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ABSTRACT:	
  Many	
   intrinsically	
  disordered	
  proteins	
   (IDPs)	
  and	
  protein	
   regions	
   (IDRs)	
  engage	
   in	
   transient,	
   yet	
   specific,	
  
interactions	
  with	
   a	
   variety	
   of	
   protein	
   partners.	
  Often,	
   if	
   not	
   always,	
   interactions	
  with	
   a	
   protein	
   partner	
   lead	
   to	
   partial	
  
folding	
   of	
   the	
   IDR.	
   Characterizing	
   the	
   conformational	
   space	
   of	
   such	
   complexes	
   is	
   challenging:	
   in	
   solution-­‐state	
  NMR,	
  
signals	
   of	
   the	
   IDR	
   in	
   the	
   interacting	
   region	
   become	
   broad,	
  weak	
   and	
   often	
   invisible;	
  while	
   X-­‐ray	
   crystallography	
   only	
  
provides	
   information	
  on	
   fully	
  ordered	
  regions.	
  There	
   is	
   thus	
  a	
  need	
   for	
  a	
  simple	
  method	
  to	
  characterize	
  both	
   fully	
  and	
  
partially	
  ordered	
  regions	
  in	
  the	
  bound	
  state	
  of	
  IDPs.	
  Here,	
  we	
  introduce	
  an	
  approach	
  based	
  on	
  monitoring	
  chemical	
  ex-­‐
change	
  by	
  NMR	
  to	
  investigate	
  the	
  state	
  of	
  an	
  IDR	
  that	
  folds	
  upon	
  binding	
  through	
  the	
  observation	
  of	
  the	
  free	
  state	
  of	
  the	
  
protein.	
   Structural	
   constraints	
   for	
   the	
  bound	
   state	
   are	
   obtained	
   from	
  chemical	
   shifts	
   and	
   site-­‐specific	
   dynamics	
   of	
   the	
  
bound	
  state	
  are	
  characterized	
  by	
  relaxation	
  rates.	
  The	
  conformation	
  of	
   the	
   interacting	
  part	
  of	
   the	
   IDR	
  was	
  determined	
  
and	
  subsequently	
  docked	
  onto	
   the	
  structure	
  of	
   the	
   folded	
  partner.	
  We	
  apply	
   the	
  method	
   to	
   investigate	
   the	
   interaction	
  
between	
  the	
  disordered	
  C-­‐terminal	
  region	
  of	
  Artemis	
  and	
  the	
  DNA	
  binding	
  domain	
  of	
  Ligase	
  IV.	
  We	
  show	
  that	
  we	
  can	
  
accurately	
  reproduce	
  the	
  structure	
  of	
  the	
  core	
  of	
  the	
  complex	
  determined	
  by	
  X-­‐ray	
  crystallography	
  and	
  identify	
  a	
  broader	
  
interface.	
  The	
  method	
  is	
  widely	
  applicable	
  to	
  the	
  biophysical	
  investigation	
  of	
  complexes	
  of	
  disordered	
  proteins	
  and	
  folded	
  
proteins.

Introduction	
  

Intrinsically	
   disordered	
   proteins	
   (IDPs)	
   and	
   regions	
  
(IDRs)	
  are	
  ubiquitous	
  in	
  the	
  proteome.1,2	
  The	
  flexibility	
  of	
  
IDPs	
   allows	
   them	
   to	
   engage	
   in	
   many	
   interactions	
   with	
  
other	
   biomolecules.2	
   These	
   interactions	
   often	
   lead	
   to	
  
folding	
   of	
   a	
   local	
   sequence	
   motif3	
   but	
   most	
   parts	
   of	
   a	
  
disordered	
   protein	
   usually	
   retain	
   some	
   disorder.	
   In	
   ex-­‐
treme	
   cases,	
   an	
   entire	
   IDP	
   assembles	
   in	
   a	
   fuzzy	
   com-­‐
plex.4,5	
  The	
  presence	
  of	
  both	
  ordered	
  and	
  disordered	
  seg-­‐
ments	
  makes	
   the	
   characterization	
   of	
   conformational	
   en-­‐
sembles	
  of	
  the	
  bound	
  states	
  of	
  IDPs	
  challenging.6	
  A	
  wide-­‐
ly	
   applicable	
   method	
   to	
   determine	
   the	
   conformational	
  
properties	
  of	
  the	
  interacting	
  regions	
  of	
  complexes	
  involv-­‐
ing	
  long	
  IDRs	
  in	
  solution	
  is	
  still	
  missing.	
  	
  

A	
  conventional	
  approach	
  to	
  the	
  study	
  of	
  IDPs	
  has	
  been	
  to	
  
identify	
   a	
   minimal	
   peptide	
   that	
   interacts	
   with	
   a	
   folded	
  

domain	
  of	
  partner	
  protein	
  and	
  to	
  determine	
  the	
  structure	
  
of	
  the	
  “rigid”	
  complex.	
  This	
  reductionist	
  approach	
  has	
  led	
  
to	
   numerous	
   structures	
   of	
   complexes	
   between	
   globular	
  
domains	
  and	
  peptides,	
  solved	
  by	
  X-­‐ray	
  crystallography	
  or	
  
nuclear	
  magnetic	
   resonance	
   (NMR).	
  The	
  analysis	
  of	
  pro-­‐
tein-­‐peptide	
   interactions	
   has	
   produced	
   an	
   impressive	
  
body	
  of	
  knowledge	
  on	
   the	
   interactions	
  of	
   classes	
  of	
  pro-­‐
tein	
  domains	
  with	
  tiny	
  regions	
  of	
  intrinsically	
  disordered	
  
proteins,	
  for	
  instance,	
  Src	
  homology	
  3	
  (SH3)	
  domains7,8	
  or	
  
calmodulin.9,10	
  

Recently,	
  protein	
  structures	
  of	
  folded	
  domains	
  that	
  form	
  a	
  
complex	
  with	
  long	
  disordered	
  regions	
  have	
  been	
  explored	
  
by	
  X-­‐ray	
  crystallography.	
  Such	
  structures	
  provide	
  little,	
  if	
  
any,	
   information	
   on	
   those	
   parts	
   of	
   the	
   IDR	
   that	
   do	
   not	
  
become	
  fully	
  ordered	
  in	
  the	
  complex6,11	
  while	
  they	
  poten-­‐
tially	
   participate	
   in	
   the	
   interaction.	
   NMR	
   has	
   also	
   been	
  
used,	
   in	
   particular	
   when	
   most	
   of	
   the	
   disordered	
   region	
  



 

binds	
  to	
  a	
  small	
  domain.12,13	
  The	
  characterization	
  of	
  mul-­‐
tiple	
   binding	
   sites	
   involving	
   different	
   fragments	
   of	
   the	
  
disordered	
   protein	
   is	
   possible.11,14,15	
   In	
   rare	
   studies,	
   NMR	
  
and	
   crystallography	
   data	
   have	
   been	
   combined	
   to	
   deter-­‐
mine	
   the	
   conformational	
   ensemble	
   of	
   a	
   disordered	
   pro-­‐
tein	
   bound	
   to	
   a	
   domain.16,17	
   This	
   allows	
   one	
   to	
   identify	
  
how	
  binding	
  modulates	
   the	
   conformational	
   space	
   of	
   the	
  
disordered	
   protein	
   and	
   may	
   reveal	
   secondary	
   transient	
  
interactions.	
  	
  
The	
   determination	
   of	
   high-­‐resolution	
   protein	
   structures	
  
by	
  NMR	
  remains	
  challenging	
  for	
  large	
  systems	
  (MW	
  >	
  30	
  
kDa)	
  and	
  this	
  includes	
  the	
  region	
  of	
  a	
  disordered	
  protein	
  
that	
   folds	
   upon	
   binding	
   to	
   a	
   large	
   domain.	
   This	
   part	
   of	
  
the	
  IDR	
  has	
  comparatively	
  unfavorable	
  relaxation	
  proper-­‐
ties,	
   behaving	
   as	
   part	
   of	
   a	
   large	
   domain	
  with	
   slow	
   tum-­‐
bling	
   due	
   to	
   the	
   drag	
   of	
   the	
   disordered	
   region.18,19	
   Alt-­‐
hough	
   perdeuteration	
   and	
   transverse	
   relaxation-­‐
optimized	
  methods	
  may	
   attenuate	
   these	
   drawbacks,	
   fast	
  
relaxation	
   leads	
   to	
  weak	
  and	
  broad	
  signals	
   that	
  are	
  diffi-­‐
cult	
  to	
  identify	
  amongst	
  the	
  many	
  intense	
  and	
  sharp	
  sig-­‐
nals	
  from	
  the	
  regions	
  that	
  retain	
  disorder.	
  At	
  worst,	
  con-­‐
formational	
  dynamics	
  on	
  µs-­‐ms	
  timescales	
  in	
  the	
  complex	
  
may	
  lead	
  to	
  dramatic	
  line	
  broadening.20-­‐22	
  
Would	
   it	
   be	
   possible	
   to	
   design	
   a	
   general	
  method	
   to	
   de-­‐
termine	
  the	
  structure	
  of	
  a	
  complex	
  between	
  an	
  otherwise	
  
disordered	
  protein	
  region	
  and	
  a	
  folded	
  protein	
  domain	
  by	
  
NMR?	
  This	
  method	
   should	
   be	
   robust	
   enough	
   to	
   be	
   effi-­‐
cient	
   even	
   in	
   the	
   absence	
   of	
   exploitable	
   spectra	
   of	
   the	
  
complex.	
  Here,	
  we	
   introduce	
  such	
  an	
  approach	
  based	
  on	
  
chemical-­‐exchange	
  NMR.	
  Recent	
  progress	
   in	
   the	
   charac-­‐
terization	
   of	
   chemical	
   exchange	
   processes	
   by	
   NMR.23	
  
using	
   Carr-­‐Purcell-­‐Meiboom-­‐Gill	
   (CPMG)	
   relaxation	
   dis-­‐
persion	
  (RD)	
  24,25	
  and	
  chemical-­‐exchange	
  saturation	
  trans-­‐
fer	
   (CEST)26,27	
   provide	
   information	
   on	
   weakly	
   populated	
  
states	
   that	
   exchange	
  with	
   a	
   ground	
   state	
   easily	
  observed	
  
by	
  NMR.	
  CPMG	
  and	
  CEST	
  experiments	
  have	
  been	
  used	
  to	
  
determine	
   the	
  kinetics	
  of	
   folding	
  upon	
  binding	
   for	
   some	
  
