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Several	   recognition	   proteins	   of	   the	   defence	   collagen	   family	   associate	   with	   proteases	   to	  

initiate	   the	   complement	   cascade.	   The	   associated	   proteases,	  which	   are	   the	   subject	   of	   this	   review,	  

mediate	   the	   proteolytic	   activation	   trigger.	   MBL-‐associated	   serine	   proteases	   (MASPs)	   mainly	  

activate	  the	  lectin	  complement	  pathway	  (LP),	  while	  C1r	  and	  C1s	  activate	  the	  classical	  complement	  

pathway	   (CP).	   This	   chapter	   will	   briefly	   introduce	   the	   current	   structural	   knowledge	   on	   these	  

effector	  proteases	  and	  question	  what	  we	  know	  on	  MASPs	  structures,	  their	  common	  properties	  and	  

how	  they	  differ	  from	  the	  C1r/s	  proteases.	  We	  will	  primarily	  focus	  on	  the	  structural	  comparison	  of	  

the	  N-‐terminal	  domains,	  where	  the	  collectin	  binding	  sites	  are	  located	  and	  highlight	  novel	  aspects	  on	  

their	   interaction	  with	   collagens.	  We	   also	   aim	   to	   highlight	   further	  molecular	   details	   associated	   to	  

functional	   specificities,	   and	   to	   mention	   questions	   remaining	   open	   and	   needing	   further	  

investigations.	   This	   chapter	   complements	   	   other	   reviews	   that	   describe	   the	  main	   general	   lines	   of	  

complement	   activation	   mechanisms	   (1),	   the	   proposed	   structure-‐based	   scheme	   of	   the	   lectin	  

pathway	  	  activation	  (2)	  and	  previous	  comparisons	  of	  LP	  and	  CP	  proteases	  (3,4).	  	  

	  

1.	  Common	  protease	  modular	  structure	  and	  mode	  of	  interaction	  with	  defence	  collagens	  

	  

MASP-‐1,	  MASP-‐2,	  MASP-‐3,	  C1r	  and	  C1s	  serine	  proteases	  share	  identical	  mosaic	  organization	  

(Figure	  1).	  The	  enzymatic	  activity	  of	  their	  C-‐terminal	  serine	  protease	  (SP)	  domain	  is	  controlled	  by	  

the	  five	  preceding	  modules:	  two	  CUB	  (for	  complement	  C1r/C1s,	  Uegf,	  Bmp1)	  modules	  separated	  by	  

an	   epidermal	   growth	   factor	   (EGF)-‐like	  module,	   and	   a	   pair	   of	   complement	   control	   protein	   (CCP)	  

modules.	  LP	  and	  CP	  proteases	  are	  synthesized	  as	  single	  polypeptide	  chain	  proenzymes	  and	  become	  

activated	  when	   a	   specific	   Arg–Ile	   bond	   is	   cleaved	   after	   the	   activation	   peptide	   in	   the	   SP	   domain,	  

resulting	  in	  two	  chains,	  A	  and	  B,	  held	  together	  by	  a	  disulphide	  bridge	  (Figure	  1).	  As	  will	  be	  detailed	  

later,	   the	  activation	  cleavage	   is	  mainly	   triggered	  when	   the	  associated	  defence	  collagen	  binds	   to	  a	  

target	  surface.	  

Alternative	   splicing	   products	   also	   modulate	   LP	   activity.	   MASP-‐1	   and	   MASP-‐3	   are	   the	  

products	   of	   a	   single	  MASP1	   gene.	   They	   contain	   identical	   A	   chains	   (except	   for	   the	   15	   C-‐terminal	  
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residues),	  while	  the	  B	  chains	  are	  encoded	  by	  different	  exons.	  In	  addition,	  alternative	  splicing	  of	  the	  

MASP1	  and	  MASP2	  genes	  produces	  two	  non-‐enzymic	  proteins,	  called	  MAP-‐1	  (also	  named	  MAp44)	  

and	  MAP-‐2	   (also	  named	  MAp19	  or	   sMAP)	   (see	  Figure	  1	  and	   refer	   to	   (5)	   for	   the	   latest	  update	  on	  

complement	   nomenclature).	   MASP-‐1,	   MASP-‐3,	   C1r	   and	   C1s	   have	   four,	   seven,	   four	   and	   two	  

glycosylation	  sites,	  respectively,	  whereas	  MASP-‐2	  is	  not	  glycosylated	  (Figure	  1).	  

There	  are	  no	  X-‐ray	  crystal	  structures	  available	  for	  the	  full-‐length	  proteases,	  because	  of	  inter-‐

domain	  flexibility.	  A	  dissection	  strategy	  has	  been	  setup	  early	  to	  unveil	  structure/function	  details	  of	  

the	   CP	   and	   LP	   proteases	   (6–13).	   Two	   structurally	   independent	   functional	   regions	   have	   been	  

identified	  in	  these	  complement	  proteases,	  an	  N-‐terminal	  interaction	  region	  (CUB1-‐EGF-‐CUB2)	  and	  

a	   catalytic	   region	  comprising	   two	  CCP	  modules	  and	   the	   serine	  protease	  domain	   (CCP1-‐CCP2-‐SP).	  

Therefore,	   the	   structural	  descriptions	  and	   comparisons	   in	   this	   review	  will	  mainly	   focus	  on	   these	  

two	  independent	  functional	  domains.	  The	  X-‐ray	  crystal	  structures	  of	  several	  fragments	  within	  the	  

interaction	  and	  catalytic	  regions	  have	  been	  solved	  for	  the	  LP	  and	  CP	  proteases	  (Figure	  1).	  	  

LP	  proteases	  are	  probably	  less	  flexible	  than	  CP	  proteases,	  and	  they	  stably	  associate	  with	  the	  

prototype	  MBL	   collectin	   tetramer.	   The	   overall	   scheme	   of	  MBL/MASPs	   association,	   illustrated	   on	  

Figure	   2A,	   and	   the	  main	   structural	   principles	   of	   the	   activation	   of	   the	   LP	   have	   been	   reviewed	   in	  

details	  (2).	  As	  a	  main	  principle,	  MASPs	  associate	  as	  homodimers	  through	  the	  interaction	  domain	  (in	  

green),	  which	  also	  mediates	  their	  association	  with	  various	  collectins	  (MBL,	  ficolins,	  CL-‐L1	  (CL-‐10),	  

CL-‐K1	   (CL-‐11)	   or	   CL-‐LK).	   The	   protease	   binding	   sites	   are	   at	   the	   same	   position	   in	   the	   collectin	  

collagen	  stems	  (orange),	  thus	  lying	  in	  a	  plane	  parallel	  to	  the	  carbohydrate	  surface	  recognized	  by	  the	  

collectins.	  The	  height	  of	  this	  plane	  will	  be	  specific	  and	  constant	  for	  each	  defined	  collectin	  type.	  The	  

catalytic	  domains	  (pink	  and	  grey)	  protrude	  out	  of	   the	  collagen	  cone	   in	  roughly	  the	  same	  plane,	   if	  

one	  considers	  that	  the	  modular	  junctions	  are	  essentially	  rigid,	  as	  shown	  in	  Figure	  2A.	  Investigations	  

of	   the	   MBL/MASP-‐1	   complex,	   combining	   small-‐angle	   X-‐ray	   scattering	   (SAXS)	   and	   electron	  

microscopy	   (EM)	   studies,	   further	   provided	   experimental	   observations	   in	   line	  with	   such	   a	   global	  

scheme	   (14).	   As	   revealed	   recently	   (15),	   similar	   interaction	   principles	   are	   observed	   for	   the	  

interaction	  of	  the	  C1r	  and	  C1s	  proteases	  with	  C1q	  within	  the	  C1	  complex	  (Figure	  2B),	  although	  the	  

position	  of	  the	  C1s	  catalytic	  domain	  differs.	  

	   As	  shown	  in	  Figure	  2,	  the	  interaction	  regions	  mediate	  protease	  homodimerization	  (MASPs)	  

or	  heterodimerization	  (C1r/C1s).	  These	  regions	  are	  also	  involved	  in	  the	  protease	  interaction	  with	  

the	  collagen-‐like	  region	  of	  collectins	  (LP	  proteases)	  or	  of	  C1q	  (CP	  proteases).	  

	  

2.	  Central	  CUB1-‐EGF	  interactions	  in	  LP	  and	  CP	  proteases	  assembly:	  a	  marked	  similarity	  
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Early	  biochemical	  analyses	  demonstrated	  that	  a	  general	  feature	  of	  the	  CUB1-‐EGF	  regions	  of	  

the	  MASPs	  is	  their	  ability	  to	  form	  Ca2+-‐dependent	  homodimers	  (16,17),	  a	  property	  shared	  with	  the	  

CUB1-‐EGF	  region	  of	  C1s	  (18).	  Although	  the	  CUB1-‐EGF	  fragment	  of	  C1r	  appears	  as	  a	  momoner	  when	  

analysed	  by	  gel	  filtration	  in	  the	  presence	  of	  calcium,	  it	  associates	  as	  a	  Ca2+-‐dependent	  heterodimer	  

with	  the	  corresponding	  fragment	  of	  C1s	  and	  with	  full-‐length	  C1s	  (18–20).	  	  

The	   crystal	   structures	   of	   the	   CUB1-‐EGF	   segment	   of	  MASP-‐2	   (MAp19)	   (11)	   and	   of	   C1s	   (9)	  

each	   revealed	   a	   head	   to	   tail	   assembly.	   In	   both	   cases,	   the	   linear	   dimer	   is	   held	   by	   interactions	  

between	  the	  CUB1	  module	  of	  one	  monomer	  and	  the	  EGF	  module	  of	  its	  counterpart.	  The	  EGF	  Ca2+-‐

binding	   sites	   are	   centrally	   located	   (green	   circles	   in	   Figure	   3A)	   and	   stabilize	   this	   interface	   likely	  

explaining	  the	  Ca2+-‐dependence	  of	  the	  dimerization,	  even	  if	  the	  accessibility	  of	  the	  calcium	  ions	  to	  

EDTA	  slightly	  differs	  between	  the	  different	  CUB1-‐EGF	  module	  pairs	  (16,20).	  The	  dimer	  interface	  is	  

stabilized	   by	   a	   combination	   of	   evenly	   distributed	   hydrophobic	   interactions	   and	   hydrogen	   bonds	  

that	  are	  mostly	  conserved	  or	  substituted	  by	  similar	   residues	   in	   the	  MASP/C1r/C1s	   family	   (9,11).	  

The	   main	   structural	   features	   of	   the	   interaction	   domains	   which	   are	   common	   to	   the	   LP	   and	   CP	  

proteases	   are	   illustrated	   in	   Figure	   3A,	   with	   a	   comparative	   focus	   on	   the	   area	   surrounding	   the	  

calcium-‐binding	  sites	  in	  Figure	  3B	  to	  3D.	  

The	  EGF-‐like	  module,	  with	  one	  major	  and	  one	  minor	  anti-‐parallel	  double-‐stranded	  β-‐sheets	  

and	  three	  disulphide	  bridges,	  exhibits	  the	  characteristic	  EGF	  fold.	  As	  predicted	  from	  the	  occurrence	  

of	   a	   consensus	   calcium-‐binding	   motif,	   each	   EGF	   module	   of	   the	   MASP/C1r/C1s	   family	   binds	   a	  

calcium	   ion	   (Figure	   3B-‐D).	   It	   is	   coordinated	   in	   a	   conserved	   manner	   by	   seven	   oxygen	   ligands,	  

including	  six	  homologous	  residues	  contributed	  by	  the	  EGF	  modules	  and	  a	  water	  molecule	  that	  also	  

forms	   an	  H-‐bond	  with	   a	   conserved	   Gly	   residue	   in	   loop	   4	   of	   the	   CUB1	  module	   (Figure	   3)	   (9,11).	  

