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                                          Supplemental Information (Three Tables and Eight Figures)
Table S1. Sequences, subfamilies and accession numbers. 

Subfamily  Name (synonym) - Accession Number - Description - Species 
Activin CeTIG-3 NP_497318.2 transforming growth factor beta family [C elegans] 
Activin DmActivin-beta NP_651942.2 activin-beta [D melanogaster] 
Activin DmMyoglianin NP_726604.1 myoglianin, isoform A [D melanogaster]  
Activin      MmBmp3 NP_001297606.1 bone morphogenetic protein 3 isoform 1 [M musculus] 
Activin MmGdf10 NP_665684.2 growth/differentiation factor 10 preproprotein [M musculus] 
Activin MmGdf11 NP_034402.1 growth/differentiation factor 11 preproprotein [M musculus]  
    Synonym BMP11 
Activin MmInhba NP_032406.1 inhibin beta A chain preproprotein [M musculus] 
Activin MmInhbb NP_032407.1 inhibin beta B chain preproprotein [M musculus] 
Activin MmInhbc NP_034695.1 inhibin beta C chain preproprotein [M musculus] 
Activin MmInhbe NP_032408.2 inhibin beta E chain preproprotein [M musculus] 
Activin MmMstn NP_034964.1 growth/differentiation factor 8 preproprotein [M musculus] 
11 Activin  Synonym GDF8 
   
BMP  CeDBL-1 NP_504709.1 Dpp/BMP-Like [C elegans]   
BMP  CeTIG-2 NP_504271.1 transforming growth factor beta family [C elegans] 
BMP  DmDPP NP_477311.1 decapentaplegic, isoform A [D melanogaster] 
BMP  DmGBB NP_477340.1 glass bottom boat, isoform A [D melanogaster] 
BMP  DmSCW NP_524863.3 screw, isoform A [D melanogaster] 
BMP  MmBmp2 NP_031579.2 bone morphogenetic protein 2 preproprotein [M musculus] 
BMP  MmBmp4 NP_001303289.1 bone morphogenetic protein 4 preproprotein [M musculus] 
BMP  MmBmp5 NP_031581.2 bone morphogenetic protein 5 preproprotein [M musculus] 
BMP  MmBmp6 NP_031582.1 bone morphogenetic protein 6 preproprotein [M musculus] 
BMP  MmBmp7 NP_031583.2 bone morphogenetic protein 7 preproprotein [M musculus] 
BMP  MmBmp8a NP_001242948.1 bone morphogenetic protein 8A isoform 1 [M musculus] 
BMP  MmBmp8b NP_031585.2 bone morphogenetic protein 8B preproprotein [M musculus] 
BMP  MmBmp10 NP_033886.2 bone morphogenetic protein 10 preproprotein [M musculus] 
BMP  MmBmp15 NP_033887.1 bone morphogenetic protein 15 preproprotein [M musculus] 
BMP  MmGdf1 NP_032133.2 embryonic growth/differentiation factor 1 [M musculus] 
BMP  MmGdf2 NP_062379.3 growth/differentiation factor 2 preproprotein [M musculus]  
    Synonym BMP9 
BMP  MmGdf3 NP_032134.2 growth/differentiation factor 3 preproprotein [M musculus] 
BMP  MmGdf5 NP_032135.2 growth/differentiation factor 5 preproprotein [M musculus] 
BMP  MmGdf6 NP_038554.1 growth/differentiation factor 6 preproprotein [M musculus] 
BMP      MmGdf7 NP_001299805.1 growth/differentiation factor 7 isoform 1 [M musculus] 
BMP  MmGdf9 NP_032136.2 growth/differentiation factor 9 precursor [M musculus] 
BMP  MmNodal NP_038639.2 nodal preproprotein [M musculus]  
22 BMP 
 