IDRs.22,28,29	
   The	
   chemical	
   shifts	
   of	
   a	
   weakly	
   populated	
  
state	
   can	
   be	
   obtained	
   from	
   CEST	
   and	
   CPMG	
   and	
   em-­‐
ployed	
   as	
   constraints	
   to	
   determine	
   the	
   structure	
   of	
   this	
  
NMR-­‐invisible	
  state,	
  whether	
  it	
  is	
  an	
  excited	
  state30,31	
  or	
  a	
  
complex	
  in	
  exchange	
  with	
  a	
  free	
  state.32	
  Weakly	
  populat-­‐
ed	
  states	
  with	
  lifetimes	
  between	
  1	
  ms	
  and	
  100	
  ms	
  are	
  ide-­‐
ally	
   suited	
   for	
   these	
   approaches.	
   Interestingly,	
   a	
   signifi-­‐
cant	
  share	
  of	
   IDRs	
  form	
  transient	
  but	
  specific	
  complexes	
  
with	
  similar	
  lifetimes.33	
  

We	
  employ	
  CPMG	
  and	
  CEST	
  experiments	
  to	
  characterize	
  
the	
   bound	
   form	
   of	
   an	
   intrinsically	
   disordered	
   protein	
  
region:	
   a	
   96-­‐residue	
   long	
   construct	
   from	
   the	
   disordered	
  
C-­‐terminal	
   region	
   of	
   the	
   protein	
   Artemis	
   bound	
   to	
   the	
  
DNA-­‐binding	
   domain	
   (DBD)	
   of	
   Ligase	
   IV.	
   Artemis	
   is	
   a	
  
nuclease,	
  which	
  plays	
  a	
  key	
  role	
  in	
  adaptive	
  immunity	
  and	
  
DNA	
   repair	
   through	
   its	
   participation	
   in	
   the	
   non-­‐
homologous	
  end-­‐joining	
  (NHEJ)	
  pathway.34	
  The	
  structure	
  
of	
  a	
  complex	
  between	
  an	
  11-­‐residue	
  peptide	
  from	
  Artemis	
  
and	
  the	
  DBD	
  of	
  Ligase	
  IV	
  has	
  been	
  solved	
  by	
  X-­‐ray	
  crys-­‐
tallography.35,36	
   The	
   chemical	
   shifts	
   obtained	
   for	
   the	
  
bound	
   form	
  of	
  Artemis	
  were	
  used	
   to	
  derive	
  dihedral	
   an-­‐
gles	
   for	
   the	
   backbone	
   and	
   a	
   few	
   side	
   chains.	
   We	
   per-­‐

formed	
  NMR	
  titrations	
  of	
   the	
  DBD	
  of	
  Ligase	
  IV	
  with	
  Ar-­‐
temis	
  to	
  obtain	
  additional	
  structural	
  constraints.	
  We	
  used	
  
these	
   data	
   alongside	
   the	
   structure	
   of	
   free	
   Ligase	
   IV	
   to	
  
calculate	
   sets	
   of	
   structures	
   with	
   the	
   program	
  
HADDOCK.37	
   We	
   show	
   that	
   the	
   interaction	
   between	
  
Artemis	
   and	
   Ligase	
   IV	
   extends	
   beyond	
   the	
   interface	
   de-­‐
fined	
  by	
  X-­‐ray	
  crystallography	
   through	
  additional	
   transi-­‐
ent	
  contacts.	
  Overall,	
  we	
  propose	
  an	
  integrative	
  approach	
  
based	
   on	
   NMR	
   to	
   characterize	
   both	
   fully	
   and	
   partially	
  
ordered	
  regions	
  in	
  the	
  bound	
  state	
  of	
  IDPs.	
  

	
  
Results	
  

As	
   a	
   test	
   case,	
   we	
   have	
   investigated	
   the	
   interaction	
   be-­‐
tween	
   the	
   disordered	
   C-­‐terminal	
   region	
   of	
   the	
   protein	
  
Artemis	
   and	
   the	
   DBD	
   of	
   Ligase	
   IV.	
   Artemis	
   contains	
   a	
  
catalytic	
   core	
   comprised	
   of	
  β-­‐lactamase	
   and	
  β-­‐CASP	
  do-­‐
mains,	
  as	
  well	
  as	
  a	
  long	
  C-­‐terminal	
  region	
  that	
  is	
  predict-­‐
ed	
  to	
  be	
  disordered38	
  and	
  proposed	
  to	
  be	
  involved	
  in	
  the	
  
regulation	
   of	
   the	
   catalytic	
   activity	
   (see	
   Figure	
   S2.a).	
  We	
  
have	
   examined	
   the	
   region	
   of	
   Artemis	
   that	
   encompasses	
  
residues	
  480-­‐575	
  (Art480-­‐575),	
  which	
  includes	
  residues	
  485-­‐
495,	
  shown	
  previously	
  to	
  interact	
  with	
  the	
  DBD	
  of	
  Ligase	
  
IV.39	
  The	
  crystal	
  structures	
  of	
  the	
  core	
  of	
  the	
  complex35,36	
  
(PDB	
  codes	
  4HTP	
  and	
  3W1G)	
  are	
  remarkably	
  similar	
  and	
  
show	
  the	
  Artemis	
  peptide	
  485-­‐495	
  nested	
  in	
  a	
  hydropho-­‐
bic	
  pocket	
  between	
  helices	
  α1	
  and	
  α2	
  of	
  Ligase	
  IV	
  (Figure	
  
S2.b).	
  

 
Figure	
   1.	
   Interaction	
   between	
   Artemis	
   and	
   Ligase	
   IV.	
   (a)	
  
Titration	
   of	
   15N	
   labeled	
   Art480-­‐575	
   by	
   unlabeled	
   DBDLigIV	
   fol-­‐
lowed	
   by	
   two-­‐dimensional	
   [1H-­‐15N]	
   heteronuclear	
   single-­‐
quantum	
   correlation	
   (HSQC)	
   spectroscopy.	
   (b)	
   Chemical	
  
shift	
   perturbations	
   (see	
   methods)	
   between	
   the	
   free	
   and	
  
bound	
  forms	
  of	
  Art480-­‐575	
  for	
  residues	
  with	
  observable	
  signals	
  
in	
   the	
   bound	
   state.	
   (c)	
   Isothermal	
   titration	
   calorimetry	
   of	
  
DBDLigIV	
   and	
   three	
   constructs	
   of	
   Artemis:	
   Art485-­‐495	
   (green),	
  
Art485-­‐501	
  (purple),	
  and	
  Art480-­‐575	
  (blue).	
  	
  



 

The	
  ligase	
  IV-­‐binding	
  site	
  of	
  Artemis	
  extends	
  beyond	
  
residues	
   485-­‐495.	
  We	
  obtained	
   a	
   nearly	
   complete	
  NMR	
  
assignment	
   of	
   the	
   backbone	
   resonances	
   of	
  Art480-­‐575	
   (Fig.	
  
S3).	
   The	
   narrow	
   dispersion	
   of	
   the	
   amide	
   1H	
   chemical	
  
shifts	
  in	
  the	
  1H-­‐15N	
  HSQC	
  spectrum	
  shows	
  that	
  Art480-­‐575	
  is	
  
highly	
  disordered	
  in	
  solution,	
  as	
  confirmed	
  by	
  secondary	
  
structure	
   propensities	
   based	
   on	
   chemical	
   shifts40	
   (Fig.	
  
S13).	
  

An	
  NMR	
   titration	
   shows	
   the	
   extent	
  of	
   the	
   interaction	
  of	
  
Art480-­‐575	
  with	
  the	
  DBD	
  of	
  Ligase	
  IV	
  (DBDLigIV).	
  The	
  inten-­‐
sities	
   of	
   1H-­‐15N	
   cross-­‐peaks	
   for	
   Artemis	
   residues	
   485-­‐499	
  
decrease	
   substantially	
   upon	
   the	
   addition	
   of	
   substoichio-­‐
metric	
  amounts	
  of	
  unlabeled	
  DBDLigIV	
  (Fig.	
  1.a),	
  which	
  is	
  a	
  
marker	
  of	
  slow	
  to	
  intermediate	
  chemical	
  exchange	
  on	
  the	
  
chemical	
   shift	
   timescale.	
   This	
   region	
   includes	
   the	
   11-­‐
residue	
  motif	
   485-­‐495	
   that	
   has	
   been	
   originally	
   proposed	
  
as	
  the	
  Ligase	
  IV	
  binding	
  site39	
  as	
  well	
  as	
  the	
  four	
  following	
  
residues	
  at	
  the	
  C-­‐terminus.	
  At	
  stoichiometric	
  amounts	
  of	
  
DBDLigIV,	
   additional	
   signals	
   can	
   be	
   observed	
   in	
   the	
   [1H-­‐
15N]	
  HSQC	
  spectra	
  of	
  Artemis,	
  which	
  could	
  be	
  assigned	
  to	
  
residues	
   485	
   and	
   495-­‐499	
   in	
   the	
   bound	
   form	
   based	
   on	
  
triple	
   resonance	
   experiments.	
   The	
   signals	
   of	
   Artemis	
  
residues	
  486-­‐494	
  in	
  the	
  bound	
  form	
  remained	
  undetected	
  
in	
  both	
  2D	
  and	
  3D	
  spectra.	
  The	
  chemical	
  shifts	
  of	
  residues	
  
495-­‐499	
   drastically	
   change	
   upon	
   Artemis	
   binding	
   to	
  
DBDLigIV	
   (Figures	
   1.a,b).	
   By	
   contrast,	
   the	
   signals	
   of	
   resi-­‐
dues	
   flanking	
   the	
   segment	
   485-­‐499	
   exhibit	
   rather	
   small	
  
chemical	
   shift	
   perturbations	
   (CSP)	
   and	
   are	
   in	
   the	
   fast	
  
exchange	
  regime.	
  

