














 helix  of  UFL1.  For  panels  (  b  and  d  )  AMBER  relaxation  was  performed  after  AlphaFold2  structure 
 prediction, to optimize side-chain orientations. 

 Figure  3:  E3  UFL1  and  E1  UBA5  bind  to  the  same  site  on  E2  UFC1,  as  demonstrated  by 
 NMR  experiments  and  structural  models.  a  Intensity  changes  to  UFC1  residues  upon  addition 
 of  1.5-fold  excess  (300  µM)  of  DDRGK1-UFL1  (red)  or  2-fold  excess  (400  µM)  DDRGK1-UFL1ΔN 
 (blue).  Removal  of  the  N-terminal  UFL1  regions  significantly  impairs  UFC1-  DDRGK1-UFL1 
 complex  formation.  b  Selected  regions  of the  1  H–  15  N  HSQC  spectrum:  0.2 mM  UFC1  alone  (black) 
 and  in  the  presence  of  two-fold  excess  of  DDRGK1-UFL1  (red)  or  DDRGK1-UFL1ΔN (blue).  c 
 structure  of  UFC1  (PDB  ID:  7NW1  24  )  with  residues  displaying  significant  intensity  changes 
 (I/IO<0.4)  upon  addition  of  DDRGK1-UFL1  are  colored  in  red.  d ���6�X�S�H�U�S�R�V�L�W�L�R�Q�����R�I�����W�K�H�����P�R�G�H�O�����R�I�����W�K�H��
���8�)�/���� ���1���W�H�U�P�L�Q�D�O�� ���K�H�O�L�[���8�)�&���� ���F�R�P�S�O�H�[�� ���R�Q�W�R�� ���W�K�H�� ���V�R�O�Y�H�G�� ���V�W�U�X�F�W�X�U�H�� ���R�I�� ���W�K�H�� ���8�%�$���� ���1���W�H�U�P�L�Q�D�O�� ���K�H�O�L�[���8�)�&����
���F�R�P�S�O�H�[�������3�'�%�����,�'���������1�:���������V�X�J�J�H�V�W�V�����W�K�D�W�����E�R�W�K�����E�L�Q�G�����W�R�����W�K�H�����V�D�P�H�����E�L�Q�G�L�Q�J�����V�L�W�H�������D�V�����V�X�J�J�H�V�W�H�G�����D�O�V�R�����I�R�U�����R�W�K�H�U��
���W�\�S�H�V���R�I���X�E�L�T�X�L�W�L�Q�D�W�L�R�Q������������������

 According  to  our  model  and  NMR  data,  UFC1  binds  the  N-terminal  helix  of  UFL1  with  high 

 confidence,  using  the  very  same  binding  pocket  that  UFC1  uses  also  to  bind  the 
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 C-terminal  tail  of  E1  activating  enzyme  UBA5  (as  shown  by  a  crystal  structure  solved 

 previously  by  us  24  ,  Figure  3d  ).  To  estimate  the  relative  binding  strength  between  the 

 helices  of  UFL1  and  UBA5,  we  applied  an  approach  suggested  by  Chang  et  al.  in  which 

 AlphaFold2  is  run  using  a  sequence  that  contains  both  peptides,  assuming  that  the 

 stronger  binding  peptide  will  bind  to  the  receptor  binding  site  26  .  As  UFL1  was  predicted  to 

 bind  as  a  much  longer  helix  (20  residues  vs.  12  residues  of  UBA5),  we  anticipated  that  it 

 would  be  also  predicted  to  bind  stronger,  due  to  the  larger  hydrophobic  interaction  surface. 