Additional	   CUB1-‐EGF	   interactions	   provide	   further	   stabilization	   of	   the	   intramonomer	   CUB1-‐EGF	  

interface	  (dark	  green	  in	  Figure	  3B-‐D).	  Conserved	  residues	  stabilizing	  the	  dimer	  interface	  are	  shown	  

with	  light-‐green	  highlights	  and	  sticks	  (3C,	  3D).	  A	  particular	  feature	  of	  MASP-‐1/3	  and	  C1r	  EGF	  lies	  in	  

the	  presence	  of	  a	  cluster	  of	  charged	  residues	  in	  loop	  Legf	  (Figure	  3C),	  which	  is	  unusually	  large	  in	  

C1r	  EGF	  and	   is	  mostly	  disorganized,	   in	  contrast	  with	   the	  corresponding	   loop	   in	  MASP-‐2	  and	  C1s.	  

The	   role	   of	   this	   charged,	   surface-‐exposed	   and	   flexible	   loop	   in	   potential	   interactions	   is	   currently	  

unknown.	  

The	   CUB1	   modules	   exhibit	   a	   typical	   compact	   ellipsoid	   structure.	   They	   differ	   from	   the	  

canonical	   topology	  of	   spermadhesins,	   assembled	   from	   two	   five-‐stranded	  antiparallel	  β-‐sheets,	  by	  

lacking	   the	   first	   two	   β-‐strands.	   Such	   a	   deletion	   is	   observed	   solely	   in	   the	   CUB1	   module	   of	   the	  

MASP/C1r/C1s	   family	   (21).	   Unexpectedly,	   unveiling	   the	   first	   X-‐ray	   structures	   human	   C1s	   and	  

MASP-‐2	  CUB1-‐EGF	  fragments	  revealed	  the	  presence	  of	  a	  Ca2+-‐binding	  site	  on	  the	  distal	  edge	  of	  the	  

CUB1	  module	  (9,11).	  Coordination	  of	  the	  Ca2+	   ion	  was	  found	  to	  involve	  three	  acidic	  residues	  (red	  
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and	  orange,	  Figure	  3B-‐D)	  that,	  together	  with	  a	  closely	  associated	  tyrosine	  residue,	  are	  conserved	  in	  

a	  large	  proportion	  of	  the	  CUB	  repertoire	  and	  define	  a	  signature	  of	  Ca-‐binding	  CUB	  (cbCUB)	  modules	  

(21).	  All	  CUB	  modules	  of	  the	  MASP/C1r/C1s	  family	  belong	  to	  this	  cbCUB	  domain	  subset	  (Figure	  3C-‐

D).	  The	  Ca2+	  ion	  is	  the	  central	  element	  of	  a	  network	  of	   interactions	  that	  stabilize	  the	  distal	  end	  of	  

the	  CUB	  module.	  However	  this	  ion	  is	  exposed	  to	  the	  solvent	  and	  readily	  exchangeable,	  which	  likely	  

explains	   why	   the	   Ca2+-‐binding	   site	   was	   partly	   disordered	   and	   free	   in	   the	   X-‐ray	   structure	   of	   the	  

CUB1-‐EGF-‐CUB2	   fragment	   of	   rat	   MASP-‐2,	   crystallized	   in	   the	   absence	   of	   calcium	   (10).	   Recently	  

published	  crystal	  structures	  of	  the	  same	  rat	  fragment	  confirmed	  the	  presence	  of	  Ca2+	  ions	  in	  each	  of	  

the	  CUB	  modules	  (22).	  

The	  currently	  available	  X-‐ray	  crystal	  structures	  (Figure	  1)	  of	  CUB	  domains,	  CUB1-‐EGF	  and	  

CUB1-‐EGF-‐CUB2	   fragments	  of	  human	  and	  rat	  MASP-‐1/3	  and	  MASP-‐2,	  and	  of	  human	  C1r	  and	  C1s	  

have	  further	  confirmed	  these	  similarities	  among	  the	  LP	  and	  CP	  proteases,	  especially	  for	  the	  central	  

mode	  of	  calcium-‐dependent	  association	  of	  CUB1-‐EGF	  pairs	  (green	  circle	  in	  Figure	  3A),	  and	  for	  the	  

structural	  motifs	  defining	  the	  three	  calcium-‐binding	  sites	  (Figure	  3C-‐D).	  

	  

3.	  Similar	  interaction	  properties	  mediate	  protease	  association	  with	  defence	  collagens	  	  

	  

The	  CUB1-‐EGF	   fragment	   of	  MASPs	  has	  been	   shown	   to	  bind	   to	  MBL	  and	   ficolins	   in	   a	   Ca2+-‐

dependent	  manner.	  However,	  the	  affinity	  increases	  when	  the	  CUB2	  module	  is	  also	  present,	   i.	  e.	   in	  

the	   full-‐length	   proteases	   or	   in	   the	   CUB1-‐EGF-‐CUB2	   fragments	   of	   MASPs	   (10-‐8	   M	   versus	   10-‐9	   M	  

range)	  (23,24).	  These	  observations	  suggested	  that	  the	  interaction	  of	  MASPs	  with	  MBL	  and	  ficolins	  

involves	  a	  major	  contribution	  of	  the	  N-‐terminal	  CUB1-‐EGF	  module	  pair,	  but	  is	  strengthened	  by	  the	  

following	  CUB2	  module.	  	  

Mutational	   analyses	   of	   CUB1	   and	   CUB2	   modules	   identified	   homologous	   binding	   sites	   in	  

MASP-‐1/3	   and	  MASP-‐2	   for	  MBL	   and	   ficolins,	   located	   in	   close	   vicinity	   of	   their	   Ca2+-‐binding	   sites	  

(11,23),	   in	   loops	   L5	   and	   L9	   (yellow	   and	   orange	   residues	   in	   Figure	   3B).	   On	   the	   collectin	   side,	  

mutagenesis	   studies	   in	   the	   collagen-‐like	   regions	   of	   rat	   or	   human	   MBL	   and	   ficolins	   identified	   a	  

conserved	   lysine	   residue	   essential	   for	   the	   interaction	  with	   the	  MASPs	   (25–28).	   This	   information	  

allowed	  to	  propose	  an	  initial	  model	  of	  the	  complex	  of	  a	  tetramer	  of	  MBL	  and	  the	  MASP-‐1/3	  CUB1-‐

EGF-‐CUB2	  dimer,	  featuring	  four	  major	  homologous	  interaction	  sites	  involving	  the	  conserved	  lysine	  

residue	   of	   the	   collagen-‐like	   region	   of	   MBL	   and	   acidic	   Ca2+	   ligands	   of	   CUB1	   and	   of	   CUB2	   of	   the	  

protease	  (23).	  This	  fits	  with	  the	  more	  complete	  model	  later	  proposed	  in	  Figure	  2A	  (2).	  

Whereas	  it	  was	  initially	  proposed	  that	  the	  interaction	  of	  the	  C1s-‐C1r-‐C1r-‐C1s	  tetramer	  with	  

C1q	   differed	   from	   that	   of	   the	  MASP	   dimers	  with	  MBL	   or	   ficolins	   (29),	   two	   2009	   studies	   (17,30)	  

provided	  evidence	  for	  similarities	  in	  the	  collagen	  binding	  sites	  of	  the	  initiating	  complexes	  of	  the	  CP	  
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and	  LP,	  despite	  different	  stoichiometries.	  Phillips	  et	  al.	  demonstrated	   in	  vitro	   cross-‐interaction	  of	  

the	  subcomponents	  of	  the	  lectin	  and	  classical	  pathways,	  although	  cognate	  interactions	  were	  tighter	  

than	  non-‐cognate	  interactions,	  the	  latter	  being	  more	  transient	  with	  faster	  dissociation	  rates	  (17).	  	  

High	  affinity	  C1q	  binding	  sites	  in	  the	  C1r	  CUB1	  and	  CUB2	  modules	  and	  a	  lower	  affinity	  site	  in	  

C1s	  CUB1	  module	  were	  identified	  using	  site-‐directed	  mutagenesis	  of	  C1r	  and	  C1s	  (30).	  As	  observed	  

previously	   for	  MASPs,	   these	   sites	   involve	   acidic	   residues	   also	   contributing	   Ca2+	   ligands	   (red	   and	  

orange	  in	  Figure	  3C-‐D).	  A	  refined	  model	  of	  the	  C1	  complex	  was	  built,	  in	  which	  the	  CUB1-‐EGF-‐CUB2	  

of	  C1r	  and	  the	  CUB1-‐EGF	  of	  C1s	  interact	  through	  six	  binding	  sites	  with	  homologous	  lysines	  of	  the	  

C1q	   stems,	   nicely	   reconciling	   the	   different	   stoichiometry	   of	   C1q	   and	   of	   its	   associated	   proteases	  

(30).	  	  

As	  shown	  previously	  in	  Figure	  3C-‐D,	  several	  residues	  are	  conserved	  in	  the	  CUB1	  and	  CUB2	  

modules	   of	   all	   these	   proteases,	   suggesting	   similarities	   in	   the	   interaction	   mechanism	   for	   the	  

initiating	  complexes	  of	  LP	  and	  CP.	  Mutation	  experiments	  have	  shown	  that	  the	  Ca2+-‐binding	  site	  not	  

only	   plays	   a	   stabilizing	   role	   of	   the	   distal	   end	   of	   the	  CUB	  domain,	   but	   also	   provides	   two	   exposed	  

acidic	   residues	   involved	   in	   the	   interaction	  with	   a	   lysine	   residue	   of	   the	   collagen-‐like	   triple	   helix.	  

Different	   models	   of	   C1	   and	   MBL-‐MASP	   complexes	   derived	   from	   modelling	   and	   binding	   studies	  

proposed	  analogous	  interactions	  of	  C1q	  with	  the	  C1s-‐C1r-‐C1r-‐C1s	  tetramer	  and	  of	  tetrameric	  MBL	  

with	  MASP	  dimers,	  with	  binding	  sites	  present	  on	  each	  CUB	  domain,	  except	  for	  C1s	  CUB2	  (31).	  Quite	  

similarly,	  lysine	  attraction	  by	  the	  acidic	  calcium-‐binding	  residues	  was	  also	  observed	  for	  the	  binding	  

between	   cobalamin-‐bound	   gastric	   intrinsic	   factor	   and	   the	   CUB6	   module	   of	   cubilin,	   revealing	   a	  

common	  mechanism	  for	  calcium-‐dependent	  CUB	  interactions	  (21,32).	  	  

However,	  C1s	  CUB2	  stands	  out	  as	  an	  exception	  regarding	  this	  common	  interaction	  scheme.	  

Indeed,	   the	  mutation	   of	   the	   homologous	   acid	   residue	   in	   C1s	   CUB2	   did	   not	   impact	   C1	   formation,	  

revealing	  that	  this	  module	  was	  not	  involved	  in	  C1q	  binding,	  although	  its	  calcium	  binding	  property	  

is	  intact	  (30).	  We	  can	  observe	  that	  the	  conserved	  tyrosine	  and	  histidine	  residues	  in	  L5	  (highlighted	  

yellow)	  and	  the	  conserved	  serine	  residue	  in	  L9	  (orange)	  are	  missing	  in	  C1s	  CUB2,	  thus	  suggesting	  

their	  essential	  role	  for	  collagen	  binding	  (Figure	  3C,	  3D).	  At	  this	  stage,	  we	  can	  also	  note	  that	  these	  

loops	  L5	  and	  L9	  are	   significantly	   conserved	  within	  each	  CUB1	  and	  CUB2	  subsets	   (except	   for	  C1s	  

CUB2),	  but	  significantly	  differ	  between	  CUB1	  and	  CUB2.	  