We	
  used	
  isothermal	
  titration	
  calorimetry	
  (ITC)	
  to	
  investi-­‐
gate	
   whether	
   the	
   Ligase	
   IV-­‐binding	
   site	
   of	
   Artemis	
  may	
  
extend	
   beyond	
   the	
   C-­‐terminus	
   of	
   the	
   previously	
   studied	
  
region	
   485-­‐495.39	
  We	
   synthesized	
   and	
   titrated	
   two	
  Arte-­‐
mis	
  peptides:	
  Art485-­‐495	
  and	
  a	
  longer	
  peptide,	
  Art485-­‐501.	
  The	
  
dissociation	
   constant	
   for	
   the	
   binding	
   of	
   Art485-­‐495	
   to	
  
DBDLigIV	
   (Kd	
  =	
   11.7	
  ±	
  0.6	
  µM)	
   is	
   similar	
   to	
   the	
  previously	
  
reported	
   value	
   obtained	
   under	
   slightly	
   different	
   condi-­‐
tions35	
  (Fig.	
  1.c	
  and	
  Table	
  S1).	
  The	
  addition	
  of	
  six	
  residues	
  
at	
   the	
  C-­‐terminus	
   to	
  give	
  Art485-­‐501	
   leads	
   to	
  a	
   five-­‐fold	
  re-­‐
duction	
   in	
   the	
  dissociation	
  constant	
   (Kd	
  =	
  2.3	
  ±	
  0.2	
  µM),	
  
confirming	
   the	
   role	
   of	
   these	
   additional	
   residues	
   in	
   the	
  
interaction	
   with	
   DBDLigIV.	
   Since	
   Art480-­‐575	
   binds	
   DBDLigIV	
  
with	
  identical	
  affinity,	
  residues	
  502-­‐575	
  do	
  not	
  contribute	
  
significantly	
  to	
  the	
  thermodynamics	
  of	
  the	
  interaction,	
  as	
  
suggested	
  by	
  NMR	
  chemical	
  shift	
  perturbations.	
  Under	
  a	
  
higher	
  salt	
  concentration	
  (500	
  mM	
  NaCl)	
  the	
  dissociation	
  
constant	
   for	
   the	
   complex	
  between	
  Art485-­‐495	
   and	
  DBDLigIV	
  
barely	
   changes	
   while	
   the	
   Kd	
   for	
   the	
   Art

485-­‐501:DBDLigIV	
  
complex	
  increases	
  2.6-­‐fold	
  (Table	
  S1,	
  Figure	
  S4).	
  Although	
  
all	
  these	
  observations	
  might	
  point	
  to	
  a	
  role	
  of	
  electrostatic	
  
interactions	
   involving	
   residues	
   496-­‐501	
   of	
   Artemis,	
   the	
  
differences	
  in	
  the	
  free	
  energy	
  of	
  binding	
  between	
  Art485-­‐495	
  
and	
  Art485-­‐501	
  arise	
  mostly	
  from	
  a	
  reduction	
  in	
  the	
  entropic	
  
penalty	
   upon	
   binding	
   (see	
   discussion	
   in	
   Supporting	
   In-­‐
formation).	
  

Characterization	
   of	
   the	
   bound	
   state	
   of	
   Art480-­‐575	
   by	
  
chemical-­‐exchange	
   NMR.	
   The	
   observation	
   of	
   NMR	
  
signals	
  for	
  the	
  core	
  of	
  Art480-­‐575	
  in	
  complex	
  with	
  DBDLigIV	
  is	
  
challenging	
   at	
   best.	
   CPMG	
   relaxation	
   dispersion	
   and	
  

CEST	
   experiments	
   allow	
   the	
   characterization	
   of	
   states	
  
that	
   are	
   not	
   visible	
   in	
   NMR	
   spectra,	
   provided	
   that	
   they	
  
interconvert	
  with	
  a	
  major,	
  observable	
  state	
  on	
  millisecond	
  
time-­‐scales.	
   Analysis	
   of	
   the	
   “invisible”	
   bound	
   form	
   is	
  
achieved	
   by	
   analyzing	
   CPMG28	
   or	
   CEST22,41	
   profiles	
   of	
  
resonances	
   from	
   the	
   free	
   protein	
  measured	
   for	
   a	
   sample	
  
containing	
   the	
   protein	
   of	
   interest	
   and	
   substoichiometric	
  
amounts	
  of	
   the	
  target	
  protein,	
  so	
  that	
   the	
  bound	
  state	
   is	
  
lowly	
  populated.	
  

 
Figure	
  2.	
  Chemical-­‐exchange	
  NMR	
  investigation	
  of	
  the	
  bind-­‐
ing	
  of	
  Art480-­‐575	
  to	
  DBDLigIV.	
  (a)	
  Nitrogen-­‐15	
  CPMG	
  dispersion	
  
profiles	
   for	
   representative	
   residues	
   of	
   Art480-­‐575	
   at	
   the	
   inter-­‐
face	
  with	
  DBDLigIV.	
  The	
  concentration	
  of	
  DBDLigIV	
  was	
  varied	
  
from	
   0.03	
   (purple)	
   to	
   0.06	
   (orange),	
   0.10	
   (green),	
   and	
   0.13	
  
equivalent	
   (red).	
   (b)	
  Nitrogen-­‐15	
  CEST	
  profiles	
   obtained	
   for	
  
three	
   representative	
   residues	
   of	
   Art480-­‐575.	
   Two	
   different	
   rf	
  
field	
  amplitudes	
  were	
  used	
  10.4	
  Hz	
  (green)	
  and	
  20.8	
  Hz	
  (light	
  
green).	
   Representative	
   13C’	
   (c),	
   13Cα	
   (d)	
   and	
   13Cβ	
   (e)	
   CEST	
  
profiles	
  of	
  residues	
  of	
  Art480-­‐575	
  at	
  the	
  interface	
  with	
  DBDLigIV.	
  
Experimental	
   data	
   are	
   shown	
   as	
   small	
   circles.	
   Fitted	
   curves	
  
are	
  shown	
  as	
  solid	
   lines	
   in	
  all	
  panels.	
  All	
  CEST	
  experiments	
  
were	
   recorded	
   in	
   the	
   presence	
   of	
   0.1	
   molar	
   equivalent	
   of	
  
unlabeled	
  Ligase	
  IV.	
  

We	
   investigated	
   the	
   bound	
   form	
   of	
   Art480-­‐575	
   with	
   nitro-­‐
gen-­‐15	
   CPMG	
   relaxation	
   dispersion	
   experiments42	
   on	
  
samples	
   of	
   15N-­‐labeled	
   Art480-­‐575	
   with	
   increasing	
   amounts	
  
of	
  unlabeled	
  DBDLigIV	
  (molar	
  ratios	
  ranging	
  from	
  0	
  to	
  13	
  %	
  
)	
   (Fig.	
   2.a	
   and	
   S5).	
   In	
   the	
   absence	
   of	
   DBDLigIV,	
   only	
   flat	
  
profiles	
   are	
   observed	
   and	
   no	
   exchange	
   process	
   can	
   be	
  
detected	
   (data	
  not	
   shown).	
  However,	
   addition	
   of	
  merely	
  
3%	
  of	
  DBDLigIV	
  leads	
  to	
  RD	
  profiles	
  showing	
  clear	
  signs	
  of	
  
exchange	
  contributions	
  to	
  R2,eff	
  for	
  

15N	
  resonances	
  belong-­‐
ing	
  to	
  residues	
  486-­‐499	
  (Fig.	
  2.a	
  and	
  S5).	
  Larger	
  RD	
  pro-­‐
files	
  are	
  obtained	
  with	
  higher	
  concentrations	
  of	
  DBDLigIV,	
  



 

confirming	
  that	
  the	
  exchange	
  process	
  corresponds	
  to	
  the	
  
binding	
  of	
  Art480-­‐575	
  to	
  DBDLigIV.	
  

To	
   characterize	
   the	
   complex	
   formation	
   in	
   greater	
   detail,	
  
CPMG	
   RD	
   experiments	
   were	
   complemented	
   with	
   15N	
  
CEST	
  experiments26,27,43	
  performed	
  on	
  nitrogen-­‐15	
  labeled	
  
Art480-­‐575	
  with	
  10	
  %	
  molar	
  ratio	
  of	
  unlabeled	
  DBDLigIV	
  (Fig.	
  
2.b	
  and	
  S6-­‐7).	
  Most	
  sites	
  from	
  the	
  region	
  486-­‐499	
  exhibit	
  
profiles	
   with	
   two	
  well-­‐separated	
   intensity	
   dips,	
   with	
   the	
  
smaller	
  dip	
  corresponding	
  to	
  the	
  bound	
  state	
  resonances,	
  
which	
   confirms	
   that,	
   for	
   these	
   sites,	
   15N	
   chemical	
   shifts	
  
are	
  significantly	
  different	
  between	
  the	
  free	
  and	
  the	
  bound	
  
states	
  (Fig.	
  2.b).	
  

All	
   15N	
   CPMG	
   RD	
   and	
   CEST	
   data	
   were	
   simultaneously	
  
analyzed	
  using	
   the	
  program	
  ChemEx44	
   (see	
  Material	
   and	
  
Methods)	
   and	
   could	
   be	
   well	
   fit	
   to	
   a	
   global	
   two-­‐site	
   ex-­‐
change	
  model:	
  

Art480-­‐575 + LigIVDBD ⇌ Art480-­‐575 − LigIVDBD 	
  

with	
  an	
  association	
  rate	
  constant	
  𝑘on	
  =	
  3.00⋅10
7	
  ±	
  0.01⋅107	
  s-­‐

1.M-­‐1	
  and	
  a	
  dissociation	
  rate	
  constant	
  𝑘off = 𝑘on ∙ 𝐾d,	
  =	
  66.1	
  
±	
   0.2	
   s-­‐1,	
   where	
  Kd	
   =	
   2.2	
  µM	
   is	
   the	
   dissociation	
   constant	
  
determined	
  by	
  ITC.	
  The	
  analysis	
  also	
  provided	
  nitrogen-­‐15	
  
chemical	
   shifts	
   and	
   effective	
   transverse	
   relaxation	
   rates	
  
R2(

15N)	
   for	
   the	
   bound	
   state	
   of	
   Art480-­‐575.	
   Chemical	
   shift	
  
differences	
   as	
   large	
   as	
   7.7	
   ppm	
   for	
   residue	
   489	
   were	
  
measured.	
   The	
   nitrogen-­‐15	
   chemical	
   shifts	
   of	
   residues	
  
486-­‐499	
  in	
  the	
  bound	
  form	
  are	
  shifted	
  away	
  from	
  random	
  
coil	
   values	
   (Fig.	
   S12),	
   clearly	
   indicating	
   that	
   this	
   region	
  
becomes	
  more	
  structured	
  when	
  bound	
  to	
  DBDLigIV.	
  	
