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SUPPLEMENTARY INFORMATION



MFS 5EQI https://d55qc.app.goo.gl/wcE7nXES2yhE4CQr6
TRIC 5WUF https://d55qc.app.goo.gl/XUkPY7iPmR8LVJ8c9
3KCU https://d55qc.app.goo.gl/srgkH59g3ADhRSTS8

AQP1 3NE2 https://d55gc.app.goo.gl/pN9hZKMbiS4VML5H6

SemiSWEET 4QNC https://d55qc.app.goo.gl/i9vWJfzXEcL8q2A69

Apo vs. Ligand | 4QND

SWEET vs. 5CTH https://d55qc.app.goo.gl/INFEK6KmideLHYt1A

SemiSWEET 4QND Use keyboard “a” letter or “Alternate” command to visualize alternatively the 2 aligned structures of SWEET
(PDB:5CTH) vs. 3TMH monomer A of SemiSWEET (PDB:4QND) (aligned only on 3TMH protodomain 1)
Use “a” alternate command to alternate between structures

PnuC 4QTN https://d55qc.app.goo.gl/S1atQgdGptdt7bCs6

GPCR C 40R2 https://d55qc.app.goo.gl/ZFChMCsBRER3uSbD7

GPCR Aa 5G53 https://d55gc.app.goo.gl/igoFR7sh9hZdjK1L9

Rhodopsin 1GZM https://d55qc.app.goo.gl/KtAebnkkSJ7fm3aHA

Rhodopsin 6CMO https://d55qc.app.goo.gl/KLJg7G6Zx3g9hju4A

active-inactive | 1GZM

pLGIC

AcetylCholine 6CNK https://icn3d.page.link/Knzy

Receptor

Table S1 - 3D visualization links - using iCn3D
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™1 TM2 2b TM3 3TMH RMS (A)
sequence length aligned (5CTH) 20 18 25 63
SWEET 123 567 (# res. identical) 3 5 5 13
%ld 15% 28% 20% 21% 1.36
vs. SemiSWEET (4QNC/4QND) 0/6(*) 3 4 713
%lId 0/30% 17% 16% 11/21% 1.98
length aligned (4QTN) 13 42 23 78
PnuC 123 vs 567 1 6 4 1
%Id 8% 14% 17% 14% 1.26
length aligned (5WUF) 23 23 16 62
TriC 123 vs 456 8 10 4 22
%ld 35% 43% 25% 35% 1.53
length aligned (4FC4) 21 18 13 23 75
FocA 123 vs 456 4 3 1 8 16
%lId 19% 17% 8% 35% 21% 1.37
length aligned (5DYE) 24 25 10 19 78
Aquaporin 123 vs 456 4 5 4 4 17
%Id 17% 20% 40% 21% 22% 1.92
length aligned (3C02) 24 25 14 19 82
Aquaglyceroporin 123 vs 456 5 5 3 4 17
%Id 21% 20% 21% 21% 21% 1.92
length aligned (4FC4-1/ 5DYE-2) 21 17 12 23 73
FocA vs. Aquaporin 3 4 0 8 15
%Id 14% 24% 3%  21% 2.94
length aligned (5EQI) 18 18 18 54
MFS 123 vs 456 (protos1-2) 4 3 2 9
%lId 22% 17% 1% 17% 1.70
vs 789 (protos1-3) 2/4(*%) 1/6(**) 4
%Id 11/122%(**) 6/33%(**) 22% 13/26% 1.88/2.97(**)
vs 10-11-12 (protos1-4) 3 1 2
%Id 17% 6% 1% 1% 2.32
Average 19% 21% 17% 22% 20% 1.81
Min 8% 6% 0% 1% 1% 1.26
Max 35% 43% 40% 35% 35% 2.94

Table S2 - Protodomain alignment statistics for SWEET, PnuC, TriC, FoCA, Aquaporin, and MFS
(*) a shift of 3 in sequence will match SPLA sequence in SWEET proto2, part of the FxSP motif in TM1/5 conserved in SWEET protos

(**) A 4 protodomains optimized multiple structure alignment. A shift in sequence vs optimized structure alignment would for example increase the sequence match from 1 to 6 in TM2
for an overall RMS change from 1.88A t0 2.97 A



GPCRs T™M1/5 TM2/6 TM3/7 3TMH RMS (A) Symmetry | TM1/4 TM2/5 TM3/6 3TMH RMS (A) Symmetry
length aligned 21 29 27 77 21 29 27

1F88 123 vs 567 (# res identical) 4 4 7 15 Rhodopsin 2 4 2

%Id 19% 14% 26% 19% 3.24 SYM 10% 14% 7% 10% 7.73 NO SYM
length aligned 28 21 21 70 28 21 21

40R2 123 vs 567 5 0 4 9 Class C 3 1 0

%Id 18% 0% 19% 13% 3.36 SYM 1% 5% 0% 5% 4.89 NO SYM
length aligned 22 21 24 67 22 21 24

4MBS 123 vs 567 6 0 3 9 Class A 3 4 1

%Id 27% 0% 13% 13% 2.62 SYM 14% 19% 4% 12% 6.78 NO SYM
length aligned 28 29 28 85

4GRV 123 vs 567 6 2 7 15 Class A

%Id 21% 7% 25% 18% 3.31 SYM

length aligned 22 25 20 67

3RZE 123 vs 567 4 0 4 8 Class A

%ld 18% 0% 20% 12% 3.38 SYM

length aligned 24 24 18 66

30E9 123 vs 567 5 3 1 9 Class A

%ld 21% 13% 6% 14% 3.38 SYM

length aligned 24 26 20 70 16 20 20 56

4JKV 123 vs 567 6 2 2 10 Class F 2 3 3 8

%Id 25% 8% 10% 14% 2.39 SYM 13% 15% 15% 14% 5.23 NO SYM
length aligned 25 22 22 69 16 28 21 65

5EE7 123 vs 567 2 2 3 i Class B 1 3 1 5

%Id 8% 9% 14% 10% 2.56 SYM 6% 1% 5% 7% 6.49 NO SYM
length aligned 23 16 25 64

4EIY 123 vs 567 1 2 4 7 Na+ binding

%Id 4% 13% 16% 1% 2.68 SYM

length aligned 17 24 17 58

1UAZ ABC vs EFG 3 6 0 9 Bacteriorhodopsin

%Id 18% 25% 0% 16% 2.56 SYM

Average (GPCRs) 18% T% 16% 14% 299 1% 13% 4% 9% 6.47

Min 4% 0% 6% 10% 2.39 SYM 10% 5% 0% 0% 5% 4.89 NO SYM
Max 27% 14% 26% 19% 3.38 14% 19% 0% 7% 12% 7.73

Table S3 - Protodomain alignment statistics for GPCRs (and Bacteriorhodopsin). [Left] Sequence Identity and RMSD of the two 3TMH TM123/TM567 protodomains
matching symmetrically and individual matching transmembrane helices. [Right] Protodomain 1 TM123 vs 3TMH TM456 for comparison (not related symmetrically).



Motifl: S3.39 Motifl: D2.50
Motif2: NS7.46 Motif2: FxxxW6.48
GPCR-Class Ad. Ay Ad. Ay
Humans 76.8 12.3 24.6 -
Mammals 29.0 21.3 9.6 2.6
Vertebrates| 524 16.9 3.1 2.6

Table S4: Odds-Ratio of three pairs of co-evolutionary related residues/motifs, calculated using the GPCR-SAS server
[http://Imc.uab.cat/gpcrsas/, Tamayo et al. (2018) PLoS One, 13(7):e0199843] for available GPCRs from humans, mammals, and
vertebrates. Numbers following the motifs are the BW numbers of the only residue or last residue in the motif.

Odds Ratio



http://lmc.uab.cat/gpcrsas/

SWEET 1/2/3
SWEET 5/6/7
Semi SWEET

Pnuc 1/2/3
Pnuc 5/6/7

TRIC 1/2/3
TRIC 4/5/6

Foca 1/2/3
Foca 4/5/6

Aqgp1 1/2/3
Adqp1 4/5/6

Foca 1/2/3
Aqgp 4/5/6

GAqp1/2/3
GAQqp4/5/6

MFS 1/2/3
MFS 4/5/6

Pairwise protodomain alignments

JCTH B |aglagNIFALALFLSPVTTFKRILK: L I rfdGLPYLFSLLNCLICLWYGLpw 1lg rLLYATVNGIGAVFQLAYICLFIFYAd
SCTHB vgav -MASLISMFAS LAVMGVVIRS € sV ~efmpFYLSLSTFLMSASFALYGLI1 I ~1dF YFPNGLGLILGAMQLALYAYYSs
IONDA lep I mLVMGLISPLATMPQLYKLY \'~h~.‘]l alg I sLTTWLLYSH LLWTIYGIyh knPTIWVGNCLGFLMYVAMVVGIITAHTg
4OTN.A vwLLXFLCIQAVVFVfiR~~~~~ pd SWLASVAAVTCILCVVFvGKGK I SNYLFGLISVSLYAYVSYTFk~~~~m~~ | YGEXXLNLIVYVPVOFVGFAXWRKhx:

40TN.A | vWAASVVGTSVYIEwlhhlgsalPTLDGVTVVVSIVAOVLx I LRYREOWALWIVVNILTISLWAVAWTfknge tsLPLLLXYV~XYLCNSVYGY INWTK I v

SWUF A ~xndFLFYLDIFGVIVFALSGALXAGRYQLDPFGVVVLASVTAVGGGTIRDVILQTPVFWVEKPYYLYVILATAILTIVLIirgpkrip
SWUFA ipkrFLLIADALGLALFAVLGCTQKALYLGAPIPVAVVLGTITGIAGGXIRDVLCNVIPXILREEIYALAAXLGGSLFIILhglnwndt

4FC4 A | gFWVSSAMAGAYVGLGIILIFTLgnl IdpsvrpLVMGATFGIALTLVI IAGseLFTGHTMFLTLGvkagtis~~~hgg wai LPQTWLGNLVGSV~FVALLYSWGGgs
4FC4 A tvLFFKGALCNWLVCLAIWMAIRTEe ~~~m~mm~ gTAKFLAIWWCLLAFIASGYyeHSVANMTLFALSwfghhsdaytlagighnLLWVTLGNTLSGVVFMGLGCYWYATpK

S5DYEA csvaFLKAVFAEFLATLIFVFFGLGSALkwpsalpti IQIALAFGLAIGTLAQALGPVSGGHINPAITLALLVgngisllraFFYVAAQLVGAIAGAGILYgvap
SDYEA nnttQGQAMVVELILTFQLALCIFASTDsrrt~~epvgSPALSIGLSVTLGHLVGIYFTGCSMNPARSFGPAVY nrfspahWVYFWVGP IVGAVLAAILYFyl I f

