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Table S1. Human proteins containing RAS association (RA) domain

No. Entry Protein name

1 QINS23 RASSF1, NOREZ2, PDA32

2 P50749 RASSF2, CENP34, RASFADIN
3 Q86WH2 RASSF3

4 Q9H2LS5 RASSF4

5 Q8WWWO0 RASSF5, RAPL, NORE1

6 Q6ZTQ3 RASSF6

7 Q02833 RASSF7, HRC1

8 Q8NHQ8 RASSF8, HOJ1

9 075901 RASSF9, PCIP1, PAMCI

10 ABNK89 RASSF10

11 P55196 AF6, AFDN, MLLT4

12 Q12967 RALGDS, RALGEF, RGF, RGDS
13 015211 RALGDSL2, RAB2L

14 QINZL6 RGLA1

15 Q9BSI0 RGL2

16 Q3MIN7 RGL3

17 Q9Y4G8 PDZGEF1, RAPGEF2, RAGEF1
18 Q8TEU7 PDZGEF2, RAPGEF6, RAGEF2
19 Q9P212 PLCe1, PPLC, NPHS3

20 Q13671 RIN1, JC99

21 Q8WYP3 RIN2, JC265

22 Q8TB24 RIN3

23 Q5U651 RAIN, RASIP1

24 Q7Z5R6 RIAM, APBB1IP, PREL1, RARP1
25 Q96JH8 RADIL, RASIP2

26 Q14451 GRB7, B47

27 Q13322 GRB10, GRB-IR, Meg1, RSS
28 Q14449 GRB14

29 Q15036 SNX17

30 Q96192 SNX27

31 Q70E73 RAPH1, PREL2

32 P52824 DGKQ

33 Q96P48 ARAP1

34 Q8WZ64 ARAP2

35 Q8WWNS8 ARAP3

36 B2RTY4 MYO9A

37 Q13459 MYO9B

38 Q9HD67 MYO10

39 QOP2F6 ARHGAP20




Table S2. Human proteins containing RAS binding (RB) domain

No. Entry Protein name

1 P10398 ARAF, RAFA1, PKS

2 P15056 BRAF, NS7, p94

3 P04049 CRAF, CMD1NN, NS5
4 P42336 PI3Ka, p110a, CLAPO, CLOVE
5 P42338 PI3KB, p110B

6 P48736 PI3Ky, 3110y, PIK3

7 000329 PI3K3, p1106

8 000443 PIBKC2A, PI3KC2a

9 000750 PIBKC2B, PI3KC2pB

10 O75747 PIBKC2G, PI3KC2y

11 014924 RGS12

12 043566 RGS14

13 Q13009 TIAMA1

14 Q8IVF5 TIAM2, STEF




Table S3. Proposed RAS effectors with no RA/RB domains

No. Entry Protein name Reference
1 Q8IzJ4 RGL4 [1]

2 095398 RAPGEF3, Epac1 [1,2]
3 Q8WZA2 RAPGEF4, Epac?2 [1, 3]
4 Q92565 RAPGEF5, Repac [1]

5 000522 KRIT1, Krit [1, 4]
6 P19367 HK1 [5]

7 Q9BPZ7 SIN1, MAPKAP1 [6]

8 Q9BYBO SHANK3 [7, 8]
9 Q9UPX8 SHANK2 [8]
10 QB8N9S9 SNX31 [9]
11 Q75LH2 FLJ10324 [10]
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Table S4. Human proteins containing RAS-related GTP-binding domain

No. Entry Protein name

1 P0O1112-1 HRAS1, p21HRAS

2 P0O1112-2 HRAS2, p19HRAS

3 PO1111 NRAS

4 P01116-1 KRAS4A

5 P01116-2 KRAS4B, RASK2

6 Q72444 ERAS, KRAS2, HRASP
7 P11233 RALA

8 P11234 RALB

9 P10301 RRAS, RRAS1

10 P62070 RRAS2 TC21

11 014807 RRAS3, MRAS

12 Q92963 RIT1, RIT, RIBB, ROCA1
13 Q99578 RIT2, RIN, ROC2

14 P62834 RAP1A, KREV1

15 P61224 RAP1B

16 P61225 RAP2B

17 P10114 RAP2A

18 Q9Y3L5 RAP2C

19 Q15382 RHEB1

20 Q8TAI7 RHEB2

21 Q9Y272 RASD1, AGS1, DEXRAS1
22 Q96D21 RASD2, RHES, TEM2
23 095057 DIRAS1, RIG, GBTS1
24 Q96HUS DIRAS2

25 095661 DIRASS3, ARHI, NOEY2, RHOI




Table S5. Dissociation constants determined for the RAS-effector interactions.