  
	
  

 
Figure	
  3.	
  Structural	
  and	
  dynamic	
  information	
  on	
  the	
  bound	
  
form	
   of	
   Art480-­‐575	
   obtained	
   by	
   chemical-­‐exchange	
   NMR.	
   (a)	
  
Transverse	
   relaxation	
   rates	
   R2(

15N)	
   and	
   (b)	
   secondary	
   13Ca	
  
chemical	
  shifts	
  for	
  the	
  free	
  (orange)	
  and	
  bound	
  (green)	
  states	
  
of	
   Art480-­‐575.	
   (c)	
   Backbone	
   dihedral	
   angles	
   φ (blue)	
   and	
  
ψ (red)	
  for	
  the	
  bound	
  state	
  of	
  Art480-­‐575.	
  TALOS-­‐N	
  predictions	
  
are	
  shown	
  as	
  open	
  symbols,	
  while	
  values	
  found	
  in	
  the	
  crystal	
  
structure	
  (PDB	
  3W1G)	
  are	
  shown	
  as	
  full	
  symbols.	
  Predictions	
  
for	
  residue	
  F492	
  are	
  shown	
  with	
  light	
  colors,	
  as	
  they	
  were	
  not	
  
scored	
  the	
  highest	
  confidence	
  level	
  by	
  TALOS-­‐N.	
  

R2(
15N)	
  relaxation	
  rates	
  within	
  the	
  interaction	
  region	
  vary	
  

drastically	
  upon	
  binding	
   (Figs.	
   3.a	
  and	
  S14).	
  Higher	
   rates	
  
at	
  the	
  core	
  of	
  the	
  interaction	
  site	
  are	
  expected	
  from	
  fold-­‐
ing	
   and	
   slow	
  molecular	
   tumbling	
   of	
   DBDLigIV	
  within	
   the	
  

complex.	
  Indeed,	
  the	
  average	
  R2(
15N)	
  rate,	
  over	
  secondary	
  

structure	
  elements,	
  measured	
  on	
  a	
  sample	
  of	
  nitrogen-­‐15	
  
labeled	
   DBDLigIV	
   in	
   complex	
   with	
   unlabeled	
   Art480-­‐575	
   is	
  
<R2

DBD-­‐bound>	
  =	
  44	
  ±	
  6	
  s-­‐1	
   (Fig.	
  S16).	
  R2(
15N)	
  rates	
   for	
  Arte-­‐

mis	
  residues	
  488-­‐494	
  range	
  between	
  45	
  and	
  75	
  s-­‐1,	
  defin-­‐
ing	
   the	
  core	
  of	
   the	
   interface.	
  The	
  highest	
   rates,	
  obtained	
  
for	
  residues	
  491-­‐493,	
  suggest	
  the	
  presence	
  of	
  an	
  additional	
  
fast	
  (µs)	
  exchange	
  process	
  in	
  the	
  bound	
  state.	
  By	
  contrast,	
  
R2(

15N)	
   rates	
   confirm	
   the	
   highly	
   disordered	
  nature	
   of	
   re-­‐
gions	
  480-­‐485	
  and	
  510-­‐575	
  in	
  the	
  complex	
  (Fig.	
  3.a).	
  Inter-­‐
estingly,	
   in	
   the	
   bound	
   state,	
   15N	
   transverse	
   relaxation	
  R2	
  
rates	
  for	
  the	
  495-­‐510	
  region	
  are	
  lower	
  than	
  in	
  the	
  core	
  of	
  
the	
  complex	
  but	
  larger	
  than	
  in	
  the	
  free	
  state.	
  This	
  region	
  
spans	
  about	
  twice	
  the	
  persistence	
  length	
  in	
  disordered	
  or	
  
unfolded	
  proteins45	
   suggesting	
  a	
  partly	
   restricted	
  confor-­‐
mational	
  space	
  explored	
  on	
  ps-­‐ns	
  timescales,	
  possibly	
  due	
  
to	
  transient	
  interactions	
  with	
  Ligase	
  IV.	
  

Additional	
   structural	
   restraints	
   are	
   necessary	
   to	
   deter-­‐
mine	
   the	
   conformation	
   of	
   Art480-­‐575	
   in	
   complex	
   with	
  
DBDLigIV.	
   Carbon-­‐13	
   chemical	
   shifts	
   of	
   Art480-­‐575	
   in	
   the	
  
bound	
   form	
  were	
   obtained	
   from	
   CEST	
   experiments	
   rec-­‐
orded	
  on	
  carbonyl,46	
   carbon-­‐α,47	
   and	
  carbon−β,47	
  using	
  a	
  
uniformly	
   15N,13C-­‐labeled	
   sample	
   of	
   Art480-­‐575	
   with	
   10	
   %	
  
molar	
   ratio	
  of	
  unlabeled	
  DBDLigIV	
   (Figs.	
   2.c-­‐e	
  and	
  S8-­‐10).	
  
The	
  large,	
  positive	
  13Cα	
  secondary	
  shift	
  values48,49	
  observed	
  
for	
  residues	
  489-­‐492	
  in	
  the	
  bound	
  state	
  (Fig.	
  3.b)	
  strongly	
  
suggest	
   these	
   residues	
   form	
   an	
   α-­‐helix	
   in	
   the	
   complex.50	
  
All	
   the	
  chemical	
  shifts	
  of	
  the	
  bound	
  form	
  of	
  Artemis	
  ob-­‐
tained	
  from	
  the	
  combined	
  analysis	
  of	
  CEST	
  profiles	
  were	
  
used	
   to	
   derive	
   dihedral	
   backbone	
   angles	
   using	
   the	
   pro-­‐
gram	
   Talos-­‐N.51	
   These	
   dihedral	
   angles	
   are	
   in	
   excellent	
  
agreement	
  with	
   the	
  crystal	
   structures	
   for	
   the	
  core	
  of	
   the	
  
complex,	
  except	
  for	
  residues	
  493	
  and	
  494,	
  which	
  are	
  in	
  an	
  
extended	
   conformation	
   in	
   solution,	
   but	
   adopt	
   a	
   helical	
  
conformation	
  in	
  the	
  crystals	
  (Fig.	
  3.c).	
  In	
  addition,	
  Talos-­‐
N	
  derived	
  dihedral	
  angles	
  χ1	
  for	
  residues	
  486	
  and	
  491-­‐493.	
  
Notably,	
   our	
   approach	
   provides	
   additional	
   structural	
  
restraints	
  for	
  residues	
  495	
  and	
  496.	
  
Mapping	
   the	
   binding	
   to	
   Artemis	
   on	
   the	
   surface	
   of	
  
Ligase	
  IV.	
  Relevant	
  structural	
  information	
  on	
  the	
  binding	
  
surface	
  of	
  Ligase	
   IV	
  may	
  be	
  provided	
   through	
   the	
  use	
  of	
  
chemical	
   shifts	
   perturbations	
   upon	
   binding	
   to	
   Artemis.	
  
For	
   that	
   purpose,	
   we	
   obtained	
   the	
   site-­‐specific	
   assign-­‐
ment	
  of	
  backbone	
  resonances	
  for	
  most	
  of	
  the	
  240	
  residues	
  
of	
  DBDLigIV	
  (Fig.	
  S15).	
  

The	
  binding	
  surfaces	
  of	
  DBDLigIV	
  to	
  all	
  Artemis	
  constructs	
  
were	
   investigated	
   by	
   NMR	
   titrations.	
   Art480-­‐575	
   induces	
  
selective	
   chemical	
   shift	
   perturbations	
   in	
   the	
   1H-­‐15N	
  
TROSY52	
   spectrum	
   of	
   DBDLigIV	
   (Fig.	
   S17),	
   showing	
   that	
  
binding	
   does	
   not	
   lead	
   to	
   a	
   major	
   conformational	
   rear-­‐
rangement	
   in	
   the	
   large	
   globular	
   domain.	
   Residues	
   dis-­‐
playing	
  the	
  highest	
  CSP	
  values	
  are	
  mostly	
  localized	
  in	
  the	
  
N-­‐terminal	
   region	
   encompassing	
   helices	
  α1	
   and	
  α2	
   (Fig.	
  
4.a,c),	
   consistent	
   with	
   the	
   binding	
   interface	
   determined	
  
by	
  X-­‐ray	
   crystallography	
  using	
   the	
  Art485-­‐495	
   peptide.	
   Sig-­‐
nificant	
   perturbations	
   (i.e.,	
   one	
   standard	
   deviation	
   be	
  
yond	
   the	
  mean	
  CSP)	
  are	
  also	
  observed	
   for	
   residues	
   clus-­‐
tered	
  near	
  the	
  loop	
  connecting	
  helices	
  α6	
  to	
  α7	
  (138-­‐144),	
  



 

the	
  first	
  half	
  of	
  helix	
  α9	
  (181-­‐184),	
  and	
  helix	
  α10	
  (198-­‐206).	
  
Apart	
  from	
  residues	
  in	
  helix	
  α10,	
  these	
  regions	
  were	
  sub-­‐
stantially	
   less	
  affected	
  when	
  DBDLigIV	
  was	
   titrated	
  by	
   the	
  
Art485-­‐495	
   peptide,	
  with	
   changes	
   in	
   chemical	
   shifts	
  mostly	
  
limited	
   to	
   the	
   N-­‐terminal	
   region	
   (Fig.	
   S18.c).	
   A	
   detailed	
  
comparison	
   between	
   the	
   CSP	
   values	
   of	
   Art480-­‐575	
   and	
  
Art485-­‐495	
   (Fig.	
   4.b,d)	
   suggests	
   a	
   continuous	
   interaction	
  
surface	
   that	
   expands	
  beyond	
   the	
   groove	
  between	
  helices	
  
α1	
  and	
  α2,	
  where	
  Art485-­‐495	
  lies	
  in	
  the	
  crystal	
  structure.	
  The	
  
extension	
   of	
   the	
   surface	
   includes	
   DBDLigIV	
   residues	
   F131,	
  
L138,	
  G141,	
   S179,	
   and	
  L181	
   as	
  well	
   as	
   residues	
   localized	
   at	
  
the	
  tip	
  of	
  the	
  hairpin	
  α1-­‐α2	
  (T22,	
  K28,	
  K30,	
  and	
  G31).	
  Im-­‐
portantly,	
  the	
  role	
  of	
  Artemis	
  residues	
  496-­‐501	
  in	
  making	
  
interactions	
   with	
   these	
   additional	
   docking	
   sites	
   can	
   be	
  
inferred	
   from	
   the	
   highly	
   similar	
   CSP	
   profiles	
   obtained	
  
with	
  Art480-­‐575	
  and	
  the	
  Art485-­‐501	
  peptide	
  (Fig.	
  S18.a,b).	
  