	  

4.	  Opposite	  binding	  orientations	  for	  CUB1	  and	  CUB2	  modules	  with	  collagen:	  a	  structural	  

view	  

	  

X-‐ray	   structural	   analyses	   rapidly	   confirmed	   the	   common	   mode	   of	   interaction	   suggested	  

above	   (Figure	   4).	   The	   first	   structure	   solved	   (33)	   showed	   the	   CUB2	   domain	   of	   rat	   MASP-‐1/3	   in	  
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complex	  with	   a	  27-‐residue	   synthetic	   collagen-‐like	  peptide	   containing	   a	   central	   lysine	   residue	   (to	  

mimic	   the	   MASP	   binding	   site	   of	   MBL).	   The	   X-‐ray	   crystal	   structure	   of	   a	   complex	   of	   the	   same	  

collagen-‐like	  peptide	  and	  the	  interaction	  region	  of	  human	  C1s	  (CUB1-‐EGF-‐CUB2	  dimer)	  was	  solved	  

later	  by	  the	  same	  team	  (34).	  The	  two	  structures	  confirmed	  the	  Ca2+-‐dependency	  of	  the	  MASP-‐MBL	  

interaction,	  with	   the	   side	   chain	   of	   a	   collagen	   lysine	   (K15	   corresponding	   to	   Lys46	   in	   rat	  MBL-‐A)	  

contacting	  three	  residues	  involved	  in	  Ca2+	  coordination	  (Figure	  4A,	  4B).	  Intriguingly	  however,	  the	  

fine	   structural	   comparison	   of	   the	   complexes	   of	   this	   same	   collagen	  peptide	  with	  MASP-‐1/3	  CUB2	  

(33)	  or	  C1s	  CUB1	  (34)	  reveals	  a	  striking	  binding	  orientation	  difference,	  as	  illustrated	  on	  Figure	  4A,	  

4B,	  and	  with	  their	  superposition	  on	  Figure	  4E.	  This	  difference	  in	  orientation	  is	  observed	  despite	  the	  

common	  interaction	  details	  described	  above.	  Does	  it	  reflect	  a	  different	  mode	  of	  interaction	  between	  

MASPs	   and	   C1s,	   or	   between	   CUB1	   and	   CUB2	   modules?	   As	   mentioned	   before,	   CUB1	   and	   CUB2	  

modules	  are	  conserved	  in	  the	  MASPs	  and	  C1r/C1s	  family	  (at	  the	  exception	  of	  C1s	  CUB2).	  But	  CUB1	  

and	  CUB2	  readily	  differ	  in	  the	  size	  and	  composition	  of	  loops	  L5	  and	  L9	  (Figure	  3C,	  3D),	  and	  these	  

loops	  are	  involved	  in	  collagen	  binding	  (Figure	  4A,	  4B).	  So	  we	  can	  hypothesize	  that	  different	  CUB1	  

and	  CUB2	  relative	  orientations	  could	  be	  dictated	  by	  their	  differences	  in	  loops	  L5	  and	  L9.	  

How	  details	  of	  CUB-‐collagen	  interactions	  explain	  the	  differences	  in	  orientation:	  

CUB1	   interaction	   details	   (34).	   In	   this	   structure,	   the	   side	   chain	   of	   lysine	   15	   mainly	  

interacting	  with	  the	  CUB1	  module	  of	  C1s	  comes	  from	  the	  trailing	  collagen	  strand	  (purple,	  Figure	  

4C).	  It	  contacts	  the	  carboxylate	  groups	  of	  Glu45	  and	  Asp98,	  and	  the	  hydroxyl	  and	  carbonyl	  groups	  

of	   Ser100,	   three	   Ca2+-‐coordinating	   residues	   of	   CUB1	   (Figure	   4C).	   Additional	   contacts	   involve	  

hydrogen	  bonds	  provided	  by	  Tyr52	  of	  C1s	  (L5).	  Glutamic	  acid	  residues	  48	  (L5)	  and	  102	  (L9)	  clamp	  

the	  two	  sides	  of	  the	  collagen	  helix.	  Since	  glutamic	  acid	  residue	  48	  interacts	  with	  the	  lysine	  15	  of	  the	  

collagen	  middle	  strand	  (grey),	  we	  can	  note	  that	  two	  consecutive	  collagen	  lysines	  are	  recognized,	  at	  

least	  in	  this	  specific	  C1s	  example.	  However,	  this	  secondary	  interaction	  may	  not	  be	  essential,	  since	  

single	  lysine	  mutations	  of	  C1q	  can	  prevent	  C1	  assembly	  (30).	  Of	  note,	  this	  glutamic	  acid	  48	  residue	  

is	  conserved	  in	  CP	  but	  not	  in	  LP	  proteases.	  	  

CUB2	  interaction	  details	  (33).	  In	  that	  structure,	  the	  side	  chain	  of	  lysine	  15	  interacting	  with	  

the	  CUB2	  module	  of	  rat	  MASP-‐1/3	  comes	  from	  the	  leading	  collagen	  strand	  (dark	  blue,	  Figure	  4D).	  

It	   interacts	  with	  the	  carboxylate	  groups	  of	  Glu216	  and	  Asp263	  and	  the	  hydroxyl	  group	  of	  Ser265	  

(orange),	  three	  Ca2+-‐coordinating	  residues	  of	  CUB2.	  Additional	  interacting	  contributions	  come	  from	  

residues	   in	   loop	   L5	   (His218	   and	   Tyr225	  which	   occupy	   a	   groove	   in	   the	   collagen	   helix),	   which	   is	  

stabilized	   by	   its	   close	   proximity	   to	   the	   collagen	   peptide.	   L5	   and	   L9	   loops	   thus	   occupy	   two	  

consecutive	  grooves	  in	  the	  collagen	  helix.	  

	   The	  analysis	  of	   these	   two	   structures	   shed	   light	  on	   the	   role	  of	   loops	  L5	  and	  L9	   in	   collagen	  

interaction.	   The	   residues	   involved	   in	   collagen	   binding	   are	   mostly	   conserved	   in	   the	   LP	   and	   CP	  
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proteases	  (except	  for	  C1s	  CUB2).	  But,	  as	  shown	  previously,	  the	  loops	  L5	  and	  L9	  significantly	  differ	  

between	  CUB1	  and	  CUB2	  (Figure	  3).	  As	  discussed	  by	  Girija	  et	  al.	  (34),	  the	  loop	  L9	  in	  CUB2	  would	  

prevent	  binding	  in	  the	  CUB1	  orientation,	  because	  of	  steric	  clashes.	  Thus,	  this	  difference	  in	  binding	  

orientations	   may	   be	   a	   general	   feature	   of	   CUB1/CUB2	   modules,	   acquired	   through	   evolution.	  

Interestingly	  though,	  this	  difference	  in	  orientation	  fits	  with	  the	  constraint	  that	  CUB1	  and	  CUB2	  bind	  

to	   two	   opposite	   collagen	   stems	   (Figure	   4A,	   4B	   and	   global	   model	   in	   Figure	   2).	   Moreover,	   as	  

illustrated	   on	   Figure	   4E,	   superimposition	   of	   the	   two	   X-‐ray	   structures	   opens	   the	   hypothesis	   that	  

CUB1	  and	  CUB2	  modules	  could	  simultaneously	  bind	  to	  the	  same	  collagen	  stem.	  Such	  a	  possibility	  

has	  not	  been	  explored	   in	   the	   initial	  models	  but	   is	  supported	  by	  the	  snapshot	  EM	  structure	  of	   the	  

IgM/C1/C4b	  complex,	  where	  C1r	  CUB1	  and	  CUB2	  are	  observed	  to	  bind	  to	  the	  same	  collagen	  stem	  of	  

C1q	  (Figure	  4F,	  (15)).	  

	  

5.	  CUB1-‐EGF-‐CUB2	  homodimer	  (LP)	  versus	  heterodimer	  (CP)	  interactions:	  common	  features	  

and	  differences	  
 

Comparing	   CUB-‐EGF-‐CUB	   sequences	   reveals	   strong	   similarities	   between	   LP	   and	   CP	  

proteases.	  As	  mentioned	  before,	  CUB1-‐EGF	  head-‐to-‐tail	  dimer	  association	   is	   supported	  by	   tightly	  

conserved	  sequences	  in	  the	  interaction	  domain	  of	  the	  LP	  and	  CP	  proteases.	  Sequence	  conservation	  

further	   extends	   in	   the	  next	  EGF-‐CUB2	   segment,	   as	   shown	   in	  Figure	  5A.	   Indeed,	  we	   could	  build	   a	  

consensus	  sequence	  motif	  spanning:	  (i)	  the	  end	  of	  the	  EGF	  module,	  including	  residues	  involved	  in	  

the	  CUB1-‐EGF	  dimer	  interface	  (boxed	  in	  green),	  (ii)	  the	  3	  residues	  long	  linker	  (in	  grey)	  and	  (iii)	  the	  

beginning	   of	   the	   CUB2	  module	   (in	   salmon).	   Remarkably,	   scanning	   sequence	   databases	  with	   this	  

consensus	   sequence	   enables	   to	   retrieve	   most	   LP	   or	   CP	   protease	   homologs	   of	   different	   species	  

(more	   than	  800	  sequences	   in	   translated	  EMBL).	   Importantly,	   scanning	   sequences	  with	   this	  motif	  

does	   not	   retrieve	   other	   unrelated	   EGF-‐CUB	   containing	   protein.	   This,	   again,	   stresses	   how	   these	  

proteases	  are	  similar.	  

	   However,	   by	   comparing	   different	   CUB1-‐EGF-‐CUB2	   dimer	   structures	   from	   LP	   and	   CP	  

proteases,	  we	   can	   observe	   striking	   differences	   in	   the	   relative	   CUB2	   orientation,	   as	   illustrated	   in	  

Figure	  5B-‐D.	  CUB1-‐EGF-‐CUB2	  homodimers	  of	  LP	  proteases	  are	  structurally	  highly	  similar	  (22,23).	  

The	  C1s	  CUB1-‐EGF-‐CUB2	  homodimer	  exhibits	  more	  flexibility	  but	  retains	  a	  similar	  overall	  shape,	  in	  

the	  sense	  that	  CUB2	  modules	  are	  not	  involved	  in	  the	  dimer	  interaction	  (Figure	  5C).	  In	  contrast,	  C1r-‐

C1s	  heterodimers	  present	  a	  larger	  buried	  dimer	  interface,	  with	  additional	  contacts	  between	  CUB1	  

and	   CUB2	  modules	   (Figure	   5D),	  which	   likely	   explains	   their	   preferential	   heterodimer	   association	  

(35).	   These	   differences	   thus	   seem	   to	   correlate	   with	   homo	   versus	   heterodimer	   (C1r/C1s)	  

association	  status.	  	  
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Are	  these	  conformational	  differences	  related	  to	  fine	  sequence	  specificities?	  In	  the	  sequence	  

alignment	  (Figure	  5A),	  the	  residues	  involved	  in	  the	  CUB1-‐EGF	  dimer	  interface	  (boxed	  in	  green)	  are	  

far	  more	  conserved	   than	   the	  ones	   involved	   in	   the	  MASP	  EGF-‐CUB2	  monomer	   interface	   (boxed	   in	  

light	   blue).	   One	   ionic	   interaction	   (label	   [1]	   on	   Figure	   5A	   and	   5B)	   is	   highlighted,	   because	   it	   is	  

conserved	  in	  MASPs	  EGF-‐CUB2	  interface,	  but	  not	  in	  C1r/s.	  As	  another	  striking	  difference,	  the	  three-‐

residues	  long	  linker	  sequence	  (grey)	  starts	  with	  a	  glycine	  residue	  in	  C1s	  only	  (conserved	  in	  more	  

than	  150	  species),	  which	  likely	  enhances	  the	  flexibility	  of	  its	  EGF-‐CUB2	  junction.	  	  