TGF-β  CeDAF-7 NP_497265.1 dauer larva development growth factor daf-7 [C elegans] 
TGF-β  CeUNC-129 NP_501566.1 uncharacterized protein CELE_C53D6.2 [C elegans] 
TGF-β  DmDawdle NP_523461.1 dawdle, isoform A [D melanogaster] 
TGF-β  DmMaverick NP_524626.1 maverick [D melanogaster] 
TGF-β  MmAmh NP_031471.2 muellerian-inhibiting factor precursor [M musculus] 
    Synonym MIS 
TGF-β  MmGdf15 NP_035949.2 growth/differentiation factor 15 preproprotein [M musculus] 
TGF-β  MmInha NP_034694.3 inhibin alpha chain isoform 1 preproprotein [M musculus] 
TGF-β  MmLefty1 NP_034224.1 left-right determination factor 1 preproprotein [M musculus] 
TGF-β  MmLefty2 NP_796073.1 left-right determination factor 2 preproprotein [M musculus] 
TGF-β  MmTgfb1 NP_035707.1 transforming growth factor beta-1 preproprotein [M musculus] 
TGF-β  MmTgfb2 NP_001316036.1 transforming growth factor beta-2 isoform 2 [M musculus] 
TGF-β  MmTgfb3 NP_033394.2 transforming growth factor beta-3 precursor [M musculus] 
12 TGF-β 
45 total TGF-β family sequences 
 

 outgroup MmGdnf NP_034405.1 glial cell line-derived neurotrophic factor 1 [M musculus] 
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Table S2. Cleavage site identified computationally separating prodomain and ligand. 
Subfamily Name          Residue       Prodomain      Cleavage site     Ligand 
Activin CeTIG-3   125 NVINALSVLR // NAPNFDVMVF  
Activin DmActivin-beta  822 TESSRTRRVR // RRAVDCGGAL  
Activin DmMyoglianin  483 GSQKKHRRKR // SVYMDCTEND  
Activin       MmBmp3   276 ALSVERRKKR // STGILLPLQN  
Activin MmGdf10   328 LKPRTGRKDR // KKKDQDTFTA  
Activin MmGdf11   287 VLENTKRSRR // NLGLDCDEHS  
Activin MmInhba   298 SEDHPHRRRR // RGLECDGKVN  
Activin MmInhbb   285 RLGDSRHRIR // KRGLECDGRT  
Activin MmInhbc   226 RVEGKHRVRR // RGIDCQGASR  
Activin MmInhbe   227 EPGAGRARRR // TPTCEPETPL  
Activin MmMstn   258 VTDTPKRSRR // DFGLDCDEHS  
   
BMP  CeDBL-1   227 SEPSSVRRKR // SAQTGNSERK  
BMP  CeTIG-2   258 KPNENERCQR // KGLYVDFDIL 
BMP  DmDPP   463 GGGKGGRNKR // QPRRPTRRKN 
BMP  DmGBB   316 AHSSHHRSKR // SASHPRKRKK 
BMP  DmSCW   262 VKIQKLRFKR // DLEKRRAGGG 
BMP  MmBmp2   271 GHPLHKREKR // QAKHKQRKRL 
BMP  MmBmp4   283 HTLTRRRAKR // SPKHHPQRSR 
BMP  MmBmp5   307 ASEVLLRSVR // AASKRKNQNR 
BMP  MmBmp6   362 VSEVHVRTTR // SASSRRRQQS 
BMP  MmBmp7   282 ATEVHLRSIR // STGGKQRSQN 
BMP  MmBmp8a   251 ASQSPVRAPR // AARPLKRRQP 
BMP  MmBmp8b   254 SPVRAPRTAR // PLKKKQLNQI 
BMP  MmBmp10   304 IDDSSARIRR // NAKGNYCKKT 
BMP  MmBmp15   258 ESSFLMRSVR // QACSIESDAS 
BMP  MmGdf1   246 GPVGTCRTRR // LHVSFREVGW 
BMP  MmGdf2   309 VGPLLARRKR // STGASSHCQK 
BMP  MmGdf3   243 HCHPSSRKRR // AAISVPKGFC 
BMP  MmGdf5   365 EYLFSQRRKR // RAPLANRQGK 
BMP  MmGdf6   346 GKKSRLRCSR // KPLHVNFKEL 
BMP      MmGdf7   348 AGRGHGRRGR // SRCSRKSLHV 
BMP  MmGdf9   297 EVERSPRRRR // GQKAIRSEAK 
BMP  MmNodal   234 ERGGWGRRQR // RHHLPDRSQL 
 