4FC4 A | gFWVSSAMAGAYVGLGIILIFTIgnl Idpsvrpl VMGATFGIALTLVIIAGS~~~~~~ e LFTGHTMFLTLGvkagtishgg wai LPQTWLGNLVGSVFVALLYSWGGqgs
SDYEA gqAMVVELILTFQLALCIFASTDSrrt~~~~epvgSPALSIGLSVTLGHLVGiyftgcs NPARSFGPAVVMNr frommmmmnn spaHWVFWVGP I VGAVLAAILYFYLLfp
3C02 A YKSYVREFIGEFLGTFVLMFLGEGATAnfhttg!l sgdwYKLCLGWGLAVFFGILVSAKLSGAHLNLAVSIGLSS Inkfd~~m~mmmm~ Ikk IPVYFFAQLLGAFVGTSTVY~GLyh

3C02 A siSLTGAFFNELILTGILLLVILVVVDenicg~~kfhiLKLSSVVGLIILCIGITFGGNTGFALNPSRDLGSRFLsliaygkdtftkdnfyFWVPLVAPCVGSVVFCQFYDkVIcp

SEQiA | LAVGGAVLGSLg~~FGYNTGVinapgkvieefyngtwvhrygesilpttlttlws|sVAIFSVGGMIGSFSVGLFVATr frmmman grrNSMLMMNLLAFVSAVLMGFSK |
SEOHA [ FeMLI LGRF I IGVyS<COLTTO VD Yy Qe v« ni s aii i i i o o 0 o 0 ptalrgalGTLHOLGIVVGILIAQOVFGIdsi gnkd|IwpLLLSIIFIPALLOCIVLPFCpe
SEQIA piLIAVVLOLSQOIsgINAVFYYstsifekarmmmmmmnnnmnamnnomnmnna ~~gVvqQgpVvYATIGSGIVNTAFTVVSLFVvera~~m~~= grrTLHLIGLAGMAGCAILMTIAIla

SYLSIVAIFGFVAf~~FEVGPGPipwfivae|l fsmaunmmmmammamnnme gqgprpaaiavaGFSNWTSNFIVGMCFQYVEQ| Crmmmmmn gpYVFIIFTVLLVLFFIFTYFKvp

Figure S1 - Pairwise alignment of protodomains of: SWEET protodomains 1.36 ARMS /21 % 1d (5CTH) vs. SemiSWEET 1.98 ARMS /16% Id (4QND), PnuC: 1.26 A

RMS /13% Id (4QTN), TriC: 1.53 ARMS /34% Id (BWUF), FocA: 1.83 ARMS /20% Id (4FC4), Agp1: 1.36 ARMS /24% Id (5DYE), An example of surprising
sequence/structure homology between FocA (4FC4) protodomain 1 vs. Aqp (5DYE) protodomain 2: 2.94 ARMS /34% Id and 18 %ldentity . MFS 1.70 ARMS
/17% Id on first 2 protodomains and 1.70 ARMS /17% Id on protodomains 3&4 (5EQI) - after optimisation of protodomain boundaries for best structural match.



Protodomain alignments (pairwise, familywise and across two families FocA and Aquaporin)

FocA 1/2ab/3 1FC4.A | gFWVSSAMAGAYVGLGIILIFTLgn! ld~~~psvrpLVMGATFGIALTLVIIAGse LFTGHTMFLTLGvkagtis~~~~~~mmrmomnmm~~n~~hgg waiLPOTWLGNLVGSV~FVALLYSWGGGS
FocA 4/5ab/6 4FC4_A tvLFFKCALCNWLVCLAIWMAIRIe~mw~~~~~~~~gTAKFLAIWWLLLAFIAvaeHbVANM1LFALbWthhﬂcav e ~t1agighnLLWVTLGNTLSGYVFMGLGYWYATpk s
FocA 1/2ab/3 yKSFLLAISAGIQIGIAFVFYTVVttgahd pygvtKLLGGLAFSLGLILYVITGGe LFTSSVLILVAKASGK | SWommmom oo e e e kel vinWTVVYFGNLCGS I ~ILVFIMLATRGf
FocA 4/5ab/6 IJAEALGLMCNILVCLAVWMTFSAr5k~~MKk~~kkITDKVMVL[LPVAMF«SSCEHHCIANMFO\PMAlg\kv'apesiwa Iqan\dqyad‘niunfluﬂnLlPVTLC\IVCGC VFVGMWYWL 1y | k
FocA 1/2ab/3 3KCV.A IKTFYLAITAGVFISIAFVFYITAttgtgt pfg akLVGGICFSLGLILCYVCGadLFTSTVLIVVAKasSGri twe~m~~~- ~m~~gqlaknWLNVYFGNLVGAL~LFVLLMWLSGey
FocA 4/5ab/6 ie AVCLG | LANLMVCLAVWMSYSGrs~~rmmmmamea~ | MDKAFIMVLPVAMFVYASG feHS I ANMFMIPMGivirdfaspef ntavgsapentsh‘tv nfitdnLIPVTIGNIIGGG~LLYGLTYWV Iyl
Aqp1 1/2ab/3 5132 A |aSLRAYLAEFISTLLFVFAGVGSAlayak!ltsda~~sm~mmmm~~~aldtpglvAlAVCHGFALFVAVAIGANISGGHVNPAVTFGLAVGQQQi~~~~tviTGVFYWIAQLLGSTAACFLLKYVTgglav
Aqp1 4/5ab/6 5132 A |IgSIEGVVME I | ITFALVYTVYATAAdpKkKgemmm~mmmm e~~~ vmmem~~5 | gUIAPLAIGLIVGANI LAAGPFSGGSMNPARSFGPAVaag~~~~~d f sGHWVYWVGPLIGGGLAGLIYGNVF gsse
Aqp1 1/2ab/3 INE2 A  tLAKRFTAEVVGTFILVFFGPGAAViIt| iangadkpnefnigigalgg|gdwfAIGMAFALAIAAVIYSLGRISGAHINPAVTIALWSigrf~~~~pgrEVVPYIVAQFIGAALGSLLFLACVgpaaa
Agp1 4/5ab/6 igYGOQAILTEAIGTFLLMLV IMGVAVOE I 2~ oo o e o o s ppgFAGLVIGLTVGGIITTIGNITGSSLNPARTFGPYLgds| ginlwgYFPIYVIGP IVGAVAAAWLYNY LAke ~~~
Aqp1 1/2ab/3 vaFLKAVFAEFLATLIFVFFGLGSALkwpsa~~~-~ - ~lpti lQIALAFGLAIGTLAQALGPVSGGHINPAITLALLVgngi~~~~s||RAFFYVAAQLVGAIAGAGILYGVAplnar
Aqgp1 4/5ab/6 t tQGQAMVYVE LI LTFQLALCIFASTDSIrimmmroro oo~ mm~~2pVGSPALS IGLSVTLGHLYGIYFTGCSMNPARSFGPAVY nr~~~~fspAHWVFWVGP IVGAVLAAILYFYLLfpns
FocA 1/2ab/3 dFC4. A | gFWVSSAMAGAYVGLGIILIFTIgnl ldr~~mmmmmmmmmm psvrp Il VMGATFGIALTLVIIAGS~~~~~~eLFTGHTMFLTLGvkagtis~~~~~mn~momm~oumm~n~~~hgg wai LPOQTWLGNLVGSY~FVALLYSWCGgS
FocA 4/5ab/6 dFC4 A tvLFFKCALCNWLVCLAIWMAIRTE ~m~mm= mmmmn g TAKFLAIWWCLLAFIASGY~ ~eHSVANMTLFALSwfghhsday~- o tlagighnLLWVTLGNTLSGVVFMGLGYWYATpk
EocA 1/2ab/3 YkSFLLAISAGIQIGIAFVFYTVvttgahd p\aqv'le(FL’\FSLGlIL‘.'\'Iqu ~8LFTSSVLILVAKASQK I SWemmm~mmoe e v mm = Ke | WP AWTVVYFGNLCGS I~ LVFIMLATRg f
FocA 4/5ab/6 | gAFALGLMCN I LVCLAVWMTFSars~~~~~ ~ | tDKVMVLILPVAMFVS5Gf~ ~eHCI ANMFQVPMAIgikyfapesfwa tgani auraclnf nfivanLIPVTLGN I VGGG~V FVGMWYWL |y |
FocA 1/2ab/3 IKCVA IkTFYLAITAGVFISI \FVFYITattrtqt p*o aKI\CF[’FSleILCVVCr ~dLFTSTVLIVVAKasgritwer~o~mommmnm e mmmmen~~0q laknWLNVYFGNLVGAL~LFVLLMWLSGey
|eAVCLG | LANLMVCLAYWMSY Sgr s~ ettt | DKAE‘M\LP\&M}VA)U"”'””'nHSIANMfM|P“b|\|rJfaLpoW aVUSd“EHTShlEV nfitdnLIPYVTIGNI IGGG~LLVGLTYWV Iyl
FocA 4/5ab/6 5132 A I'AYLAFFISTLLFVFACV”Su\a,aklrsda IdlpcIVAIAVCHCFA'FVAVAICJw\sqqkuN AVTFGLAVGGQ i tremmmmmn e mmmmmmmmnmnmey | tGVFYWIAQLLGST~AACFLLKYVTgg
Agp1 1/2ab/3 i eGVVME | I ITFALVYTYYATAAdpkKkg~~~~ -5 |gt IAPLAIGLIVGAN | LAAgpfsaas NPARSFGPAVAAgdf-~ - ~~SgHWVYWVGP LIGGG~LAGLIYGNVF g

~greVVPYIVAQFIGAA~LGSLLFLACVgp
~nIwayFPIYVIGP IVLAV-AAAWLYNY LAke
~| | rAFFYVAAQLVGAI ~AGAGI LYGVAp|

92 19g1gdwfATGMAFALAIAAVIYSLgrisgahiNPAVT IALWSIGr fp~
wmmenm~~ppgFAGLYIGLTVGGI ITTIgn | tgss INPARTFGPYLGDS | gi
Agp1 4/5ab/6 ~ SOYEA |KAVFAEFLATLIFVFFGLGSALkwpsa- ~1ptilQIALAFGLAIGTLAQALgpvSaghiNPAITLALLVGNG i S~~~-
Aqgp 1/2ab/3  SDYEA GOAMVVELILTFQLALCIFASTDSrrt- - ~~epvgSPALSIGLSVTLGHLVGiyftacs NPARSFGPAVVMnr f ~SpaHWVFWVGP I VGAV~LAAILYFYLLfp
Aqep 4/5abs  JCOZA vr EFIGEFLGTFVLMFLGEGATAN fht {gmmmmmmm e | sgdwyKLCLGWGLAVFFGILVSak|sgahINLAVSIGLSSINKfdm~mm~~ ~1kk IPVYFFAQLLGAF~VGTSTVYGLYhg
agp taAFFNELILTGILLLYILVVVDER | €g~m~~r~mmmm~mm~~n~nekfhi IKLSSVVGLIILCIGITFggntgfa INPSRDLGSRFLSI iaygkdtem~~mmnonmneanene~n-ftkdnfyFWVPLVAPCVGSV~VFCQFYDKVIcp