Therefore,	   in	   contrast	   to	   the	   strong	   stability	   and	   similarity	   of	   the	   CUB1-‐EGF	   junction	   and	  

interface,	  as	  described	  above,	   there	   is	  a	  significant	   flexibility	  at	   the	  EGF-‐CUB2	  junction	   in	  the	  C1s	  

molecule,	   as	   revealed	   by	   the	   variable	   and	   unusual	   position	   of	   the	   C1s	   CUB2	   (Figure	   5B-‐C)	   in	  

different	  X-‐ray	  structures.	  The	  recent	  cryo-‐EM	  study	  of	  the	  C1/IgM/C4b	  complex	  further	  confirmed	  

this	   flexibility,	   since	   the	  C1s	  CUB2	  module	   is	   seen	   there	   in	  another	  orientation	   (15,34).	  Although	  

probably	   less	   flexible	   than	   its	   C1s	   counterpart,	   the	   EGF-‐CUB2	   junction	   also	   adopts	   a	   different	  

conformation	  in	  C1r	  (Figure	  5D).	  	  

The	  above	  mentioned	  local	  sequence	  differences	  between	  MASPs	  and	  C1r/s	  are	  in	  line	  with	  

the	   fact	   that	  MASPs	  mainly	   associate	   as	   homodimers	  whereas	   C1r	   and	   C1s	   interaction	   domains	  

preferentially	   associate	   as	   heterodimers.	   In	   theory,	   heterodimer	   formation	   in	  MASP	   proteases	   is	  

possible,	  but	  only	  via	  subunit	  exchange	  following	  EDTA	  dissociation.	  This	  concerns	  not	  only	  MASPs	  

with	   identical	   interaction	   regions	   (MAp44/MAP-‐1,	   MASP-‐1	   and	  MASP-‐3)	   (36),	   but	   also	  MASP-‐1,	  

MASP-‐3	   together	  with	  MASP-‐2	  (37).	  Some	   free	  MASPs	  heterocomplexes	  might	  be	   found	   in	  blood,	  

but	   the	   majority	   of	   MASPs	   moieties	   are	   associated	   to	   collectin	   recognition	   molecules	   (36).	  

Nevertheless,	  the	  main	  difference	  in	  favoured	  associations	  between	  CP	  and	  LP	  proteases,	  the	  wide	  

versatility	   in	   the	   collectin	   recognition	   proteins	   and	   stoichiometries	   in	   complexes	   with	   MASPs,	  

versus	  the	  strict	  C1	  composition,	  really	  make	  a	  difference	  between	  LP	  and	  CP	  proteases.	  	  

	  

6.	  How	  CCP1	  and	  CCP2	  modulate	  LP	  and	  CP	  catalytic	  activities	  
	  

The	  catalytic	  regions	  of	  LP	  and	  CP	  proteases,	  comprising	   the	   two	  CCP	  modules	  and	  the	  SP	  

domain,	   mediate	   enzymatic	   activity.	   This	   activity	   implies	   a	   conformational	   transition	   in	   the	   C-‐

terminal	  SP	  domain,	   to	   convert	   the	  proenzyme	   into	  an	  active	   state.	  As	   for	   coagulation	  proteases,	  

activation	   of	   complement	   proteases	   proceeds	   though	   rapid	   cascade	   amplification	  with	   increased	  

serum	  concentrations	  of	  the	  successive	  activation	  targets	  (C4/C2,	  C3).	  The	  activation	  of	  the	  LP	  or	  

CP	  initiating	  complexes	  involves	  two	  successive	  steps.	  In	  the	  case	  of	  LP,	  MASP-‐1	  auto-‐activates	  “on	  

site”,	  when	   its	   associated	   collectin	  pattern	   recognition	  molecule	   (PRM)	  binds	   to	   a	   target	   surface;	  

activated	  MASP-‐1	  will	  then	  activate	  MASP-‐2.	  The	  CP	  pathway	  proceeds	  quite	  similarly,	  with	  a	  first	  

step	  of	  C1r	  auto-‐activation	  and	  C1s	  activation	  by	  activated	  C1r	  in	  a	  second	  step.	  These	  activations	  
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are	  triggered	  by	  C1	  binding	  to	  an	  appropriate	  activating	  surface,	  the	  main	  prototype	  surface	  being	  

IgM	  or	  hexameric	  IgG	  immune	  complexes	  platforms.	  For	  both	  LP	  and	  CP	  cascades,	  the	  next	  common	  

step	  is	  C4	  cleavage	  (by	  MASP-‐2	  or	  C1s)	  and	  C2	  cleavage	  (C2	  being	  associated	  to	  C4b)	  to	  form	  the	  

CP/LP	   convertase.	   One	   difference	   is	   that	   C1r	   and	   C1s	   are	   associated	   to	   the	   same	   C1q	  molecule,	  

which	  is	  not	  the	  standard	  case	  for	  MASP-‐1	  and	  MASP-‐2	  in	  LP	  activating	  complexes.	  

From	   a	   biochemical	   point	   of	   view,	   the	   activation	   of	   LP	   or	   CP	   protease	   is	   driven	   by	   the	  

specific	   proteolytic	   cleavage	   of	   a	   specific	   Arg-‐Ile	   bond	   in	   the	   N-‐terminal	   part	   of	   its	   SP	   domain,	  

between	   the	  A	   and	  B	   chains,	  which	   remain	   attached	   through	   a	   disulphide	   bridge	   (see	   Figure	   1).	  

From	   a	   structural	   standpoint,	   this	   cleavage	   is	   mediated	   by	   a	   partner	   SP	   domain,	   in	   an	   overall	  

relative	   orientation	   similar	   to	   the	   one	   shown	   in	   Figure	   6A,	   impeded	   in	   the	   relative	   orientation	  

shown	  in	  Figure	  6B.	  	  

Several	  structures	  corresponding	  to	  this	  catalytic	  region	  have	  been	  solved	  for	  the	  different	  

C1r/s	  and	  MASPs	  proteases	  (Figure	  1).	  They	  correspond	  to	  different	  conformational	  states:	  active	  

(activated/two	  chains)	  or	  proenzyme	  (zymogen).	  In	  order	  to	  get	  their	  X-‐ray	  structure,	  engineered	  

point	  mutations	  have	  often	  been	  introduced	  to	  stabilize	  a	  specific	  conformational	  state	  (mutation	  of	  

the	  active	  site,	  of	  the	  activation	  site,	  or	  introduction	  of	  patient	  mutations).	  In	  addition,	  stabilization	  

was	  also	  achieved	  within	  complexes	  formed	  with	  inhibitors	  or	  cognate	  substrate	  (Figure	  1).	  

	  

CCP1-‐CCP2	  as	  elongated	  arms	  or	  handles	  

Evolutionary	  conserved	  rigid	  interaction	  between	  the	  SP	  domain	  and	  the	  preceding	  module	  

can	  be	  detected	  at	  the	  sequence	  level,	  as	  initially	  illustrated	  with	  the	  examples	  of	  these	  complement	  

and	  blood	  coagulation	  proteases	  (38).	  The	  presence	  of	  two	  CCP	  (or	  sushi)	  modules	  preceding	  the	  C-‐

terminal	  SP	  domain	  is	  a	  specific	  hallmark	  of	  the	  MASPs/C1r/C1s	  proteases,	  which	  they	  share	  with	  

haptoglobin,	  although	  the	  latter	  has	  lost	  catalytic	  activity	  (39,40).	  

The	  X-‐ray	  structure	  of	  C1s	  CCP2-‐SP	  fragment	  (6)	  first	  revealed	  that	  the	  CCP2	  module	  stands	  

perpendicular	   to	   the	   protease	   surface.	   Therefore,	   a	   structural	   role	   of	   a	   rigid	   handle	  was	   initially	  

inferred.	  Sequence	  conservation	   (38)	   suggested	   that	   this	  property	  would	  mainly	  be	  conserved	   in	  

the	  different	  CP	  and	  LP	  proteases,	  which	  was	  confirmed	  later.	  Little	  or	  moderate	  flexibility	  has	  been	  

observed	  between	  CCP1	  and	  CCP2,	  thus	  providing	  a	  handle	  extension.	  For	  example,	  CCP1-‐CCP2	  lay	  

rigidly	   in	   MASP-‐1	   (41)	   and	   only	  moderate	   flexibility	   has	   been	   observed	   for	   C1s	   (34).	   From	   the	  

functional	  standpoint,	  these	  elongated	  arms	  correctly	  position	  the	  C-‐terminal	  SP	  domain,	  both	  for	  

the	  activation	  process	  and	  for	  the	  catalytic	  cleavage.	  As	  seen	  on	  Figure	  2,	  the	  position	  of	  C1s	  lying	  

on	  C4	  is	  quite	  different	  from	  that	  of	  MASP-‐1	  in	  the	  MBL/MASP	  model,	  whereas	  the	  position	  of	  C1r	  

looks	   similar	   to	   that	   of	   MASP-‐1.	   The	   CCP1-‐CCP2	   arm	   will	   transmit	   and	   amplify	   displacements	  

occurring	   in	   the	  preceding	  modules,	   in	  case	  of	   flexibility.	  This	   fits	  with	   the	   fact	   that	  C1s	   is	  highly	  
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flexible	  at	  the	  EGF-‐CUB2	  junction	  preceding	  the	  CCP1-‐CCP2	  modules	  (Figure	  4),	  with	  also	   limited	  

flexibility	  at	   the	  CCP1-‐CCP2	   junction	   (34)	  and	  CCP2-‐SP	   junction	   (42).	  The	  handle	   transmission	   is	  

achieved	  through	  the	  CUB2-‐CCP1	  connection,	  which	  is	  assumed	  to	  be	  rigid.	  Indeed,	  it	  is	  observed	  in	  

a	   stable	   conformation	   in	   C1s,	   when	   comparing	   two	   different	   fragments	   containing	   this	   junction	  

(34).	  It	  is	  also	  assumed	  to	  be	  rigid	  and	  conserved	  in	  MASP-‐1	  and	  MASP-‐2,	  maintained	  by	  two	  ionic	  

interactions	  and	  a	  central	  hydrophobic	  contact	  (2).	  

	  

CCP1-‐CCP2	  include	  a	  C4	  binding	  exosite	  in	  MASP-‐2	  and	  C1s	  

What	  is	  the	  structural	  background	  explaining	  why	  MASP-‐2	  and	  C1s	  can	  both	  cleave	  C4,	  and	  

not	  the	  other	  proteases?	  The	  first	  piece	  of	  answer	  resides	  in	  the	  observation	  that	  both	  CCP1-‐CCP2	  

modules	   of	   C1s	   and	  MASP-‐2	  play	   a	   role	   in	  properly	  positioning	  C4	  before	   and	   after	   its	   cleavage.	  

These	   two	  modules	   can	   be	   exchanged	   between	  MASP-‐2	   and	   C1s,	   the	   ones	   in	  MASP-‐2	   providing	  

more	  catalytic	  efficiency	  (43)	  .	  The	  X-‐ray	  structure	  of	  the	  MASP-‐2/C4b	  complex	  clearly	  identified	  a	  

negative	  patch	  at	  the	  CCP1	  and	  CCP2	  junction	  in	  MASP-‐2,	  which	  is	  involved	  in	  binding	  an	  arginine	  

patch	  in	  the	  C345C	  domain	  of	  C4/C4b	  (2,42).	  Mutational	  analyses	  further	  confirmed	  the	  essential	  

role	  of	  several	  exosite	  residues	  in	  C4	  deposition,	  mostly	  in	  MASP-‐2	  CCP2	  (E333,	  P340,	  D365,	  P368).	  

