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Fig. S1. The DDE domain of P elements. (A) Alignment shown is after redundancy elimination. Conserved residues are highlighted in gray. The DDE triad,
corresponding to D230, D303, and E531 of the Drosophila melanogaster P transposase (UniProt: Q7M3K2), are marked above the alignment. Distances be-
tween the conserved blocks are indicated in number of amino acid residues. The D(2)H motif is marked below the alignment. The other conserved D in addition
to the DDE triad is marked with an arrow. The GTP-binding motif NKSD (1) is located in the variable region after the D(2)H motif. (B) Predicted secondary
structure of the DDE domain of the Drosophila melanogaster P transposase (UniProt: Q7M3K2). The DDE triad is indicated by asterisks. a-Helices and p-strands
are highlighted with pink and blue bars, respectively. The first D is on p1, the second D is right after p4, and the E is on o4. The inserted domain between g5 and
a4 (highlighted in pink background) is entirely a-helical. The D(2)H motif right after 5 and the NKSD motif in the middle of the inserted domain are also noted.

1. Mul YM, Rio DC (1997) Reprogramming the purine nucleotide cofactor requirement of Drosophila P element transposase in vivo. EMBO J 16:4441-4447.
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Fig. S2. DDE domains and exemplar TSDs of PIF/Harbinger and ISL2ZEU elements. (A) Shown is the DDE domain alignment after redundancy elimination.
Conserved residues are highlighted in gray. The DDE triad is marked above the alignment. Distances between the conserved blocks are indicated in number of
amino acid residues. (B) The “AT" target site duplication (TSD) created upon insertion of ISL2EU elements and “AWT" TSD created by PIF/Harbinger elements
from fungi and Chromalveolates protists. Shown are alignments of flanking sequences of the TE insertions with corresponding “empty” paralogous sequences
that represent the preinsertion condition. The TSDs are in red, and the 5'- and 3’- terminal nucleotides are in purple. The four elements are from Bombyx mori
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(ISL2EU-1_BM), Hydra magnipapillata (ISL2EU-5_HM), Pleurotus ostreatus (PIF/Harbinger-1_PleOst), and Phytophtora infestans (PIF/Harbinger-4_PI).
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MuDR-3_SBi - ISCDADNALVPLAFALVERENKDSWGWEM-RLVR- - IHVIGPH--REVGVISDREQGILSAVOEQIP (3) PL ENLLR (47) EPEKWTRAH (5) RYEFQTSNMAESFNSVLK
MuDR-9_SBi ARVDPENQIVPLAFALAEGENNDSWSWFM-RLLR- -LHVLGPS--RTICLISPREIGILNBAGEHID (3) PL AANFWR (47) NKAKWALAY (5) RYGIMITNSSESENRVEK
VANDAL14 DANFQVFPIAFGVVDSENDDAWEWFF-RVLS- ~TAIPDGD---NLTFVSPRESSIYTELRRVYP (0) KAKHGAGTVHLORNIAT (44) GFCHNWTRAY (4) RY® LEAVLK
CUMULE -VCLDGNNQIYPLAFGVVDRETDDSIQWFL-EKLK- ~GAIGEVP -~ -NLGFVTDRKTCFAKSISSVEP (0) SAFHGLEVOHLSONLHD (44) GIARWSRVE (4) RYNMMTTNIA ILK
MULE-2_Cglob -CGIQALRRSFSIAAVEINAEKEEQY TWAL-QALR--EFLTEEDLPLPKLIVTDRELALINALKRHEA (2) LVERLL LA (73) LVDARVNKI (2) - FGNRTTSIVESLHAGMK
MULE-1_Cglob -IGITDOKSVANFAFGLINTEKEDGE LWLC-QQLE- ~-DLRODLHVPAPTVVITDKETALKNALTATEP (0) GAQQOLEVYHINAKVRA (107) YREQWARCE (5) NFGQRVNSPVET
Hop -VGVDACQRTFCIAFAFLSGEEEGDE THAL-QALR- -SVYEDHNIGLPSVILTBRCLAC P (0) GSALFLELWHINKAVQS (71) YKKSEVKAW (5) HFEQYATSRVEGTHSLIK
MuDR-4_SBi -VGL TVFGCGIICDERADSY IWVL-QAFL- GDYSMIKATRQVLE (0) GVSHRI ILK (47) NRKLHARAF (5) FLGMRSNORSESLNSSLH
MuDR-8_ZM ~VGSNHELQCTIFGFALLGDETVDTFEWVE -NTFK- PAMPIALGRVEP (0) NTIHRLELWHVONRYMP (55) IRKDWVPAF (5) CGLMVSTC LVK
MuDR-6_SBi -VGINNHAQSILLGCALLPDETTETFVHVL-QTLK- DREMKAMTAQVEP (0) STTHRCGKFHVVSKACE (53) TRSMHAPAY (5) FPFTSTT \LFK
MuDR-5_0S ~VGITSHGDNCLFGYAFL FQWLF-NTFL- DLEMKARIAIVEP (0) DTV H NARD (54) TRERWAPVY (S5) CPLIQTTARSEGTNSRYK
Jittery ~TGUNHEMQRVFFGARFLANEKIESYEWLF -RTFL- -VAMGGKA- DASIKSHIRTTLE (0) DTIHRL TMEKVSE (53) IRESHIPAF (6) AGVLRIT FN
MUMET1 -SGFNHYRGSVIFGAALMYDETSESFRWLF -DTFL- -QAHNNKK~ DOAMARKVADVMP (0) ETHHGLETWHLLONGVK (53) LKKKWASCY. (5) TLGMRSTQVSESLEAHFK
MUJITOS2 -LGTNHEKQTIIFGAALLFNQTIESEVWLF -ETFL- ~TAMSGKH- ARMARAIAFVER (0) NTSHRLELWHIYLNGGK (54) LREKHA-IV (5) TADITSTOR: VYR
MULE-1_CapOwc ~VAADESGAGVVPLAFMISDRDREHE YARF -LSEV- -KHAVGEA-FNPVRIVIDKCGAERNCINQAVE (0) GVQVATEWFHVCQAVER (50) DIKTHT-LF (?) -—-----~- -—
™ 3 TC LYF] - - ~VVRNQSDPKSTVYYYA-G-VVVITKNHRVCPVLEMVSSEEATNNIQDLF - VREFINFCKESSMSNI PFETVVTDF SFANTHEVCLSEN(24) IKIIRL [FMKNICT (145) L-PMNT-LI (4) HSERVINNAIERYEGILK
B 1_HR THI - - ~VVRRLHSKQTIYLYSA-V-VGLD--AGYAQT FDF ISDREDTASVAYHL- INFKRYVIKKVNAWE TFMNVVTDHSMAMINEVLTGWI (23) QIMIKL FFKNIVR (139) L-PLWT-VL (3) NGERT NCERFIK
S 1_TC LE 55V --VHSPPETKKRVY YYAG-V-VHIKDKELVCPVFEMITSEEDGYS I GSWLOAFESF IVKSKQLEWS IFS YVVTRF SFAF INMI TTQWN(24) KITLKL FMKLITN (140)L-PLHSNIY (7) SIGRFSNAP QVE
>  Wvi LSLDABGSVA-LKIKRPDGESADIFLT-V-LSTY IKSMIVPVAQVLSERNDTNFLS YWL-LEWR- ~KSGAKIP~ MGKG IQNBVCLSFN(24) NTOLRTBVAHLVEAVTK (150) F- PCHTKVM (6) SEDVATSARAESYESDYK
8 1 DY T VV-LPIQKPNGDSSYVFLY-Q-IVMEGDDS IFPVFQMLSAKHDTASI QFWL-SRFI--SKSGHFP- P SLALLNSISLSFN(24) PCFTRLBTAHLIKMICR (140) F-VLHTNVM (6) KYDVGSSALVEAYEKDLK
AP III LIKNEKKFGMNKTKT I¥LYEALVYDESKLHSFTVSNMISERHTTLAIYNWL- ANWL- ~NFNVPSP OSMALL CET(28)NCET TKLVSK(152) FLPLHSGFM (6) CKLTASSA KLK
—
[C/D](2)H