Agp1 4/5ab/6 akRFTAEVVGTFILVFFGPGAAVIt]l ian
Aqgp1 1/2ab/3 gqAILTEAIGTFLLMLVIMGVAVdera~~-~

Figure S2 - Multiple alignment of FocA and Aquaporin protodomains. FocA (PDB: 4FC4, 3KLZ, 3KCV), AQP (PDB: 3NE2, 5132, 5DYE, 3C02)

Protodomains RMSD optimized within the FocA family 1.88 A (4FC4), 1.17 A/2.11 A (3KLZ), 1.55 A/2.06 A (3KCV), highlighting for each pair of protodomains in a
structure the conserved residues in RED. Some residues are conserved at the domain level, and at the family level. Foca show a partial “internal” conservation
between TM3 and TM6 at the family level, with especially a [G]INxxG[G] motif, while within each individual representative, internal” homology is significant. A
larger sequence alignment of the Pfam01226 family confirms that motif.

Protodomains RMSD optimized within the Aquaporin family 1.37 A (5132), 0.80 A/1.20 A (3NE2), , 0.78 A/1.58 A (5DYE), highlighting for each pair of protodomains in a
structure the conserved residues in RED. Some residues are conserved at the domain level, and at the family level. Aquaporins has retained a higher internal
homology between protodomains than FoCA, especially with its NPA motif in TM2b and TM5b at the family level.

Protodomains RMSD across FoCA and Aquaporin families. The first protodomain of FocA vs. other FocA protodomains 1.88 A (4FC4), 1.18 A/2.05 A (3KLZ), 1.54
A72.00 A (3KCV) vs. AQP protodomains 2.17 A/2.82 A (5132), 2.25 A/2.43 A (3NE2), 2.33 A/2.94 A (5DYE), 2.21 A/2.71 A (3C02). While the structure match is
very good between any representative of these two families FocA and Aquaporin, the sequence match is rather poor overall, yet the FOCA TM3 motif region
shows some overlapping homology with AQP [G/A]xxx[G/S][G/A/S] motif. See Figure S10 for sequence vs. structure similarities.
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Pairwise GPCR protodomain alignments

IFB8 A qFSMLAAYMF~LLIMLGFPINFLtIyVIvVgr-rrarnrrra~ra hkklrtPLNYILLNLAVADLFMVFGGFTTTLYTSLHgy fvFGPTGCNLEGFFATLGGE ! a IWNSLVVLAIE:
IFB8 A nNESFVIYMFvVHFIIPLIVIFFecygglvitvkeaaaqqqesattqkaekEVTRMVIIMVYIAFLICWLPY .G\";\FYIF[HqL\dl’(.l["]l'\ﬂll’ FFAKTSAV~~~YNPVIYIMMnp
X72ZA [tnNESFVIYMI \VHEI[PLiV]FF(quJvfL\kLuudqqqcsallqkncke\|rmVIIMV[AFLl(3LP'JGV FyiFthqgscFGPIFMTIPAF .hlxu\gnpviyimmnqu
EMQA wqFSMLAAYMF~LLIMLGFPINFLTLYVtIVQhEK~~~rmomm e~ Irlplny\LLNLAVADLFMVFGGFTTI\ ts lThgyfvFGPTGCNLQGFFA 1 lggeialwslvvilaier
6CMOR (pwWqFSMLAAYMFLLIVLGEf~PINFLTLYVTIVQhKKk=~~~-nromammina lr TPLNYILLNLAVADLFMVLGGFTSTLYTSLHey fvyFGPTGCNLQGFFATLGGEIALWSLYVLaier
6CMOR evnNESFVIYMFVVHFTIpmIIIFFCYGQLVFivkeaaaqqgesatt1qgkaeKEVTRMVIIYVIAFLICWYPYASYAFYIFTHqgs cFGPIFMTIPAFFAKSAAIYNPVIYIMMnkaqf
JIUAZ A arytWWLFSTICMIVVLYFLAtslraaakergpevASTFNTLTALVLVLWTAYPILWIIGtegagvv~~~glgietLLFMVLDOVTAKVGFGFIIl|rs

IUAZ A pet IWLGIGTLLMLIGTFYFIlvkgwg~~~~vitdkeAREYYSITILVPGIASAAYLSMFFGigltevgvgse |diyYARYADWLFTTPLLLLDIlall

2ZIY A yySLGIFIG~ICGI IGCGONG IVIYLFTktksS | ~m~vmmmmmmmmnan~ mmmmmm s tpaNMFI INLAFSDFTFSLVNGFp!l tiscflkkwi FGFAACKVYGFIGGIFGFMSIMTMAMISid

2ZIY A trSNILCMFiILGFFGPILIITFFCYFNIV svsnheke aa akrlnakelrkagaganae rlAKISIVIVSQFLLSWSPYAVvallaq~fgplewVTPYAAQLPVMFAKASAIHNPMIYSVSHpk

SEE7 A fwWILRFPVFLAILINFFIFVRIVQLLvaklrarg hhtdya fRLAKSTLTLIPLLGVHFVVFAFVIdehammcmmm s o qgt IRSAKLFFDLALSSFQ~GLLVAVLYCF Inl
SEE7 A fgVMYTVGYSLSLAALLLALAILGGLSk | ~memannmanashcTANAIHANLFLSFVLKASAVLFIdgllrtrysqgkiedd!svstwlsdgavaACRVAAVFMQYGIVANYCWLLVEGLY | ht

SEE7 A pvFLAILINFFIFVRIVQLLVAKLRARG h~~htdYAFRLAKSTLTLIPLLGVHFVVFAfvtdeh~~~~~aqggt|rSAKLFFDLALSSFQ~GLLVAVLYCFInlI
SEE7 A fgVMYTVGYSLSLAALLLALAILGGLSklhctana |HANLFLSFVLKASAVLFIDGLLRtrysqgkiedd!|svstwlSDGAVAACRVAAVF QYGIVANYCWI |

ORZA sniesI TATAFSCLGILVTLFVTLIFVLYRDTPvvkssSRELCYITLAGIFLGYVCPFTLTAkptttscyl LLVGLSSAMCYSALVTKTNRiaril
ORZA cnisnL VA GYNGLLIMSCTYYAFKTRNYPan~fnEAKYIAFTMYTTCI LAFVPIYFgsnyk~iititCF SLSVTVALGCMFTPKMY iiiak

4KVA hqdMHSY | AAFg~AVTGLCTLFTLATFVAdWr mmsmmmms e ~=~NSNRYPAVILFYVNACFFVGSIGWLAQFMdgarreivecradgres=~smmmsnast rlgeptsnet |SCVIIFVIVYYALMAGYVWEVVI T
4KVA gykNYRYRAGFvIAPIGLVLIVGGYFLIRgv tlfsiksnhpgllsekaaskinet LRLGIFGFLAFGFVLITFSCHFYDFFngaewersfrdyvlicganvtiglptkgpipdceiknrpSLLVEKi~NLFAMFGTGIAMSTwyv

MOT A evyfIVLYAGSLSLVTIIGNILVMYSIKVNrhl gty oo e v e e e v e e e nnyfl FSLACADLI IGVFSMNLytlyvtvigywplgpvved IWLALDYVVSNASVMNLLI Isfdr
IMQT A fisnAAVTFGTAIAAFYLPVIIMTVLYWHIsrasksrikkdkkepvangdpvstrkkpppsrekkvtrti LAILLAFIITWAPYNVMyvIintfea~~~~ pcipntvWTIGYWLCY INSTINPACYalcn
MOT A ey vIIVLVAGSLSLYTIIGNILVYMVSIKVNIh]QLlVvh~~soamammmmnamnacanm u\‘Il['sl.-\C.-\DL[[GVFS\I‘H\ll\t\1\'\\\'plL|}\\ldEh]\L'-VV“.-\S'MJ.\'LLII fdry
MOT A naavTFGTAIAAFYLPVIIMTVLYWHISRAsksrikkdkkepvangdpvstrkkpppsrekkvtrtilaiLLAFIIT "Vmv lintfcape~ipntvwtigyWLOCYINSTINPACYALCn at fk
JUMA [qqlaiAVLSLTLGTFTVLENLLVLCVILHSTr s |~ ~TerPSYHFIGSLAVADLL SV|:VYSFlDFHVFhI‘k-vdiﬂ[\\-'!"LFK GG TASFTASVGSLFLAaidry
SUM A fphidETYLMFWIGVTSVLLLFIVYAYMYI Ilwka rmd iRELAKTLVLILVVLIICWGPLLAIMVYDYFGkmnk | iKTVFAFCSMLCLLNSTVNPIIYALRskdlITr
qUISA vwilAFLTGFLALV~TIIGNILVIVAFKVnkaqg~ —vlLT\-’[\’l\‘YFLLslwucADLIIFVLnunlftty'Limnrwulgnl.'LCDLWLSI."1‘\-’u'.."mAS‘w'[\-INLL\-'Ist’dry
4UISA TISEPTITFGTATAGFYMPVTIMTILYWRiyke kkaAQTLSAILLafiiTWTPYNImvivntfemeonnsn cdscipk TYWNLGYWLc~YINSTYVNPVCyalcn
IMBS. A yqTwkNFQTLKIVILGLVLPLLVMYIcysgilk rdvr |l iFTIMIVYFLFWAPYNIVLLLNtfqeffglnncss sNRLDQAMQYVTETLGMTH-CCINFIIyafveg
MBS_A .1¢|llFF'L|SL\’FIFCFV(‘[\MLVILI[ln\tk|-v ~lksmtDIYLLNLAISDLFFLLTYVFFWahvaaarr~~qwdfigNTMCQLLTGLYFIGFFSEgIFFIILLtidry
HBEA Ttevl IraskYLGIVYFFLFLLMWCFFFItnitlv]ermmew cdscnqTTLOMLLEIFYWIGYVSSGYNPLVYTLFnkt