	
  

 
Figure	
  4.	
  Binding	
  surfaces	
  of	
  DBDLigIV	
  to	
  Artemis	
  with	
  chem-­‐
ical	
   shift	
   perturbation	
   (CSP).	
   (a)	
   Amide	
   CSP	
   of	
   DBDLigIV	
  
induced	
   by	
   the	
   addition	
   of	
   1	
   molar	
   equivalent	
   of	
   Art480-­‐575.	
  
The	
  average	
  CSP	
  value	
  (0.025	
  ppm)	
   is	
   indicated	
  by	
  a	
  dotted	
  
line.	
  (c)	
  Ligase	
  IV	
  residues	
  with	
  a	
  CSP	
  value	
  larger	
  than	
  0.025	
  
ppm	
  are	
  colored	
   in	
  blue	
  on	
   the	
  X-­‐ray	
   structure	
  of	
   the	
  com-­‐
plex	
   DBDLigIV-­‐Art485-­‐495	
   (PDB	
   3W1G)	
  with	
  Artemis	
   in	
   yellow	
  
and	
   DBDLigIV	
   in	
   grey.	
   (b)	
   Differences	
   in	
   amide	
   CSP	
   of	
  
DBDLigIV	
  between	
  the	
  complexes	
  with	
  Art480-­‐575	
  and	
  Art485-­‐495.	
  
(d)	
   Residues	
   with	
   a	
   CSP	
   differences	
   larger	
   than	
   0.025	
   ppm	
  
between	
   the	
   two	
   complexes	
   are	
   shown	
   on	
   the	
   structure	
   of	
  
DBDLigIV	
  (purple).	
  

	
  

NMR	
   data-­‐driven	
   model	
   of	
   the	
   Artemis-­‐Ligase	
   IV	
  
complex.	
   A	
   structural	
   model	
   of	
   the	
   Artemis-­‐Ligase	
   IV	
  
complex	
  in	
  solution	
  was	
  determined	
  by	
  docking	
  computa-­‐
tion	
   using	
   experimental	
   constraints	
   derived	
   from	
   NMR	
  
chemical-­‐exchange	
   and	
   CSPs	
   data.	
   We	
   first	
   determined	
  
the	
  structure	
  of	
  Artemis	
  in	
  the	
  bound	
  state	
  by	
  incorporat-­‐
ing	
  in	
  CNS	
  53	
  the	
  φ, ψ,	
  and	
  χ1	
  torsion	
  angle	
  restraints	
  de-­‐
rived	
   from	
   the	
   chemical	
   shifts	
   of	
   the	
   bound	
   form.	
   To	
  
simplify	
   and	
   speed	
   up	
   the	
   analysis,	
   we	
   only	
   considered	
  

the	
   binding	
   site	
   485-­‐501	
   in	
   the	
   sequence	
   of	
   Artemis	
  
(Art485-­‐501)	
   and	
  did	
  not	
   include	
   the	
   region	
  502-­‐575,	
  which	
  
is	
  barely	
  altered	
  by	
  binding.	
  Ten	
  Artemis	
  conformers	
  that	
  
are	
   in	
   good	
   agreement	
   with	
   the	
   torsion	
   angle	
   restraints	
  
were	
   selected	
   as	
   the	
   starting	
   structural	
   ensemble	
   for	
   the	
  
docking	
   process	
   (Table	
   S2).	
   These	
   conformers	
   are	
   re-­‐
markably	
   similar	
   to	
   the	
   X-­‐ray	
   structure	
   of	
   Art485-­‐495	
   in	
  
complex	
   with	
   Ligase	
   IV	
   in	
   the	
   N-­‐terminal	
   part	
   with	
   an	
  
average	
  backbone	
  RMSD	
  of	
  0.62	
  Å	
  over	
  residues	
  486-­‐493	
  
(Fig.	
   5.a).	
   The	
   C-­‐terminal	
   residues	
   497-­‐501	
   are	
   highly	
  
disordered	
   in	
   the	
   starting	
   NMR	
   ensemble,	
   as	
   expected	
  
from	
   the	
   absence	
   of	
   angular	
   constraints	
   for	
   these	
   resi-­‐
dues.	
  	
  

HADDOCK	
  is	
  one	
  of	
  the	
  most	
  popular	
  docking	
  programs	
  
for	
  the	
  structure	
  determination	
  of	
  biomolecular	
  complex-­‐
es	
   using	
   experimental	
   data,	
   in	
   particular	
   NMR	
   CSPs.37	
  
HADDOCK	
  has	
  been	
  used	
  to	
  determine	
  the	
  structures	
  of	
  
homodimers	
  and	
  homo-­‐oligomers	
  of	
  folded	
  proteins	
  from	
  
chemical	
   shift	
   perturbations	
   obtained	
   by	
   chemical-­‐
exchange	
  NMR54	
  as	
  well	
  as	
  the	
  structure	
  of	
  the	
  complex	
  of	
  
a	
   short	
   peptide	
   bound	
   to	
   a	
   folded	
   domain55	
   based	
   on	
  
transferred	
   nuclear	
   Overhauser	
   effects.	
   However,	
   to	
   our	
  
knowledge,	
  HADDOCK	
  has	
  never	
  been	
  used	
  in	
  combina-­‐
tion	
  with	
  unambiguous	
  structural	
  constraints	
  from	
  chem-­‐
ical-­‐exchange	
  NMR	
   to	
  obtain	
   the	
   structure	
  of	
   a	
   complex	
  
involving	
  an	
  IDP	
  that	
  folds	
  upon	
  binding.	
  We	
  docked	
  the	
  
structures	
  of	
  Artemis	
  in	
  its	
  bound	
  form	
  onto	
  the	
  structure	
  
of	
  the	
  free	
  catalytic	
  core	
  of	
  Ligase	
  IV	
  (residues	
  1-­‐611,	
  PDB	
  
3W5O)36	
   using	
   the	
   HADDOCK	
   web	
   server.	
   The	
   “active”	
  
and	
  “passive”	
  residues,	
  as	
  defined	
  by	
  HADDOCK	
  to	
  derive	
  
ambiguous	
  intermolecular	
  restraints	
  (AIRs),	
  were	
  selected	
  
for	
  Ligase	
   IV	
  on	
   the	
  basis	
  of	
  CSPs.	
  The	
   torsion	
  angle	
   re-­‐
straints	
  used	
  to	
  calculate	
  the	
  bound	
  structure	
  of	
  Artemis	
  
were	
   also	
   used	
   in	
   the	
   docking	
   process.	
   HADDOCK	
   pro-­‐
vided	
  92	
  final	
  models,	
  sorted	
  in	
  12	
  clusters	
  (Fig.	
  S19),	
  each	
  
containing	
   4	
   to	
   16	
   structures	
   with	
   HADDOCK-­‐	
   and	
   Z-­‐
scores	
  ranging	
   from	
  –100.7	
  to	
  –51.4	
  and	
  from	
  –1.3	
   to	
  +1.4,	
  
respectively.	
   The	
   positions	
   of	
   the	
   N-­‐terminal	
   residues	
  
485-­‐496	
  of	
  Artemis	
  with	
  respect	
  to	
  Ligase	
  IV	
  are	
  remark-­‐
ably	
   similar	
   in	
   the	
   top	
   3	
   clusters	
   (Fig.	
   S20).	
   By	
   contrast,	
  
the	
  conformations	
  of	
   residues	
  497-­‐501	
  and	
  their	
  contacts	
  
with	
   Ligase	
   IV	
   differ	
  markedly	
   between	
   the	
  models	
   and	
  
even	
  within	
  clusters	
  (Fig.	
  5.c).	
  

In	
  the	
  top	
  cluster,	
  the	
  average	
  ligand-­‐RMSD	
  upon	
  super-­‐
imposition	
  onto	
  DBDLigIV	
  is	
  2.1	
  Å	
  for	
  the	
  structured	
  region	
  
encompassing	
  Artemis	
  residues	
  485-­‐496.	
  The	
  structure	
  of	
  
the	
   complex	
  with	
   lowest	
   energy	
   is	
   remarkably	
   similar	
   to	
  
the	
  high-­‐resolution	
  crystal	
  structure	
  of	
  the	
  Art485-­‐495-­‐LigIV	
  
complex	
  (Fig.	
  5.b).	
  The	
  average	
  backbone	
  interface-­‐RMSD	
  
with	
  respect	
  to	
  the	
  crystal	
  structure	
  (PDB	
  3W1G)	
  is	
  0.9	
  ±	
  
0.2	
   Å	
   for	
   the	
   top	
   cluster.	
   The	
   key	
   hydrophobic	
   interac-­‐
tions	
   involving	
  P487	
   and	
  aromatic	
   residues	
  W489,	
  F492,	
  
and	
   F493	
   of	
   Artemis	
   are	
   virtually	
   identical	
   to	
   those	
   ob-­‐
tained	
  in	
  the	
  crystal	
  structure.	
  Major	
  differences	
  are	
  only	
  
observed	
  for	
  the	
  backbone	
  of	
  residues	
  F493	
  and	
  K494	
  that	
  
adopt	
   an	
   extended	
   conformation	
   in	
   our	
  NMR	
   structures	
  
in	
  solution	
  while	
  they	
  adopt	
  a	
  α-­‐helix	
  conformation	
  in	
  the	
  
crystal	
  structures	
  with	
  a	
  short	
  Art485-­‐495	
  peptide.	
  	