Fig. $3. DDE domains of Mutator and Rehavkus elements. Alignment shown is after redundancy elimination. Conserved residues are highlighted in gray. The
DDE triad is marked above the alignment. The [(/D](2)H motif is marked below the alignment. Distances between the conserved blocks are indicated in number
of amino acid residues.
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PNAS

Kolobok-4_TV FLSTBSHY-NVG (31) FEGPSNMMETECTKRMMSN (8B) DNKTKAIIQQYAPN (3) T
Kolobok-1_MicRcc299 VVSADGSWAIKG (54) YTDTSK ODDILISLVDD EDSSFWNRITQDGAL (8) L
Kolobok-1_FraCyl GVSMDAGWREKRS (49) YTGSAK DDDSSMRARLKQNGRE (5) L
Kolobok-1_AR RAS (53) YVGSSC L

{CVRAVGRAFEKLEN (70) KIFLWKNTL
[LSNCLMRRLAGORA (34) AKAQLENMIC]
IRVRGFGNAVOKLVN (35) FCAAFAPVIE,
HICKNMCKKLRDIKC (37) LRHDIRNVE.

Kolobok-1_Ppac HVAGRG 3 (27) ETGSSG FRNLTLNLIKICK (37) RSSLLCCAG
Kolobokl-1 SP AVS G (5B) HVGSSC HVGKRMENALDKFRM (60) MORRVLAILY
Kolobok-2_Aplcal NVS IIARRIYNQLEQVER (35) MKLGVMGGL
Kolobok-1_Aplcal AVSFBGSWLTRG (61) {VCERLGTALRNLVS (41) MRTAILAS GYS

SWRKKG (57) HQGSAG QERMGTRLRNLEK (44) MSNAIWATFEY,
STWQKRG (55) HRGSAG 'QGAIAIFHR (11) YVGE HIOKRLENRLRSLRQ (43) MKKATIIAVL
sQCDSPG (28) VNMKSA! DNALSR b HRKAKSIRRCLLEVSHN (38) LKNQWISLL

Kolobok-1 NVi
Kolobok-19_HMa
Kolobok-1_NV

Kolobok-1_DR GGDMRADSPG (27) EVGGSYHME] 1 DVWHIEKGISKKLDKICQ (30) RVAKWTSIL QD
Kolobok-1_CS Do G (27) EVANS ) DLWHI AKNLKKRLAASKN (27) LKERWTSLLYHIOQN
Kolobok-1_XT GBIGQFDSPG (27) ( TIAFERKCLSS » ICKSLVKKLTAASK (31) LLDKWRSLLYHIAN
Kolobok-2_TV BAHFSHVR (32) YTGASC SVAADQALQI IGFHCKKKFELCWKRLTS (39) KLFYWLHAVD G
Kolobok-1_NaeGru BARYSSRR (37) FMGAS PEACRLAITS R KLE IVIKNLSKEVEEKAP (26) LOALLKAY PORLON
Kolobok-1_TV RWTHRR (34) Y SGASNNM : y [VSKNISKDFTKFSA (44) RTKMWENCVY G

Kolobok—i_w c) PGSWSQRR (33) FNGKSNE IDGDVRKIVSTIRNTFRG (3) YR HELNNIQKKLEKLPEF (27) KKFLWLNS
—
[CID](2)H

Kolobok-4 TV €LH (16) LAKQFQRFTDD--AARKLIPEIDPNAQTQQ : §GNNA--KSFEMRTAVTILOKNEGE
m]_nbok-l_m.-_gf_-czgg ST JRHTFEGQRGNYVMCMQAATLKHSLG
Kolobok-l:pncyl CAA (23) MYDNLKEIHKRY TTEQQLREIHHKVNTNLSESA B FGTTIADKGRVHFSVCIITDGYK
Kolobok-1_AA €8sQ (1¢6) VLSKIQGVVETVAARAEFL~-NHNK-TSNTSENVE RRLNFTSRGSYQRRVIITTLQHNEG
m1ob°k_1:pp,c CLH (15) VFKRLOSEIYTEKNIQDIQNVSYLLKTST CYFDRKGHELRTMEAVLHWNELK
Kolobokl-1_SP Y (16) FLELLKPVFERLSNKDLIERCVPGY TQNQNE HLWRGPRMVALATNMAALAFNCGA
Kolobok-2_Aplcal C (20) IGTYVEPIFKRLTD PELLSRCVRMS TQNPNE LFAHLPTIETAVALSVISFNMGP
Kolobok-1_Aplcal C€rY (25) LHEHLRPVYERLTADSLLLRCERRKATQNANESFH RTQFRSKQRVEVAVITAAAEFNFGP
Kolobok-1 NVi CKW (21) IMEKIKPIYEDLTEPNLLERCVGGEFTONSN] pNSV--WRLVPRTSFSGLSVLNIGVYTAVTCFNDGR
Kolobok-19 HMa CKW (20) IRDILKPIFMELSADSLLIKCLHGMTQNVNE I--WSRCPRSQYCSQKIIKIGVCSAIIHFNDGF
:m],obok—1_r-w KEHH (17) DFQALOKVILEPSLLDSFKSYVRFRHTGALBCANSLS --LAYAPRRCAFS YEAYKARKOLSAIDWNFHQ
Kolobok-1_DR AGLH (17) PFYKLEKVLANKRI LKDVAKLSPHHQTSTVEAFHSVI--LRFAP