]
1

tker TGDFMLFGSLAAFFTPLAIMIVTYF
B4 A eeqgnk 5

Itiha
EWAALLILMVITPTIGGNTLVILAVS ekko ~1QYATNYFLMSLAVADLLVGLfvympialltimfeamwp|pLVLCPAWLFLDVLFSTASIWHLCAISVDrYy i



A/2/3 dGRV A IvsKVLYVTAIYLALFYVYVGTVGNSYVTLFTLARKLk s |- ~qSLQSTVHYHLGSLALSDLLILLLAMPVELYNI iwvh~~hpwafGDAGCREYYFLRDACTYATALNVYASLSVATY
A:5/6/7 4GRV.A tvKVVIQVNTFMSFLFPMLVISILNTVIANKItvm  svq ALRHGVLVARAVVYIAFVVCWLPYHYV LMFcyisdeqwttf IFDFYHY~FYMLTNALAYASSAINPILYNLvsS
A/2/3 IRZEA dvIWFKVMTAIINFYLpTLLMLWEYAk i vk a |lLKTVIIVLSVFIACWAPF ILLLLDVYvECkVY~r~m~mn ktcdlI LFRAEYFLVLAVLNSGTNPIIYtltnk
A:5/6/7 _?RZE_A pl '."V\"‘LST|CL\"’T\"GL*-NLL"."‘LY}\"."‘RSEI"* ~fTHRPMYYFIGNLALSDLLAGVAYTANI] I ga vkltpaQWFIL GS VALSASVFSLLAI aiery
AA:1/2/3 IV2W_A i LF IVFTLLLLSIVILYCRIYSLwvrirnm nval LKTYIIVLSVFIACWAP ILLLLDvgckvktedil fTAEYFLYVLAVLNSGTNPIIYtltnkemr
A5/6/7 JVZIWA tsVVFILICCFIILENIFVLLTIWKTkkfh~  ~rpmYYFIGNLALSDLLAGVAYTANLLLSgattyk~~11paqWFLREGSMFVALSASVFSLlaiaier
A1/2/3 JOEG A nd IWWVVFQFQHIMYGLILPGINVILSCYCiii rka |KPTViLILAFFACWLPYYIGISIdsfilleiikagg cE‘Enr'HK'.'v'ISITEALA FFHCCLNpilyaflg:
A:5/6/7 30£9 A nki FLPTIYSIIFLTGIVGNGLYILVMGyqgkk ~| rsMTDK~YRLHLSVADLLFVITLPFwavdavan-~ ~wyfgnf Il CKAVHVIYTVYNIYSSVWI Lafisldry
A:5/6/7 NGH A *|~‘r‘|1‘r\'l YTKICVFLFafVVRILIITVCy mllrlrevs seskekdrslrr i trMYLVYVGAFVVCWAPIHIFVIVwtlvd~~~idr rDPLVVAALHLCIALGYANSSLNPVLYAT I
A:1/2/3 41‘-0?!'}'1 [aJATAITALYSAVCAV~LLGNVLVMF (:. vryt kmk tATNIYIFNLALADALATSTLPFqsaky ImetwpiGELLCKAVLSIDYYNMFTSIFTLTMMSvd 1

4EIYA vyl TVEL~ATAV~LAILGNVLVCWAVWLNsn | g ~nvINYFVVSLAAADIAVGVLaipfaitistgfcaachgCLFIACFVLVLTQSSIFSILAIAIDry
A/2/3 4EIY.A vpMNYMVYyFNFFaCVLVPLLLMLGVYLRIflaa — aksIAIIVGLFALCWLP LHIIncftffcmmmmmpdecshaP LWLMYLAIVLSHTNSVVAPFIYAY |
A:5/6/7

JEIY A vy ITVEL~AITAV~LAILGNVLVCWAVWLNsnlg -nvtnYFVVSLAAADIAVGVLAipfaitistgfcaachgCLFIACFVLVLTQSSIFSILAIAIDRY
JEIYA vpMNYMVYyFNFFaCVLVPLLLMLGVYLRIflaa :vhaaKSLAIIVGLFALCWLP iincftffcpdcshaplWLMYLAIVLSHTNSVVYN~FFIYAYRI

Figure S3.A - Protodomains pairwise alignment (TM123 vs. TM567) of GPCRs. (Class A) Rhodopsin - 1F88: 3.24 A (A) Rhodopsin active 2X72: 2.59 A;
Rhodopsin active 6CMO: 3.26 A; (B) 5EE7: 2.56 A, alternate 3.11 A, (C) 40R2: 3.36 A, (F) 4JKV: 2.39 A; (A) active 4AMQT: 2.73 A - human M2 muscarinic
acetylcholine receptor; (A) 4U15: 2.6 A M3 muscarinic receptor bound to tiotropium (A) 4MBS: 2.62 A CCR5 chemokine receptor—HIV entry inhibitor maraviroc
complex; (A) 41B4: 2.71 A; (A) 4GRV: 3.31 A; (A) 3RZE: 3.01 A, (A) 3V2W: 2.73 A (FD), alternate 2.68 A (WD) ; (A) 30E9: 3.38 A; (A) 4N6H: 2.87 A human
delta-opioid receptor (delta-OR) bound to Sodium (orange) and Naltrindole (green); (A) 4EIY: 2.68 A (WD), alternate 2.89 A (FD). Conserved residues are colored
in red. Ligand binding/proximity (less than 4 /°-\) colored in green; Sodium binding residues colored in orange. (FD) means the alignment matches F6.44 with
D2.50. (WD) matches W6.48 with D2.50. In most cases both alignments can be performed, as a rigid body translation along the symmetry axis of one
protodomain vs. the other, in some cases TMH2/6 translation alone. Examples 3V2W and 4EIY are two cases where RMSD is low and similar for both
alignments. In the case of Active vs. Inactive Rhodopsin, and alignment of protodomains gets them all within the same RMSD range: 6CMO protodomain 1 vs.
1F88 protodomain 1 : RMSD=1.78 A; protodomain 2 RMSD=2.88 A. The associated identity scores are reported in Table $3 and discussed in the text.



2RHI_A
3UON A
AMQS A

5 A
ANGH_A
5164 A
IPHU_/

40RZ A
1009_A
4Z9G_A

g GIVMSLIVLAIVFGNVLVITAIAKFer|~~~gtVINYFITSLACADLVMGLavvPFGaahil k~mmrmewsmmmemen wtfgn fWCEFWTSIDVLCVTASIETLCVIAVDRYFAITspfkyg~~

fiVLVAGSLSLVTIIGNILVMVSIKVNrhl ~
fiIVLVAGSLSLVTIIGNILVMVSIKVNrh |
g GIVMSLIVLAIVFGNVLVITAIAKFer
VYITVELAIAVLAI LGNVLVCWAVWLNsnR |
Ai TALYSAVCAVGLLGNVLVMFG I VRY tk
VYl TVELATAVLAI LGNVLVCWAVWLNsn |
| sSFGLYVAAFALGFPLNVLAIRGATAHar |

-~qQtVNNYFLFSLACADLI IGVfs NLYtlytvig~
-~ tVNNYFLFSLACADLI IGVfs NLYtlytvig~
~gtVINYFITSLACADLVMGLavvPFGaahiltk~ ~
~qnVTINYFVVSLAAAD |AVGVIaiPFAiIitistg~
~KtATNIYI FNLALADALATSt~IPFQsakyl e
~gnNVTNYFVVSLAAADILVGVIaiPFAitistg~~ ~
rltPSAVYALNLGCSDLLLTVs~IPLKavealasg

ieSI IAIAFSCLGILVTLFVTLIFVLYrdtpvvksSSRELCYIILAGIFLGYVC~pFTLIiakpreosmmmmmammmmmmmmmn s TTtSCYLORLLVGLSSAMCYSALVTKTNRIARILAgskkki
paP Il AAVVFACLGLLATLFVTVVFI IYrdtpvvksSSRELCYIILAGICLGYLC~tFXLiakprorrmmmmannnmmmnmannnnn kqiYCYLQRIGIGLSPAMSYSALVTKTYRAARILA skkni
VaAIl INYLGHCISLVALLVAFVLFLRATrsSi~~~rcLRNIITHANLIAAFILRNAt~WFVVQIltl spe~~~~~rommmmaan vhgsnvgWCRLVTAAYNYFHVTNFFWMFGEGCYLHTAIVI tnife