TGF-β  CeDAF-7   225 TRPKGSRKRR // SHAKPVCNAE 
TGF-β  CeUNC-129   280 FGEETSREER // ERIANEELAN 
TGF-β  DmDawdle   457 IVIDMQNRRR // KSRQKRSINC 
TGF-β  DmMaverick   577 HRSNHDSTWR // KDKWTNNCYK 
TGF-β  MmAmh   437 GREGRGRTGR // SAGTGTDGPC 
TGF-β  MmGdf15   179 LRVAAGRGRR // SAHAHPRDSC 
TGF-β  MmInha   224 APSAGERARR // STPSVPWPWS 
TGF-β  MmLefty1   211 GTWSSHKLVR // FAAQGTPDGK 
TGF-β  MmLefty2   211 GTWSAHKLVR // FAAQGTPDGK 
TGF-β  MmTgfb1   269 QHLHSSRHRR // ALDTNYCFSS 
TGF-β  MmTgfb2   321 SQQSSRRKKR // ALDAAYCFRN 
TGF-β  MmTgfb3   291 PGQGSQRKKR // ALDTNYCFRN 
 
outgroup MmGdnf   111 QAAALPRRER // NRQAAAASPE 
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Table S3. Spacer between cleavage site and first cysteine of the ligand is hypervariable. 

Subfamily Name Residues between cleavage site and first cysteine Length 
Activin CeTIG-3 NAPNFDVMVFQPNTVTAGTSD 21 
Activin DmActivin-beta RRAVD 5 
Activin DmMyoglianin SVYMD 5 
Activin MmBmp3 STGILLPLQNNELPGAEYQYKEEGAWEERKPYKSLQTQPPEKSRN

KKKQRKGSHQKGQTLQFDEQTLKKARRKQWVEPRN 
80 

Activin MmGdf10 KKKDQDTFTAASSQVLDFDEKTMQKARRRQWDEPRV 36 
Activin MmGdf11 NLGLD 5 
Activin MmInhba RGLE 4 
Activin MmInhbb KRGLE 5 
Activin MmInhbc RGID 4 
Activin MmInhbe TPT 3 
Activin MmMstn DFGLD 5 
    