 Indeed,  the  UFL1  helix  invariably  outcompeted  the  UBA5  helix  in  the  binding  site  and  was 

 modeled with significantly higher confidence (  Supplementary  Figure 4  ). 
 While  binding  of  UFL1  to  DDRGK1  is  essential  for  the  correct  folding  of  these  proteins  10  , 

 this  complex  is  also  known  to  bind  LZAP  27  .  To  investigate  the  contribution  of  the  latter  to 

 ufmylation,  we  generated  a  model  of  the  UFL1-DDFRK1-LZAP  complex  bound  to  UFC1 

 (  Supplementary  Figure  5  ).  This  model  suggests  that  binding  of  LZAP  would  not  affect 

 binding  of  UFL1  and  ufmylation.  Based  on  this  model,  we  generated  a  fusion  protein, 

 along  similar  lines  as  the  fusion  proteins  described  above  (  Figure  1b  ).  We  connected 

 DDRGK1  to  UFL1  (1-200)  the  same  way.  In  order  to  connect  the  C-terminus  of  LZAP  to 

 DDRGK1,  we  extended  DDRGK1  to  residue  87  (  Supplementary  Figure  5  ).  We  also 

 removed  LZAP  residues  251-341  that  according  to  the  AlphaFold2  model  form  an 

 unstructured  loop.  This  fusion  protein  covering  LZAP,  DDRGK1-UFL1,  showed  binding  to 

 UFC1  (Figure 2e  ) as well as E3 activity (  Figure 1f  ). 

 Discussion and Conclusion 

 Beyond  providing  models  for  many  of  today's  known  proteins,  AlphaFold2  models  also 

 include  information  about  the  reliability  of  these  models,  allowing  us  to  identify  stable 

 parts,  as  well  as  regions  that  will  need  to  interact  with  partners  to  be  stabilized.  In 

 particular,  despite  the  availability  of  monomer  structures,  biological  activity  is  often 

 achieved  by  multiprotein  assemblies,  which  still  await  to  be  modeled.  In  these  cases,  the 

 ternary  model  generated  by  AlphaFold2  can  be  invaluable  for  the  design  of  a  fusion 

 protein that encompasses all the individual components of such a complex. 

 Mechanistic  studies  on  UFL1  as  the  E3  ligase  of  UFM1  have  remained  elusive  until  not 

 long  ago.  While  working  with  the  intact  UFL1  complex  would  be  ideal,  this  is  not  always 

 feasible  for  detailed  structural  research.  The  design  of  E3  constructs  that  are  suitable  for 

 such  study  is  therefore  of  high  interest.  However,  making  these  constructs  turns  to  be 
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 highly  challenging  once  the  E3  of  interest  needs  other  partners  for  its  folding  and  function 

 as  in  the  case  of  UFL1.  Using  AlphaFold2  we  have  generated  a  structural  model  for  the 

 E3  UFL1  together  with  its  partners  DDRGK1  and  LZAP,  and  used  it  as  the  basis  for  our 

 fusion  protein  designs.  These  fusion  proteins  are  highly  expressed  in  E.  coli  and  can 

 easily  be  purified,  thereby  bypassing  the  intrinsic  challenges  embedded  in  working  with 

 the  UFL1  complex.  But  more  importantly,  they  retain  the  E3  activity,  and  are  thus  suitable 

 for a mechanistic study focusing on E2 - E3 interaction and function. 

 We  should,  however,  not  ignore  that  such  constructs  might  miss  some  of  the  details  of 

 these  interactions.  In  addition,  while  removal  of  unstructured  regions,  or  regions  previously 

 reported  not  to  be  important  for  an  interaction,  simplifies  experiments,  subtle  regulation  in 

 these  regions  will  be  missed.  For  example,  we  removed  the  flexible  loop  in  LZAP 

 (  Supplementary  Figure  5  ),  which  may  affect  its  binding  to  the  DDRGK1-UFL1  E3  ligase 

 complex,  and  its  possible  regulation.  This  could  explain  why  in  our  hands,  LZAP  addition 

 did  not  significantly  affect  ufmylation  (  Figure  1f  ),  whereas  another  study  showed  a 

 negative  influence  of  LZAP  on  ufmylation  10  .  Targeted  inclusion  of  these  regions  in  follow 

 up studies will reveal the importance of skipped parts. 