™1 TM2 T™3

~~ywplgpvVCDLWLALDYVVSNASYMNLLIISFDRYFCVTkpl typ~~
~~ywplgpvVCDLWLALDYVVSNASVMNLLIISFDRYFCVTkpl typ~~
~~twtfgnfWCEFWTSIDVLCVTASIETLCVIAVDRYFAITspfkyg~~
~meun~fcaachGCLFIACFVLVLTQSSIFSLLAIAIDRYIAIRIplryn~~
~~~twpfge | LCKAVLSIDYYNMFTS|FTLTMMSVDRY IAVChpvkal~~
~~~~fcaachGCLFIACFVLVLAQSSIFSLLAIAIDRYIAIAiplryn~~
~~~awplpasLCPVFAVAHFAPLYAGGGFLAALSAARYLGAAfplgyg~~

vI I AAYVAVFVVALVGNTLVCLAVWRNhh ~~~r tVINYFIVNLSLADVLVTAicIPAS|lvdite~ e e ~~~5w| fgha LCKVIPYLOAVSVSVAYLTLSFIALDRWYAIChp! | f~~~
VI IAGYI IVFVVALIGNVLVCVAVWKNhh ~~~r tVINYFIVNLSLADVLVTItclIPATIvvdite~mommmmcmmmmnn twffggqsLCKVIPYLOTVSVSVSVLTLSCIALDRWYAIChp!| f~~-~
fIATVTGSLSLVTVVGN I LVMLS IKVNrg |l ~~~qUVNNYFLFSLACADLI IGAfs NLYtWwyiikgrermemsmmm s ywplgavVCDLWLALDYVVSNASVMNLLIISFDRYFCVTKkp !l typ~~
fiGITTGLLSLATVTGNLLVLISFKVNte |~~~k tVNNYFLLSLACADLI IGTfs NLYttyll g=~ ~~hwalgt|ACDLWLALDYVASQASYVMNLLLISFDRYFSVTrplsyr~~
| tSVVFILICCFITLENIFVLLT IWKTkKk f~~~hrPMYYFIGNLALSDLLAGVa~yTANI || 5gatemmmcmmmemnnnn tykl tpaQWFLREGSMFVYALSASVFSLLATAIERYITMLK klhn~~
aiAYLSLTLGTFTVLENLLVLCVILHSrSl~~rcrPSYHFIGSLAVADLLGSVIi~fYYSfidfhvfrmrmoormmmsmmnn hrkdsrnVFLFKLGGVTASFTASVGSLFLAAIDRYISIHrplayk~~
INTVVSCLVFVYLGIIGNSTLLY I IYKNkc ~~~rnGPNILIASLALGDLLHIViaiPINvykllae~ i ~~dwp fgaeMCKLVPFIQKASVGITVLSLCALSIDRYRAVAswsST ik~~
I WAAAYTVIVVTSVVGNVVVMWI | LAHKkr ~~~r tVTNYFLVNLAFAEASMAAfntVVNftyavhn~ o ~~ewyygl fYCKFHNFFP I AAVFAS | YSMTAVAFDRYMAL Lhplgp~~~
fYPSYYTGVFVVSLPLNIMAIVVFILK kv~~~kkPAVVYMLHLATADVLFVSv~IPFKisyyfsgs~rmm~~r~~~ ~~~dwqfgse LCRFVTAAFYCNMYASILLMTVISIDRFLAVVYP gsl~~
I IVMLLALITLATTLSNAFVIATVYRTrk!l~~~htPANYLIASLAVTDLLVSIIv P15t ytvig~ et ~~rwtlggvVCDFWLSSD ITCCTAS IWHLCVIALDRYWAITdaveys~~
aylGIEVLIALVSVPGNVLY IWAVKVYNga | ~~~rdATFCFIVSLAVADVAVGAIVIPLAIlinig~~ ~ o~ ~~~pqtyfhTCLMVACPVLILTQSSILALLAIAVDRYLRVKiplryk~~
IPTLYSIIFVVGI FGNSLVVIVIYFY kl~~~k tVASVFLLNLALADLCFLLt~IPLWavyta ey~ ~ ~~rwpfgnyLCKIASASYSFNLYASVFLLTCLSIDRYLAIVhp ksr~~
vaAl INYLGHCISLVALLVAFVLFLRArsi~~~rcLRNIIHANLIAAFILRNAt~wFVVglt spe=~ ~ ~menyngsnvgWCRLVTAAYNY FHVTNF FWMFGEGCY LHTAIVI tni fe
pIVVVLSTICLVTVGLNLLVLYAVRSErk | ~~~htVGNLYIVSLSVADLIVGAvV PMNilyl |l s~- ~ ~a~nkws | grpLCLFWLSMDYVASTAS | FSVFILCIDRYRSVQqgplryl~~
iYYALSYCALILAIVFGONGLVCMAVLKEra |l ~~~gtTTNYLVVSLAVADLLVATIV PWVvylevigge~~rsmmmanmanan vwnfsri CCOVFVTLDVMMCTAS IWNLCAISIDRYTAVY pvhyghg
I TAVYSVVFVVGLVGNSLVMFV I IRYtk ~~~KEATNIYIFNLALADALYVTTi~ PFOUStVY|l Nesscmmonmmaana swpfgdvLCKIVLSIDYYNMFTS I FTLTMMSVDRY IAVChpvkal~~
WaALLILMVIIPTIGGNTLY I LAVSLEKKk | ~~~qyATNYFLMSLAVADLLVGLfv PIAIIti fea ~~ wplplvLCPAWLFLDVLFSTASIWHLCAISVDRYIAIKkpigan~~
| IPPLYSLVFIFGFVGNMLVVLILINCKkK| ~~~kcLTDIYLLNLAISDLLFLIt~IPLWahsaane~~~~commmmmmena wvfgnaMCKLFTGLYHIGYFGGIFFIILLTIDRYLAIVhavfal-~~
fIYI IYTVGYALSFSALVIASAILLGFrhl~~~hcTRNYIHLNLFASFILRALc~vFFKdaalkw gsgr~~~~~~=~ dgllsyqds |ACRLVFLLXQYCVAANYYWLLVEGVYLYTLLAfnife Ir
SIQVMYTVGYSLSLAALLLALAILGGLSKk | ~~~hcTANAIHANLFLSFVLKASa~vLFldgllrtrysgkieddlsvstiwlsdgavaACRVAAVFMQYG | VANYCWLLVEGLYLHNLLGInife Ir
YIPAVYILVFIIGFLGNSVAIWMFVFH kp~~~WsGISVYMFNLALADFLYVLEIpALIfyyfnkiememonmm e dwi fgdaMCKLQRFIFHVNLYGSILFLTCISAHRYSGVVyplks|~~
AIPILYYIIFVIGFLYNIVVVTLFCCQkgp~~~kkVSSIYIFNLAVADLLLLAt~IPLWatyysyry ~~~dw!| fgpvMCKVFCSFLTLNMFASIFFITCMSVDRYQSVIypflsqg~~
I IPPLYSLVFIFGFVGNMLVILILINYKr | ~~~ksMTDIYLLNLAISDLFFLLt~vPFWahyaaaq ~~nnwWd fOn tMCQLLTGLYFIGFFSGIFFIILLTIDRYLAVVhavfal~~
fIPPLYWLVFIVGALGNSLYILVYWYCara~~~KtATOMFLLNLAIADLLFLVtIpFWAiIaaadg~~-~ ~~~~wk fgt FMCKVVNSMYKMNFYSCVLLIMCICVDRYIAIAga raht~
fIPIVYTIVFVVALPSNGMALWVFLFRtkk~~~kaPAVIYMANLALADLLSVIw~fPLKiayhihgn ~~~nwiygealLCNVLIGFFYANMYCS I LFLTCLSVQRAWE IVnp ghs~~
fFIPTIYSIIFLTGIVGNGLYILVMGYQkKk | ~~~r sMTDKYRLHLSVADLLFVIt~~LPFwavdava~ ~~~nwyfgn fLCKAVHVIYTVNLYSSVWILAFISLDRYLAIVhatnsg~~
I vMGLGITVCI FIMLANLLVMVAIYVNrr f~~~hfPIYYLMANLAAADFFAGLa~yFYL fntgpnerrresreme e~ trrl tvsTWLLROGLIDTSLTASVANLLAIAIERHITVFr glht~~
d HSYIAAFGAVTGLCTLFTLATFVADWrn~~snrYPAVILFYVNACFFVGSIgwlAQF dgarreivcradg~t rlgeptsnet|ISCVIIFVIVYYALMAGVVWFVVLTYAWHTSFKalgtty~~
| fPLLYTVLFFVGLITNGLAMRIFFQIrs~~~~ksNFIIFLKNTVISDLLMILtfpFKI|sdaklgrremm~rememnnn~ tgplrtfVCQVTSVIFYFTMY ISISFLGLITIDRYQKTTrpfkts~~
| AAYMFLLIMLGFPINFLTLYVTVQHkK | ~~~r tPLNYILLNLAVADLFMVFggfTTTIlytslhg~ ~ ~~nyfvfgptGCNLEGFFATLGGE | ALWSLVVLAIERYVVVCkp snf~~
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ZRHI_ A
JUON A
4MQ5 A

5G5S 3__-"]
INGH A
51U4_A

5D5G A
5CXV A
IV2Y A

dK5Y A
IRZE A
3PBL A

S5TUN A
ST1A_A

SUNF_A
4MBS5_A
ﬂWfA

ﬁuﬂLﬂ
4235_A

AN4W 4

JOR2_A
4009 A
429C_A

~Ssl I tknKARVI I LMVWIVSGLTSFLPIQ hwyrathgeainCers~meemmm~a yvaeetccd  ftngaYAIASSIVSFYVPLVIMVFVYSRVFqeakrglnife

~vEKr t tkMAGMMI AAAWVLSFILWAPAILfwgfivgvrivedrerrrremommmana gecyiqfisnaaVTFGTAIAAFYLPVIIMTVLYWHISrasksrinife
~vKkrt tk MAGMMI AAAWVLSFI LWAPAI Lfwgfivgvrivederermmmm e~ gecyigffsnaaVTFGTAIAAFYLPVIIMTVLYWHISrasksrikkdk
~s1 1 tknKARVI I LMVWIVSGLTSFLPIQ hwyrathgeaince~~~rommna~ yaeetccdffitngaYAIASSIVSFYVPLVIMVFVYSRVFqeakrqglqkid
~glvtgtRAKGIIAICWVLSFAIGLTPMLgwnncggpkegkahsggc~~~gegqvacl fedvvp nyMVYFNFFACVLVPLLLMLGVYLRIFlaarrqglkqg e
~dfrtpaKAKLINICIWVLASGVGVPIMY avirprdgavveg ~~mmmmmmmoo~ lgfpspswywdtvTKICVFLFAFVVPILIITVCYGLMLIrlrsvrlls~

~glvtgtRAAGITAICWVLSFAIGLTPMLgwnncggpkegkahsggc~~~gegqvacl fedvvp nyMVYFNFFACVLVPLLLMLGVYLRIFaaarrqgladle
~afrrpcYSWCGVCAAIWALVILCHLCLVFCleapggwldhsntslgintpvngspvecleawdpasagpARFSLSLLLFFLPLAITAFCFVGCLralargsnife

~~kstarRARGSILGIWAVSLAIMVPOAAV ecssvipelanrtrl~~~~~ fsvcderwadd |l ypk iYHSCFFIVTYLAPLGLMAMAYFQIFrklwgrggidc
~~KSstakRARNSIVIIWIVSCIIMIPCQAIvV ecstvifpglankttl=m~m~~ ftvcderwggeiypk YHICFFLVTYMAPLCLMVLAYLQIFrklwcrggidc
~arrttkMAGLMI AAAWVYLSFVLWAPAI Lfwgfvvgkrtvpdemesmenmmnnn ngcfigflsnpaVTFGTAIAAFYLPVVIMTVLYIHISlasrsrvnife
~akrtprRAALMIGLAWLVSFVLWAPAILfwgylvgertvlare s s ggqcyiqflsgpi Il TFGTAMAAFYLPVTVMCTLYWRIYretenrnife

~~gsnnfRLFLLISACWVISLILGGLPIMgwnCisalssmmmmmmmemm cstviplyhkHY I LFCTTVFTLLLLSIVILYCRIYslvrtrnife

~rivtrpKAVVAFCLMWTIAIVIAVLPLLgwnCcek |l gsve e e csdi TphideTYLMFWIGVTSVLLLFIVYAYMYILwkagidcs fwn
~gigvpkWTAVEIVLIWVVSVVLAVPEAIgfdiit dykgsylric~~~~llhpvgktaf gfyatakKDWWLFSFYFCLPLAITAFFYTLMTce Irknife

~of | 5Sa tATKVVICVIWVLALLLAFPQGYYSTTET PSIVVE ~mmmmmmmms jewpehpnkiyekvYHICVTVLIYFLPLLVIGYAYTVVGitlwaseipgd
~swrt I gRASFTCLAIWALAIACVVPLLLkegtigvpglgittigemmmmm~= hdviseatllegyyayYFSAFSAVFFFVPLIISTVCYVSIlrclsssanife
~akrtpk RAAVMIALVWVFSISISLPPFFwrgakaeeevseremnnmmnsmnnmnnnn ecvvntdhi IYTVYSTVGAFYFPTLLLIALYGRIYvearsriadle
