of the production simulations was at
least 30 million steps with a coarse-grained timestep of 5 fs, but varied based on the geometry and
the time required to converge order parameters statistics described in the main text.

MesM-P Model Details

The MesM-P model leverages successes of the original MesM-P model with three major changes:
no solvent, softer 10-2 Lennard-Jones potential, and shorter discretization length (19). We set the
discretization of the membrane mesh to approximately 3 nm, based on the dimensions of the I-
BAR domain of IRSp53 (7). Next, we parametrize the - BAR domain model as a linear chain of
MesM-P particles with varied radii. The protein-membrane interactions use a shifted-force 4-2
Lennard Jones potential similar to that shown above. In the protein-membrane interactions, we use
values of sigma equal to 2.67, 2.90, and 3.12 nm and corresponding values of epsilon equal to 1.0,
1.25, and 1.5 kcal/mol, which capture the shape and aggregation behavior of the -BAR domain as
shown in the main text. The protein-protein interactions were the repulsive portion of the protein
membrane interaction with the same varied sigma values to maintain the shape of the [-BAR
domains.

The initial configurations for each system were made by placing membrane beads on a hexagonal
lattice in the desired geometry and equilibrating under zero tension using the Langevin thermostat
with temperature dampening parameter of 5000fs and Berendsen barostat with pressure dampening
parameter of 50000fs. All systems ran for 5 million timesteps to converge order parameter statistics
described in main text. The guiding potential used to generate the membrane bulge as described in
the main text was a 325 nm spherical guiding potential slowly moved toward the membrane under
zero tension. The spherical surface had a potential form of a 9-3 Lennard Jones similar to the
potential shown in Equation 4 with a value of 1 kcal/mol.
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CG Protein-Protein Interactions

Thus far, we have assumed that the protein-protein interactions are purely repulsive, i.e., direct
attraction between protein beads is not included. In reality, there would be some degree of protein-
protein interaction. I-BAR domains are significantly charged proteins, which directly affects the
membrane binding behavior. If each CG bead is assigned the mapped net charge, i.e., a simple
charge mapping, we find a positively charge protein surface near the membrane and a positive high
charge density near the ends of the I-BAR domains, as shown in Fig. S1A. The protein shown
similarly to Figure 1A of the main text, and the membrane would lie directly below the -BAR
domain in this view. We note a positively charge protein surface near the membrane and the high
charge density near the ends of the -BAR domain. Additionally, there is a net +3 charge on a CG
single bead, which in an atomistic resolution would be delocalized over several residues. In the
absence of explicit solvent, we model screened electrostatic interactions between two [-BAR
domains with a Yukawa potential with the unknown screening length, x, shown in Equation 5.

q q e—KT
VYukawa(r) = _ﬁT (5)

In the bulk, we could approximate the experimental screening length corresponding to 20 mM Tris
pH 7.5, 60 mM NaCl and 100 mM sucrose buffer, but published studies(20, 21) have shown the
effective ion concentration near the membrane is higher than in the bulk. We ran simulations using
the possible screening lengths from near bulk ion concentration (k = 0.15 A™") to ~10x increase in
effective ion concentration (k = 0.45 A™"). We characterize these aggregates using the same order
parameter analysis described in the main text and shown in panel B of Fig S1.
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Figure S1. Charge distribution on CG model and snapshots of flat sheet configurations with screened
electrostatic interactions. A) Side view of an overlay of the secondary structure of each monomer (cyan
and yellow) and CG I-BAR domain colored by charge (+3 charge [blue], -2 [red]) B) probability
distribution of inter-protein order parameter for varied screening lengths. C) snapshot of 10% coverage
of a 100nm by 100nm flat at varied screening length: 0.15 A, 0.25 A", and 0.45 A™' from left to right.
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As seen in panels B and C of Fig. S1, at low effective ion concentration (k = 0.15 A™), the -BAR
domains begin to form bundled linear aggregates. This behavior is due to an overestimation of the
protein-protein interactions because of the low effective salt concentration and the localization of
charge on a single CG bead. At 3x bulk ion concentration (k = 0.25 A™), -BAR domains again
form more unbundled linear aggregates with some additional side-to-side character, as additional
I-BAR domains move to align opposite charges on the I-BAR domains. This behavior is expected
at more reasonable bulk ion concentration. Finally, at 10x bulk ion concentration (k = 0.45 A™),
we find mostly linear aggregates again. Thus, when we model the electrostatic interactions
between I-BAR domains in this way, we find that aggregation behavior qualitatively agrees with
that from purely repulsive excluded volume protein interactions, which is to say that linear tip-to-
tip aggregation is dominant and that this behavior is the result of an indirect membrane-mediated
force.

Table 1: Heterogenous Elastic Network Model of CG I-BAR Domain. Indices 1-24 and 25-48
are each monomers of the I-BAR dimer.