BMP CeDBL-1 SAQTGNSERKNRKKGRKHHNTEAESNL 27 
BMP CeTIG-2 KGLYVDFDILGWKQWVIAPEGFSAFY 26 
BMP DmDPP QPRRPTRRKNHDDT 14 
BMP DmGBB SASHPRKRKKSVSPNNVPLLEPMESTRS 28 
BMP DmSCW DLEKRRAGGGSPPPPPPPPVDLYRPPQS 28 
BMP MmBmp2 QAKHKQRKRLKSS 13 
BMP MmBmp4 SPKHHPQRSRKKNKN 15 
BMP MmBmp5 AASKRKNQNRNKSNSHQDPSRMPSAGDYNTSEQKQA 36 
BMP MmBmp6 SASSRRRQQSRNRSTQSQDVSRGSGSSDYNGSELKTA 37 
BMP MmBmp7 STGGKQRSQNRSKTPKNQEALRMASVAENSSSDQRQA 37 
BMP MmBmp8a AARPLKRRQPKKTNELPHPNKLPGIFDDGHGSRGREV 37 
BMP MmBmp8b PLKKKQLNQINQLPHSNKHLGILDDGHGSHGREV 34 
BMP MmBmp10 NAKGNY 6 
BMP MmBmp15 QA 2 
BMP MmGdf1 LHVSFREVGWHRWVIAPRGFLANF 24 
BMP MmGdf2 STGASSH 7 
BMP MmGdf3 AAISVPKGF 9 
BMP MmGdf5 RAPLANRQGKRPSKNLKAR 19 
BMP MmGdf6 KPLHVNFKELGWDDWIIAPLEYEAYH 26 
BMP MmGdf7 SR 2 
BMP MmGdf9 GQKAIRSEAKGPLLTASFNLSEYFKQFLFPQNE 33 
BMP MmNodal RHHLPDRSQL 10 
   Unexpected conservation between MmNodal and CeDBL-1 in red  
TGF-β CeDAF-7 SHAKPV 6 
TGF-β CeUNC-129 ERIANEELANDVRVVLLQNKNR 22 
TGF-β DmDawdle KSRQKRSIN 9 
TGF-β DmMaverick KDKWTNN 7 
TGF-β MmAmh SAGTGTDGP 9 
TGF-β MmGdf15 SAHAHPRDS 9 
TGF-β MmInha STPSVPWPWSPAALRLLQRPPEEPAAHAF 29 
TGF-β MmLefty1 FAAQGTPDGKGQGEPQLELHTLDLKDYGAQGN 32 
TGF-β MmLefty2 FAAQGTPDGKGQGEPQLELHTLDLKDYGAQGN 32 
TGF-β MmTgfb1 ALDTNY 6 
TGF-β MmTgfb2 ALDAAY 6 
TGF-β MmTgfb3 ALDTNY 6 
    
outgroup MmGdnf NRQAAAASPENSRGKGRRGQRGKNRG 26 
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Fig. S1. Prodomain trees. Trees for this domain are displayed as in Fig. 1. Red arrowheads indicate a cluster 

that may reflect common regulation. For every tree except Activin+TGF-β nodes above 0.95 are significant. For 

Activin+TGF-β nodes above 0.50 are significant. A) Activin. The significant cluster of Activin and Myoglianin 
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is unexpected. B) TGF-β. The significant cluster of Dawdle and Inhibin-α was unexpected. C) Activin+TGF-β. 

The significant cluster of Activin, Maverick and Myoglianin that is clustered with the four Inhibin-β proteins 

and Dawdle's location near Inhibin-α were unexpected but consistent with cysteine conservation in the 

"Association region" and β8. D) BMP. The significant cluster of Gbb/Screw in all trees was unexpected.  The 

cluster of heterodimerizing Nodal and GDF1/GDF3 was expected. Red asterisk indicates node leading to two 

symmetric secondary clusters. E) All family members. The not quite significant cross-subfamily cluster of 

Activin, TIG-3, Gbb and Screw with Nodal was unexpected but three are known to heterodimerize and two 

have conserved cysteines. The absolute cluster of GDF3/GDF1 with GDF15/Inhibin-α and this group's not quite 

significant cluster with Myoglianin was unexpected. The not quite significant cluster of DAF-7 with the four 

Inhibin-β proteins was unexpected but is consistent with "Association region" cysteine conservation. The 

cluster of BMP3/GDF10 with Myoglianin was unexpected. 
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Fig. S2. Ligand trees. Trees for this domain are displayed as in Fig. 1. Green arrowheads 

indicate a cluster that may reflect common function. For Activin, TGF-β and Activin+TGF-β 

nodes above 0.65 are significant. For BMP subfamily and All family members trees nodes above 

0.85 are significant. A) Activin. The significant cluster of Activin and the four Inhibin-β proteins 

was expected. B) TGF-β. The significant clusters of TGF-β1-3 and Lefty1,2 were expected. C) 

Activin+TGF-β. The significant cluster of Activin and the four Inhibin-β proteins was expected. 