~ WVIprRAAVAIAGCWILSFVVGLTPMFgwnnl saverawaaags ~~~gepvikcefekvis eyMVYFNFFVWVLPPLLLMVLIYLEVFylirkgladle
“~lrrt IVAKVTCI | IWLLAGLASLPAlI Ihrnvffientnitverrmmaenmna afhyesgnst|IpigLGLTKNILGFLFPFLIILTSYTLIWkalkkayei~=~
wdaydr IRAWMFICIGWGVPFPI IVAWAIgk lyydnek~mm e m s cwagkrpgvYTDYIYQGPMALVLLINFIFLFNIVril tklras=
~kyrtktRASATILCAWFLSFLWVYIPILGWnhf gOtsvrres=memmmommes~~ dkcetdfydvtwFKVMTAIINFYLPTLLMLWFYAKIYkavrghcni fe
tgqssCcrRVALMITAVWY LAFAVSCPLLFgfnttgdplem e e e e e s e e vesisnpdFVIYSSVVSFYLPFGVTVLVYARIYvvIikgrrrkni
~dfrtpl KAKI INICIWLLSSSVGISAIVIiggtkvredvdviecrsmmmann slgfpdddyswwd | fMKCICVFIFAFVIPVLITIVCYTLMI I rlksvrllsg
~gynsraTAFIKITVVWLISIGCIAIPVPIkgietdvdnpnnermesmenmnnsns itevitker fgdFMLFCSLAAFFTPLAIMIVTYFLTIhalgkkaadle
~kartvtFGVVTSVITWLVAVFASVPGI I frkxgkedsvemmrmm s e yvegpy fprgWNNFHT IMRNILGLVLPLLIMVICYsgisrasksri
dayseqwl FRLYVAIGWCVPLLFVYVPWGIvkylyedegrerrrrsemnnnnnnnnnnnns cwtrnsn NYWLIIRLPILFACIVNFLIFVRVIcivvsklkan=
daypersFFSLYLGIGWGAPALFVYVPWAVvkcl fenvgrreremrs e s cwtsndn GFWWILRFPVFLAILINFFIFVRIVgllvaklrar=
~grlkkkNAICISVLVWLIVVVAISPILFysgtgvrknktifomemmmmaman ydttsdeylrsyfiYSMCTTVAMFCVPLVLILGCYGLIVraliyk kkyt
~~rrnpwQASY I VP LVWCMACLSSLPTFYfrdvrtieylgvnace~r~em~~~ i afppekyagwsag | ALMKNILGFIIPLIFIATCYFGIRKhIlktnsy~~
~kartvtFGVVTSVITWVVAVFASLPNI I ftrsgkeglhytcs~~rmmmmnmn~nn shipysqygqfwknFOQTLKIVILGLVLPLLVMVICYSGIlkt!llr kkyt
wrekr | IYSKMVCFTIWVLAAALCIPEILysqgikeesgiaictl Vemmrm~mn ypsdestklksavlaLKVILGFFLP FYVMACCYTI I IHTLigakk~~~~w~
~~rkkanlAIGISLAIWLLILLVTIPLYVvkgtifipalgittorenmrnans “MVIpeql\vgd fAYFLSLAIGVFLFPAFLTASAYVLMIraladlednwe
~rprkl lAEKVVYVCVWIPALLLTIPDFIfanvseaddryi~~~mmrmmmnmnnann cdrfypnd lwyvVFQFOQHIMVGLILPGIVILSCYCIlisklshsgsni
~=F SNrRVVVVIVVIWTMAIVMGAIPSVgwWNnCiCdiegnerrrems s o csn aplysdSYLVFWAIFNLVTFVVMVVLYAHIFgyvadlednwe
~~qQp|l SGKTSYFHLLTWSLPFVLTVAILAvagvdgdsvsgrermmmrmmsmnmmmmnms icfvgyknyrYRAGFVLAP IGLVLIVGGYFLIRGY tilfsiksnhp
~npknl IGAKILSYVIWAFMFLLSLPNMIl tnrgprdknvkkcsssemensenma~s sfllksefglvwhe l VNYICQVIFWINFLIVIVCYTLITkelyrsyvrta
~~r fgenHAIMGVAFTWVMALACAAPPLVgwWSryipeg QCsSCgr~rm~mmm~n~ !dvvtpheetnnesFVlYMFVVHFfIPLIVIFFCYGQLVTtvkeaaaqqq
prf sawAQVIIASILISVQLTLVVTLII epp pilsyps~rmrmrummmmnmnnn ikevylicntsnLGYVVAP LGYNGLLIMSCTYYAFKTRNvVp~~~~=~~=~

prf saxAQLVIAFILICIQLGIIVALFI eppdi hdyps~rrrrmmsmmmnn~ irevylicnttnLGVVAFP LGYNGLL!I LACTFYAFKTRN VD~~~ em
ayl tdr I RAWMFICIGWGVYPFPI IVAWAIgk lyydnekrrmmrmmnnnnmmnnnmnn ~emCWagKrpgvYTDY IYQGPMALVLLINFIFLFNIVIIl tklras~

TM4 TMS
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kKfclkehKALKTLGI IMGTFTLOWLP FF T VN T VRV D Qo o o o oo o oo o o o e o oo oo i o i o o o o 1 1 dnlirkevY l LLNWIGYv~NSGFNPLIYcrspdfr
pppsrekKYTRTILAILLAFIITWAPYNY viintformmrmm e g i i e i e apcipntvWTIGYWLCY i~NSTINPACYalcnatfl
pppsrek KVTRTILAILLAFIITWAPYNY viliintflemorm e v e e apcipntvWTIGYWLCY i ~NSTINPACYalcnatfl
kfclkehKALKTLG I IMGTFTLCWLPFFIVRIVAVIi Qe v e i o dnlirkevyY | LLNWIGYVv~NSGFNPLIYcrspdfr
stlgke vHAAKSLAT IVGLFALCWLP LH I inCf t ffopmmmm mmm s nm i o v s o o dcshaplwlIMYLAIVLSHt~NSVVNPFIYayriref
ekdrs | rRITRMYLVVVGAFVVCOWAP IHI Fviviwt I vd i s m e e e e v i o e o e m drrdplvvaalHLCIALCYa~NSSLNPVLYafldenfl
stlgke vVHAAKSAAT TAGLFALCWLPLETIncftffeprrrmmmsmmnmrnsnnnnnsnnnnnnnanse deshaplwIMYLAIVLAHt~NSVVNPFIYayriref)
IUA 1thrrk | RAAWVAGGALLTLLLCVGPYNASAVAE S T 1y o o s i s s s s s s s st pnlggswRKLGLITGAW~SVVLNPLVTgylgrgp
kg rarrKTAKMLMVVLLVFALCYLPISVInilkrvfg freserrrcscccumsmmn e~ gasdreavyacFTFSHWLVYa~NSAANPIIYnflsgkf
kgirarr KTARMLMVVLLVFAICYLPISIInvIikrvfg famemecrmommmcnmmm s mn i~ htedretvyawFTFSHWLVYa~NSAANPIIYnflsgkf
SDSCA q aarerKVTRTIFAILLAFILTWTPYNY vIvntfommmmmmmm s o qscipdtvWSIGYWLCYv~NSTINPACYalcnatfl
SCXVA fslvkekKAARTLSAILLAFILTWTPYNIT wlIvs tfCmmom e e s i i i e kdcvpe t IWELGYWLCYv~NSTINPMCYalcnkaf
FV2¥ A srssenvALLKTVIIVLSVFIACWAPLFI |||l dvgeKkemm e o e i i vktedi |l fFrAEYFLVLAVI~NSGTNPIIYtltnke |
A dgar diRLAKTLVLILVVLIICWGPLLAI vydvfgkesr~wemmmom e e ot g et i e nkliktvFAFCSMLCLI~NSTVYNPIIYalrskdl
dhlkgrrEVAKTVFCLVLVFALCWLPLHLarilkltlyngndeecrerrecmmm e m e~ pnrcel lsfllIvIDYIGINMASI~NSCANPIALylvskrfl
eqvsakr KVVKMMIVVVCTFAICWLPFHI ffllpyinpderesemmsmn s n s nnn s lylkkfiggvYLAIMWLAMS~STMYNPIIYcclndrf
E anrskksRALFLSAAVFCIFIICFGPTNVI [ iahys Tl Shem s s m oo o oo i i ot tstteaayfaYLLCVYCVSSi~SCCIDPLIYyyassect
AR A ylaarerKATKTLGI I LGAFIVCOWLPFF LTSIV Pl Ckmm s oo m s o o o o o s st o o dacwfhl|lai FOFFTWLGY | ~NSLINPIIYt snedfl
stlqgke IKIAKSLALILFLFALSWLPLHIINCIitlfeprrrrmsmmr s s mm i n s s schkpsi I TYIAIFLTHg~NSAMNP IVYafriqkf
knkprndDI FKI IMAIVLFFFFSWIPHQIftfldvliglgiimermrmrrr s rdcriadivdtaMPITICIAY f~NNCLNPLFYgflgkkfl
dKSY A setigarKAVKATLVLLPLLGITYMLAFVRPOREUE ~mmmm ;s s s s s s i o i s i s s e s s s s s vsrvvfIYFNAFLESf~QGFFVSVFAcflnsev
3RZE A Ih nrerKAAKQLGFIMAAF I LOWIPY F I BT W iaf Commmm o m o o o o o e o o o o o o o ot 1 o kncecneh |HMFTIWLGY i ~NSTLNPLIYplcnenfl
3PBLA gvplrek KATOMVAIVLGAFIVOWLP FFLEIN VI N TR €O mmmm oo mom oo oo o o o i o ot s ot st s 1 tchvspe | YSATTWLGY v~NSALNPVIYttfnief
; ekdrnl rRITRLVLVVVAVFVVCWTP IHT filvealgs tarmememmmmmmmm e oo o o shstaal ssYYFCIALGY t~NSSLNPILYafldenfl
STUWN A qgtisneqRASKVLGIVFFLFLLMWCPFFItnitlvlicds~rmrrmr s c i cnn e e cngttlg ILEIFVWIGYv~SSGVYNPLVYtl fnktf
5TIAA pppsrekKAVRVIFTIMIVYFLFWTPYNIvillntfgeffglerrmrrmmmnemnmmmn s~ sncestsqldgaTOVTETLGMt~HCCINPIIYafvgekf
SVEW A cktdiafRLAKSTLTLIPLLCTHEV I FAFV O8N A F = o o oo oo o o om0 gtlrfik LFTELSFTSf~QGLMVAILYcfvnne vt
hhtdya fRLAKSTLTLIPLLGVHFVVFAFvtdehagrerrnrmmmmmmnmmnmnnn R R e R gtlrsakLFFDLALSSf~OGLLVAVLYcflInkevi
veeplrrKSIYLVIIVLTVFAVSYIPFHY Kkt nlrarldfgtessrrrrcncncn s pa cafndrvyatYQVTRGLASI|~NSCVNPILYflagdtf
SUNFA knritrdQVLEMAAAVVLAFIICWLPFHVItfldalaw gvimemrmermmommmnonmnn e nsceviavid|aLPFAILLGFt~NSCVNPFLYcfvgnr fit
IMBS A eeekkrhRDVRLIFTIMIVYFLFWAPYNIvI I Intfgeffglemmmnmmnmnnnnnmmnm e~ nncsssnrldgaMQVTETLGMt~HCCINPIIYafvgeef
SIWEA ~~~sskhKALKATITVLTVFVLSQFPYNCI | Ivgutidaya frmmemeoommmmmeseme o ee oo isncavstaidi cFQVTQAIAFf~HSCLNPVLYvfvger £
nsekkrkRAIKLAVTVAAMYLICFTPSNLI lvvhyflikersrmemmnmnnnnmnmnnnnnnnnnans sqggqshvyal YI VALCLSTI~NSCIDPFVYyfvshdf
skghgk rKALKTTVILILAFFACWLPYYIgisidsfillejiimmemmmsm e e i kggcefentvhkwlISITEALAFf~HCCLNPILYaflgakfl

rnrdt SLLKTVVIVLGAFIICWTPCLVI | 1 ldvECem o e s it pgcdv|ayEKFFLLLAEf~NSAMNPI IYsyrdke

kaask i nETMLRLGIFGFLAFGFVLITFSchfydffngaewersfrdyvicganvtiglptkgpipdceiknrps!| IVEKINLFAMf~GTGIAMSTWvwitkatl
vgkvprkKVNVKVFI I TAVFFICFVPFHFaripytlsgtrdvesmes e m s fdctaent!| fyvkKESTLWLTSI~NACLNPFIYfflcksf