Another	   negative	   patch	   at	   the	   CCP1-‐CCP2	   junction	   is	   found	   in	   C1s,	   with	   a	   quite	   similar	   relative	  

position	  towards	  C4b	  observed	  in	  the	  cryo-‐EM	  C1/IgM/C4b	  envelope	  (15).	  Point	  mutations	  in	  C1s	  

CCP1-‐CCP2	  linker	  also	  revealed	  the	  importance	  of	  this	  sequence	  for	  C4	  cleavage	  (44).	  This	  negative	  

patch	   is	  not	  present	   in	  the	  other	  CP	  and	  SP	  proteases.	  An	  additional	  C4	  binding	  exosite	   in	   the	  SP	  

domain	  was	  also	  identified,	  as	  will	  be	  discussed	  later	  (2,4,42).	  	  	  

	  

CCP	  modules	  potentially	  restricting	  spontaneous	  activation:	  a	  C1r	  exception	  

Among	   the	   LP	   and	   CP	   proteases,	   only	   the	   catalytic	   regions	   in	   C1r	   can	   form	   head-‐to-‐tail	  

dimers	   through	   interactions	   between	   the	   CCP1	   of	   one	   monomer	   and	   the	   SP	   domain	   of	   its	  

counterpart	  (cf.	  Figure	  1,	  figure	  6B	  ,	  (8,45).	  Thus,	  in	  absence	  of	  C1q	  and	  in	  presence	  of	  calcium,	  C1r	  

dimers	  are	  at	  the	  centre	  of	  C1s-‐C1r-‐C1r-‐C1s	  tetramers	  (46,	  47),	  this	  configuration	  being	  unique	  to	  

the	  CP.	  As	  illustrated	  on	  Figure	  6B,	  this	  head-‐to-‐tail	  association	  of	  C1r	  catalytic	  domains	  prevents	  

activation	   of	   one	  monomer	   by	   its	   counterpart,	   and	   the	   C1r	   SP	   domains	   are	   somewhat	   protected	  

from	  unwanted	  activation,	  especially	  within	  the	  C1s-‐C1r-‐C1r-‐C1s	  tetramer.	  More	  details	  about	  the	  

activation	  process	  will	  be	  described	  in	  the	  next	  section	  related	  to	  SP	  domains.	  This	  observation	  that	  

C1r	  CCP1-‐CCP2	  modules	  likely	  prevent	  spontaneous	  C1r	  activation	  sounds	  physiologically	  relevant	  

since	  C1q	  and	  the	  C1r	  and	  C1s	  proteases	  are	  not	  always	  secreted	  by	  the	  same	  cells	  and	  circulate	  at	  

high	   concentrations.	   How	   C1-‐inhibitor,	   which	   is	   assumed	   to	   bind	   to	   the	   C1	   proteases	   tetramer	  

further	  controls	  this	  unwanted	  activation	  of	  the	  proteases	  is	  currently	  not	  fully	  understood.	  
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7.	  Structural	  similarities	  in	  the	  C-‐terminal	  trypsin-‐like	  SP	  domain	  

	  

Sequence	  and	  structural	  similarities	  assign	  the	  SP	  domain	  of	  MASPs	  and	  C1r/s	  to	  the	  largest	  

S1A	   family	   of	   proteases,	  most	   commonly	   known	   as	   trypsin-‐like	   proteases	   (recently	   reviewed	   in	  

(48)).	   Trypsin-‐like	   proteases	   are	   synthesized	   in	   a	   proenzyme	   state.	   They	   are	   activated	   on	   site	  

through	  enzymatic	   cascade	  amplifications	   in	   the	  cases	  of	   complement	  and	  coagulation	  proteases.	  

This	  involves	  a	  structural	  conversion	  which	  folds	  the	  active	  site	  for	  efficient	  binding	  and	  catalysis	  

(49).	  	  

Bovine	  chymotrypsin	  led	  to	  the	  very	  first	  X-‐ray	  structure	  solved	  in	  this	  family	  (50).	  MASPs	  

and	  C1r/s	  share	  therefore	  the	  chymo/trypsin-‐like	  fold	  and	  associated	  activation	  mechanism.	  In	  this	  

family,	   the	   prototypic	   chymotrypsin	   serves	   as	   reference	   for	   the	   numbering	   scheme	   proposed	   by	  

Hartley	  in	  1970	  for	  the	  SP	  domain	  (51),	  with	  the	  catalytic	  triad	  residues	  termed	  His57,	  Asp102	  and	  

Ser195.	  In	  the	  simplest	  activation	  model	  early	  suggested	  for	  this	  proteases	  family,	  the	  new	  charged	  

N-‐terminus,	  created	  by	  the	  activation	  cleavage,	  inserts	  into	  the	  activation	  pocket,	  attracted	  towards	  

Asp194	  (as	  on	  Figure	  6C,	  6E),	  which	  triggers	  concerted	  surface	  loop	  rearrangements.	  	  

The	  trypsin-‐like	  primary	  specificity,	  which	  dictates	  a	  preferential	  cleavage	  after	  an	  arginine	  

or	  lysine,	  is	  another	  common	  structural	  feature	  shared	  by	  all	  the	  CP	  and	  LP	  proteases.	  This	  cleavage	  

specificity	  is	  related	  to	  the	  presence	  of	  a	  conserved	  aspartic	  residue	  at	  the	  bottom	  of	  the	  primary	  

substrate-‐binding	  pocket	  (noted	  D189	  on	  Figure	  6).	  This	  residue	  is	  only	  properly	  positioned	  in	  the	  

active	   conformation,	   after	   the	   concerted	   rearrangements	   of	   loops	   1	   to	   3,	   which	   are	   essential	   in	  

shaping	  the	  enzyme	  activity	  (Figure	  6C,	  6E).	  	  

As	  briefly	  mentioned	  before,	  C4	  recognition	  by	  MASP-‐2	  involves	  an	  additional	  exosite	  in	  the	  

SP	  domain,	  which	  binds	  C4	  sulfotyrosines	  (42).	   In	  this	  exosite,	  mutation	  of	  arginine	  residues	  578	  

and	   583	   impaired	   C4	   cleavage,	   further	   demonstrating	   their	   essential	   role	   (52).	   Cumulating	  

mutations	  in	  the	  CCP	  and	  SP	  exosites	  leads	  to	  severe	  reduction	  in	  C4	  cleavage	  efficiency,	  suggesting	  

cumulative	  functional	  effects	  of	  these	  distal	  exosites	  (52).	  A	  similar	  exosite	  is	  found	  in	  C1s	  D	  loop,	  

with	   residues	  K560	  and	  R561	   (Figure	  6D-‐E).	   Interestingly,	   the	   conformational	   switch	   converting	  

C1s	  zymogen	  into	  an	  active	  enzyme	  is	  required	  to	  properly	  position	  these	  two	  exosite	  C4	  binding	  

residues	  (Figure	  6D-‐E	  ,	  (53),	  reviewed	  in	  (4)).	  This	  remark	  holds	  true	  especially	  for	  arginine	  583,	  

which	   is	  displaced	  by	  12	  Å	  when	  comparing	  zymogen	  and	  active	  MASP-‐2	  (52).	  However,	  MASP-‐2	  

possibly	  exhibits	  higher	  plasticity	  than	  C1s.	  These	  overall	  structural	  similarities	  between	  C1s	  and	  

MASP-‐2	  readily	  explain	  why	  only	  these	  two	  enzymes	  can	  cleave	  the	  large	  C4	  component.	  
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8.	  Structural	  differences	  shaping	  protease	  specificity,	  an	  opportunity	  to	  design	  specific	  

inhibitors	  

	  

Even	  if	  they	  share	  a	  common	  trypsin	  fold,	  proteases	  of	  the	  S1	  family	  have	  evolved	  different	  

catalytic	   roles.	   The	   fine	   catalytic	   specificities	   are	  mainly	   defined	   by	   structural	   differences	   in	   the	  

loops	   surrounding	   the	   active	   site	   (as	   initially	   described/	   reviewed	  by	  Perona	  &	  Craik	   (54)).	   The	  

length	  and	  conformation	  of	  these	  loops	  (Figure	  7)	  mainly	  differ	  in	  each	  of	  the	  LP	  and	  CP	  proteases,	  

as	   well	   as	   their	   sequence	   details.	   Better	   understanding	   of	   how	   these	   loops	   shape	   substrate	  

specificity	   is	   acquired	   through	   the	   structural	   analysis	   of	   protease/inhibitor	   complexes,	   because	  

these	   loops	   also	   shape	   differential	   inhibitor	   sensitivities.	   For	   example,	   inhibitors	   produced	   in	  

various	  organisms	  have	  been	  described,	  such	  as	  gigastasin,	  a	   leech	   inhibitor	   for	  MASP-‐1,	  MASP-‐2	  

and	  C1s,	  or	   the	  bacterial	  pan-‐inhibitor	  ecotin	   (inhibiting	  MASP-‐2,	  MASP-‐3	  and,	   to	  a	   lesser	  extent,	  

MASP-‐1)	  (55–57).	  X-‐ray	  structures	  of	  protease/inhibitor	  complexes	  have	  been	  solved	  in	  these	  two	  

latter	  cases	  (Figure	  1).	  Gigastasin	  forms	  tight	  contacts	  with	  the	  C1s	  SP	  domain.	  These	  contacts	  span	  

all	  subsites,	  plus	  the	  anion-‐binding	  exosite	  involved	  in	  C4	  binding,	  through	  two	  sulfotyrosines	  near	  

the	  gigastasin	  C-‐terminal	  terminus	  (56).	  

Reversely,	   taking	   into	   account	   the	   specific	   environment	   provided	   by	   each	   set	   of	   surface	  

loops	  has	  enabled	  the	  design	  of	  highly	  specific	  inhibitors	  for	  MASP-‐1,	  MASP-‐2	  and	  MASP-‐3,	  which	  

can	  lead	  to	  promising	  therapeutic	  specific	  control	  of	  the	  different	  proteases.	  Structures	  of	  several	  

enzyme/inhibitor	  complexes	  have	  been	  solved	  (Figure	  1).	  Structural	  details	  in	  these	  structures	  are	  

often	  consistent	  with	  specific	  features	  of	  the	  designed	  inhibitors.	  For	  example,	  ecotin	  binds	  through	  

hydrophobic	  residues	  in	  the	  S’	  sites	  of	  MASP-‐3,	  a	   feature	  that	   is	  also	  found	  in	  the	  specific	  TFMI-‐3	  

inhibitor	  (55,58).	  

These	  specific	  inhibitors	  have	  already	  provided	  precious	  tools	  to	  decipher	  and	  deconvolute	  

the	  functional	  role(s)	  of	  the	  MASP-‐1	  and	  MASP-‐2	  proteases	  (59,60).	  They	  have	  also	  been	  used	  to	  

demonstrate	  that	  MASP-‐3	  is	  in	  fact	  the	  exclusive	  activator	  of	  pro-‐factor	  D	  in	  blood,	  making	  a	  strong	  

connexion	  with	  complement	  alternative	  pathway	  activation	  (58).	  

MASP-‐1	  SP	  domain	  is	  evolutionary	  distinct	  and	  supports	  a	  more	  versatile	  catalytic	  activity.	  