Bond I-BAR I-BAR ki b; (nm)

index site i sitej  (kcal/mol/nm) !
1 1 2 0.157 0.72067
2 1 3 0.051 1.67476
3 1 4 0.035 3.46783
4 1 5 0.025 5.47033
5 1 9 0.022 5.92131
6 1 10 0.026 4.38529
7 1 11 0.037 2.76665
8 1 12 0.932 1.26606
9 1 13 0.038 1.19113
10 1 14 0.006 1.59165
11 1 15 0.004 2.19398
12 1 16 0.006 1.72454
13 1 17 0.008 1.6926
14 1 18 0.726 1.23483
15 1 19 0.849 1.95313
16 1 20 0.042 3.59278
17 1 21 0.031 5.52169
18 1 30 0.024 5.07338
19 1 31 0.034 3.65461
20 1 32 0.026 5.154
21 1 47 0.01 4.80283
22 1 48 0.02 3.94519
23 2 3 5.544 1.28621
24 2 4 0.14 3.19579
25 2 5 0.151 5.18833
26 2 9 0.103 5.62437
27 2 10 0.187 4.18755
28 2 11 1.383 2.70757
29 2 12 1.53 1.46187
30 2 13 0.026 1.73096
31 2 14 0.007 2.0144
32 2 15 0.006 2.49756
33 2 16 0.007 1.80779
34 2 17 0.008 1.81401
35 2 18 0.112 1.25627
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27
28
29
30
31
32
33
34
35
36
43
44
45
46
47
48
24
25
26
27
28
29
30
31
32
33
34
35
36
37
41
42

S11

0.536
0.066
0.003
69.497
18.368
0.098
0.262
0.571
0.346
0.665
2.838
37.178
0.173
0.482
0.545
0.62
27.453
37.503
0.114
0.005
22.771
0.327
0.001
0.005
0.115
0.397
7.824
0.79
0.846
3.316
0.417
0.477
0.149
0.094
0.123
0.346
40.304
14.711
0.296
0.216
0.049
0.001
0.005
0.168
1.339
11.199
0.472
0.189
0.228
0.362
0.454
0.067
0.063
0.051
0.04
0.062

2.62321
1.43876
1.39405
1.84558
3.29543
4.73905
5.87363
427775
2.6407
1.6226
2.18921
1.26901
2.36246
3.83822
5.35045
4.15002
2.32561
1.09329
1.28433
2.46054
1.54625
2.98984
4.81836
4.53855
4.35544
3.13494
2.31194
2.79418
3.84795
2.46218
1.92348
2.85748
4.0897
5.38569
4.40107
2.6344
1.13455
1.51197
2.80438
4.08026
1.50858
3.60707
3.27573
3.10142
2.32029
2.49636
3.79278
5.10669
3.59536
2.1373
2.12042
2.90401
4.02381
5.35106
5.80316
4.62131



428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
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23
23
23
23
23
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
26
26
26
26
26
26
26
26
26
26
26

43
44
45
46
47
48
25
26
27
28
29
30
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
26
27
28
29
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34
35
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37
38
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40
41
42
43
44
45
27
28
29
33
34
35
36
37
38
39
40

S12

0.096
0.212
0.38
1.708
0.086
0.027
0.001
0.002
0.023
0.087
0.133
0.118
0.044
0.05
0.708
0.024
0.024
0.019
0.02
0.015
0.016
0.017
0.017
0.012
0.019
0.035
0.098
0.026
0.023
0.487
0.002
0.002
0.001
0.002
0.011
0.013
0.002
0.001
0.001
0.001
0.001
0.002
0.199
0.002
0.001
1.664
0.01
0.008
0.007
0.009
0.025
0.309
0.01
0.008
0.006
0.006

2.96284
1.35572
1.24906
2.76403
4.23579
5.55257
2.41384
2.01988
2.01261
2.27372
3.44004
5.11667
5.02159
3.31154
2.49359
2.31336
2.85403
4.02244
4.90776
5.65355
5.21839
4.3638
3.20507
1.64859
1.19247
2.60586
4.24311
5.71427
0.82883
1.66351
3.14735
4.90243
5.20058
4.02206
3.08506
2.41577
2.75094
3.52485
4.19656
3.62482
3.02912
2.18536
1.81331
2.8749
4.57164
1.16362
2.81353
4.61297
4.88748
3.67927
2.71004
2.11156
2.66323
3.51169
4.2164
3.66067



484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539

26
26
26
26
26
26
27
27
27
27
27
27
27
27
27
27
27
27
27
27
27
27
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28
28
28
28
28
28
28
28
28
28
28
28
28
28
28
28
28
29
29
29
29
29
29
29
29
29
29
29
29
29
29
30

41
42
43
44
45
46
28
29
33
34
35
36
37
38
39
40
41
42
43
44
45
46
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
30
31
32
33
34
35
36
42
43
44
45
46
47
48
31