ttqkaekEVTRMVI IMVIAFLICWLPYAGvafyli fihgeereme e e s e e gsdfgpi fMTIPAFFAKT~SAVYNPVIYI nkqf

JORZ A =~ aNTNEAKY TAFTMY T TTOI IWLAFVP Iy T m o o o i i o e i i e o o i 1ot 1o ot 1o 1t 1 ot ot it snyl | ITTCFAVs I SVTVALGCMf tpk yi
4009 A ~~r~~aNfNEAKY IAFTMYTTOCI IWLAFVP I Y FQrmrmmmmm oo o oo o s o ot i ot ot ok 0 0 g 1 o o g 0 snyKIITMCFSVs | SATVALGCMfvpkvyi
479G A seliqarKAVKATLVLLPLLGITYMLAFVNPQede ~~ =~ ~ o ;o m o oo o oo o o o i o i i o i o o o i vsrvvfIYFNAFLESf~QGFFVSVFAcfInsev

TM6 TM7

Figure S3.B - GPCR domains TM1-TM7 multiple alignment - (mostly Class A). Red = conserved, Green = ligand binding
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A:1/2/3
A:5/6/7
BR:A/B/C
BR:E/F/G

A:1/2/3
A:5/6/7
A:A/B/C
AE/F/G

1GZM_A e pwQF SMLAAYMFLLIMLg~FPINFLtlyvtvghk~ vmnmmmmmmmnk | PP Inyi LLNLAVADLFMVFGGFTTTLYTSLHGY fvfrm~m~~nn~~gptgCNLEGFFATLGGE |ALWSLYV

ee tNNESFVIYMFVVHF L ip L\VIFFryngvftvkei1mcqqe<ar(ck1kkowtr VIIMVIAFLICWLPYAGVAFY | FTHqgsdfr~rrmmemmn~ gpi FMTIPAFFAKTSAVYNPVIY
IVAZ A et IWLGIGTLLMLIGTFYf~IVKGWGVLId~r~m~=~- ke AREYYSITILVPGIASAAYLSMFFGigl tevgvgse |diyyaRYADWLF PLLLLDLALLa
IUVAZ A ry tWWLF ICMIVVLYFI|~ATSLRAaaker~~~~~m~mm~mmowmn~mmmme~mmen e ~Qpe VASTFNTLTALVLVLWTA ILWIlIGtegagvvg~~~Ilgietl | FMVLDVT VGFGFILLRSTr
2ZIY_A YYSLGIFIG~ICGI IGFG[‘.NGH‘IYIFTktksI-—-----------‘-~---'-------v-‘-----f----—~(|tuaN\.‘IFI INLAFSDFTFSLVYNGFp!l tiscflkkwi FGFAACKVYGFIGGIFGFMSIMTMAMISid
2ZIY A trSNILC ILGFFGPILIIFFCYFNIV svsnheke aa akr |f|iKE\I’KnL\d\,nlldt rlIAKISIVIVSQFLLSWSPYAVval lag~fgplewVTPYAAQLPVMFAKASAIHNPMIYSYSHpk
1GZM A fsMLAAYMF~LLIMLGFPINFLTLYVTVghkkl|- ~ e e rrplr\‘rlLLNLA\AJLFMVFGGFF tlyts~lhgyfvFGPTGCNLEGFFATLG IALWSLVVLAIe

neSFVIYMFYWHFIIPLIVIFFCYGQLVftvkeaaaqgqgqge ‘-u»————»--<»5th"‘|<...2kevTR'\.|V IMVIAFLICWLPYAGvafyif~thqgsdFGPIFMTIPAFFAKTSAVYNPVIY IMMNkqg
1GZM A wqis LAAYMFLLIMLGFPINFLtlyvtvghkklrtplnyillnl| AVADLFMVFGGFTTTLYTs | hgyfverenmmmnaigptgenlEGFFATLGCEIALWSLVVIaieryvvveckp snfrfgenhai gVAFTWVMALACAAPRp|Ivgwsryipeg
IUAZA |wlgiGTLLMLIGTFYFIVKGWGV tdke~smmmammmmmna areyYSITILVPG ASAA"LSMrf”-hIte\-fgse ldiyyaryADWLFTTPLLLLDLALLak~mmme s memmmm=YDRVSIGTLVGVDAL ivtglvgals-
1GZM A ryipeg qcs dyytpheetnneSFVIYMFVVHFIIBLIv rc\:clvf.neaaau.uesa. gkaekevtrMVIIMVIAFLICWLPYAgvafyifth~~~~~~~qgsdfogpi FMTIPAFFAKTSAVYNPViyi nkgfrnc vttlccgkn
IUAZA vgals~mmmmman~ heplarytwwl FSTICMIVVLYFLATSIraaa~~~romasmmmnosasasmmamnnn kargpEVASTFNTLTALVLVLWta iigtegagvvglgiet| LFMVLDVTAKVGFGFILLrsrailgdteapepsagaeas

Figure S3.C - 1- Protodomains alignment of Rhodopsin (TM123 vs. TM567) vs. Bacteriorhodopsin (BR) (TM ABC vs. EFG). (Class A) Bovine Rhodopsin
(1GZM) protodomain 1 vs. protodomain 2: 3.11 A; vs. Halobacterium salinarum bacteriorhodopsin (1UAZ) protodomain 1 2.58 A, protodomain 2 3.69 A. The
sequence symmetry pattern is unique to each, yet a Methionine Identity match in TM1 and TM5 with the TM5 Methionine in contact with retinal in addition to the
Shiff base linkage in TM7 xxAK. Similarly to Rhodopsin, BR shows a T in TM3 residue in a symmetrically equivalent position to K in TM7, as if that pair had been
inherited from an ancestor in a divergent scenario, or coevolved in a similar way in a pseudo-symmetric coevolution scenario. The TM3/TM7 pseudo symmetric
match in structure and partially in sequence is common to both with some of the key binding residues,but most noticeable key binding positions. The orientation
of the trans-retinal is different, due to a larger number of aromatic residues, especially W residues at various positions, shifted in position. Most noticeable the
(Fxxx)WxxY motif Rhodopsin TM6, binding retinal in both is shifted along the TM6 helix with an . 2- Protodomains alignment (TM123 vs. TM567) of Bovine
Rhodopsin vs. Squid Rhodopsin (BR) TM ABC vs. EFG). (RMSD 3.22/1.28/3.22A resp.) Here the (FFA)K/T motif in TM7/TMS3 has evolved dissymmetrically as
(MFA)K vs. (FIG)G in the rhodopsin family itself, where trans-retinal ligand and the full rhodopsin structures are superimposable within 1.43A over 259 residues.
Both have the protodomain “canonical” symmetry related pair match D in TM3 vs FxxxW in TM7, and most of the same retinal binding residues (highlighted in
green) 3- Domain alignment for reference Bovine Rhodopsin (1GZM) vs. Halobacterium salinarum bacteriorhodopsin (1UAZ) RMSD = 3.13A while Bovine and
Quid Rhodopsins will match with an overall RMSD = 1.43A, and possess all the canonical GPCR Class A conserved residue.
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Figure S4 - Protodomains, Domain Pseudo-symmetry and Quaternary symmetry - SWEET Protodomain topology parallel C2 132c/s21a
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Figure S5 - Protodomains, Domain Pseudo-symmetry and Quaternary symmetry - PnuC Protodomain topology parallel C2 123c/s31p
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Figure S6 - Protodomains, Domain Pseudo-symmetry and Quaternary symmetry - GPCR Protodomain topology parallel C2 123cc/s31p.
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Figure S7 - Protodomains, Domain Pseudo-symmetry and Quaternary symmetry - TRIC Protodomain topology inverted 312c/s11a22a
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Figure S8 - Protodomains, Domain Pseudo-symmetry and Quaternary symmetry - Aquaporin Protodomain topology inverted C2 312cc/a22a [forms a
tetramer quaternary structure, FocA uses the same protodomain and forms a pentamer]. This is the only example with an asymmetric (a) 22 interface, of a very
peculiar and idiosyncratic nature: helix 2 splits in 2 forming 2a and 2b to with a helix 2a-2a antiparallel interface from each protodomain on one side and 2b-2b on
the other where the latter stack on top of each other one going up the other down - iCn3D 3D visualization
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https://d55qc.app.goo.gl/ZpabKYatPRrpnWF39

Figure S9 - Protodomains, Domain Pseudo-symmetry and Quaternary symmetry - MFS Protodomain topology inverted C2 interdigitated 132cc/s11a33a
MFES - Lower left) Inverted Interdigitated Protodomains forming a C2 symmetric domain. It possesses two locally symmetric interfaces TM1-TM1 and TM3-TM3
(s11a33a) Lower right) C2 symmetric domain packing through a double (symmetry related) TM2-TM2 interface (2*s22a) formed by the second helix of each of
the 4 protodomains. The 2-domains/4-protodomains MFS protein has an overall D2 symmetry. (PDB: 5EQI) since the internal symmetry axes of each domain