One	   main	   structural	   basis	   supporting	   this	   difference	   is	   illustrated	   on	   Figure	   7,	   where	   MASP-‐1	  

clearly	   features	  a	  more	  open	  binding	   site.	   In	   that	   sense,	  MASP-‐1	   is	  more	  close	   to	   trypsin	   than	   to	  

highly	  specific	  coagulation	  or	  complement	  proteases.	  MASP-‐1	   is	  a	  very	  potent	  activator	  of	   the	  LP	  

pathway,	  already	  in	  its	  zymogen	  form	  and	  even	  more	  in	  its	  active	  state	  (61).	  One	  peculiar	  feature	  of	  

MASP-‐1	  is	  that	  Asp189,	  at	  the	  bottom	  of	  the	  primary	  specificity	  pocket,	  is	  already	  engaged	  in	  a	  salt	  

bridge	  with	  an	  Arg	  side	  chain.	  Also	  the	  B	  loop	  in	  MASP-‐1	  is	  highly	  extended,	  as	  in	  thrombin,	  which	  

may	  constrict	  substrate	  specificity	  at	  this	  level	  (reviewed	  in	  (61)).	  
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In	   contrast	   to	  MASP-‐1,	   access	   to	   the	   substrate-‐binding	   site	   is	   highly	   restricted	   in	  MASP-‐2,	  

C1s	  and	  C1r	  by	   the	  surface	   loops	  surrounding	   the	  active	  site	   (Figure	  7).	  This	  explains	  why	   these	  

proteases	  mainly	   act	   only	  on	   two	   substrates.	   Selective	   substrate	   recognition	  may	  also	  be	   further	  

strengthened	   by	   a	   step	   of	   substrate	   induced	   fit.	   This	   has	   been	   suggested	   from	   the	   structural	  

plasticity	  observed	  in	  MASP-‐2	  (59),	  later	  confirmed	  in	  the	  case	  of	  its	  association	  to	  C4	  (42).	  Analysis	  

of	  the	  MASP-‐3/ecotin	  complex	  structure	  (4IW4,	  Figure	  1)	  also	  suggested	  allosteric	  conformational	  

changes	  associated	  to	  ecotin	  binding	  to	  an	  extended	  MASP-‐3	  exosite	  (55).	  

	  

9.	  Structural	  uncertainties	  beyond	  common	  principles	  in	  the	  LP	  and	  CP	  activation	  

mechanism	  

	  

The	   simple	   activation	   scheme	   described	   previously,	   initially	   discovered	   on	   digestive	  

proteases,	  has	  also	  evolved	  in	  the	  S1	  proteases	  family.	  In	  the	  case	  of	  complement	  activation	  by	  LP	  

and	  CP	  proteases,	  the	  associated	  collectin	  PRM	  plays	  a	  major	  role	  in	  triggering	  their	  activation	  only	  

on	   site.	   For	   example,	   the	   major	   transactivation	   mechanism	   of	   LP	   activation	   proposes	   that	  

juxtaposition	  of	  MBL-‐MASP	  complexes	  sitting	  on	  the	  same	  carbohydrate	  surface	  (as	  in	  Figure	  2A)	  

will	  drive	  protease	  contacts	   triggering	  LP	  activation	  (2,62).	  This	  process	  relies	  on	   the	  hypothesis	  

that	  the	  SP	  domains	  are	  rigidly	  handled,	  as	  discussed	  before.	  Interestingly,	  this	  mechanism	  explains	  

how	  activation	  is	  restricted	  to	  activating	  surfaces	  and	  how	  the	  recognition	  of	  these	  surfaces	  by	  the	  

associated	  collectin	  controls	  the	  activation	  process.	  A	  similar	  transactivation	  mechanism	  has	  been	  

proposed	   for	   the	   CP	   (15,63),	   but	   uncertainties	   remain	   in	   this	   partly	   controversial	   issue.	   Further	  

experimental	  evidences	  and	  details	  are	  needed	  to	  understand	  how	  the	  different	  activation	  events	  

are	  topologically	  orchestrated	  in	  the	  context	  of	  various	  PRM-‐MASPs	  complexes	  or	  of	  C1	  (46,61).	  	  

What	   about	   zymogen	   catalytic	   activity?	   MASP-‐1	   zymogen	   is	   able	   to	   cleave	   MASP-‐1	   and	  

MASP-‐2,	   but	   active	   MASP-‐1	   is	   far	   more	   potent	   on	   these	   activation	   cleavages	   (41,61).	   MASP-‐2	  

structural	  plasticity	  also	  led	  to	  the	  suggestion	  of	  a	  step	  of	   induced	  fit	   in	   its	  activation	  mechanism,	  

with	  analogy	  to	  the	  “substrate-‐induced	  catalysis”	  proposed	  for	  the	  activation	  of	  complement	  factors	  

D,	  B	  and	  C2	  (59).	  

Finally,	  we	   need	   to	   stress	   that	   some	   (auto-‐)activation	   schemes	   observed	   in	  vitro	  may	   not	  

occur	   as	   such	   in	   vivo,	   where	   they	   can	   be	   mitigated	   by	   a	   lack	   of	   proximity	   or	   by	   physiological	  

inhibitors.	   Since	   they	   share	   identical	   primary	   cleavage	   specificity	   (after	   Lys	   or	   Arg),	   CP,	   LP	   and	  

other	   trypsin-‐like	   proteases	   can	   be	   indeed	   controlled	   by	   the	   same	   inhibitor.	   For	   example,	   C1-‐

inhibitor	   is	   a	   main	   common	   physiological	   inhibitor	   of	   CP,	   LP	   but	   also	   of	   contact	   proteases.	   C1-‐

inhibitor,	  in	  a	  similar	  way	  as	  the	  other	  members	  of	  the	  serpin	  family,	  acts	  as	  suicide	  substrate	  for	  

C1r,	  C1s,	  MASP-‐1	  and	  MASP-‐2.	  How	  C1-‐inhibitor	  binds	  to	  LP	  and	  CP	  activating	  complexes	  mainly	  
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remains	  an	  open	  question	  on	  the	  structural	  side.	  Some	  other	  inhibitors	  of	  the	  serpin	  family	  control	  

the	   LP	   activation:	   anti-‐thrombin	   (for	   MASP-‐1	   and	  MASP-‐2,	   (64))	   and	   alpha2-‐macroglobulin	   (for	  

MASP-‐1,(65)).	   We	   also	   lack	   structural	   data	   on	   this	   ground,	   except	   that	   different	   sensitivities	   to	  

inhibitors	   are	   modulated	   by	   surface	   properties	   that	   shape	   the	   function	   and	   specificity	   of	   each	  

enzyme,	  as	  mentioned	  before.	  	  

	  

10.	  LP	  and	  CP	  protease	  enzymatic	  activities	  out	  of	  the	  complement	  system	  

MASP-‐1,	   with	   its	   wider	   substrate	   binding	   site,	   as	   seen	   before,	   can	   in	   fact	   cleave	   a	   larger	  

range	  of	  substrates	  (3).	  Therefore,	  active	  MASP-‐1	  has	  been	  described	  as	  a	  promiscuous	  protease,	  

able	   to	  boost	   coagulation	   (by	  acting	  on	  prothrombin,	   fibrinogen	  and	  coagulation	   factor	  XIII),	   and	  

contributing	   to	   a	   powerful	   inflammatory	   reaction	   through	   activation	   of	   endothelial	   cells	   and	  

bradykinin	  release	  (by	  acting	  on	  protease-‐activated	  receptors	  (PARs)	  and	  kininogen).	  More	  details	  

can	  be	  found	  in	  (61,66)	  

Several	   mutations	   of	   the	   MASP-‐1	   gene	   that	   specifically	   affect	   MASP-‐3	   SP	   domain	   are	  

associated	  with	  a	  rare	  developmental	  disorder	  described	  as	  the	  3MC	  syndrome.	  This	  suggests	  that	  

MASP-‐3	   is	   involved	   in	   other	   non-‐canonical	   functions,	   independent	   of	   the	   complement	   system,	  

which	  remain	  to	  be	  deciphered.	  The	  structural	  impact	  of	  one	  of	  these	  mutations,	  G666[c197]E,	  has	  

been	   investigated	   in	   MASP-‐3	   zymogen	   form.	   The	   X-‐ray	   structure	   (4KKD,	   Figure	   1)	   provided	  

evidence	   for	   a	   destabilizing	   effect	   on	   the	   active	   site,	   as	   expected,	   which	   further	   reinforced	   the	  

hypothesis	   that	   an	   undefined	   MASP-‐3	   enzymatic	   activity,	   abolished	   by	   this	   patient	   mutation,	  

impacts	   the	   development	   in	   the	   3MC	   syndrome	   (67).	   Other	   mutations	   in	   MASP-‐3	   (68,69)	   or	   in	  

collectins	  CL-‐K1	  and	  CL-‐L1	  (70)	  have	  also	  been	  related	  to	  this	  3MC	  syndrome,	  but	  structural	  and	  

functional	  details	  are	  still	  elusive.	  However,	  these	  observations	  strongly	  suggest	  a	  crucial	  role	  for	  at	  

least	  some	  of	  these	  lectin	  pathway	  molecules	  in	  development	  processes	  (66).	  	  

On	   another	   side,	   mutations	   were	   recently	   identified	   in	   C1R	   (mostly)	   and	   C1S	   genes	   in	  

patients	  affected	  by	  the	  periodontal	  Ehlers-‐Danlos	  syndrome	  (71).	  Looking	  for	  a	  possible	  common	  

molecular	   effect	   associated	   to	   the	   different	   patient	   mutations,	   molecular	   analyses	   led	   to	   the	  

hypothesis	   that	   active	   C1s,	   or	   an	   active	   40	   kDa	   C1s	   fragment,	  may	   be	   one	   common	  pathological	  

component	   (72,73).	   Because	   the	   identified	   patient	   mutations	   either	   alter	   the	   enzyme	   correct	  

folding	  or	  the	  association	  with	  C1q,	  this	  CP	  protease	  activity	  is	  assumed	  to	  be	  free	  from	  the	  control	  

of	  C1q.	  Consistently,	  complement	  has	  been	  shown	  to	  play	  a	  role	  in	  the	  dysbiotic	  transformation	  of	  

the	   periodontal	   microbiota	   and	   in	   the	   inflammatory	   process	   that	   leads	   to	   the	   destruction	   of	  

periodontal	   bone	   (74).	   However,	   additional	   effects	   in	   the	   case	   of	   the	   periodontal	   Ehlers-‐Danlos	  

syndrome	   are	   expected	   because	   the	   symptoms	   differ	   from	   classical	   periodontitis	   (71).	   Non-‐
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canonical	  functions	  of	  these	  C1r	  and	  C1s	  proteases,	  out	  of	  the	  complement	  system,	  are	  likely	  to	  be	  

involved	  in	  this	  and	  other	  diseases	  processes.	  

	  

General	  comments	  and	  conclusion	  

	  

Our	   current	   structural	   knowledge	   on	   the	   LP	   and	   CP	   proteases	   has	   dramatically	   increased	  

during	  the	  past	  decades,	  starting	  from	  the	  resolution	  of	  the	  X-‐ray	  structure	  of	  C1s	  catalytic	  domain	  

in	   2000	   (6).	   These	   homologous	   proteases	   share	   many	   structural	   similarities,	   as	   illustrated	   in	  

Figures	  2,	  3,	  4	  and	  6.	  However,	  several	  differences	  can	  be	  highlighted	  when	  we	  compare	  LP	  and	  CP	  

proteases,	  or	  each	  individual	  protease.	  On	  one	  hand,	  MASPs	  mainly	  associate	  as	  homodimers	  and	  

bind	   to	  a	  wide	  variety	  of	   collectin	  molecules:	  MBL	   (which	  shows	  various	  oligomeric	  assemblies),	  

the	  three	  ficolins	  and	  collectins	  (CL-‐K1,	  CL-‐L1	  and	  CL-‐LK).	  On	  the	  other	  hand,	  the	  C1	  stoichiometry	  

is	   fixed	   and	   the	   physiological	   concentration	   of	   its	   components	   is	   higher.	   C1r	   and	   C1s	   probably	  

briefly	   transit	  as	  a	  proenzyme	  tetramer	  before	   their	  association	  with	  C1q,	   in	  a	  configuration	   that	  

can	  be	  interpreted	  as	  a	  way	  to	  prevent	  self-‐activation,	  as	  described	  above.	  Such	  configuration	  is	  a	  

distinctive	  feature	  of	  the	  CP	  proteases.	  