x.olnbok-l_-cs EEDH (19} AFAIIQKAVSRTTLLKALEKVTEGIHTGELE
Kolobok-1 XT COH (19) AYSTLVAILTNKLLIKDISQIEKFCHTGDLE
Kolobok-z:w €LH (20) ARNHLLEFLKD--SGSVFQIVNPDYATHINESYN --CRFNPRHTNY-LSSYEGRTDIATIYHNEGY
Kolobok-1_NaeGru 2PH (10) EEAQVVKEIFDKRIKYSHKFCDIACNSQNNESIH LDF-SRNYCGRADLAIGERLLGK
Kolobok-1_TV KCFE (13) LYDWVHKW=--=---~ TPIVSKVSSIGST RAW--KNINIRVNVAILEWNDPE
Kolobok-3_TV

B MPNCIVRGCPHKTAQKDKYPNVSLHYFPNDLNAITNWLRQTAQYGDNLE SVANE IHQSAKTGRHRICSVHFTEDSFVAKGPKRMLKPNAVPTIFDIQPTPVLVTAME STSFQSHKRRRVE
DDIPSTSHTIVRIVKHFITVATQTEEKIYVDASTTSMDMOLGIHKASGSDNPHSQLDIGVQTGDDSVAAE PWRIQKDHGY PVAFSTPIKCMLD IDKPNPNLPGKDMOTVQE SNLEGEEEL

FELTDSQLSSIQAMEPSIEEEKDTSIYEPEESVIFTEDDSTFTEKKEEILQRSFIVFEELLDQLFYLIKCQOHSANSPCHAPIVE IEKKLNGTMVEVKLTCLSGHCSLIWNSQPIAGQISI
*
GNVSVACAILLSGSSFTKVKEMFQIMSIPFFSHTTYYTYQKRY IFPAIDLAWIKEQELLKQODIADKAVVLAGDGQFDSPGHSAKYCTY TMMD IMTKKIVDFTIEQVCPGKTSGMT IAF
B1 B2 B3 at
*
EKCLSSLEKKGIDIRVMATDRHSSIRKFMKTKSE TINHQFDVWHICKSLVKKLTAASKORKCKDIAHWIGPITNHLWWCSQTCDONVENLLDKWRSLLYHTIANKHT FRNLKTYKKCQHKK
al B4 a2/3 B5 D2H 4
ITAEEMKDKKWITPSHPAYSTLVAILTNKLLIKDISQIEKFCHTGDLENFHSKVLKYRPKRIAFKLD SMYARTMLAALSHNKNVNRPQATVHCSKKSEFPVGEKRFKIVFPKHKKEWVAK

ab/6
PIFEEISDLHLFDIISDAGKILKGE IVHRWE SHTKGLPKNIASKKRPEKSVVVAQHFSRFGR 782

3)
(20)
N
8)
9)
{15)
{16)
(16)
(16)
17
N
{10)
{11)
(11)
{5)
{6)
9

< (8)

240

360

480

600

720

Fig. S4. The DDE domain of Kolobok elements. (A) Alignment shown is after redundancy elimination. Conserved residues are highlighted in gray. The DDE
triad is marked above the alignment. The [(/D](2)H motif is also noted. Distances between the conserved blocks are indicated in number of amino acid residues.
(B) Predicted secondary structure of the DDE domain of the Kolobok-1_XT transposase. The DDE triad is indicated by asterisks. a-Helices and p-strands are
highlighted with pink and blue bars, respectively. The first D is associated with 1, the second D is right after p4, and the E is on o4. The inserted domain

between p5 and a4 (highlighted in pink) is predominantly a-helical. Also note the D(2)H motif right after p5.
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D
(111) PIINESINSTSMVRQTFNIVEKRKV-LAKINPTQVPIITABQPVYALGCRQVQWHYPELY GEDRKLLMMM]
(115) PLFRDPAHSVATIRHVMDKVMET - VIFLNPGQI PVMTABQPT YALAKQ I QWHWPEQY GEDKEVMME
(126) PLFKTSPTDYGTLYTVLRLSQGISATVVGPHRKTLITLBLDLYSRALKIQQSVG--~--NANWILRA
(107) PIIDLNPLEESCIYSTLQFVISQ-AKRFD-ISTPCITFBQPLWLEKAIGIVENE-----NLNIVCRL
(106) PFINHSASNYNTIFTTLQYITND-GNKDG-HTTCVVTLBOPLYLKTREIIATLTGEPMFSNVFVRL
(114) PFINRQPTNPSSIYTALNFAREQ-SSLHG-METCFVTFBQPLYARATIEIVASDEI - --LOGVVVRL
(114) DPISKSPTNNDVVRETMIRTMNV-AKETG-QDFAVVTYBLAVAIRAYSIQAIQTPI--FDKLLIML
(117) PQIDASPTIDAVVVLTMEMSLRI-AAECE-QRYISLSS]
(107) KNLOQPITQLDVIQHTLRKITOOC-AEEIG-QSYGIVSYDLNAAKPAMOIQATETPL--YDNIFIMP)
(86) PQTNQSPTSSSVVAETLRIAQRV-ASECG-KNEISVTYBLAIAKRKAMOIQAEETPT--FDNVEVQL
(106) EPLSKPITELSTVQEVLNISQEA-STAVG-QRKYTFITFBLAVARMAYSL-—~---=-=-—=========