colinearize and are orthogonal to the central axis (perpendicular to the membrane planes).
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https://www.ncbi.nlm.nih.gov/Structure/pdb/5EQI

dFC4 A | gFWVSSAMAGAYVGLGIILIFTIgnl ld~~~~mmmmnnnnnnnmnpsyrp | VMGATFGIALTLVIIAGS~~~~~~e LFTGHTMFLTLGVkagtis~~~~n~mnx~
4FC4 A tvLFFKGALCNWLVCLAIWMAIR e~~~ ~g tAKFLAIWWCLLAFIASGyY~ SVANMTLFALSwfghhsday
ykSFLLAISAGIQIGIAFVFYTVvitgahd I LGGLAFSLGLILVVITGg~ FTSSVLILVAKasgkisw~
| gAFALGLMCN | LVCLAVWMTFSar s~~~ tDKVMVLILPVAMFVS55Gf | ANMFQVPMAigikyfap
IKCV A |kTFYLAITAGVFISIAFVFYITattgt ak IVGGICFSLGLILCVVCG L FTSTVLIVVAKasgritw
eAVCLG I LANLMVCLA «~| DKAFIMVLPVAMFVAS - . HS | ANMFMIPMGivirdf
itpg |l vVAIAVCHGFALFVAVAIG isgghvNPAVTFGLAVGGgi t~~ ~
v~ gt I APLAIGLIVGANI LAAgpfsggs NPARSFGPAVAAgd fr~mosma~
fnigigalgglgdwfAIGMAFALAIAAVIYSLgrisgahiNPAVTIALWSIGrfp

-hgg waiLPQTWLGNLVGSV~FVALLYSWGGgs
NnLLWVTLGNTLSGVVYFMGLGYWYATpK
roWTVVYFGNLCGSI1~ILVFIMLATRgf
nnLIPVTLGN I VGGG~V FVGMWYWL |y |
KkNnWLNVY FGN LVGAL~LFVLLMWLSGey
AInLIPVTIGNI IGGG~LLVGLTYWV |
IGVFYWIAQLLGST~AACFLLKYV
sgHWVYWVGP LIGGG~LAGLIYGNY
reVVPY I VAQFIGAA~LGSLLFLAC

[

ITAYLAEFISTLLFVF
feGVVMEI I ITFALVYTVYA
akRFTAEVVGTFILVFFG

AILTEAIGTFLLMLVIM v = o ~~~ppg FAGLVIGLTVGGIITTIgnitgss INPARTFGPYLGDs | gl qyFPIYVIGP I VGAV~AAAWLYNY L e
SDYE_A « AVFAEFLATLIFVFF ~lpri IQIALAFGLAIGTLAQALgpvSgghiNPAITLALLVGNgis - rAFFYVAAQLVGAI~AGAGILYGVAp |
SDYEA ggAMVVELILTFQLALC - ~~epvgSPALSIGLSVTLGHLVGiyftgcs NPARSFGPAVVMAr f~~~ ~spaHWVFWVGP IVGAV~LAAILYFYLLfp
3C02 A vrEFIGEFLGTFVLMFL GATAnfhtigr~~~~~omnmmmmnn~~ | sgdwyKLCLGWGLAVFFGILVSak ! sgahINLAVSIGLSSINKk fdrmmmmmno s mmm oo kIPVYFFAQLLGAF~VGTSTVYGLYhg
LGQAFFNELILTGILLLVILVVVDenicgo~~~mm~mmmnnnmmnmnnwnkfhi IKLSSVVGLIILCIGITFggntgfalNPSRDLGSRFLSlI iaygkdtrmornmnmnanmnnnnnan~ftkdnfyFWVPLVAPCVGSV~VFCQFYDKVIcp
‘ 7‘ 5 FoCA
1 : protodomains 2
1 522 Ancestral .
‘ i y Aquaporin
— Aquaporins A Aquaporin _— .
protodomains 2 . Domain
Protodomain
Ancestral
il Aquaporin 5 - protodomain 2 mm
= and Protofold
L s FoCA Ancestral FoCA
1 | ‘ protodomains 1 I FoCA — 250,
\- B ‘ Protodomain Domain
‘ i prﬁg‘:iaopr::i:ss1 c
SDYE-1lg Aquaporin 5 - protodomain 1
B
D - Most similar pair of FocA vs. Aquaporin protodomains. 5SDYE-2 / 4FC4-1
4FC4_A nnplgFWVSSAMAGAYVGLGIILIFTIgnlldpsvrpl VMGATFGIALTLVI IAGS~~~~~~ELFTGHTMFLTLGvkagtishgg waiLPQTWLGNLVGSVFVALLYS~
SDYEA t1QQQAMVVELILTFQLALCIFASTDSFFU~~~~epVgSPALSIGLSVTLGHLVGiyftgcsMNPARSFGPAVVMAYF fr~~~~~~~spaHWVFWVGP I VGAVLAAILYFy
E - Most distant pair of FocA vs. Aquaporin protodomains.5DYE-1 / 4FC4-2
SDYEA csvafLKAVFAEFLATLIFVFFGlgsalkwpsalptilgiALAFGLAIGTLAQALgpvsgghiNPAITLALLVgnQi~~~~~~~~~~~5||rAFFYVAAQLVGAIAGAGILYgva
ttapaTVLFFKGALCNWLVCLAIw airt~~~~~~egtakFLAIWWCLLAFIASGy~~~~~~eHSVANMTLFAlswfghhsdaytlagighnLLWVTLGNTLSGVVFMGLGYwya

Figure S10: FocA vs Aquaporin A) Structure based multiple sequence alignment of protodomains of FOCA (4FC4, 3KLZ, 3KCV)) and Aquaporins (5DYE,
5132, 3NE2, 3C02) - RMS relative to the 4FC4-1: 1.88 A (4FC4-2), 1.18 A/2.05 A (3KLZ), 1.54 A/2.00 A (3KCV), 2.17 A/2.82 A (5132), 2.25 A/2.43 A (3NE2), 2.33
Ar2.94 A (5DYE), 2.21 Ar71 A (83C02) with a common G/AxxxG motif in TM3 B) Computed evolutionary tree (using Jalview/Neighbor-Joining/BLOSOM62) from
the alignment C) Proposed parallel evolutionary mechanism (see text) D) 4FC4-1 (FocA’s first protodomain) vs. SDYE-2 (Aquaporin’s second protodomain)
optimized alignment, with surprising sequence similarity in the middle of a hypothetical common evolutionary tree TM1. The sequence Identity is 21% between
protodomains (35% in TM3) (see Table S2 for details) E) 4FC4-2 (FocA’s second protodomain) vs. SDYE-2 (Aquaporin’s first protodomain) at the extremes of a
hypothetical common evolutionary tree in C) -optimized pairwise structural alignment (RMS of 2.16 A) with a sequence Identity is 11% between protodomains (
TM3 involving the G/AxxxG/A motif). The color red is used for residues conserved between protodomains within a domain, as well as conserved across
domains. Note: The alignment of hundreds of sequences for Aquaporin and FocA families do not unveil more common or different patterns than in our set. We
consider our dataset as representative]
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TM2 TM2 Protodomain TM5 TM5 | Protodomain
Foed a b ™M IyiTM2-TM3 a b M6 Iy4TM5-TME
EC 38 - 36 34 34 39 33 36
IC 52 41 | 43 44 42 - | 52 46
Full 4 41 | 40 40 38 39 | 43 41
Protodomain Protodomain
PnuC TMO TM2 TM3 TMA-TM2-TM3 T™M4 TM6 TM7 TM5-TM6-TM7
EC 28 48 34 44 32 46 33 42
IC 28 58 46 49 32 61 31 50
Full 28 51 39 46 32 51 | 32 44
. e Protodomain = Protodomain
Tric TM2 TM3 TMA-TM2-TM3 TM5 TM6 TM7- TM4-TM5-TM6
EC 57 40 45 47 36 28 M
IC 48 68 52 42 44 27 42
Full 53 54 49 44 39 28 41
MFS T™M2 TM3 TM5 TMé T™M8 TM9 ™11 TM12
EC 25 28 29 31 18 23 24 20
IC 41 35 28 30 26 21 21 23
Full 33 | 31 29 30 22 22 23 22
Proto 1 29 Proto 2 3 Proto 3 23 Proto 4 21

Figure S11: Sequence Divergence of TMH Families - Sequence similarity score (see Methods section for details) of the aligned EC half, IC half, and Full TM
sequences for each of the TMs TMH families Aquaporin, Foca, PnuC, Tric, and MFS. Protodomain 1 and 2 scores are given along with those for EC-facing
and IC-facing halves. Higher numbers mean high sequence similarity (or higher conservation), where a maximum score of 100 would mean identical sequences
or two sequences with similar residues at each position in the sequence alignment. Protodomains specific to each protein family are discussed in the main text
and shown in Figure 1 and Supplementary Figures S1 through S9. The list of proteins and PDB ids used for each family is provided in the Supplement File SF1.
We use here a common 3TMH protodomain decomposition, including for PnuC (in the main text we used 4TMH)
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6CMO_R: chimera protein of Soluble cytochrome b562 and Rhodopsin
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Figure S12 - VAST+ Invariant substructure alignment between the active (6CMO, human) vs, inactive (1GZM bovine) conformations of Rhodopsin - RMSD = 1.70
A for 106 residues aligned (86% identity) . 3D visualization link: i{Cn3D
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https://www.ncbi.nlm.nih.gov/Structure/vastplus/vastplus.cgi?uid=6CMO
https://www.ncbi.nlm.nih.gov/Structure/icn3d/full.html?showalignseq=1&align=6cmo,1gzm&atype=1