  



 

	
  

Figure	
  5.	
  NMR-­‐based	
  structural	
  models	
  of	
  the	
  complex	
  between	
  Artemis	
  and	
  Ligase	
  IV.	
  (a)	
  Solution	
  structure	
  of	
  Art485-­‐501	
  bound	
  
to	
  Ligase	
  IV	
  derived	
  from	
  15NH,	
   13CO,	
   13Cα,	
  and	
   13Cβ	
  chemical	
  shifts.	
  The	
  10	
  NMR	
  conformers	
  of	
  Art485-­‐501	
   (yellow)	
  are	
  superim-­‐
posed	
  onto	
  residues	
  486-­‐493	
  from	
  the	
  crystal	
  structure	
  of	
  Art485-­‐495	
  in	
  complex	
  with	
  Ligase	
  IV	
  (orange,	
  PDB	
  3W1G).	
  (b)	
  Compari-­‐
son	
  of	
  the	
  contacts	
  at	
  the	
  interface	
  of	
  the	
  complex	
  in	
  the	
  crystal	
  structure	
  (Artemis	
  in	
  orange	
  and	
  Ligase	
  IV	
  in	
  blue,	
  PDB	
  3W1G)	
  
and	
  in	
  the	
  lowest-­‐energy	
  HADDOCK	
  model	
  of	
  the	
  top	
  cluster	
  (Artemis	
  in	
  yellow	
  and	
  DBDLigIV	
  in	
  green).	
  (c)	
  The	
  16	
  models	
  of	
  
HADDOCK	
   top	
   cluster	
   are	
   superimposed	
   onto	
   the	
   crystal	
   structure	
   of	
   the	
   complex	
   as	
   in	
   panel	
   (b).	
   The	
   electrostatic	
   surface	
  
potential	
  map	
  of	
  DBDLigIV	
  is	
  shown	
  in	
  blue,	
  white,	
  and	
  red	
  to	
  indicate	
  positive,	
  neutral,	
  and	
  negative	
  electrostatic	
  surface	
  poten-­‐
tials,	
   respectively.	
   Residues	
   of	
  Artemis	
  with	
   acidic	
   side-­‐chains	
   (D497,	
   E498,	
   and	
  D501)	
   are	
   represented	
   by	
   small	
   red	
   spheres.

The	
   consistency	
   of	
   our	
   approach	
  was	
   evaluated	
   by	
   the	
  
comparison	
   of	
   experimental	
   chemical	
   shifts	
  with	
   those	
  
predicted	
   with	
   Sparta+56	
   from	
   the	
   16	
   structures	
   of	
   the	
  
HADDOCK	
  top	
  cluster.	
  Predicted	
  chemical	
   shifts	
  agree	
  
very	
   well	
   with	
   experimental	
   shifts	
   (Figure	
   S21)	
   while	
  
small	
   differences	
   are	
   observed	
  with	
   the	
   chemical	
   shifts	
  
predicted	
   from	
   the	
   crystal	
   structure	
   (pdb	
   code	
   3W1G),	
  
particularly	
  for	
  residues	
  F493	
  and	
  K494.	
  

Interestingly,	
  the	
  extended	
  conformations	
  of	
  these	
  resi-­‐
dues	
  allow	
  the	
  acidic	
  patch	
  that	
   follows	
  towards	
  the	
  C-­‐
terminus	
  (including	
  D497,	
  E498,	
  and	
  D501)	
  to	
  face	
  adja-­‐
cent	
  regions	
  at	
  the	
  surface	
  of	
  Ligase	
  IV	
  (Fig.	
  5.c).	
  These	
  
additional	
   regions,	
   encompassing	
   the	
   tip	
  of	
   the	
  hairpin	
  
α1-­‐α2,	
  the	
  loop	
  α6-­‐α7,	
  and	
  the	
  N-­‐terminal	
  portion	
  of	
  α9,	
  
form	
   a	
   continuous	
   positively	
   charged	
   surface.	
   Accord-­‐
ingly,	
   the	
  negatively	
   charged	
   residues	
  D497,	
   E498,	
   and	
  
D501	
   of	
   Artemis	
   contact	
   various	
   arginine	
   and	
   lysine	
  
residues	
   of	
   Ligase	
   IV	
   in	
  most	
   docking	
  models	
   through	
  
electrostatic	
   interactions.	
  The	
   transient	
  nature	
  of	
   these	
  
additional	
   contacts	
   is	
   supported	
   by	
   R2(

15N)	
   rates	
   and	
  
chemical	
   shifts	
  which	
   show	
   that	
  Artemis	
   residues	
   497-­‐
501	
   retain	
   some	
   disorder	
   in	
   the	
   complex.	
  We	
   are	
   well	
  
aware	
  that	
  the	
  docking-­‐based	
  structures	
  depicted	
  in	
  Fig.	
  
5.c	
   do	
   not	
   represent	
   a	
   priori	
   the	
   ensemble	
   of	
   confor-­‐
mations	
   explored	
   by	
   the	
   Artemis	
   496-­‐501	
   region	
   when	
  
bound	
  to	
  Ligase	
  IV.	
  However,	
  this	
  ensemble	
  of	
  docking	
  
solutions	
  is	
  consistent	
  with	
  the	
  main	
  features	
  identified	
  
by	
  NMR	
  data.	
  Predicted	
  chemical	
  shifts	
   from	
  the	
  dock-­‐
ing	
   models	
   are	
   in	
   good	
   agreement	
   with	
   experimental	
  
values	
   (Fig.	
   S21)	
   and	
   indicate	
   that	
   residues	
   497-­‐501	
   are	
  
mostly	
  disordered.	
  Weak	
  interactions	
  with	
  the	
  positively	
  
charged	
  residues	
  at	
  the	
  surface	
  of	
  Ligase	
  IV	
  may	
  explain	
  
the	
  slow	
  decrease	
  of	
  nitrogen-­‐15	
  R2	
   rates	
   in	
   the	
  497-­‐501	
  
region	
  (Fig.	
  3.a).	
  
Discussion	
  
The	
  agreement	
  of	
   the	
  NMR-­‐driven	
  docking	
  model	
  with	
  
the	
   crystal	
   structure	
   demonstrates	
   that	
   our	
   approach	
  

can	
  be	
  applied	
  to	
  obtain	
  structural	
  models	
  of	
  complexes	
  
in	
  which	
  the	
  interacting	
  region	
  of	
  an	
  IDP	
  contains	
  both	
  
fully	
   ordered	
   and	
   partially	
   disordered	
   regions.	
   The	
  
structure	
   of	
   the	
  well-­‐folded	
   parts	
   of	
   the	
   complex	
   com-­‐
prising	
  Artemis	
  and	
  Ligase	
  IV	
  only	
  differs	
  from	
  the	
  crys-­‐
tal	
   structure,	
   for	
   the	
   backbone	
   dihedral	
   angles	
   of	
   F493	
  
and	
  K494.	
  The	
  proximity	
  of	
  the	
  C-­‐terminus	
  of	
  the	
  short	
  
peptide	
   in	
   the	
   crystal	
   structure	
   likely	
   favors	
   the	
  helical	
  
conformation.	
  This	
  discrepancy	
  reveals	
  a	
  possible	
  alter-­‐
native	
   interpretation	
  of	
   this	
   region	
   in	
   the	
  model	
  of	
   the	
  
crystal	
  structure.	
  The	
  C-­‐terminus	
  of	
  the	
  short	
  peptide	
  in	
  
the	
   crystal	
   structure	
   is	
   built	
   in	
   a	
   helical	
   conformation.	
  
However,	
   high	
  B-­‐factors	
   and	
   a	
  weaker	
   electron	
  density	
  
in	
  this	
  region	
  are	
  not	
  inconsistent	
  with	
  a	
  more	
  extended	
  
path	
  of	
   this	
   segment	
   as	
   obtained	
   by	
   NMR	
   (Fig.	
   S22).	
  
This	
  highlights	
  the	
  importance	
  of	
  using	
  long	
  disordered	
  
protein	
  regions	
  to	
  grasp	
  accurately	
  the	
  relevant	
  features	
  
of	
  such	
  a	
  complex.	
  	
  

The	
  methodology	
  introduced	
  in	
  this	
  work	
  is	
  particularly	
  
well	
   suited	
   to	
   the	
   study	
   of	
   IDPs.	
   Indeed,	
   the	
   bound	
  
structures	
   of	
   IDPs	
   are	
   usually	
   limited	
   to	
   isolated	
   sec-­‐
ondary	
   structure	
   elements	
   (i.e.,	
   extended	
   motifs	
   and	
  
alpha	
  helices),	
  which	
  lie	
  against	
  the	
  surface	
  of	
  the	
  folded	
  
partner	
  protein.	
  Such	
  structure	
  elements	
  can	
  be	
  (i)	
  well	
  
defined	
   with	
   the	
   use	
   of	
   backbone	
   dihedral	
   angle	
   con-­‐
straints,	
   and	
   (ii)	
   accurately	
   docked	
   onto	
   the	
   protein	
  
partner	
   from	
   the	
   knowledge	
   of	
   its	
   interacting	
   surface.	
  
Here,	
   we	
   show	
   that	
   (i)	
   backbone	
   dihedral	
   angles	
   are	
  
obtained	
   in	
   a	
   reliable	
   manner	
   through	
   chemical	
   shifts	
  
derived	
   from	
   an	
   analysis	
   of	
   CEST	
   profiles	
   and	
   (ii)	
   the	
  
interface	
   is	
   sufficiently	
   well	
   characterized	
   by	
   NMR	
  
chemical	
  shift	
  perturbations.	
  