HRAS RRAS1 RAP1B RAP2A RALA RHEB RIT1
RASSF1 52110 33+4 262 2242 18+3 37+3 13626
RASSF2 147+26 122114 679 47+5 16720 44+7 n.b.
RASSF3 500+164 435161 11626 100+18 139+15 6419 n.b.
RASSF4 193431 n.b. 101+21 88+10 191+46 477 5849
RASSF5 1.0+0.1 56+4 4.0+1 2.0£0.2 49+10 467 n.b.
RASSF6 91+13 11220 6518 5319 n.b. 56+13 98+27
RASSF7 14067 30+5 7213 68+9 10130 7616 34+3
RASSF8 n.b. 11413 6615 6721 11549 102+21 76x7
RASSF9 179161 n.b. 7418 6615 n.b. 143+38 274
RASSF10 n.b. 99+10 73+6 67+16 n.b. 150+44 55+11
CRAF 0.3+0.1 3.3%1 307 n.b. n.b. 3549 139+40

Dissociation constants (Ks values + SE calculated by matrix inversion using GraFit program) were
determined by evaluating the fluorescence polarization data (Figures S5 and S6) shown in Figure 3 as bar
charts. No binding (n.b.) stands for Kq values higher than 500 uM.



Table S6. Published structures of the RAS and Effector protein complexes.

Structures PDBcode Res.(A) Ref.?
RB domains

RAP1A-GTP-CRAF RB 1C1Y 2.2 [1]
RAP1A(E30D/K31E)-GppNHp-CRAF RB 1GUA 2.0 [2]
RAP1A(E30D/K31E)-GDP-CRAF RB(A85K/N71R) 3KUC 1.92 [3]
HRAS-GDP-CRAF-RB(A85K) 3KUD 2.15 [3]
HRAS-GppNHp-CRAF-RB 4GON 2.45 [4]
HRAS(Q61L)-GppNHp-CRAF-RB 4G3X 3.25 [4]
KRAS-GppNHp-ARAF-RB 2MSE NMR 5]
HRAS(G12V)-GppNHp-PI3Ky-RB(V223K/V326A) 1HE8 3.0 6]
HRAS-GppNHp-Byr2-RB 1K8R 3.0 [7]
RA domains

HRAS(D30E/E31K)-GppNHp-RASSF5-RA (L285M/K302D) 3DDC 1.8 8]
HRAS(G12V)-GTP-GRAB14-RA/PH (K272A/E273A) 4K81 24 [9]
HRAS-GppNHp-RALGDS 1LFD 2.1 [10]
HRAS(G12V)-GTP-PLCe(Y2176L) RA2 2C5L 1.9 [11]
HRAS-GppNHp-Afadin RA1 6AMB 2.5 [12]
RAP1B-GppNHp-Rasip1 RA 5KHO 2.78 [13]

2 References are listed below.
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Figure S1. Flowchart of an in-silico search for RA/RB domains in data bases. RAS effector
proteins in the human proteome were selected in a stepwise search. The initial search for input
sequences, containing RA/RB domains, was performed in the UniProt database for proteins
containing annotated RA/RB domains. Then HMMER was used to identify more sequence related
domains. In the next step, the ClustalWW sequence alignments of the output sequences were
manually inspected and carefully processed to obtain all output sequences, such as 41 RA (in 39
different proteins) and 16 RB (in 14 different proteins) domains (Fig. S2 and S3), depicted in
Tables S1 and S2.
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Figure S2. Multiple sequence alignment of human RA domains. Amino acid sequences of 41
RA domains of 39 RA domain-containing proteins were aligned by using ClustalWW and
implemented in BioEdit with default multiple alignment parameters. Asterisks highlight RAS-
binding amino acids of the respective effectors as indicated in red, green, magenta, blue, orange,
and purple. Underlined proteins were biochemically investigated in this study.
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Figure S5. Fluorescence polarization measurements of RAS interactions with RASSF RA
domains. Fluorescence polarization experiments were conducted to determine the dissociation
constants (Kq) by titrating the active, mGppNHp-bound form of RAS proteins (1 uM) with increasing
concentrations of the respective effector domains. The X-axis represents the concentration of the
effector domain as MBP fusion proteins in yM and Y-axis represents fluorescence polarization.
The lines through the data points indicate that equilibrium K4 values have been determined for the
respective measurements. The Kq values are summarized in Figure 3 and Table S5.
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Figure S6. Fluorescence polarization measurements of RAS interactions with CRAF RB
domain. Fluorescence polarization experiments were conducted to determine the dissociation
constants (Kq) by titrating the active, mGppNHp-bound form of RAS proteins (1 uM) with increasing
concentrations of CRAF RB domain. The X-axis represents the concentration of the effector
domain as MBP fusion proteins in yM and Y-axis represents fluorescence polarization. The lines
through the data points indicate that equilibrium Ky values have been determined for the respective
measurements. The Ky values are summarized in Figure 3 and Table S5.
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Figure S7. Control fluorescence polarization measurements. (A) Titration of mGppNHp-bound
HRAS with purified MBP as a control experiment showed that MBP itself does not bind HRAS. (B)
Three independent measurement for the interaction between HRAS-mGppNHp with RASSF1-RA
resulted in very similar changes in fluorescence polarization. (C) The Ky values, determined for
the three measurements in C, revealed a standard error of 1.021, which is far below the estimated
standard error for the initial measurement in the manuscript (+10). SE was calculated using
GraphPad Prism software. This Result allow the assumption that the standard error for each
individual measurement in this study is the maximum probable error predicted for that
measurement, which would be a lower number in triplicate measurements.
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RAS-effector
complexes:

