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Figure  legends  for  Supplemental  Figures  

Supplemental   Figure   S1.   Alignment   of   CMTr1   from   human,   mouse,   zebrafish,  

Drosophila,  C.  elegans  and  trypanosome  TbMTr1.  The  domain  structure   is   indicated  on  

top  of   the  sequence.  Identical  and  conserved  amino  acids  are   indicated  in  red  and  orange,  

respectively.  Blue  arrows  indicate  the  amino  acids  of  the  catalytic  tetrad  and  red  arrows  the  

boundary  for  the  methyltransferase  domain  used  for  modelling.  

  

Supplemental   Figure   S2.   Alignment   of   CMTr2   from   human,   mouse,   zebrafish,  

Drosophila   and  C.   elegans.   The   domain   structure   is   indicated   on   top   of   the   sequence.  

Identical   and   conserved   amino   acids   are   indicated   in   red   and   orange,   respectively.   Blue  

arrows  indicate  the  amino  acids  of  the  catalytic  tetrad  and  red  arrows  the  boundary  for  the  

methyltransferase  domain  used  for  modelling.  

  

Supplemental   Figure   S3.   Alignment   of   PCIF1   from   human,   mouse,   zebrafish,  

Drosophila,  C.   elegans   and  T.   brucei.   The   domain   structure   is   indicated   on   top   of   the  

sequence.  Identical  and  conserved  amino  acids  are  indicated  in  red  and  orange,  respectively.  

Pink  arrows   indicate  amino  acids   in   the   catalytic   centre   important   for   catalytic   activity  and  

green  arrows  amino  acids  involved  in  cap  binding.  

  



Supplemental  Figure  S4.  Validation  of  modelled  structures.  Superimposed  structures  for  

human  CMTr1  (A),  vaccinia  virus  VP39  (B)  and  SARS-­CoV-­2  nsp16  (C)  are  shown  on  the  left  

with  the  X-­ray  structure   in  orange,  the  modelled  structure   in  magenta,   the  cap  analogue  in  

light  blue  and  SAM  in  yellow.  On  the  right  side  the  error  estimate  (in  Angstrom)  is  plotted  for  

each  residue  with  the  methyltransferase  domain  indicated  in  yellow.  SARS-­CoV-­2  nsp16  was  

co-­crystallized  with  its  bound  co-­factor  nsp10.  

  

Supplemental  Figure  S5.  Structural  comparison  of  animal  CMTr1,  CMTr2  and  viral  CMTr  

tetrad  configuration,  cap  and  SAM  binding.    

(A-­C)  Configuration  of  the  four  amino  acids  forming  the  catalytic  centre  of  CMTr1  and  CMTr2  

for  human  (red),  Drosophila  (grey)  and  C.  elegans  (blue)  and  viral  CMTr  for  Vaccinia  VP39  

(red),   Zika   ns5   (grey)   and   SARS-­CoV-­2   nsp16   (blue),   respectively.   SAH:   S-­

adenosylhomocystein   (orange).  The  position  of   the  cap  analogue   (light  blue)  and   the  SAM  

(yellow)  or  SAH  (orange)  were  inserted  by  superimposition  from  the  published  structure  (PDB  

4n48   in  A  and  B,  and  PDB  6wks   for  nsp16  and  PDB  1av6  for  VP39  and  ns5  with   the  cap  

analogue  in  white  for  VP39  in  C).  

(D-­F)  Substrate  and  co-­factor  recognition  of  CMTr1  and  CMTr2  for  human  (red),  Drosophila  

(grey)   and  C.  elegans   (blue)  and  viral  CMTr   for  Vaccinia  VP39   (red),  Zika  ns5   (grey)  and  

SARS-­CoV-­2  nsp16  (blue),  respectively.  Amino  acids  contacting  the  cap  binding  are  shown  

on  top  and  amino  acids  contacting  the  co-­factor  SAM  (yellow)  are  shown  at  the  bottom.  The  

catalytic  centre  is  indicated  by  a  dashed  circle  and  the  turquoise  circle  indicates  solvent  facing.  

Contacts  of  amino  acids  via  side  chains  are  indicated  by  or  purple  circles  and  via  the  backbone  

in   green   circles.   Green   and   blue   thin   dashed   lines   indicate   direct   hydrogen   bonds   and  

hydrogen   bonds   via   a   water   molecule,   respectively.   Magenta   thick   dashed   lines   indicate  

aromatic  stacking.  Methyl-­groups  are  shown  in  yellow  circles.  