 As  a  matter  of  fact,  it  is  the  removal  of  such  elements  of  poor  structural  confidence  that  led 

 us  to  the  most  important  finding  of  the  present  study  -  the  identification  of  the  crucial  role 

 of  the  N-terminal  helix  of  UFL1  for  proper  ufmylation.  Once  located,  we  made  use  of 

 another  important  feature  of  AlphaFold2,  namely  its  ability  to  model  short  motif-mediated 

 interactions  at  high  confidence,  as  we  have  previously  demonstrated  20  .  The  resulting 

 model  provides  the  atomic  details  of  the  UFL1  helix  -  UFC1  interaction  (  Figure  2b  )  and 

 allows  to  identify  the  interface  hotspot  residues  that  are  critical  for  this  interaction  (  Figure 
 3  and  Supplementary  Table  2  ).  As  we  proceed  to  the  study  of  additional  components 

 involved  in  the  regulation  of  ufmylation,  models  generated  by  AlphaFold2  will  continue  to 

 guide us and reveal additional details of regulation. 

 Methods 

 AlphaFold2 predictions 
 In  general,  structural  models  of  individual  proteins  and  complexes  were  generated  using 
 colabfold  16  .  Due  to  the  size  of  the  UFL1-UFC1-LZAP-DDRGK1  complex,  all  AlphaFold2 
 predictions  on  this  complex  were  performed  locally,  using  the  LocalColabFold  installation 
 (downloaded  on  17/07/2022  from  https://github.com/YoshitakaMo/localcolabfold).  Unless  indicated 
 otherwise,  the  predictions  were  run  with  all  5  models  and  default  seed,  default  multiple  sequence 
 alignment  generation  using  the  MMSeqs2  server  and  with  3  recycles,  without  linkers  between  the 
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 monomers.  The  “computational  competition  assay”  was  run  as  suggested  by  Chang  et  al.  26  , 
 providing  both  competing  peptides  in  a  single  prediction  run,  provided  before  and  after  the 
 receptor UFC1 sequence. All structure visualizations were created with ChimeraX v1.3  28  . 

 Calculation of sequence conservation 
 Conservation  of  UFL1  was  calculated  with  the  ConSurf  server  29  ,  using  default  parameters. 
 Alignment  of  the  human  and  model  animal  sequences  of  UFL1  was  performed  using 
 ClustalOmega  30  on the UniProt server  31  . 

 Computational alanine scanning 
 To  estimate  the  contribution  of  different  residues  to  the  binding  of  UFL1  N-terminal  helix  to  UFC1, 
 we  applied  alanine  scanning  using  the  Robetta  server  32  .  Residues  with  predicted  effect  of 
 ΔΔG  binding  >1.0kcal/mol were retained as hotspot residues. 

 Cloning 

 The  fusion  constructs  DDRGK1  207-314  -UFL1  1-200  (corresponding  to  DDRGK1-UFL1  in  the  main  text) 
 and  DDRGK1  207-305  -UFL1  27-200  (corresponding  to  DDRGK1-UFL1ΔN  in  the  main  text)  (  Figure  1b  ) 
 were  generated  using  Gibson  assembly  (Gibson  assembly  master  mix,  New  England  Biolabs) 
 according  to  the  manufacturer’s  protocol.  To  generate  the  fragments  by  PCR,  we  used  the  Primers 
 detailed  in  Table  Ia  ,  to  generate  fragments  detailed  in  Table  Ib.  DDRGK1  207-314  -UFL1  1-200  was 
 cloned  in  pET15b  by  Gibson  assembly  of  fragment  I,  II  and  linear  pET15b. 
 DDRGK1  207-305  -UFL1  27-200  was  cloned  in  pET15b  by  Gibson  assembly  of  fragment  III,  IV  and  linear 
 pET15b.  The  fusion  construct  LZAP(Δ251-341)_DDRGK1  87-314  -UFL1  1-200  (corresponding  to 
 LZAP-DDRGK1-UFL1  in  the  main  text)  was  synthesized  and  cloned  in  pET15b  by  Gibson 
 assembly.  All of the constructs were verified by DNA  sequencing. 