D) BMP. The significant cluster of BMP2-8a,b with Gbb/Screw was expected and consistent 

with functional heterodimers of BMP2-BMP6 and BMP2-BMP7 that have been reported. The 

significant cluster of Nodal and DBL-1 was unexpected. Green asterisk indicates node leading to 

two asymmetric secondary clusters. E) All family members. Several significant clusters are 

expected such as the four Inhibin-β proteins and Dpp/BMP2/BMP4. A significant cluster of 

Nodal and DBL-1 was unexpected. F) Cystine knot nodes above 0.85 are significant. Several 

significant clusters are expected such as Activin with four Inhibin-β proteins, Dpp/BMP2/BMP4 

and Gbb/Screw/BMP5-8a,b. A significant cluster of Nodal and DBL-1 was unexpected.	
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Fig. S3. Full-length trees. Trees for this domain are displayed as in Fig.1. Green arrowheads indicate a cluster 

that may reflect common function. For every tree except Activin+TGF-β nodes above 0.95 are significant. For 

Activin+TGF-β nodes above 0.85 are significant. A) Activin. The significant cluster of Myoglianin and 
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Myostatin/GDF11 was expected. B) TGF-β. The significant clusters of TGF-β1-3 and Lefty1,2 were expected. 

C) Activin+TGF-β. The significant cluster of Myoglianin and Myostatin/GDF11 was expected. D) BMP. 

Clustering of GBB/Screw, BMP10-GDF9, BMP15-GDF9 and Nodal-GDF1/GDF3 are consistent with 

heterodimerization that has been reported. Green asterisk indicates node leading to two asymmetric secondary 

clusters. E) All family members. The not quite significant clustering of BMP3 and GDF1 with all of the BMP 

subfamily proteins was unexpected. The not quite significant cluster between Nodal and GDF1/GDF3 was 

expected. 
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Fig. S4. Expanded Activin subfamily prodomain alignment indicating structural conservation. Sequences 
from Fig. 2 with no omissions, similar underlining and accurate numbering. Ungainly leaders and trailers were 
trimmed for brevity.  
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Fig. S5. Expanded TGF-β  subfamily prodomain alignment indicating structural conservation. Sequences 

from Fig. 4 including underlining and presented as in Fig. S4. 
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Fig. S6. Page1 
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Fig. S6 Page 2 
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Fig. S6. Expanded Activin+TGF-β  subfamily prodomain alignment indicating structural 
conservation. Sequences from Fig. 6 including underlining and presented as in Fig. S4.  
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Fig. S7 Page 1 
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Fig. S7 Page 2 
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Fig. S7. Expanded BMP subfamily prodomain alignment indicating structural conservation. 

Sequences from Fig. 8 including underlining presented as in Fig. S4. 
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Fig. S8 Page 1 
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Fig. S8 Page 2 
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Fig. S8 Page 3 
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Fig. S8 Page 4 
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Fig. S8. Expanded All family members prodomain alignment indicating structural conservation. 

Sequences from Fig. 10 including underlining from Figs. 2, 4, 6, 8 and 10 are presented as in Fig. S4. Note that 

on the top half of Fig. S8 Page 1 there is an exception to the presentation of accurate numbering (shown by a 

double backslash). We removed a completely nonconserved stretch of 25 residues from Activin for efficiency of 

presentation. This allowed the unexpectedly conserved cysteines in the Association-region of ten proteins to be 

displayed near the structural features of the straightjacket. In the Association region unexpected cysteines 

conservation is underlined in red with known cysteines in TGF-β1-3 underlined in black. Accurate numbering 

for Activin resumes with the next alignment set below. All other numbering is accurate throughout. Also note 

that in the top half of Fig. S8 Page 4, the dimerization region β8 displays unexpectedly conserved cysteines in 

eight proteins underlined in red. Known β8 region cysteines in TGF-β1−3 are underlined in black. The features 

of TGF-β1 not conserved are α3, β5, β9 and α5. Features of BMP9 that are not conserved are β5 and β9’. 
  