  

Supplemental   Figure   S6.  Comparison   of   vaccinia   VP39   structure  with   trypanosome  

TbMTr2  and  TbMTR3.    



(A)   Superimposition   of   vaccinia   VP39   (red),   modelled   trypanosome   TbMTr2   (grey)   and  

TbMTr3   (blue).   The   position   of   the   cap   analogue   (light   blue)   and   the   SAH   (yellow)   were  

inserted  by  superimposition  from  the  published  structure  (PDB  1av6).  

(B)  Configuration  of  the  four  amino  acids  forming  the  catalytic  centre  of  vaccinia  VP39  (red),  

modelled  trypanosome  TbMTr2  (grey)  and  TbMTr3  (blue).  SAH:  S-­adenosylhomocystein.  

(C)   Substrate   and   co-­factor   recognition   of   vaccinia   VP39   (red),   modelled   trypanosome  

TbMTr2  (grey)  and  TbMTr3  (blue).  Amino  acids  contacting  the  cap  binding  are  shown  on  top  

and  amino  acids  contacting  the  co-­factor  SAH  (yellow)  are  shown  at  the  bottom.  The  catalytic  

centre   is   indicated   by   a   dashed   circle   and   the   turquoise   circle   indicates   solvent   facing.  

Contacts  of  amino  acids  via  side  chains  are  indicated  by  or  purple  circles  and  via  the  backbone  

in   green   circles.   Green   and   blue   thin   dashed   lines   indicate   direct   hydrogen   bonds   and  

hydrogen   bonds   via   a   water   molecule,   respectively.   Magenta   thick   dashed   lines   indicate  

aromatic  stacking.  Methyl-­groups  are  shown  in  yellow  circles.  

  

Supplemental  Figure  S7.  mRNA  cap  2`-­O-­ribose  methylation  is  not  used  for  temperature  

adaptation  in  C.  elegans  and  Drosophila.    

Recapping  of  mRNA  with  32P-­alphaGTP  from  C.  elegans  and  Drosophila  reared  at   low  and  

high  temperature  (15ºC  and  25ºC  for  C.elegans  and  18ºC  and  29ºC  for  Drosophila).  Markers  

–  M1:  RNAse  I  digested  32P-­alphaGTP  capped  in  vitro  transcript  starting  with  AGU.  M2:  RNAse  

I   digested   32P-­alphaGTP   capped   in   vitro   transcript   starting   with   AGU   and   2’-­O-­ribose  

methylated   with   vaccinia   CMTr.   Sequences   of  markers   are   shown   on   the   left   and   of   cap  

structures   are   shown   on   the   right.   L:   Alkaline   hydrolysis   of   a   5’   32P-­labeled   RNA  

oligonucleotide  with  the  nucleotide  number  indicated  in  white.  
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MKRRTDPECTAPIKKQKKRVAE--LALSLSSTSDDEPPSSVSHGAKASTTSLSGSDSETEGKQHSSDSFDDAFKADSLVEGTSSRYSMYNSVSQKLMAKM   98Human
MKRRTDPECTAPLKKQK-RIGE--LARHLSSTSDDEPLSSVNHAAKASATSLSGSDSETEGKQPCSDDFKDAFKADSLVEGTSSRYSMYNSVSQRLMAKM   97Mouse
MKR-AAQASDEPLKKRK-------TAREESSDEDEE--SSQRTTSQDSSQSESLSDVEDHKPSFSRPSDSQNSQGSMAHNEASNKFAMYNNVSQKLMAKM   90Zebrafish
MDEPSDDE------------------------NSE--------------------PTPKKIKREWVKSYSN--K---AME---------------MMKKM   36Drosophila
MADRKSDEGEDEYQHKEQMVTNRTSSFQPKSTEDSISKLAKMRAADRREEFMEERASFSAVKRGYQAGDDEE-DDFTAEEEPPAKKPLT--VAERLMAAM   97C.elegans
----------------------------------------------------------------------------------------------------   0TbMTr1