Academ-3_HM
Academ-2_BF
Academ-4_SP
Academ- 2_HH
Academ-1_AP
Academ-1_CapTel
Academ-1_CSa
Academ-1_Dpulex
Academ-1_Lgigantea
Academ-3_CS
Academ-1_Aplcal

L T

Academ-1_NV (119) PMIDGASTEFSTVYTVLRHAQKV-SAVAG-QEDTVITFBLAIY IKAKQIQLRYPEE--FANTVIRL
" Academ-1_BF (105) PTINAPATQMSTVYEILRQSLVI-RDQLQ-LKKIVCVEFBQAIYAKATEVMWKHKDI - - FKPIVIRM|

Academ-2_CS (105) PVIEASPTEMATVFTILKRSLEL-ADKLA-VETITLVEFBQAIY SKAQEIRWKNDCI - -QRRTIVRL
ﬂ Academ-1_SP (108) PVIDASPTDFNTVHTVLHRSLEI-ADQLA-LPAIVIVVBQAIYCKAQTIRWQEPTF--LKKIVIRL|

Academ-3_mM QVSLAGFYSLL (22) YTQFNYWFTAMELQA - IVLLLVKSFHR!

Academ-2_BF QITACSLYQLM (31) SPQFQFWSLVLSMEL-VILLLIRAF]

Academ-4_SP KTIDGSELDTCAIECGAYTSASLRRIFG! ITASLAIMMLR (55) GEFAQFLTRYLNQVE-SLLHLISSCR

Academ-2_HM KLMSGSELEEVF - -EEVYAEHTVQHMFS IIIQSVLTVYL (59) SRTAALWLQYMEYID-VVKEFICAER

Academ-1_AP YIMAGSELKEIM--SIIFAPNSVDKILL TLIQITLSQII (52) GPTAKLWLQYFEMTA-LAKEFIRAERMG

Academ-1_CapTel YIMGGSELEVLW- -ESVYAPASVVHMMT LLTSVALFTFM (50) SRTGRLWLNYMEQVS-LIKQFIYAERTG

Academ-1_CSa TLINES@IEYVLTEADVLAEGSMVGFIK| ELLANVLEQKM (58) GSTAQYWAIYIYLINRLHRELORC

Academ-1_Dpulex KFISES
Academ-1_Lgigantea KVIDGS
Academ-3_CS KFINES
Academ-1_Aplcal —————g
Academ-1_NV KKFASS
Academ-1_BF KRFQD
Academ-2_CS KRFKS
Academ-1_SP KRFQOE

PYILVESGLLASGSLSGFLE
GPAMLTESLVVSSGSLNGFLS PLLAVSLETLF (58) VATSQFWIMYVIFIQ-NFHLLERAIRTN|
GPHILEESGCLATGSMNAFIL QLLSLAMEITH (55) GATAQYWLSYVNMVH-LYHEFSRSIRTG
FEEVVIDSKICASGSIEKVMKGEE R KAVLEALERLS (58) GRTAQFWIMYMDAVW-KVLNCLTATER

LDDLLIESGVYAAGTTSALLKEK R [KLSMEALHRMM (65) SKTFDFWMRYMSMVK-LLLQFIKAERTG
LRDLATIESGVVAEGSVSGVMDESRE R~ KLVYEALLRLV (65) SRLTQYWMSYIDLVE-ILLGLLRATREGE
LODIMIESQIVAPGSINGVIS F LTIYEALERLR (59) NPTFNFWSSYINIVQ-LLLTFVRATRES

LODILIEAGVVATGSVTGVMN F 3 D

Academ-3_HM FISALEQIVPWMFALDHTHE PIFLADMKMLPYK-HPEVYTEF-CKGFFTFQK-TRRPFSSMAT

Academ-2_BF YCQALAELIPYFFANNNTK] PIHLKDMLTLKEK-HPQLAEEF-ESGRFVVHK-SRREFSGMAL
Academ-4_SP YLSSLEDLTKYFFARDLLNYAR PVHLAQMNALED--DPETWNAL-RSGDFVVAR-SEIPFSLLFT
Academ-2_HM HLOAVRKEMLNLFAATGHVNEARSARMY FOEMLTLSET-NPWLHDRF-IEGEHAVRR-SSRYWGGLWS!
Academ-1_AP HLVCVRRMLPYFHAAGHYNEBRSAHLYVODMENLENTMDNTAFQRKF-TNNFFSIKR-SNKYFCGTWS!
Academ-1_CapTel HLNSIRQMIPYFHAAGH PARSARIYLOOMOALQSTMNETEFGKFTRDGY FTIRQ-KDNLWGGIFS
Academ-1_CSa YVNVFPOMLDVFFALNRPNYAE TLFLRELKSL----DPEVREIL-QNGAFSIRR-TSKDYSRSA'

Academ-1_Dpulex YTOMFPOVLSMFFVFNHONERRWGTKYHDNLMNMETT-HPGITQDF-DDGIISIRR-TSKPFSASAT
Academ-1_Lgigantea YSFPLTPIIDLFFATNHVNEARWLTKFQLDLLNIDNT-HPGLSDLL-NSGVFTVRR-TDHSFSRI--|

Academ-3_CS YVYCLPKLASFFFAFGHVNEAL TRFSDNLLKIKET-HPELGSEF-EDGNFSLRR-THRKGFARVPL
Academ-1_hplcal RYLSAYIILLLNLKDS-HPGAEDLL-RYKGFSVRR-SRVSGARNA'
Academ-1_NV PVYISDMRQLEVK-HPRVFEEF-MAGNHAVSR-SGQPFSQVWT
Academ-1_BF HOQVSIRQLIPWCFAYDRVNEARRYLSYYYAQMSQLOSQ-HPDVYAEF-MRGRFSVQIGHTNPFGRIF
Academ-2_CS HLASVROMLEKWFFSYDMTN LPVYWVEMENLSTT-HPDAYTKITQRGEWTVQROONTGFSSIAC
Academ-1_SP HLASVRALLPWMFAYDRTNEARYLPVYWIEMSQLPTT-HPYIYNEL-MRGHFGVQRODSHGFAQVAC