= HRAS-CRAF (4GON)

= HRAS-RASSF5 (2DDC)

— HRAS-PLCs (2C5L)

= HRAS-PI3Ky (1HES)

— HRAS-GRB14 (4K81)

= KRAS-ARAF (2MSE)
RAP1A-CRAF (1C1Y)

/% ; . = HRAS-RALGDS (1LFD)
,, domains GRB14 HRAS-AF6 (6AMB)
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Interacting interface RASSF5

Figure S8. Superposition of all available RAS-effector complex structures. Ten structures of
RAS-RA/RB domain complexes (see the inset and more details Table S6) were overlaid in ribbon
representation. The interface residues (boxed), which were used for the generation of the matrix
in Figure 3, are highlighted in Figure S9. Additional properties outside the interaction interface

(box) are indicated.
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Figure S9. Secondary structures, the corresponding interacting residues, and published
dissociation constants (Kq) for respective interactions are illustrated for HRAS G domain
(A) and various RA/RB domains (B). The secondary structures and the corresponding
interacting residues (above the secondary structures) were extracted from the structures
deposited in the PDB (Table 6). Color codes of the interacting residues (blue, red, green, black;
bold) correspond to those in Figures 3 and S2-S4. Determined Ky values for the Interaction of
defined RA/RB domains with different RAS family proteins and the variants of the interacting
residues are represented above the interacting residues, respectively. The numbers on the right
side refer to the original studies (see references below).
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Figure $10. Fluorescence polarization measurements of the interaction of RASSF hotspot
variants with various RAS family proteins. Fluorescence polarization experiments were
conducted to determine the dissociation constants (Kq) by titrating the active, mGppNHp-bound
form of RAS proteins (1 yM) with increasing concentrations of the RA domains of RASSF hotspot
variants (RASSF2-to-1 A186K/Y187D/V190K/T191H, RASSF4-to-5: Y185D/S1871/V188K/ N188L
and RASSF9-to-5: V40D/G421/L43K/K45L/R46H; see Figure 3, boxed residues). The X-axis
represents the concentration of the effector domain as MBP fusion proteins in yM and Y-axis
represents fluorescence polarization. The lines through the data points indicate that equilibrium
Kq values have been determined for the respective measurements. The Ky values are also
summarized in Figure 4.
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Figure S11. His-tag pull-down assay of RIT1 and HRAS binding by RASSF1-RA, RASSF7-
RA and RASSF9-RA. HA-RIT1 and FLAG-HRAS, overexpressed in HEK 293T cells, were pulled
down using His-tagged MBP-RA domains of RASSF5 (63 kDa), RASSF7 (54 kDa) and RASSF9
(55 kDa). Therefore, His-tagged RASSF-RA proteins (20 ug per protein and experiment) were first
coupled to the Ni-NTA beads (100 pl per experiment) before mixing them with the cell lysates (200
Mg per experiment). Note that His-pulldown assay did not work when cell lysate and the His-tagged
proteins were added to the bead at the same time. Immunoblots of total cell lysates (TCL),
evaluated using an Odyssey Fc Imaging System (LI-CORE Biosciences), were served as loading
control to detect HA-RIT1 and FLAG-HRAS, respectively, analyzed by immunoblotting (IB) using
anti-HA (SC-805, Santa Cruz) and anti-FLAG (F7425, Sigma) antibodies. Input samples represent
the quantity of the RASSF proteins prior to being added to the beads and output samples indicate
the quantity of the bound RASSF proteins to the beads after pull down. An anti-His (RM146,
Thermo Fisher) antibody was used for detection of His-tagged RASSF5, RASSF7 and RASSF9
in input and output as loading control. Input and output samples showed that the RASSF proteins
are comparably bound to the beads.
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