A	
  potential	
  limitation	
  of	
  our	
  approach	
  lies	
  in	
  the	
  ability	
  
to	
   define	
   the	
   interface	
   of	
   the	
   complex	
   for	
   large	
   folded	
  
protein	
   partners.	
   Structural	
   models	
   of	
   complexes	
   be-­‐
tween	
   large	
  proteins	
  and	
  peptides	
  or	
  unfolded	
  proteins	
  
have	
  been	
  characterized15	
  with	
   the	
  use	
  of	
  methyl	
   trans-­‐
verse	
   relaxation	
   optimized	
   spectroscopy	
   (methyl	
  



 

TROSY).57	
   Protein	
   surfaces	
   contain	
   statistically	
   more	
  
methyl-­‐bearing	
   residues	
   at	
   protein-­‐protein	
  
interfaces.58,59	
   The	
   characterization	
   of	
   protein	
   interac-­‐
tions	
  with	
  methyl	
  probes	
   is	
   thus	
   favorable,	
   as	
  was	
   suc-­‐
cessfully	
   demonstrated	
   in	
   several	
   studies.60	
   CEST	
   pro-­‐
files,	
   used	
   to	
   obtain	
   the	
   chemical	
   shifts	
   of	
   the	
   bound	
  
form,	
   have	
   been	
   recorded	
   on	
   systems	
   with	
   very	
   high	
  
transverse	
  relaxation	
  rates,	
  with	
  R2(

15N)	
  >	
  1000	
  s-­‐1.22	
  This	
  
guarantees	
   successful	
   application	
   of	
   our	
   methodology	
  
for	
  complexes	
  up	
  to	
  the	
  MDa	
  range.	
  

Our	
   approach	
   is	
   compatible	
   and	
   should	
   now	
   be	
   com-­‐
plemented	
  with	
  methods	
  that	
  allow	
  the	
  characterization	
  
of	
  the	
  conformational	
  space	
  of	
  IDRs	
  that	
  remain	
  signifi-­‐
cantly	
   disordered	
   in	
   the	
   bound	
   state,	
   with	
   the	
   use	
   of	
  
programs	
   such	
   as	
  Asteroids61	
   or	
  Ensemble.62	
   Fragments	
  
of	
  the	
  IDR	
  may	
  retain	
  some	
  disorder	
  in	
  the	
  complex	
  and	
  
yet	
   be	
   challenging	
   to	
   observe	
   directly	
   by	
   multidimen-­‐
sional	
  NMR.	
  In	
  this	
  case,	
  CEST	
  and	
  CPMG	
  experiments	
  
can	
   be	
   used	
   to	
   obtain	
   additional	
   information	
   for	
   the	
  
determination	
  of	
  conformational	
  ensembles.	
  In	
  particu-­‐
lar,	
   CEST	
   and	
   CPMG	
   experiments	
   have	
   been	
   used	
   to	
  
obtain	
   a	
   collection	
   of	
   conformational	
   constraints,	
   such	
  
as	
   paramagnetic	
   relaxation	
   enhancements,63	
   residual	
  
dipolar	
   couplings,64,65	
   and	
   pseudo-­‐contact	
   shifts66	
   of	
  
states	
  with	
  a	
  small	
  population	
  in	
  exchange	
  with	
  a	
  major,	
  
observable	
   state.	
   Such	
   data	
   would	
   be	
   highly	
   comple-­‐
mentary	
   to	
   chemical	
   shifts	
   measured	
   here.	
   Combining	
  
our	
  approach	
  for	
  the	
  folded	
  regions	
  of	
  the	
  IDR	
  and	
  these	
  
measurements	
  analyzed	
  with	
  Asteroids61	
  or	
  Ensemble,62	
  
will	
   allow	
   the	
   determination	
   of	
   conformational	
   ensem-­‐
bles	
  for	
  the	
  entire	
  complex	
  including	
  fully	
  ordered,	
  par-­‐
tially	
  ordered,	
  and	
  mostly	
  disordered	
  regions.	
  	
  
	
  
Conclusions	
  

Here,	
  we	
  introduce	
  a	
  method	
  for	
  the	
  structural	
  determi-­‐
nation	
   of	
   complexes	
   consisting	
   of	
   disordered	
   protein	
  
regions	
  that	
  fold	
  in	
  part	
  upon	
  binding	
  to	
  a	
  partner	
  pro-­‐
tein.	
  This	
  approach	
  combines	
  chemical-­‐exchange	
  NMR,	
  
structural	
  determination	
  of	
  the	
  interacting	
  region	
  of	
  the	
  
disordered	
   protein,	
   and	
   docking.	
   Importantly,	
   the	
  
method	
  does	
  not	
   require	
   the	
  observation	
  of	
   the	
  bound	
  
form	
  of	
  the	
  IDP	
  and	
  provides	
  structural	
  insight	
  on	
  both	
  
fully	
  and	
  partially	
  ordered	
  regions	
  in	
  the	
  bound	
  IDP.	
  We	
  
apply	
   this	
   method	
   to	
   a	
   complex	
   between	
   a	
   96-­‐residue	
  
disordered	
  region	
  of	
  Artemis	
  and	
  the	
  DBD	
  of	
  Ligase	
  IV.	
  
We	
   show	
   that	
   our	
   approach	
   correctly	
   reproduces	
   the	
  
crystal	
   structure	
  of	
   the	
   folded	
   core	
  of	
   the	
   complex	
   and	
  
provides	
   additional	
   information	
   on	
   regions	
   within	
   the	
  
IDP	
   that	
   contribute	
   to	
   the	
   thermodynamic	
   affinity	
   but	
  
retain	
   some	
   disorder.	
   The	
   method	
   is	
   not	
   affected	
   by	
  
edge	
   effects	
   when	
   short	
   peptides	
   are	
   used	
   in	
   a	
   more	
  
traditional	
   approach.	
   From	
   our	
   NMR	
   and	
   ITC-­‐based	
  
investigations,	
  we	
   identify	
  additional	
   residues	
  at	
   the	
  C-­‐
terminal	
  end	
  of	
  Artemis	
  (496-­‐501)	
  that	
  contribute	
  signif-­‐
icantly	
   to	
   the	
   binding	
   to	
   Ligase	
   IV.	
   This	
   NMR-­‐based	
  
approach	
  to	
  the	
  structural	
  characterization	
  of	
  complexes	
  
of	
   IDPs	
   is	
   robust	
   and	
   is	
   expected	
   to	
   be	
   applicable	
   to	
   a	
  
wide	
  range	
  of	
  systems.	
  

Experimental	
  Section	
  
Protein	
   and	
  peptide	
  production.	
   The	
   expression	
   vector	
   for	
  
Art480-­‐575	
   encodes	
   a	
   38	
   kDa	
   fusion	
   protein	
   with	
   an	
   amino-­‐
terminal	
  Glutathion	
  S-­‐transferase	
  (GST)	
  domain,	
  a	
  PreScission	
  
protease	
   cleavage	
   site,	
   and	
   the	
   Art480-­‐575	
   region.	
   Art480-­‐575	
   was	
  
expressed	
   in	
   E.	
   coli	
   either	
   unlabeled	
   in	
   LB	
   rich	
   medium	
   or	
  
uniformly	
   labeled	
  with	
   15N	
   or	
   15N/13C	
   using	
   the	
   procedure	
   de-­‐
veloped	
  by	
  Marley	
  et	
  al..67	
  Art480-­‐575	
  was	
  purified	
  by	
  glutathione-­‐
affinity	
  chromatography	
  (Genscript)	
  and	
  cleaved	
  on	
  a	
  resin	
  at	
  
4°C	
  with	
   recombinant	
   PreScission	
   protease,	
   followed	
   by	
   size-­‐
exclusion	
  chromatography	
  on	
  a	
  Superdex	
  75	
  16/60	
  column	
  (GE	
  
Healthcare).	
  	
  

The	
  DNA-­‐binding	
  domain	
  of	
  human	
  Ligase	
  IV	
  (DBDLigIV;	
  re-­‐
gion	
  1-­‐240)	
  was	
  expressed	
  as	
  a	
  (His)6-­‐tagged	
  fusion	
  protein	
  in	
  a	
  
pET-­‐15b	
  vector	
   and	
  purified	
  as	
  previously	
  described.35	
  Expres-­‐
sion	
   of	
   uniformly	
   labeled	
   15N/13C/2D	
   DBDLigIV	
  was	
   carried	
   out	
  
from	
   cells	
   cultured	
   in	
  M9	
  minimum	
  media	
   prepared	
   in	
   100%	
  
D2O.	
  The	
  two	
  Artemis	
  peptides	
  were	
  produced	
  by	
  solid-­‐phase	
  
peptide	
  synthesis	
  and	
  purified	
  by	
  RP-­‐HPLC.	
  

Isothermal	
  Titration	
  Calorimetry.	
   ITC	
   experiments	
  were	
  
performed	
   on	
   a	
   Nano	
   ITC	
   calorimeter	
   (TA	
   Instruments)	
   at	
  
23	
  °C.	
  Titrations	
  were	
  carried	
  out	
  with	
  a	
  fixed	
  concentration	
  of	
  
DBDLigIV	
  (70-­‐100	
  µM)	
  into	
  which	
  aliquots	
  of	
  each	
  of	
   the	
  Arte-­‐
mis	
  fragments	
  were	
  injected.	
  Thermodynamic	
  parameters	
  were	
  
determined	
   by	
   non-­‐linear	
   least-­‐square	
   fitting	
   of	
   the	
   buffer-­‐
corrected	
  data	
  using	
   the	
   software	
  NanoAnalyze	
   (version	
  3.1.2)	
  
provided	
  by	
  TA	
  Instruments.	
  