B MRSSQFAFDFKNCCFICGKDADEKKENKKRKE LRLKI SHVCTLGFEKNI IDVAKARGDEWAKAVQKRVILNTDLVAAEAKYHONCLNKFNLPVPREKKSGRPANE IVAAAMEEIFSFIEN 120
NEDSQFTLNELKEAVSDYLPDNKTIKKKLEEKYGDRIIITTKKTGFTIISFRETHINILNQAWYEKKKIDPNDERRRLLNTCADILRQDIHTKIYETDFYPPSTSLEFNDLDENIPETLIF 240

*
FVEKLLLKNNKGNLE SKKRVCKTICHMIISALGPRSFRSPLOLGLAVYCYRQYASQRLVDILSSLGVCVSYKEALLYEASSLFHPQPLVSPPEDGCFVQYVCDNADHNISSIDGLNTFHS 360

:
LT DK D g0 VR i VS L GV GG T A DQ T8 NSV LA AKHOADDVVGHS G T RENIH TS L TNsmonTy 460
fires R1ug x

B2 * B3
NTIFTTLOYITNDGNKDGHTTCVVTLDQPLYLKTRE ITATLTGE PMFSNVFVRLGGFHLIMSYLGSIGY IMAGSGLKEIMSI IFAPNSVDKILLGHAYSRAVRAHTLIQITLSQIIFKEM 600
al B4 a2/3 R5
SFNDEQKEQYKVHLDNFNEELFENIESSKVIEELKLLFEEKIVELKNRGPTAKLWLQYFEMTALAKE FTRAERMGDWKMHLVCVKRMLPYFHAAGHYNYAKSAHLYVQDMENLENTMDNT 720

*
AFQKFTNNFESIKRSNKYFCGTWSDMIIEQSLMKSSKSKGGFTRGRSTNE SVLNKWVDGLLTASNI SEGLEHFCGLYFHSGEQHVDASDARIKRDAKDVKRLLDWFNFHDPFPYTESIMS 840
e e s

a4 ab/6
IATGVTGDEKINCHVSWSVGMAGMDKKIGSTFGDVKFQRVDRVLSLLTVNSTVKINDTEIAVDPLLLFQRIIVIKRTNEELRNYLEYELAPYPLSLFDEAGMRKTTKSLFYDNFEKVKSP 960

PDFQNATYVIDGGLLLRKVVWDMNRTYDDICGKYVDYVQNHFGSKAIVVFDGYENIRNSVKAVEQLRRSSKSSSVD ICFDKQMTVTVSQEKLLSNRKNKTRLI SMLTEKFEANNFPVKHA 1080
QDDADILIIETAIEQSENGTTVVVGEDIDLLVILTARTPIDKEVFLLKPGKGMIEQNIYSSRSFNHOGNIKNDVLFLHAFSGCDTTSALFHKGKTAALKIMKKRNDLOIAAGCFNNSNTS 1200
RETISLNGIKFFLAVYGASVKE TSINNHRY SCFTKSVGKGKSVKLNLLPPTFEAAQQHLLRVYYQIQKWLGNE LNPLDWGWVMRDNLLWPKTTTQPPAPDCLLHMIFCNCTKGCGPLCGC 1320
RRLGLHCSAVCGNCQGLSCLNTEPVEDDQLEKQTMDDTENPEL 1363

Fig. S5. The DDE domain of Academ elements. (A) Alignment shown is after redundancy elimination. Conserved residues are highlighted in gray. The DDE
triad is marked above the alignment. Distances between the conserved blocks are indicated in number of amino acid residues. (B) Predicted secondary structure
of the DDE domain of the Academ-1_AP transposase. The DDE triad is indicated by asterisks. a-Helices and p-strands are highlighted with pink and blue bars,
respectively. The first D is on B1, the second D is right after p4, and the E is on o4. The inserted domain between B5 and a4 (highlighted in pink background) is
entirely a-helical. An additional inserted domain between p2 and 3 is predominantly coiled (highlighted in gray).
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A D D
Novosib-1_EmiHux LDVBDLYDELLLS (43) RALAEQDPKKFALIMPFLRTTHMESTPSMAWPLVS PELORALDGTREGVVL- - ~-ESLLCVL - HAGYRARNMRGLTPECRLLFTE (38)
Novosib-6_CR VLYDHEDYVHKLK (25) EAAAQGRPHLAHVTAGLAKTVDAQNVPICEALVYDEELQAQLLOARRGHSRACLDALVLRVVGHAHQAWDAPHLTNATRTRRLY (29)
Novosib-5_CR LLLDHEDYMHKLK (49) LAAATGNPQLAHI TAGLNKSADAQSVPTATAVVYDTRLOEALVA - -QGFAL---DALVLRILGEEYQAWDMAHLTCPARVORMO (29)
Novosib-4_CR MVVDEPHKLKT2K (60) AKYPGLNPS--HLIATLRGETDAQSVNCAQYWIGCAPLQEALRE - -RGFVR- - -EAVVMRTLMEAFEAFDECGLEPVERALRIT (31)
Novosib-3_CR IVIDEPHKLKTAK (86) ERYGNLDPG--ALLATIIRGETDSQSVPCAQYWIGCVPLHAALRT - -YGFVR- - -EAVVLRTLIEAFEAFDECGWEPVERALRIL (31)
Novosib-2_CR KVIDEPHKLKTAA (81) ERKFMGEDPK--VLLATAQGRTDT@SVACAQALLGSRLL - == ============== AVCMETLIGAFRAWDEAQLDPLERALRNE (23)
’ Novosib-1_CR NLIDEPHKLKTAA (81) QKFMDEDPK--VLLATAQGRTDT@SVACAQALLGSRLLATALRD - -RGETR- - -EALWMETLIGAFRAWDEAQLDPLERAMRNE (23)
E
‘ Novosib-1_EmiHux VQEMGAGNLLRYLQEABARAEVRR---RHPGWEPSARLWHTHCLENGESVLCMLCGEVERPELVQCLARLRRADITELLRH
Novosib-6_CR VREFTTELLFVLMANIEAREQLLCEL-PGAGRLLVERSLS TBD LENERS LIVLGCG @Y KRBT VES VMGFLEEMDFLYVLER
Novosib-5_CR VMEVTTDLIFSMMANIEALLQLLLAV-PAAASLAVLRALS TBDCENERS I TVRGI - @Y KPRLWD LLGYLSRVDFLTDLRR
" Novosib-4_CR VDBFTLONVCSWLINGDSRLEVVERLPAERRSELCERALS SBCCELFESLLTTLC - 8GRPALRVIQGAMTRI TFLLGLRQ
[=] Novosib-3_CR VNEFTLONVTSWLVNGDTRLEVLORLPVEWRAELCERSFS SBCCELFES LLVCLC - 8GRPS LRVIKGATPRI TEMHRLRO
Novosib-2_CR VCELSLANAASFLNNTDARLHVLAHMLPHEREHLNERATS TDANEGHEACMT GPG- BORPLVAVLQGRESRVSFLAAKRQ
Novosib-1_CR VCELS LANAASFLNNTDARLHVLENMRPODREHLNERATS TDANEG HEACITGPG - SOKBS VMV LOGRERRT AHHVAMRO