 Table I: Primers and Fragments used/generated in this study 

 a.  List of Primers 

 Primer #  Sequence (5’-3’) 

 475  GGCTTTGTTAGCAGCCGGATCCTCGAGTCAAGGCCGGGTAATAGCACTG 

 1017  CTAATCTCTTCCCAGGCGTCCGCCATGGCTGGGGCTTGGGCAGG 

 1018  GAGTCCCCTGCCCAAGCCCCAGCCATGGCGGACGCCTGGGAAG 

 1044  TATGGAGAATCTTTACTTTCAGGGGATGACTGAGGAACAGTCCCAG 

 1045  GCCCCAGGCGATGAGGGAGTTGC 

 1046  AACTCCCTCATCGCCTGGGGCTTGTCCGAGCGGAACTGCATTGAG 

 b.  Details of Fragments 

 Fragment  Name  Forward Primer  Reverse Primer 

 Fragment I  DDRGK1 207-314  1044  1017 
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 Fragment II  UFL1 1-200  1018  475 

 Fragment III  DDRGK1 207-305  1044  1045 

 Fragment IV  UFL1 27-200  1046  475 

 Protein expression and purification 
 UBA5,  UFC1,  UFM1  were  expressed  and  purified  as  previously  described  33  .  All  the  fusion 
 constructs  (  DDRGK1-UFL1,  DDRGK1-UFL1ΔN,  LZAP-DDRGK1-UFL1)  were  expressed  in  E.  coli 
 T7  express  (New  England  Biolabs).  The  transformed  cells  were  grown  in  2xYT  and  induced  at 
 16   °  C  overnight  with  0.3 mM  isopropyl-β-thio-galactoside  (IPTG).  The  induced  cells  were 
 harvested  by  centrifugation  at  8000×  g  for  15 min.  Pellets  were  resuspended  in  lysis  buffer  (50  mM 
 NaH2PO4  pH  8.0,  500  mM  NaCl,  10  mM  imidazole,  and  5mM  β-mercaptoethanol  ),  supplemented 
 with  1  mM  phenyl-methyl  sulphonyl  fluoride  (PMSF)  and  DNase.  Cells  were  disrupted  using  a 
 microfluidizer  (Microfluidics).  Lysate  was  cleared  by  centrifugation  at  20000  x  g  for  45  min  and  was 
 subjected  to  5  ml  His-Trap  columns  (GE  Healthcare).  The  protein  was  eluted  with  a  linear 
 imidazole  gradient  of  15–300  mM  in  30  column  volumes.  Fractions  containing  the  purified  protein 
 were  pooled  and  dialyzed  overnight  at  4°C  against  dialysis  buffer  (25  mM  NaH2PO4  pH  8.0,  300 
 mM  NaCl,  and  5mM  β-mercaptoethanol)  in  the  presence  of  TEV  protease.  Cleaved  protein  was 
 then  subjected  to  a  second  round  of  His-Trap  column  and  flow-through  containing  the  cleaved 
 protein  was  collected.  Further  purification  was  done  using  16/60  Superdex  75 pg  for 
 DDRGK1-UFL1  and  DDRGK1-UFL1ΔN  or  16/60  Superdex  200 pg  size  exclusion  chromatography 
 for  LZAP-  DDRGK1-UFL1  ,  equilibrated  in  buffer  containing  Tris-Cl  pH  7.5  (20 mM),  NaCl  (200 mM), 
 and  DTT  (2 mM).  The  purified  proteins  were  concentrated  and  flash-frozen  in  liquid  N2  and  stored 
 at −80 °C. 

 In vitro  ufmylation assay 
 UBA5  (0.5 μM),  His-UFM1  (10 μM),  UFC1  (5 μM)  and  fusion  fragments  (5  μM  each)  were  mixed 
 together  in  a  buffer  containing  Hepes  (50 mM  pH  8.0),  NaCl  (100 mM)  and  MgCl  2  (10 mM). 
 Reactions  were  initiated  by  the  addition  of  ATP  (5 mM)  and  were  incubated  at  30  °  C  for  1  hour.  The 
 negative  control  sample  was  incubated  without  ATP.  After  incubation  the  reactions  were  stopped 
 by  adding  5  X  SDS-sample  buffer  containing  β-mercaptoethanol.  The  samples  along  with  the 
 control  were  then  loaded  on  10%  SDS-PAGE  followed  by  immunoblot  with  anti-6x  His  antibody 
 (Abcam)  . 