NMR	
   resonance	
   assignments	
   and	
   Chemical	
   Shift	
   Per-­‐
turbation	
  (CSP)	
  experiments.	
  NMR	
  spectra	
  were	
  acquired	
  at	
  
296.5	
  K	
  on	
  Bruker	
  Avance-­‐III	
  HD	
  600	
  and	
  800	
  MHz	
  spectrom-­‐
eters	
   equipped	
   with	
   room-­‐temperature	
   triple	
   resonance	
   (1H,	
  
15N,	
  13C)	
  probes	
  and	
  on	
  a	
  Bruker	
  Avance-­‐III	
  HD	
  950	
  MHz	
  spec-­‐
trometer	
  equipped	
  with	
  a	
  triple	
  resonance	
  cryoprobe.	
  All	
  NMR	
  
data	
   were	
   processed	
   with	
   NMRPipe68	
   and	
   analyzed	
   with	
  
NMRFAM-­‐Sparky.69	
  Backbone	
  resonance	
  assignments	
  of	
  Art480-­‐
575	
  were	
  obtained	
  from	
  the	
  analysis	
  of	
  a	
  series	
  of	
  3D	
  BEST	
  triple	
  
resonances	
  experiments70	
  as	
  well	
  as	
  an	
  (H)N(COCA)NH	
  exper-­‐
iment,71,72	
  all	
  recorded	
  at	
  800	
  MHz.	
  The	
  BEST-­‐TROSY	
  versions	
  
of	
   these	
   3D	
   experiments73	
   and	
   a	
   15N-­‐NOESY-­‐HSQC	
  were	
   rec-­‐
orded	
   at	
   950	
   MHz	
   to	
   assign	
   the	
   backbone	
   resonances	
   of	
  
DBDLigIV.	
  The	
   interaction	
  between	
  Artemis	
   and	
  Ligase	
   IV	
  was	
  
probed	
   by	
   chemical	
   shift	
   perturbations	
   (CSP).	
   Uniformly	
   la-­‐
beled	
   15N-­‐Art480-­‐575	
   was	
   titrated	
   at	
   600	
   MHz	
   with	
   unlabeled	
  
DBDLigIV	
   and	
   followed	
   with	
   2D	
   1H-­‐15N	
   HSQC	
   spectra.	
   Triple-­‐
labeled	
  2D/15N/13C-­‐DBDLigIV	
  was	
  titrated	
  with	
  each	
  of	
  the	
  unla-­‐
beled	
   Artemis	
   fragments	
   and	
   followed	
   with	
   BEST-­‐TROSY	
   2D	
  
15N-­‐1H	
  correlations	
  at	
  950	
  MHz.	
  CSP	
  values	
  were	
  calculated	
  for	
  
each	
  residue	
  from	
  the	
  differences	
   in	
   1HN	
  (∆𝛿!!)	
  and	
  

15N	
  (∆𝛿!)	
  
chemical	
   shifts	
   between	
   the	
   free	
   and	
   the	
   bound	
   states	
   using	
  
the	
  definition:	
  

𝐶𝑆𝑃 = 𝛥𝛿!! ! + 0.1𝛥𝛿! !	
  
CPMG	
   and	
   CEST	
   experiments.	
   All	
   15N	
   CPMG	
  

experiments42	
  were	
  carried	
  out	
  at	
  a	
   1H	
   frequency	
  of	
  800	
  MHz	
  
on	
   samples	
   of	
   550	
   µM	
   15N-­‐labeled	
  Art480-­‐575	
  with	
   3%,	
   6%,	
   10%	
  
and	
   13%	
  molar	
   ratios	
   of	
   unlabeled	
   DBDLigIV.	
  All	
   CEST	
   experi-­‐
ments	
  were	
   acquired	
   at	
   800	
  MHz	
   using	
   previously	
   published	
  
pulse	
   sequences26,46,47	
   on	
   uniformly	
   15N-­‐	
   (for	
   15N-­‐CEST)	
   and	
  
15N,13C-­‐	
   (for	
   13C-­‐CEST)	
   labeled	
   samples	
   of	
   Art480-­‐575	
   (550	
  µM)	
  
with	
  10%	
  molar	
  ratio	
  of	
  unlabeled	
  DBDLigIV.	
  Nitrogen-­‐15	
  trans-­‐
verse	
   relaxation	
   rates	
   (R2)	
   were	
   measured	
   at	
   800	
   MHz	
   on	
   a	
  
sample	
   containing	
   300	
   µM	
   DBDLigIV	
   uniformly	
   labeled	
   with	
  
nitrogen-­‐15	
  in	
  complex	
  with	
  350	
  µM	
  unlabeled	
  Art480-­‐575.	
  

Analysis	
   of	
   CPMG	
   relaxation	
   dispersion	
   and	
   CEST	
   ex-­‐
periments.	
   Peak	
   intensities	
   in	
   CPMG	
   and	
   CEST	
   spectra,	
   𝐼,	
  
were	
  quantified	
  by	
   fitting	
   the	
   lineshape	
  of	
   the	
  peaks	
  using	
  an	
  
in-­‐house	
  python	
  script	
  (available	
  upon	
  request).	
  A	
  flowchart	
  in	
  



 

Fig.	
  S1	
  presents	
  the	
  way	
  the	
  analysis	
  was	
  performed.	
  15N	
  CPMG	
  
and	
  15N	
  CEST	
  data	
  sets	
  were	
  simultaneously	
  fit	
  to	
  a	
  global	
  two-­‐
site	
  exchange	
  model	
  between	
  free	
  (F)	
  and	
  bound	
  (B)	
  states	
  of	
  

Art480-­‐575	
   using	
   the	
   program	
   ChemEx,44	
   which	
   simulates	
   the	
  
evolution	
  of	
  magnetization	
  during	
   the	
  CPMG	
  and	
  CEST	
  peri-­‐
ods	
   by	
  numerically	
   integrating	
   of	
   the	
  Bloch-­‐McConnell	
   equa-­‐
tion	
  and	
  minimizes	
  a	
  standard	
  𝜒!	
  target	
  function,	
  as	
  described	
  
previously.26	
  Fitting	
  parameters	
   include	
  the	
  per	
  residue	
  values	
  
𝜛!,𝑅2,F,𝑅2,B,𝑅1 	
   and	
   the	
   global	
   parameter	
   {𝑘on},	
  where	
  𝜛!	
   is	
  
the	
   chemical	
   shift	
   of	
   the	
   bound	
   state,	
  𝑅2,F	
   (𝑅2,B)	
   is	
   the	
   trans-­‐
verse	
   spin	
   relaxation	
   rate	
   of	
   the	
   free	
   (bound)	
   state,	
  𝑅1	
   is	
   the	
  
longitudinal	
   spin	
   relaxation	
   rate	
   that	
   is	
   assumed	
   to	
   be	
   the	
  
same	
   for	
   both	
   states	
   and	
  𝑘on	
   is	
   the	
   association	
   rate	
   constant.	
  
The	
   dissociation	
   rate	
   constant,	
   𝑘off,	
   was	
   calculated	
   using	
   the	
  
relationship	
   𝑘off = 𝐾d𝑘on	
   assuming	
   a	
   dissociation	
   constant	
  
Kd	
  	
  =	
  2.2	
  µM,	
  as	
  determined	
  by	
  ITC	
  experiments.	
  Note	
  that	
  the	
  
value	
  of	
  Kd	
  has	
  no	
  influence	
  on	
  the	
  analysis,	
  provided	
  that	
  the	
  
binding	
  partner	
  (here	
  DBDLigIV)	
   is	
  saturated	
  (Fig.	
  S11).	
   Indeed,	
  
under	
   these	
  conditions	
   the	
  pseudo	
   first-­‐order	
   rate	
  constant	
   is	
  
independent	
   of	
  Kd:	
   	
   kon[DBDLigIV]free	
   =	
   koff	
  α/(1-­‐α),	
   with	
  α	
   the	
  
proportion	
   of	
   DBDLigIV	
   added	
   to	
   the	
   solution	
   (in	
   the	
   CEST	
  
experiment	
  α	
  =	
  0.1).	
  	
  13C’,	
  13Cα	
  and	
  13Cβ	
  CEST	
  profiles	
  were	
  sub-­‐
sequently	
  analyzed	
  using	
  ChemEx	
  employing	
  previously	
  devel-­‐
oped	
  protocols.46,74	
  

Structure	
   calculations	
   and	
   HADDOCK	
   docking.	
   The	
  
structure	
   of	
   Art485-­‐501	
   bound	
   to	
   Ligase	
   IV	
   was	
   calculated	
   by	
  
molecular	
  dynamics	
  with	
  CNS	
  1.2	
   in	
  ARIA	
  2.2,75	
  using	
  26	
  φ, ψ,	
  
and	
  χ1	
  angular	
  restraints	
  predicted	
  by	
  Talos-­‐N51	
  from	
  the	
  back-­‐
bone	
  chemical	
  shifts	
  obtained	
  from	
  the	
  analysis	
  of	
  CEST	
  exper-­‐
iments.	
  From	
  30	
  initial	
  structures	
  refined	
  in	
  explicit	
  water,	
  the	
  
10	
   lowest	
   energy	
   conformers	
   of	
   Art485-­‐501	
   were	
   selected	
   and	
  
docked	
   onto	
   the	
   free	
   structure	
   of	
   full-­‐length	
   Ligase	
   IV	
   (PDB	
  
3W5O)	
   on	
   the	
   HADDOCK	
   2.2	
   web-­‐server37	
   using	
   default	
   pa-­‐
rameters.	
   The	
   X-­‐ray	
   structure	
   of	
   full-­‐length	
   Ligase	
   IV	
   in	
   the	
  
apo	
  form	
  (PDB	
  3W5O)	
  and	
  the	
  NMR	
  conformers	
  of	
  Ligase	
  IV-­‐
bound	
   Art485-­‐501	
   were	
   used	
   as	
   the	
   starting	
   structures.	
   Artemis	
  
residues	
  485-­‐497,	
  for	
  which	
  CEST	
  experiments	
  revealed	
  differ-­‐
ences	
   in	
   carbon-­‐13	
   chemical	
   shifts	
   between	
   the	
   free	
   and	
   the	
  
bound	
   states,	
  were	
   considered	
   as	
   directly	
   participating	
   in	
   the	
  
binding	
  to	
  Ligase	
  IV	
  and	
  classified	
  as	
  “active”	
  residues.	
  The	
  26	
  
φ, ψ,	
   and	
   χ1	
   angular	
   restraints	
   used	
   to	
   calculate	
   the	
   bound	
  
structure	
  of	
  Art485-­‐501	
  were	
   incorporated	
   into	
   the	
  docking	
  pro-­‐
cess	
  as	
  unambiguous	
  constraints.	
  The	
  average	
  ligand-­‐RMSD,	
  as	
  
defined	
  following	
  CAPRI	
  standards,76	
  was	
  calculated	
  in	
  the	
  top	
  
cluster	
   using	
   the	
   program	
   PROFIT.77	
   The	
   average	
   backbone	
  
interface-­‐RMSD	
  of	
   the	
  docking	
  models	
   to	
   the	
  X-­‐ray	
   structure	
  
of	
  the	
  Art485-­‐495-­‐Ligase	
  IV	
  complex	
  (PDB	
  3W1G)	
  was	
  calculated	
  
in	
  the	
  top	
  cluster	
  based	
  on	
  interface	
  residues	
  that	
  have	
  a	
  heavy	
  
atom	
  within	
  10	
  Å	
  of	
  any	
  other	
  interacting	
  partner	
  in	
  the	
  crystal	
  
structure.	
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