B MTSLEAFFPDSSPCNYCLVCQHVIQIGRKGIRVVNLETYACCGLSDDVLAVRKEQGVRAPLAAVHGACY ISQLQPRLRVLREQAAAVPRTRAAVKSLPPKPARRAPAGAGQKLGQLQNET 120
AHITGVLPSASQRRTGGGVTHMETSPQESPGRGGVAAPGACTSS SGHTGVSWDNSKQAYRARS SCKLSGVSGQPRHLGHY PTSHDAAAAVNLYHEVLAWCLTWGVEVE PPPNAVPAGVAL 240
GRAEEAYVRSCALNAELDFWRAKEAALTAQLAEERRSSCADYLTACQLVPELASFVTTIATGGVLPGDLVVE YAMDAVTNAAKLREGGPAANGVRWRSRIKVVAAAAAAQCSGEATLNVL 360
RGDVKDPGLPFPSTSTNRRTMGEDGVVPDATVGVLPTGIRKFVARCHVAGRPNADACMGTDGVD I PALLEKE I Y PSGVRFAGDACLGDS IGVAALAQKERE YNSLVSRLDSSAARVSDAA 480
GSHASVQHVAAWVQREVLPRARTSLREAQVASEAQDARFQRTNGGAMEAGEQQRLKQOQVVHKCASLOQRIERAQTVVSLAEGLVRGAQRMHD IQLVSVTVGVLSPEGRITVALTPAGSDA 600
EAACAEAVVLLARDMRAALPQLYDVLRHAATSMVVAFLTSPDSSVSE LVARMYVGGKAGEQTMRRL IADVAVALATE AKAQQQERRLAEKE QRRQEEERLQOLLAKAAPQPAVLPAAQQA 720
AALPVAAAAAEEE PPLPPAGSLLMVVTDGEHFSLTNAAGGGAHS SNLAQLNRECQKQCAAAALVRKR TARGQEEVQLALWRDFVQHVPLNPPRQVLPRGAATSAAPAGS IAKMPHADALL 840
GVVAAHNKHQAAVKAAVAAAAAAAAAAAKAPAVSAAATATEVPPPVQQVPPPAPTQAAHPAAPARPKRTAVAPARYNSGE TAVPAKQAKTSTTAVAPLALPAAAPATAADPLYQQLGAFC 960
MVCGSKHS SDSNDMLFCDGPRCSNE SRYAGWHQKCLT PAVTMVPQGDWFCPRCVTAE SRCKEQGHRSGAQAPTPRQQQAGARLLPAALPASRLTPGLQPLVSDLYSSAGRLAGSIERRAD 1080
IYAISPQQVQEHGEKVKDIEAHVPWRQVERPVQQLARE LEAHSQAAQQPGSMDGVS PQVAAGY HAYMAAALRPQLPWGADGGAGVAE PPPAAGAAVAVRGGGGTAAATATGAATSTAFRA 1200
PGLANGCSGCVDAAADRKDTHASRAASRAAAAAASDSVLDAEAAGVLQLVRQLPVREGTAVVSRLVWRSQY LARHALLLGDRVS TGADGPSFPFASGMAEAEAYWVYRLTHGMMPAGLAP 1320
ATAEQIVQQAVDQARLDSAVLVC]CEAGRDFTRQFHYTAEGIACMVV;E PHKLKTAKPQDNPCCFLAKLDNLASMQRVAAAAAACKY GESCLDKGVLLEVAAELQREYQTATLVTRAAKYP 1440
GLNPSHLIAILRGE T;AQSVNCAQWIGmpmsmncmgrvammmEccmmmz TRRTIMLQRMLGNTLFTARVCRGGAQPTLPQYVDGFTLONVCSWLING 1560
DSRLL-:W'ERLPAERRSEchmssncc:wrsmrucccapmv:MMTFLLGLRQQTRTARGFMRRRTRGAYKEHELMVAAALLDPETVSAGRVG1 SKWNSALKIKNRCL 1680

a4 ab/6
KIKRQKSICKTAGARANGKMGHTRQVMFNKPKLATGVHGA 1720

Fig. S6. The putative DDE domain of Novosib elements. (A) Alignment shown is before redundancy elimination, because there are only seven elements
available. Conserved residues are highlighted in gray. The tentative DDE triad is marked above the alignment. Distances between the conserved blocks are
indicated in number of amino acid residues. (B) Predicted secondary structure around the tentative DDE triad (marked by asterisks) of the Novosib-1_CR
transposase. The typical “p1-p2-p3-a1-p4-a2/3-p5-a4-a5/6" fold of the DDE domain is not yet confirmed for the available Novosib transposases.
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PiggyBac-3_PI DVA SIASKSKY-ARHIIV-YNP
LEAPFROGL_EI NVVI CPFHGKC-PFKV---YMP.
PiggyBac-1_Mcir NVSI QFSGRS~-AHTF - -~-KMKC|

PiggyBac-1_FO SIA
Pigg-yBal:-l_PI VIS
piggyBac-8_SM YI
piggyBac-6_SM NLTI
POKEY_DP GQST
piggyBac-5_sM HLSI|
piggyBac-1_XT NVC
Pigg-gBal:-S_HM NLS
piggyBac-4_SM NICI
piggyBac-3_sSM LL

VVRFLGRS-LETT---TIPS
TLPSRSRYNPTRQ--~FNKD
LFPTKARC-RFTQ---YMEN
LVPFRGRV-KFRQ--~-YMPS,
MVKYKGRS-MLRQ- - - TMKN!
MCSTKVEKH-FMKQ- - - YMP

LLLFKGRL-KFRQ---YIPS
LVLFKGRL-HFKQ---YIRT
LMLWKGRL-SFKQ---YIPS
MIPWRGRL-MFRQ---YNPG|

piggyBac-3_NV NISIDECMIPWRGRL-SFRQ---FIAN
piggyBacl_CI HISIDEGMMEWRGRL-GFRV--—-YNKD
piggyBac-2_SM YYSI| MVPYYGRH-GDKQ---YIRG
piggyBac-2 NV NVAI SKHRS-GMRQ---YIKN
piggyBac-1_NV DIS MIAFKGRL-GFRQ---YMP
piggyBac-1_SM SQST. IKFKGRS-GIKQ---YMP!