GFREGEGLGKYSQGRKDIVEASSQKGRRGLGLTLRGFDQELN-VDWRDE-PEPSACEQVSWFP--ECTTEIPDTQEMSD--WMVVGKRKMIIEDETEFCG   192
GFREGEGLGKYSQGRKDIVETSNQKGRRGLGLTLQGFDQELN-VDWRDE-PEPNACEQVSWFP--ECTTEIPDSREMSD--WMVVGKRKMVIEDETEFCG   191
GFREGEGLGKYGQGRKEIVEASTQRGRRGLGLMLKGFQGDLN-VDWEDE-PEPSAIEQVSWFP--ESSPEIPDSDELRD--WMTIGEKKLKIDDEIEFCS   184
GYENDKGLGKSNQGRLEPIIAVQQDGRRGFGLKLDTVQSSAG--QWDPACEELEIPEPVLWLHNPGSRADAYSLDQLMG--HLVTGEKKLTLDGETRYCD   132
GHKAGEGLGKHGQGISEPIASSTQRGRTGLGHNAGKATARDFNEVWDETTEEKTVVERVEWMTDIEEEKRAEICEQLKDDKWMVIGKEKRTIDDETKFCS   197
---------------------------------------------------MPAVADCTVVFP--LRHDPASTHPDVSG--LVGKAFERVNWRDAFDTFL   45

EELLHSVLQCKSVFDVLDGEEMRRARTRANPYEM---IRGVFFLNRAAMKMAN-MDFVFDRMFTNP---------RDSYGKPLVKD---REAELLYFADV   276
EELLHSMLKCKSVFDILDGEEMRRARTRANPYEM---IRGVFFLNRAAMKMAN-MDFVFDRMFTNP---------LDSSGKPLLKE---SDIDLLYFADV   275
ENLLHLLLRCKTVFDDLEGEEMRRARTRSNPYET---IRGAFFLNRAAMKMAN-MDHVFDYMFTNP---------KDSQGKVLTRD---KEGELLYFGDV   268
PAILHHILNAKTVFDDLNDNEKRRARSRCNPFET---IRSSIFLNRAAVKMAN-IDSMCNFMFTNP---------RDPAGQTLVAP-----DELLYFTDM   214
QQSITEMIEAKNVFDLMSDKDLREARTRANPYET---IGSAFFQNRAAMKTAN-MDKIYDWILSRENTENDRFLLKNPLQESQTAENVDRSEDLFYFADV   293
AEERSALWAAKTAFDNTDTSAYIAARDALFPQAVSGVHGAVAFRNRAGHKLHETMEAVGLWEYLKG-------------GATRAKG-------TFTFVDV   125

CAGPGGFS--EYVLWRK-KWHAKGFGMTLKGPNDFKLEDFYSASSELFEPYYGEGGIDGDGDITRPENISAFRNFVLDNTDRKGVHFLMADGGFSVE-GQ   372
CAGPGGFS--EYVLWRK-KWHAKGFGMTLKGPNDFKLEDFYSASSELFEPYYGEGGVDGDGDITRPENINAFRNFVLDNTDRKGVHFVMADGGFSVE-GQ   371
CAGPGGFS--EYVLWRR-RWHAKGFGMTLKGANDFKLEDFYAAPSELFEAYYGEGGIDGDGDITRPENISAFRNFVLDSTEGRGLHFLMADGGFSVE-GQ   364
CAGPGGFS--EYVLYRK-SWEAKGFGFTLRGANDFKLEKFFAASPESFDTFYG---VKEDGNIFDESNQDSLNEYIRMHTP-QGVHFAMADGGFSVE-GQ   306
CAGPGGFS--EYMLWRKGFYNAKGFGFTLAGKDDFKLFKFTASSQYFFETFYG---TKDNGDVMDPVNIDSLEAHISRGTSGLGVHLMMADGGFSVE-GQ   387
CGGPGAFSQALFAMGKEHKLRLRGFGLTLRNVK--GLDWYTDLPSRSFFPCYG---IDGTGDVFKLENIESLCSLTCKEN----VRLVVADGGFDVPTEV   216