From	  an	  evolutionary	  point	  of	  view,	  C1r,	  C1s,	  MASP-‐2,	  MASP-‐3,	  as	  well	  as	  thrombin	  are	  more	  

recent	  than	  MASP-‐1.	  The	  following	  two	  evolution	  marks	  support	  this	   idea:	   the	  AGY	  codon	  for	  the	  

active	  serine	  (instead	  of	  TCN)	  and	  the	  absence	  of	  introns	  in	  the	  SP	  domain	  (3,75).	  MASP-‐1	  is	  thus	  

atypical,	  with	  a	  wider	  spectrum	  of	  substrates	  in	  its	  active	  state	  (76).	  Nevertheless	  MASP-‐1	  activity	  

is	  crucial	  in	  activating	  the	  LP	  (61).	  As	  briefly	  reminded	  in	  the	  last	  chapter	  section,	  recent	  studies	  of	  

patient	  mutations	  in	  MASP-‐3,	  C1r,	  C1s	  have	  suggested	  further	  functional	  roles	  independent	  of	  the	  

complement	   system.	   This	   opens	   the	   way	   to	   further	   structure/function	   studies	   associated	   to	  

diseases.	  	  

Questions	  about	  the	  partial	  activity	  of	  proenzyme	  states	  as	  a	  function	  of	  protease	  plasticity	  

have	  been	  addressed	  elsewhere	  (3,61,77).	  We	  would	  like	  to	  mention	  that	  a	  collapsed	  conformation	  

in	   C1r	   zymogen	   structure	   further	   prevents	   substrate	   entry	   and	   involves	   another	   conformational	  

transition	   towards	   the	   un-‐collapsed	   state	   (78).	   Another	   collapsed	   proenzyme	   conformation	   has	  

been	  observed	  for	  MASP-‐1.	  MASP-‐2	  was	  shown	  to	  partly	  cleave	  C4	  in	  its	  proenzyme	  state.	  This	  is	  

the	  subject	  of	  a	  minor	  controversial	  issue,	  related	  to	  the	  shift	  in	  the	  position	  of	  the	  two	  arginines	  of	  

its	  C4	  exosite	  in	  the	  SP	  domain,	  as	  shown	  in	  this	  review	  for	  the	  homologous	  case	  of	  C1s	  (Figure	  6)	  

(52).	  Nevertheless,	   such	   a	   tight	   control	   of	  C4	   cleavage	  by	  C1s	  or	  MASP-‐2,	  which	  mainly	   requires	  

that	  the	  proteases	  are	  activated,	  is	  in	  line	  with	  the	  strong	  need	  for	  complement	  activation	  only	  “on	  

site”,	  under	  the	  control	  of	  their	  associated	  recognition	  molecules.	  
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The	  overall	  flexibility	  of	  these	  CP	  and	  LP	  proteases	  has	  limited	  their	  study	  by	  X-‐ray	  analyses	  

to	  recombinant	  fragments.	  This	  has	  however	  provided	  insights	  into	  the	  relative	  flexibility	  of	  joints	  

linking	  two	  successive	  modules,	  by	  comparing	  their	  positions	  in	  different	  structures.	  For	  example,	  

the	  CUB1-‐EGF	  head-‐to-‐tail	  associations	  are	  remarkably	  conserved	  in	  all	  these	  CP	  and	  LP	  proteases,	  

as	   detailed	   in	   section	   2.	   MASP	   CUB2-‐CCP1	   junction	   appears	   to	   be	   mainly	   rigid	   and	   mostly	  

conserved	  in	  MASP-‐1	  and	  MASP-‐3	  (2).	  This	  CUB2-‐CCP1	  is	  also	  likely	  rigid	  in	  C1s	  (34).	  As	  mentioned	  

in	   section	   6.1,	   restricted	   flexibility	   at	   the	   CCP1-‐CCP2	   junction	   further	   supports	   the	   initial	   notion	  

that	  it	  can	  act	  as	  a	  handle	  or	  elongated	  arm.	  In	  contrast,	   far	  more	  flexibility	  has	  been	  observed	  at	  

the	  EGF-‐CUB2	  junction	  in	  the	  CP	  proteases,	  especially	  in	  C1s.	  Complementary	  studies	  using	  SAXS	  to	  

analyse	   the	   soluble	   structure	   of	   full-‐length	   MASP-‐1,	   MASP-‐2	   and	   of	   the	   C1	   proteases	   tetramer,	  

combined	   with	   rigid	   body	   modelling	   and	   negative	   stain	   EM	   allowed	   to	   propose	   low	   resolution	  

models	  of	  the	  full-‐length	  protease	  assemblies,	  which	  mainly	  exhibit	  extended	  shapes	  (14,22,47,63).	  

These	   experiments	   performed	   in	   solution	   provide	   however	   far	   less	   experimental	   values,	   which	  

introduces	  a	  higher	  risk	  of	  over-‐	  or	  miss-‐interpretation.	  Within	  the	  current	  resolution	  revolution	  in	  

cryo-‐EM	   techniques,	   cryo-‐electron	   tomography	   has	   brought	   into	   the	   field	   the	   only	   current	  mid-‐

resolution	  snapshot	  of	  the	  full-‐length	  C1r	  and	  C1s	  proteases	  within	  the	  IgM-‐C1-‐C4b	  giant	  complex	  

(Figure	  2B,	  (15),	  which	  represents	  a	  fantastic	  advance	  in	  our	  insight	  into	  these	  molecules.	  Further	  

insights	  on	  this	  side	  are	  awaited,	  that	  will	  complete	  our	  understanding	  of	  the	  activation	  scenario	  of	  

the	   CP	   proteases	   (as	   compared	   to	   LP),	  with	   the	   topological	   details	   of	   successive	   steps.	  How	   and	  

where	  serpin	  inhibitors	  such	  as	  C1-‐inhibitor	  are	  engaged	  and	  control	  some	  of	  these	  steps	  further	  

remain	  to	  be	  investigated.	  
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Figure	  legends	  

Figure	  1.	  MASPs	  and	  C1r/s	  share	  identical	  mosaic	  structures.	  

(A)	  Modular	  structure	  of	  the	  MASPs	  related	  proteins	  (left)	  and	  C1r/s	  (right).	  The	  serine	  proteases	  

are	   activated	   by	   a	   specific	   cleavage	   between	   the	   A	   and	   B	   chains,	   which	   are	   held	   together	   by	   a	  

disulphide	  bridge.	  The	  activation	  peptide	  at	  the	  N-‐terminus	  of	  the	  Serine	  Protease	  domain	  is	  shown	  

in	  white.	  Glycosylation	  sites	  are	  shown	  with	  black	  diamonds.	  B)	  This	  table	  lists	  the	  X-‐ray	  structure	  

coordinates	   deposited	   in	   the	   Protein	   Data	   Bank,	   with	   their	   accession	   code	   and	   their	   schematic	  

representation,	   such	   as	   head-‐to-‐tail	   dimers	   or	   stars	   indicating	   the	   presence	   of	   protein	   ligands	  

(inhibitor	   in	   red,	   ligand/substrate	   in	   yellow).	   Enzyme	   active	   forms	   are	   indicated	   using	   a	   space	  

separation	  between	  the	  two	  chains,	  since	  activation	  cleavage	  splits	  A	  and	  B	  chains.	  Corresponding	  

references	  numbers	  are	  indicated.	  	  

	  

Figure	  2.	  Overall	  view	  of	  LP	  or	  CP	  activating	  complexes	  assembly.	  	  

(A)	  and	  (B)	  Main	  global	  model	  of	  interaction	  between	  collectins	  (here	  MBL)	  and	  MASPs	  proteases.	  

The	  N-‐terminal	  CUB1-‐EGF-‐CUB2	  interaction	  domains	  (here	  in	  green)	  binds	  inside	  the	  cone	  defined	  

by	  the	  collagen	  stems	  (orange	  helices),	  with	  the	  catalytic	  domains	  pointing	  outside	  the	  cone	  (pink	  +	  

grey).	  The	  orientation	  and	  height	  of	  the	  catalytic	  Serine	  Protease	  domains	  (SP,	  grey)	  is	  defined	  by	  

the	   association	   of	   the	   proteases	   within	   the	   collectin	   bound	   to	   a	   glycan	   surface,	   held	   by	   a	   rigid	  

handle	  composed	  of	  CUB2-‐CCP1-‐CCP2	  modules.	  Side	  (A)	  and	  top	  (B)	  views.	  Figure	  extracted	  from	  

the	   review	  by	  Kjaer	   et	   al.	   (2)	  with	  publisher’s	  permission.	   (C)	  Cryo-‐EM	  snapshot	  of	   IgM/C1/C4b	  

mega	   complex	   structure.	   As	   labelled,	   the	   C1s	   and	   C1r	   proteases	   are	   shown	   in	   pink	   and	   purple,	  

respectively;	  C1q	  and	  C4b	  in	  dark	  and	  light	  blue,	  respectively.	  The	  protease	  interaction	  domains	  lye	  

in	   a	   plane	   parallel	   to	   the	   IgM	   binding	   platform	   (green	   rectangle).	   Two	   perpendicular	   views	   are	  

shown,	   which	   highlight	   the	   different	   orientations	   of	   the	   catalytic	   domains	   of	   C1r	   (left)	   and	   C1s	  

(right).	  Figure	  adapted	  from	  Sharp	  et	  al	  (15).	  

	  

Figure	  3.	  Structural	  similarity	  of	  EGF,	  CUB1	  and	  CUB2	  calcium	  binding	  sites.	  