S13

0.009
0.02
0.564
0.006
0.005
0.021
0.971
1.24
0.405
11.562
12.199
12.468
5.177
2.35
0.688
0.738
3.186
10.64
41.98
35.011
0.529
1.033
102.142
26.96
1.15
2.84
1.98
23.869
8.447
0.432
0.229
0.097
0.049
0.155
0.318
0.527
2.63
59.47
18.086
1.489
0.141
48.671
34.718
11.188
0.996
0.232
0.166
0.203
0.796
1.773
19.958
20.939
6.008
3.588
0.008
85.543

2.98739
2.00105
1.3039
2.48195
4.2549
5.9397
1.95652
3.91516
4.29863
2.86869
1.68926
1.37094
2.46513
3.39551
4.21386
3.85144
3.21035
2.08496
0.917
1.94764
3.84402
5.64131
2.00602
4.1551
5.90133
4.50849
2.60714
1.24932
1.3753
2.74411
4.17757
5.08376
5.93774
5.70091
5.07467
3.91359
2.36973
1.21298
2.41257
4.16748
5.47126
2.16797
3.95677
2.67107
1.14339
1.50795
3.0102
4.64989
5.81704
4.1717
2.38201
1.55098
2.68271
3.77384
4.92769
1.82484



540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595

30
30
30
30
30
30
30
30
30
31
31
31
31
31
31
31
31
32
32
32
32
32
32
32
32
33
33
33
33
33
33
33
33
33
34
34
34
34
34
34
34
34
34
34
34
35
35
35
35
35
35
35
35
35
35
35

32
33
34
35
44
45
46
47
48
32
33
34
44
45
46
47
48
33
34
35
44
45
46
47
48
34
35
36
43
44
45
46
47
48
35
36
37
38
41
42
43
44
45
46
47
36
37
38
39
40
41
42
43
44
45
46

S14

63.726
12.025
6.674
3.389
0.807
1.26
25.661
9.947
0.018
1.018
4.011
0.624
0.329
0.442
0.272
2.901
0.403
61.001
16.025
13.839
0.607
1.606
0.544
11.484
0.125
0.625
0.348
0.255
0.371
0.471
10.731
3.958
4.278
0.405
0.79
0.443
0.51
0.403
0.21
0.488
7.23
14.643
8.555
1.011
0.514
48.533
1.778
0.174
0.026
0.048
0.253
0.255
2.661
6.793
0.349
1.05

0.99779
1.94261
3.43993
5.06669
4.26651
2.55704
1.90322
2.17974
3.14438
1.53642
3.52897
5.1627
5.85704
3.96656
2.47624
1.54966
1.87535
2.06571
3.74049
5.36457
4.35289
2.44643
1.15229
1.44203
2.64685
1.6918
3.31317
4.96018
4.32106
2.45144
0.97636
1.96215
3.26989
4.55638
1.64685
3.34686
4.88467
5.76317
5.72765
4.53735
2.93556
1.38172
1.81806
3.52568
4.89162
1.74049
3.28327
4.14304
4.99755
4.8754
4.21123
3.06996
1.73749
1.58676
3.20926
5.0327



596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644

36
36
36
36
36
36
36
36
36
37
37
37
37
37
37
37
38
38
38
38
38
38
39
39
39
39
39
40
40
40
40
41
41
41
42
42
42
43
43
43
44
44
44
45
45
45
46
46
47

37
38
39
40
41
42
43
44
45
38
39
40
41
42
43
44
39
40
41
42
43
44
40
41
42
43
44
41
42
43
44
42
43
44
43
44
45
44
45
46
45
46
47
46
47
48
47
48
48

S15

82.511
0.311
0.041
0.066
0.402
6.272
3.088

1.59
0.285
8.365
1.073
0.531
3.969
3.256

0.43
0.431
0.104
0.436
1.498
2.226
1.065
0.851
4.197
1.564
0.629
0.433
0.273
3.825
2.769
0.242
0.313

14.881
0.985

0.28

70.754
0.619
0.206
0.841
0.305
0.495
1.009
13.447
0.107

33.545
0.414
0.106
0.382
0.117
0.036

1.55138
2.42869
3.28898
3.1487
2.53341
1.50949
1.29266
2.77502
4.68144
0.94399
1.82176
1.65835
1.29772
1.12448
241174
4.19524
0.95919
1.09773
1.26418
1.82715
3.3145
5.11477
0.89083
1.59492
2.5102
4.10042
5.93457
1.0315
2.08683
3.73676
5.61278
1.22155
2.92954
4.83764
1.71484
3.62667
5.54581
1.91735
3.8395
5.63309
1.94795
3.77456
5.22822
1.84665
3.3115
4.642
1.53726
2.9303
1.48032
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