ENLQEILSKQLLLCQFLMALSIVRTGGHFICKTFDLFTPFSVGLVYLLYCCFERVCLFKPITSRPANSERYVVCKGLKVGIDDV--RDYLFAVNIKLNQL   470
ENLQEILSKQLLLCQFLMALSVVRTGGHFVCKTFDLFTPFSVGLIYLLYCCFERVCLFKPITSRPANSERYVVCKGLKVGIDDV--REYLFSVNIKLNQL   469
ENLQEILSKQLLLCQFLTALSVVRPGGHFLCKTFDLFTPFSVGLIYLLYLCFERVSLFKPVTSRPANSERYVVCKGLKPGTDAV--REYMFTINLKLNQF   462
KNIQEILSKQLYLCQFLTALKILRPNGSFVCKVFDLFTPFSVGLVYLMYKCFQQIAIIKPNSSRPANSERYLVCKYKRSDAETAGIVAYLNTVNLMLSDE   406
ENIQEILSKRLYLCQLLVSLCIVREGGNFFCKLFDIFTPFSVGLIYLMRVCYQSVSLHKPHTSRPANSERYITCKGLRKEFANV-VKEYLKRVNRKLDEL   486
VNFQETISCRIVYGQWLSAVKLLRPGGCFVLKLFDCFSPFTRAILFLTTHLYESVQVVKPRHSRVVNSERYLVCIGFIG---AP--KQWLEHFERCYQEG   311

--RNTDSDVNLVVPLEVIKGDHEFTDYMIRSNESHCSLQIKALAKIHAFVQDTTLSEPRQAEIRKECLRLWGIPDQARVAPSSS----------DPKSKF   558
--RNTESDVNLVVPLMVIKGDHEFNDYMIRSNESYCSLQIKALAKIHAFVQDTTLSEPRQAEIRKECLQLWKIPDQARVAPSSS----------DPKFKF   557
--RHSDRDVIEVVPLDIIKGDTDFFQYMIGSNESYCAVQIKALAKIHAYVRDTTLFEARQADIRKECLKLWGIPDKARVTPSTS----------DPKNKF   550
-SQLDENDVLEIFNANELAEDEDFLRYIIDSNNAIGKKQIVGLRKIAAFAQNLELKETKQSEVRQECLKRWGLPDKLRQAPENK----------PTDRLL   495
KNKKSHDDVTDLMPLDVIEADQIFMDEIIRHNEFLANRQTLYLRKYQSFAKNQGQFDKDQGNLRDECLKYWQVPNKQRPRGGDRGNRHDNMQRLNPLQVY   586
--FVDNDNIPTVLPTSLFSGDKIFGADVERMSATIASNQVSGLHAILEKLQSKPAMEEVKS                                          370

FELIQ--GTEIDIFSYKPTLLTSKT--LEKIRPVFDYRCMVSGSEQK----FLIGLGKSQIYTWDGRQSDRWIKLD-LKTELPRDTLLSVEIVHELKGEG    649
FELIK--DTDINIFSYKPTLLTAKT--LEKIRPVLEYRCMVSGSEQK----FLLGLGKSQIYTWDGRQSDRWVKLD-LKTELPRDTLLCVEIVHELKGEG    648
YELVK--GSEMDSFNSRPTALNSVN--LEKLQHVLDYRCIVGGGEQL----FLLALGRSQIYTWDGKAPSRWKKLENFKMELPRDTLLSVEIVQELKGEG    640
DELLADWANERSWLSLPATEMKGVASLNATIKNVADWYFVPVGREETNINACSLFLCKSRGNLLRYTEHKKWELVE-TAFEVQPRSIFFGQIVYEFYGEG    592
GKYCKKVCGESEIGNTFPDFSLNCLDAPLPNIPYEEYRFVPLASSGS---PNLLIAAGDSAFIFR---SGRFESISADHIRIPENTILLVDWAEEVVRGD    678

KAQRKIS----AIHILDVLVLNGTDVREQHFNQRIQLAEKFVKAVSKPSRPD-----MNPIRVKEVYRLEEMEKIFVRLEMK---IIKGSSGTPKLSYTG    737
KAQRKIS----AIHILDVLVLNGSDVREQHFNQRIQLAEKFVKAVSKPSRPD-----MNPIRVKEVYRLEEMEKIFVRLEMK---LIKGSGGTPKLSYTG    736
KAQRRIN----AVHVLDALVLNGTDVRDQHFNQRIQMVEKFVKAVSKPSRPD-----MNPIRVKEVYRLEEMEKIFVRLEMK---ITKSSGGMPRLSYTG    728
RTIQRMA----ALHIIDGICLGGVDIRRRPYRERVSMCDKFARSLNKPYRKDRT---FGALRSKPLFRLQDMGSFFANMRHY---VLKDNS--QRLGFAL    680
GNRIKISSEPQVVRIIDAAVLFGDDVSNLPYEERMKAAEKFVAALKQTNRKVKKGWGHRAEMIKPHLKICAKTYSLAELDEFRSNLEKLEHNRELAVLFT    778