(A)	  Overall	   relative	   spatial	   orientation	   of	   the	   calcium-‐binding	   sites	   in	  MASP1/3	  CUB1-‐EGF-‐CUB2	  

dimer.	   (B)	  Relative	   position	   in	   CUB1-‐EGF-‐CUB2	  monomer	   (MASP-‐1/3)	   of	   the	   zones	   around	   each	  

calcium-‐binding	   site.	   (C)	  The	   corresponding	   conserved	   sequence	   features	   in	  MASPs	  and	  C1r/s	  of	  

these	   zones	   around	   calcium-‐binding	   sites:	   Ca_EGF,	   Ca_CUB1	   and	   Ca_CUB2.	   Ca_EGF	   is	   at	   the	  

boundary	   between	   CUB1	   and	   EGF,	   see	   arrows	   above	   defining	   the	   transition	   between	   the	   two	  

modules.	  Conserved	  aspartic	  residues	  with	  a	  bidentate	  calcium	  binding	  are	  in	  red.	  Other	  conserved	  

residues	  are	  shown	  in	  orange	  (calcium	  ligands),	  light	  green	  (conserved	  CUB-‐EGF	  dimer	  interface),	  

dark	  green	  (intramonomer	  CUB1-‐EGF	  interface)	  or	  yellow	  (binding	  to	  collectin).	  Marked	  sequence	  
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difference	  in	  C1s	  CUB2	  module,	  which	  does	  not	  take	  part	  directly	  in	  C1q	  binding,	  is	  highlighted	  in	  

light	  pink	  and	  marked	  by	  a	  blue	  #.	  CUB	  L5	  and	  L9	  loops,	  essential	  elements	  of	  interaction	  with	  the	  

recognition	   protein,	   are	   labelled.	   (D)	   Comparative	   views	   of	   the	   CUB1-‐EGF	   monomeric	   interface	  

(Ca_EGF)	   as	   well	   as	   CUB1	   and	   CUB2	   calcium-‐binding	   sites	   in	   MASP1/3,	   C1r	   and	   C1s.	   Positions	  

where	   conserved	   binding	   residues	   are	   missing	   in	   C1s	   CUB2	   are	   displayed	   with	   pink	   sticks	   and	  

highlighted	  with	  a	  blue	  circle.	  Same	  residue	  colour	  code	  as	  described	  above	   in	   (C).	  Figure	  drawn	  

using	  PDB	   files	  3DEM	   (MASP1/3),	   6F1C	   (C1r	   and	  C1s	  CUB2),	   1NZI	   (C1s	  CUB1	  and	  EGF).	  Human	  

MASP-‐1	  is	  shown	  here	  as	  a	  representative	  example	  of	  MASPs	  structures	  which	  are	  very	  similar,	  as	  

shown	  in	  (22).	  

	  

Figure	  4.	  Structural	  insight	  into	  the	  interaction	  of	  CUB	  modules	  with	  a	  MBL-‐like	  collagen	  

peptide	  or	  with	  C1q.	  

(A)	  C1s	  CUB1	  (PDB	  code	  4LOR,	  (34))	  and	  (B)	  MASP-‐1/3	  CUB2	  (PDB	  code	  3POB,	  (33))	  structures	  in	  

complex	  with	  a	  MBL-‐like	  collagen	  peptide.	  The	  lysine	  residues	  of	  the	  common	  collagen	  ligand	  are	  

shown	  as	  stick	  (dark	  blue,	  leading	  strand;	  grey,	  middle	  strand;	  purple,	  trailing	  strand).	  (C)	  and	  (D)	  

Focus	   on	   interaction	   details	   of	   CUB1	   (4LOR)	   and	   CUB2	   (3POB	   )	   binding	   with	   collagen.	   Major	  

residues	  are	  labelled.	  Same	  colour	  code	  as	  above	  and	  as	  in	  Figure	  3	  for	  the	  CUB	  residues.	  Note	  that	  

E48	  in	  C1s	  (L5),	  which	  mediates	  direct	  electrostatic	  interactions	  with	  the	  middle	  collagen	  lysine,	  is	  

not	  conserved	  in	  MASPs	  sequences.	  E)	  The	  two	  structures	  above	  are	  shown	  after	  superimposition	  

of	   the	   three	   essential	   lysines	   of	   the	   common	   collagen	   peptide	   (same	   colour	   code	   and	   stick	  

representation	   as	   above	   in	   (C)	   and	   (D)).	   This	   superimposition	   suggests	   that	   one	   CUB1	   and	   one	  

CUB2	  module	  can	  interact	  with	  the	  same	  collagen	  stem.	  	  (F)	  CUB1	  and	  CUB2	  modules	  from	  two	  C1r	  

chains	  interact	  with	  the	  same	  C1q	  collagen	  stem	  in	  the	  context	  of	  the	  IgM/C1/C4b	  mega	  complex	  

structure	  investigated	  by	  cryo-‐EM,	  as	  highlighted	  by	  stars	  (adapted	  from	  (15)).	  	  

	  

Figure	  5.	  Consensus	  and	  variations	  of	  the	  EGF-‐CUB2	  interface	  in	  homo	  versus	  hetero-‐dimer	  

contexts.	  

(A)	  Strong	  sequence	  similarity	  between	  MASPs	  and	  C1r/s	  proteins	  in	  a	  segment	  spanning	  from	  the	  

end	   of	   EGF	   (green)	   to	   the	   beginning	   of	   CUB2	   (salmon),	   the	   three	   amino-‐acid	   long	   linker	   being	  

displayed	  in	  grey.	  The	  consensus	  sequence	  motif	  shown	  below	  can	  be	  used	  to	  retrieve	  all	  MASPs	  or	  

C1r/s	  homologs	  in	  other	  species.	  Label	  [I]	  indicates	  a	  conserved	  electrostatic	  interaction	  in	  MASPs	  

(letter	   coloured	   red	   for	   aspartic	   acid	   and	  blue	   for	   lysine	   residues).	   The	   green	  highlights	   indicate	  

conserved	  CUB1-‐EGF	  dimer	  interface	  residues.	  The	  light	  blue	  highlights	  show	  residues	  interacting	  

at	   the	   EGF-‐CUB2	   interface	   in	   MASPs.	   The	   red	   dots	   above	   the	   sequence	   are	   conserved	   calcium	  

ligands.	   Majuscule	   letters	   show	   positions	   defined	   in	   the	   consensus	   sequence.	   Bold	   letters	   show	  
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significant	   differences	   between	   LP	   and	   C1r	   or	   C1s	   proteases;	   r_MASP2:	   rat	   MASP-‐2	   (B)	   and	   (C)	  

Homodimer	   CUB-‐EGF-‐CUB	   in	   MASP-‐1/3	   (PDB	   code	   3DEM,	   (23))	   and	   MASP-‐2	   (PDB	   code	   5CIS),	  

where	   the	   linker	   fragment	   is	   coloured	   in	   grey,	   and	   the	   two	   residues	   forming	   an	   electrostatic	  

interaction	   	   [I]	   in	   red	   and	   blue,	   as	   in	   (A).	   The	   CUB1-‐EGF-‐CUB2	   orientation	   is	   indicated.	   (D)	  

Homodimer	  CUB1-‐EGF-‐CUB2	   in	  C1s	   (PDB	  code	  4LMF,(34)).	  Same	  colour	  code.	   (E)	  Heterodimeric	  

C1s/C1r	   CUB1-‐EGF-‐CUB2	   association	   (PDB	   code	   6F1C,	   (35)).	   Same	   colour	   code.	   All	   dimers	   are	  

shown	  with	  the	  same	  orientation	  of	  the	  CUB1-‐EGF	  central	  association.	  	  

	  

Figure	  6.	  SP	  domain	  activation:	  relative	  SP	  domain	  positions	  and	  activation	  conformational	  

changes.	  	  

(A)	   Relative	   overall	   orientation	   required	   for	   activating	   cleavage,	   where	   the	   bond	   to	   be	   cleaved	  

(activation	   site)	   is	   close	   to	   the	   active	   site	   of	   the	   activating	  molecule	   (into	   the	   red	   circle).	   The	   SP	  

domain	   to	   be	   activated	   (to	   be	   act.)	   and	   the	   activating	   SP	   domain	   (act.)	   are	   labelled.	   This	   C1r	  

structure	  corresponds	  approximately	  to	  an	  enzyme	  product	  complex,	  since	  Arg446	  of	  the	  cleaved	  

activation	  loop	  (to	  be	  act.)	  sits	  in	  the	  S1	  substrate-‐binding	  pocket	  of	  the	  other	  molecule	  (act.)	  (PDB	  

code:	   2QY0).	   (B)	   The	   head-‐to-‐tail	   dimeric	   structure	   of	   C1r	   catalytic	   domains,	   held	   by	   contacts	  

between	  the	  SP	  domain	  and	  the	  CCP1	  module	  of	  its	  partner	  (PDB	  code	  1GPZ,	  major	  association	  also	  

observed	   in	   2QY0).	   In	   this	   orientation,	   the	   active	   site	   and	   activation	   sites	   are	   90	   Å	   distant	   (red	  

arrows),	  at	  both	  ends	  of	   the	  dimer.	  This	  distance	  might	  help	  preventing	  unwanted	  autoactivation	  

cleavage	  in	  the	  context	  of	  the	  C1s-‐C1r-‐C1r-‐C1s	  tetramer	  (8).	  A	  pioneer	  electron	  micrograph	  of	  the	  

tetramer	   is	   shown	  above,	   the	  structure	  shown	  here	  corresponds	   to	   the	  central	  yellow	  circle,	   in	  a	  

perpendicular	   view	   (47,	   8).	   (C)	   The	   activation	   conformational	   change	   is	   illustrated	   with	   the	  

superimposed	  overview	  of	  active	  (yellow,	  1ELV)	  and	  proenzyme	  (salmon,	  4J1Y)	  states	  of	  C1s.	  The	  

active	   serine	   (S195)	   is	   shown	   red.	   The	   common	   backbone	   is	   shown	   in	   grey	   (active)	   and	   dark	  

(proenzyme).	  Two	  C4	  exosite	  residues	  are	  shown	  in	  magenta.	  Other	  important	  residues	  discussed	  

in	  the	  text	  are	  shown.	  (D)	  and	  (E)	  Focus	  on	  the	  active	  site	  details	  in	  the	  active	  (D)	  and	  proenzyme	  

states	  (E).	  Same	  details	  as	  in	  (C).	  The	  aspartic	  acid	  at	  the	  bottom	  of	  the	  primary	  pocket	  (D189),	  the	  

aspartic	   (D194)	  residue	   interacting	  with	   the	  new	  N-‐terminal	  extremity	  released	  by	   the	  activation	  

cleavage	  (Nt)	  are	   labelled.	  K560	  and	  R561	  are	  essential	  residues	   in	  the	  C4	  binding	  exosite	  (4).	   In	  

(D),	  the	  green	  segment	  and	  arginine	  side-‐chain	  show	  the	  position	  of	  the	  target	  C4	  fragment	  inside	  

the	  binding	  cleft	  (following	  superposition	  with	  the	  MASP-‐2/C4	  complex,	  PDB	  code	  5JPM,	  (79)).	  The	  

nomenclature	  of	  the	  loops	  A	  to	  E	  is	  the	  one	  defined	  by	  Perona	  &	  Craik	  (54),	  with	  loops	  1	  to	  3	  mostly	  

involved	  in	  the	  activating	  conformational	  transition.	  

	  

Figure	  7.	  Structural	  comparison	  of	  surface	  loops	  around	  the	  active	  site.	  
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(A-‐B)	   The	   active	   site	   (red)	   is	   surrounded	   by	   several	   loops,	   which	   define	   various	   interacting	  

surfaces.	  A	  widely	   open	   active	   site	  was	   initially	   observed	   in	   digestive	  proteases,	   and	   this	   is	   only	  

seen	   in	  MASP-‐1	   (A),	  which	   fits	  with	   its	  more	   versatile	   enzymatic	   activity.	   In	   contrast,	   active	   site	  

access	   is	   highly	   restricted	   in	   the	   C1s	   protease	   (B)	   and	   MASP-‐2,	   which	   mainly	   act	   on	   only	   two	  

substrates,	  namely	  complement	  C4	  and	  C2.	  More	  surface	  comparisons	  have	  been	  shown	  in	  (80).	  (C)	  

Superimposition	  of	  LP	  and	  CP	  proteases	  showing	  the	  variation	  of	  length	  and	  conformation	  around	  

the	  catalytic	  triad	  (orange	  sticks).	  The	  reference	  structure	  is	  the	  ecotin/MASP-‐3	  complex	  (PDB	  code	  

4IW4),	  and	  thus	  the	  primary	  binding	  segment	  of	  ecotin	  (yellow)	  shows	  the	  position	  of	  the	  canonical	  

substrate	  binding	  site.	  Same	  loop	  labels	  as	  in	  Figure	  6,	  Panel	  C	  from	  Gaboriaud	  et	  al.	  (55).	  
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