 In vitro  pull down assay 
 Recombinant  purified  strep-UFC1  (  5 μM)  and  fusion  fragments  (  5 μM  each)  were  mixed  in  PBS  in 
 total  volume  of  50  μL  for  1  h  at  RT  and  subsequently  precipitated  with  Strep-Tactin  beads  (Iba 
 Lifesciences).  The  mixtures  were  washed  twice  with  PBS.  The  bound  proteins  were  eluted  using 
 7.5  mM  desthiobiotin  in  50  mM  Hepes,  pH  8.0  and  300  mM  NaCl  buffer.  Then  the  samples  were 
 analyzed by 15% SDS-PAGE followed by Coomassie Brilliant Blue staining. 

 Fluorescence-detection size-exclusion chromatography (FSEC) 
 For  the  FSEC  assay  40 μl  of  the  fragments  (  10  μM)  were  injected  at  flow  rate  of  0.4  ml  min  -1  to  a 
 Superdex  75  Increase  10/300  GL  column  (GE  Healthcare)  equilibrated  with  buffer  containing  20 
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 mM  Tris-Cl  pH  7.5,  200  mM  NaCl  with  1  mM  DTT.  Fluorescence  was  detected  using  the  RF-20A 
 fluorescence detector for HPLC (Shimadzu, Japan) (for Trp, excitation: 285 nm, emission: 330 nm). 

 Crystallography 
 Crystals  of  DDRGK1-UFL1ΔN  were  grown  at  20  o  C  using  the  hanging  drop  vapor  diffusion  method. 
 Protein  was  concentrated  to  100  mg/ml  and  crystalized  in  a  solution  containing  0.7  M  Ammonium 
 tartrate  dibasic  and  0.1  M  Sodium  acetate  trihydrate,  at  pH  4.6.  The  crystals  were  cryoprotected 
 using a reservoir solution containi  ng 25% glycerol  and flash frozen in liquid nitrogen. 

 Diffraction  data  for  the  DDRGK1-UFL1ΔN  crystals  were  collected  on  beamline  ESRF  ID30A-3  at 
 100  o  K.  Data  were  processed  using  Dials  34  and  scaled  using  Aimless  35  .  The  putative  space  group 
 was  determined  to  be  hexagonal  P6  2  or  its  enantiomorph.  The  structure  was  solved  by  molecular 
 replacement  (MR)  with  MOLREP  36  using  the  AlphaFold2  model  of  the  UFL1-DDRGK1  heterodimer 
 (  Figure  1a  ).  The  translation  function  confirmed  the  space  group  to  be  P6  4  .  The  asymmetric  unit 
 contains  two  chains  of  the  chimeric  protein.  The  MR  model  was  refined  in  REFMAC5  37  and 
 BUST  ER.  The  electron  density  was  subject  to  density  modification  with  NCS  averaging  using 
 Parrot  38,39  .  The  model  was  further  refined  using  REFMAC5  with  input  density  modification 
 phases  40  .  The  model  was  rebuilt  using  COOT  39  and  ISOLDE  41  implemented  in  ChimeraX  28  .  Details 
 of the quality of the refined model are presented in  Supplementary Table 1  . 

 NMR spectroscopy 
 All  NMR  experiments  were  carried  out  at  25°C  on  a  23.5T  (1000  MHz)  Bruker  spectrometer 
 equipped  with  triple  resonance  (x,y,z)  gradient  cryoprobe.  The  experiments  were  processed  with 
 NMRPipe  58  and  analyzed  with  NMRFAM-SPARKY  59  .  The  interaction  of  UFC1  with  DDRGK1-UFL1 
 fragments  was  monitored  by  2D  1  H–  15  N  HSQC  experiments  with  the  assignments  for  UFC1 
 transferred  from  the  BMRB  (entry  6546  23  ).  DDRGK1-UFL1  (100-400  μM)  or  DDRGK1-UFL1ΔN 
 (400 μM) were titrated into 200 μM of  15  N-labeled  UFC1 in 20 mM TRIS pH 7.6. 
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