RDDRHFVPMGLYIVRTVNEPWTMGFSKSFKKKFFYNKKTKDSTF--DLP----ADSIAPFHICYYGR----------------------LFWEWGDGIRV   808
RDDRHFVPTGVYIVRTVNEPWTMGFSKSNNRKFFYNKKTQKSVY--ALP----TESIAPFHTCYYSR----------------------LFWEWGDGFHM   804
RDDRHFLPTGLYIIKTVNDPWTMAFSKSSKRKFFYNKQTKESTY--DLP----ATSVAPFYVCHQDR----------------------LFWAWEEGVRV   799
DDNKFFVPGGIMMFCELTNNYVSAHSRSRGQLYYFNVRNKESYYKDQIPRNKADEIFASFRFSFSCR----------------------LLWKWTDLRQV   757
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Supplemental Figure S2

Adrift-type MTase
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MSK----CRKTPVQQLASPASFSPDILADIFELFAKNFSYGKPLNN-EWQLPDPSEIFTCDHTELNAFLDLKNSLNEVKNLLSDKKLDEWHEHTAFTNKA   95
MSK----RRKLPARQPACLETFSPDVLNDVSELFAKSFSYRKPLDN-EWQLPAPTESFSCGHLEFRALLDLKNSLNEVKNLLSDKKLDEWHRHTAFTNKA   95
MNRGRGVRKRNAPEKASILETCDEEIRAEVAQLFNKVRSYVPPAGE-KWTLPDPNVVLCDPHVSHPRLQALKHSLNEVKNQLSDKDLSVWHQHTCFTNRA   99
MS-----FRSSPQGKPHPMTDYQSIRPSEVEQLFEKKFHYQKPKGNKSWQLPPPDQALFSEFYQFEALQGLREQLNAVKSKLNDYGVQEWSAHTNRRDPS   95
MLP-----PKKNDLDGNPVNLFSEKEIKDYYNDFIFDFNTCTELPQ----FLAGN-----PDYEFSKQTN--RLTQAAMEIRKIKDKDLYDQHTDMMHDF   84

GKIISHVRKSVNAELCTQAWCKFHEILCSFPLIPQEAFQNGKLNSLHLCEAPGAFIASLNHYLKSHR--FP--CHWSWVANTLNPYHEANDDLMMIMDDR   191
GKIISHVKKAVNAELCTQAWCKFQEILCSFPLIPQEAFQSGRLNSLHLCEAPGAFIASLNHYLKSHR--FP--CEWSWVANSLNPYHEANDNLRMITDDR   191
GTVTSHLRSTTNAELCTQAWAKFYEILGTFQLLPDSALKTGELNSIHLCEAPGAFISALNHFLKTSS--LH--CDWNWIANTLNPYYEANGRGCTITDDR   195
GEVSWRLKNDTKAEFVTVAWCKLFECLHRYPLVTKPAVN-----SMHLCEAPGAFIASLNHYLHSKYEKDE--IKWRWRSTTLNPYYEGNAINQMISDDR   188
ARNPRILQNYFICKN--KAFLKLCEIFEVFKFDIFEGSS---ISSFHLCEGPGYFIEAVHVALMRSRGKNEEMSYWKWGANTLNPYFENRSCFDKLIDDS   179