PiggyBac-1_FraCyl WITT
PiggyBac-1_EmiHux TLSD,
PiggyBac-1_PhaTri LI

RIAGWYHS-CMTI---GPDP
SAEWRGKN-GEGVVVSFNKD
MSRWYGQG-GEWI----NHG

PiggyBac-3_PI
LEAPFROG1_EI
PiggyBac-1_Mcir
PiggyBac-1_FO
PiggyBac-1_PI
piggyBac-8_SM
piggyBac-6_SM
POKEY_DP
piggyBac-5_SM
piggyBac-1_XT
PiggyBac-3_HM
piggyBac-4_SM
piggyBac-3_SM

(0)
(8)
0
(0)
10)
(2)
2)
10)
(0)
(0)
8)
{0)
(0)
()
(0)
10)
0)
(0)
(0)

(16) REPFKAPKCVS TAMO
(7) DEEDGTPE K&
(36) VKDLPIPKIID] HNMN
(7) VKQVSIPSIAAT] EMN.
(16) MKELPAPEL
(8) KAAKKLPETVS TKF"
(8) NTNKNKSEINL STEKG
(17) FRSKSCPKAID) MG
(19) VIEVNCPYIIQ G
(15) -PSKTKPLCS
(15) DSAIYKPSIVRSY¥NSHMG
(16) FEKIMKPKTVI
(15) NEDITKLOMII
(27) SGDIPCPPLL!
(18) KESVEKPVCI
(19) HVEVDLPHSI
(21) NIEVRQPMAIN
(19) EIDIEKPKVTD
(18) TKIVPCPQSII
(0) (26) FTDVDCPIQQ]
(1 (22) YEEVYMPPVKS
(2) DRRYFVSSAS (27) EIIIPQPKAAE

piggyBac-3_ NV
piggyBacl_CI
piggyBac-2_SM
piggyBac-2_NV
piggyBac-1_NV
piggyBac-1_SM
PiggyBac-1_FraCyl
PiggyBac-1_EmiHux

PiggyBac-1_PhaTri

{55) RGSRRVVN
(77) FGQKHVLCC
(41) RNSAYNI
{41) PKSTYHVF
(47) TSPWRLVI
(38) TMKGRTVT
{37) ERTNRNIT
{41) TDQGEVVA
{43) RKQNFRLY
{43) LGRGYHL
{40) LDKGHILF
{40) LDKGHVL
{43) LNNGRT
{38) EGMGHHLY'
{32) HFLWHSL
(39) TKPGQHIV.

{39) LNQGYHLYC]
{37) LNSYRHIFC]
{37) KNKNCHIV!

(46) KHKGHC
(39) YGEGFVIGO
(49) WHTDRIVCE

CLLLESLRTV--GLYG
IDLIKELVDK--QCDYT]
IGLFKHLLDL--GIGA
CDLEFRRLRQR~--GHGA!

IPLALKLRSK--NTSL
YELANSLLSK--GLTC
IALLDKLREN--GVNA
IPLMVHLAKE--GIFS
IPLFRALNSL--DTPAC
PSLATFLLGR--NTHLC
PPLFEILHYK--KTGAC
RSLANALITQ--QTHL:
VELYQFLEFDN--QIYA
VSMSQOMLLAF--QIHS
VALLKELSQK--KIAAT
VILIKDLFLV--KTPAT]
VRLFDHLLDQ--KTYA
YTLMEELYEH--KIYAT)
DAMAQIGRNHW-GI

PVVVVDGAKKF-KFNF

A I I I I I I I I I

D =*
DQLR-GRFSVANGHTFKK

KIC-SSYSSR--RTSRR
IADQLR-SYYSTH--QTSRR
GDOMR-AYWGLD-RRVRRG
DQLRMQRY SVQ-LSYKS!
DOMA-RKYTVK---SGS
TLDQKC-HAFSVK---RKT
TANQLR-SYYERD---
LIDSHI-GRYKIA---IKS
KSDQIQ-HYYNAT---RKT,
VDQQL-HSLRTL---RKSY.
¥ SDMRM-SFSECV-—--RKTT!
L.SDOMA-SYFTPL---RRTI
QSDOML-RYYTCI---
OVDOMI-SYYPCH---RKSL
FDQOV-AAYRCR---IRS
SDOLM-TKNNAL---SKC
QLR-SFYSSG---WQS
FDOKR-TYYGIG---RRS
KGNGAE-AKYDLS-TESHLH
LFGQYM-ELLDTT--FKSFH
NRSR-QDTLMLERKLGTT!

F-PLFF-WLLDTAIT
~ALAWDFLLEIAL
YKTLFL-GLLDMAL
PLOVFF-NILDLAAT
PIAQFY-NLVDVCG
HRLLY-SLLETCL
YMRIEY-HMMD,
YKKAAI-YMIQOMALY|
YKKLAF-RMISQVIL
YKKFFF-HIIDMVVH
HKIAFEYLLSTA
RRVLE-HEVEVAIH
TEKKVEF-YFMTISVH
PLFA-WTVNAQ
FEF-HMIDIA!