LIANTLHWWYFGPDNTGDIMTLKFLTGLQN--FISSMATVHLVTADGSFDCQGNPG-EQEALVSSLHYCEVVTALTTLGNGGSFVLKMFTMFEHCSINLM   288
LMANTLHCWYFGPDNTGDIMTLKYLTGLQD--FLSGMSPIHLVTADGSFDCQGNPG-EQEALVSSLHYCEAVTALITLGDGGSFVLKMFTLFEHCSVNLM   288
LIVHTLPWWFFGSDNTGDIMLQKHLLELPR--FVSNMRSVDLVTADGSFDCQGDPG-EQERLVAPLQHCEAICALLLLGTGGSFVLKMFTLFEHSSVCLL   292
FIVHTLDNWFFHKDLTGNLLDVANIDHLVERCEVEFQGQVDLVTADGSIDCAAQPD-CQEEIVVRLFFAEVLSALRILSSGGNFLVKMFTLFEACSVSLL   287
HIRPTMDQWYFGPSDDGDIEKFTEEYLIKQ----KLAGTFDLVTADGSTNTQGKEG-EIESIVSSLISAEVEVALKLLRRNGRLILKTYRFCAKSTRDVM   274

YLLNCCFDQVHVFKPATSKAGNSEVYVVCLHYKGREAIHP-LLSKMTLNFGTEMKRKA--LFPHHVIPDSFLKRHEECCVFFHKYQLETISENIRLFECM   385
YLLNCSFDQVHVFKPATSKAGNSEVYVVCLRYKGREAVQP-LLSRMVLNFGTEMTRKA--LFPHHVIPKSFLERHEECCTFFHRYQLETISENIRLFESM   385
YLLACCFRSVNIFKPGTSKSGNSELYIVCLDYQAKEQIRP-LLSKLIRNYGPDLASTAS-LFPRRCIPDSFLSQHEEICTFFQALQVNTIQENLRLFVCM   390
YTLNCIFEEVHIFKPATSKRGNSEVYVICLNYNKDHPDLPRLLEEIKSKLAQPNDTLVMPLFAKFQIPHDFLMQHEIACRMYMKLQTDAIEGSIYAYESN   387
NLLADNFSSIKAIKPMASRPGSSERYIVCDGFGG--------------------------------------SMNMDISMLLQCDEFFVYKQIDR----I   332

GKAEQEKLNNLRDCAIQYFMQKFQLKHLSRNNWLVKKSSIGCSTNTKWFGQRNKYFKTYNERKMLEALSWKDKVAKGYFNSWAEEHGVYHPGQSSILEGT   485
GTGEQERLNNLRDCAVQYFMQKFQLKPLSRNHWLVKKSNIGCSMNTKWFGQRNKYFKTYNERKMMETLSWKDKVAKGYFNSWAEEHTVYHPGQNSLLEGT   485
STEQRRRLEQLREYAAEFYTKRFSVQYLPRKSWVCRG---GVVRWVKVCER--KQMGSLNQRKEMELQGWKQRLAQGNYGPFIEKHLVAAEGCEVVLNGP   485
DRHYLRHLHHLRSLVANTYYSLYKVKPLEDSLCIVDK----EATSKALGFQVPVYGGSYTER---ESLKHGDLLKQIYCLRREFNQLEKCLNNRTPYSYV   480
ELHLKTFIEHHRMYLKDNWNS-F-LKTMKDKSFTAES--------RYFCRELQSMFPSGSSR---SSSPWMRLYGHNLIRRNNPEDLKISINRYILTADI   419

ASNLECHLWHILEGKKLPKVKCSPFCNGEILKTLNEAIEKSLGGAFNLDSKFRPKQQYSCSCHVFSEELIFSELCSLTECLQDEQVVVPSNQIKCLLVGF   585
ASSLEYQSWQVLEGKKLPKVKCSPFCDGEILKTLNEAIEKSLGEALSVDAKVSSKQQYRC-CPVFSEESVLSELLRLTKCLPDEQGAEPSGPVKCLLVGS   584
LDECDLGAWFALEGAALPKVCSSIFCDQEMLDFLNEALEGNLR-VKTVNWSLKALPTCSS-CSSDSPVSILSEICSHPDVTS------------CLVLGS   571
KNRTAPLNLHISRGAPVQSLQSSMFAS-EPILILRLRILDT--------FELDPVWQSAPKCQLES-----KTLCYLPPTED------------------   548
FDPDYQKLDVEQIVARIMDQEEILTTSDIQLRTIDSLFVDP--------IALKQMLSHNS--------KIYYDLFEKVSTKN------------------   485

STLRNIKMH-IPLEVRLLESAELTTFSCSLLHDGDPTYQRLFLDCLLHSLRELHTGDVMILPVLSCFTRFMAGLIFVLHSCFRFITFVCPTSSDPLRTCA   684
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