STRVNL-SIFGMI

SSSKHFPRYTM (21)
QIRFQVCKKET (12)
SVMKSLLKLP (18)

VKLALELLQR--RMYITETIQTRMAGYAKDVK (32)
IRANKRELPKICK (19)
LRKNKRCIPQNFL (18)
ILPSRVNQPIMTK (23)
IRRNRVENCKLPT (24)
RNRKGLPRELL (17)
SNRKKYCKEIA (20)
REKNRKGLPKYSG (15)
RKNRIGNPTEVT (17)
IKGNRKNFAKEVL (20)
LRSNRGE-PREIR (19)
LREDRLSGAPLRP (20)
TENRRGFPEEMK (22)
VNRRELPPCAK (16)
SSRKELPALAK (18)
QSDRTGAGKLGK (25)
GWNRRGMVEDAD (20)
TATKQYPMRYL (26)

Fig. S7. The DDD domain of PiggyBac elements. Alignment shown is after redundancy elimination. Conserved residues are highlighted in gray. The DDD triad
identified here and by a previous experimental study (1), corresponding to D268, D346, and D447 of the Trichoplusia ni PiggyBac transposase (GenBank:
AAAB87375.2), are marked with letters above the alignment. The DDD triad suggested in Bao et al. (2) are marked with asterisks. Distances between the

conserved blocks are indicated in number of amino acid residues.

1. Mitra R, Fain-Thornton J, Craig NL (2008) piggyBac can bypass DNA synthesis during cut and paste transposition. EMBO J 27:1097-1109.
2. Bao WD, Jurka MG, Kapitonov VV, Jurka J (2009) New superfamilies of eukaryotic DNA transposons and their internal divisions. Mol Biol Evol 26:983-993.
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Table S1. Summary of the TSD feature, terminal motif of the terminal inverted repeat, and the signature string of each superfamily in the
revised system

Superfamily TSD Terminal motif Signature string
Tcl/mariner TA Variable D[E/q](80-125)D[N/G/s](3)H(15-26)P(9-10)[D/E]
Zator TWA 5'-GGS D[D/q]K(~30)DH(8-11)[P/s](~60)D[G/n]G(~17)F(5)D(8)[P/a](2)S(2)N(2)E
Merlin 8-(9) bp 5'-GG DE(6-7)[K/r](3)[G/al(5-8)W(2)[G/t](~16)R(B)[INT(Z)[T/SI(1[INVI(1)[T/S]
D(4)Y (~10)H(A)HB)[Fyl(~11)INV]EQR)W(3-4)K
PIF/Harbinger TWA, AT or AWT Variable D(8-9)P(~40)[G/a](3)D(21-42)D(1)[G/A/][F/Y](~30)R(2)[V/I]E(7-8)[F/W/y]
MULE 9-10 bp Variable D(1)[T/a/c](~60)D(7)[A/g/s](10-28)[C/d](2)H(50-160)[W/f](~16)[N/S/TI(3)E(2)[F/N/H]
P 7-8 bp 5’-CANRG D(~90)D(4)[N/y/h](~30)D(2)H(2)K(2)[R/y][N/t](~190)E(2)[F/n](3)R
hAT (5-7)-8 bp 5-YARNG D(50-90)D(15-45)C(2)H(40-120)R[W/f](~300)E(2)[F/w/V/i]
Kolobok TTAA 5'-RG D(45-75)[M/I1]E(~25)D(18-24)[C/D](2)H(~65)H(7-24)C(~60)E(2)[N/H/f](8-10)K
Novosib 8 bp Variable D(50-110)A(6)D(1)Q(~40)A(10)R(~35)G(13)[D/E](~19)[R/Kk](4)[D/n](2)E(2)F(7-8)G(1)[K/r]P(18)R
Sola1 WWWW Variable D(6-7)P(~70)D(4)QN[K/R][N/c/s](~22)[F/Y](3)GH(5)D
Sola2 4 bp 5-GRG DF[A/S]E(10)Q(3)[F/W/y1(~27)[S/t](~32)[S/IDG(3)QLY/FI[K/RI[N/c/s](~19)W(1)[F/y](4)HGK(3)D(6)K
Sola3 TTAA 5'-SRG DIF/W/Y](2)K(6)RE(5)[F/y]GK(1)G(3)H(~60)D[N/g](3)Y (~30)[G/n]K(3)D(3)A
PiggyBac TTAA 5-CMY DE(~17)[KA/N](6)[K/r/h](~50)D(2)[F/Y1(1)[S/t/al(15)GT(~35)[W/Y](~10)
[SH/a](~30)Y(6)[V/iID(~17)[W](~14)[N/d/a]
cMmcC 2-4 bp 5-CMC D(70-100)D(17-21)C(2)C(50-110)[M/L]H(3-4)G(140-225)H(3-4)H(19-20)E
Transib 5 bp 5-CACWNTG  G(1)DG(~55)CRP(7)E(~42)D(1)K(~13)C(2)C(~30)LH(~60)GN(2)[R/k](~65)H(2)[L/i](1)H(20)E(3)K(5)R
Academ 3bp 5-TAG DN(1)D(7)[G/AI(2)[T/S](1)H(~145)D(~25)G(2)H(9)G(6)G(~21)[G/a](4)[R/h](4)H(~95)
[R/k](2)[D/N1(22) Y[A/s][R/k](~42)D(3)E[Q/e]
Ginger 4-(5) bp 5-TGT D(~20)[S/TI[K/rTIW/F/Y1(8)[K/r1(~16)G(7)D(1)G(1)EF(~21)[P/s](2)[Q/NIG(2)E(2)N

Parentheses in the TSDs indicate exceptional cases. The DDE/D triads are boldface. Alternative residues are marked by slashes; lowercase indicates that
a residue occurs in <10% of the sequences in the alignment profile.

Table S2. Taxonomic distribution of the 17 superfamilies across five eukaryotic supergroups
Opisthokonts

Superfamily Plantae Animals Fungi Amoebozoa Excavates Chromalveolates
Tcl/mariner Y Y Y Y Y Y
Zator Y Y

Merlin Y Y Y Y
PIF/Harbinger Y Y Y Y Y Y
MULE Y Y Y Y Y Y
P Y Y Y Y Y
hAT Y Y Y Y Y Y
Kolobok Y Y Y Y
Novisib Y Y
PiggyBac Y Y Y Y Y Y
Solat Y Y Y Y
Sola2 Y Y
Sola3 Y Y
CMC Y Y Y Y

Transib Y

Academ Y

Ginger Y Y Y Y

The supergroup Opisthokonts is divided into animals and fungi. “Y” indicates presence and blank indicates absence; boldface indicates presence unknown
before this study.
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