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Naturally occurring protein structures are complicated�

Bulges	  of	  beta-‐strands	  ■	  

Kinks	  of	  helices	  ■	  

Disallowed	  torsion	  angles	  in	  loop	  

SER	  120(1fye)	  

■	  

Buried	  polar	  groups	  of	  	  
	  	  	  	  sidechains	  and	  mainchains	  

■	  

Make	  difficult	  to	  understand	  the	  principle	  for	  protein	  folding.	  

Functional site or junks of neutral drift ?  

=>	  Design	  simple	  and	  ideal	  protein	  structures	  	  



Consistency principle	  

Local	  and	  non-‐local	  interacSons	  consistently	  stabilize	  naSve	  state	  

Ideal proteins have	  perfect	  consistency	  of	  local	  and	  non-‐local	  interacSons.	  
Natural	  (real)	  proteins	  have	  the	  consistency	  in	  the	  first	  approximaSon.	  

Design	  the	  ideal proteins in	  reality	  

Nobuhiro Go 1983	  

Helix: I have a kink	  

Loop: 
I have a steric clash 

Strand: I want to be a helix 

Non-local 
interactions favor 

this structure 

INCONSISTENT!



Consistency principle	  

Local	  and	  non-‐local	  interacSons	  consistently	  stabilize	  naSve	  state	  

Ideal proteins have	  perfect	  consistency	  of	  local	  and	  non-‐local	  interacSons.	  
Natural	  (real)	  proteins	  have	  the	  consistency	  in	  the	  first	  approximaSon.	  

Design	  the	  ideal proteins in	  reality	  

Nobuhiro Go 1983	  

Non-local 
interactions favor 

this structure 

CONSISTENT 
Helix: I like this	  

Loop: I like this 

Strand: I like this 



Mapping from Secondary structure patterns (local) �
to Favorable tertiary structures (non-local) �

ββ	  	  

βα	  	  

αβ	  	  

αββ	  	  

ββα	  	  

βαβ	  	  

Simple rules describe	  	  
	  	  	  	  	  	  	  “favorable	  terSary	  structure,	  depending	  on	  SS	  lengths”	  



Folding simulations �
with sequence-independent backbone model�

Fragment	  assembly	  
with	  1-‐mer	  

Rose=a	  centroid	  

Score	  terms:	  
rg,	  vdw,	  sspair,	  rsigma,	  hspair	  
hbond_sr_bb,	  hbond_lr_bb	  
※	  No	  amino-‐acid-‐type	  dependent	  terms	  

=>	  ConformaSonal	  preference	  ?	  
Secondary	  structure	  lengths	  	  



Fundamental	  rules:	  ββ,	  βα,	  αβ	  



ββ-rule: Chirality of β-hairpin is determined by loop length �
	  

2,3	  

5	  



βα-rule: Helix direction is determined by�
loop length & pleat direction of last strand residue 	  

2	  

3	  



αβ-rule: Pleat of the first strand residue �
points away from the helix	  

2	   3	   4	   2	   3	   4	  



Emergent rules �
ββα-‐rule	   αββ-‐rule	  

βαβ-‐rule	  



αββ-rule �
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Strand	  length	  	  
	  	  	  determines	  pleat	  

ββ-‐rule	  determines	  chirality	  
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αβ-‐rule	  determines	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  helix	  direcSon	  	  
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βαβ-rule �
  

Strand	  and	  Helix	  lengths	  are	  codependent.	  



Design principle:�
Consistent local & non-local interactions lead to �

funnel-shaped energy landscape	  

Choose	  secondary	  structure	  lengths	  based	  on	  the	  rules	  

=>	  Eliminate	  non-‐naSve	  conformaSons	  by	  local	  backbone	  preference.	  

Stabilize	  structures	  by	  packing,	  hydrophobic	  effect,	  …	  	  
Non-‐local:	  	  

Local:	  	  

Stabilize	  the	  secondary	  structures	  

Random	  
Sequence	  
Foldable	  
Sequence	  



Let’s design protein structures	  



Design 5 target folds�

Ferredoxin-‐like	   Rossmann2x2	   Rossmann3x1	  IF3-‐like	   Ploop2x2	  

Fold-I Fold-II Fold-III Fold-IV Fold-V 



Design Protocol	  

Design	  Topology	  

Packing	  (Rose=aHoles)	  ?	  
Rose=a	  Energy	  ?	  

Local	  sequence-‐structure	  compaSbility	  ?	  

Select	  secondary	  structure	  (SS)	  lengths	  based	  on	  the	  rules	  

Build	  backbones	  by	  SS	  dependent	  	  fragment	  assembly	  

Design	  Sidechains	  (Amino	  acid	  sequence	  is	  introduced)	  

Relax	  	  both	  sidechains	  &	  backbone	  

Experimental	  characterizaSon	  (CD,	  SEC-‐MALS,	  NMR)	  

Funnel-‐like	  ?	  

Explore	  energy	  landscape	  by	  structure	  predicSon	  



Characterization of designed proteins �



Characterization of designed proteins	  

Fold-‐I	  _5	  

Fold-‐II_10	  

Fold-‐III_14	  

Fold-‐IV_5	  

Fold-‐V_7	  



Design model and NMR structures�

Fold-I Fold-II Fold-III Fold-IV Fold-V 

Upper:	  Design	  model	  
Lower:	  NMR	  

RMSD	  1.2Å	   1.1Å	   1.1Å	   1.7Å	   2.0Å	  

NMR	  was	  solved	  by	  Gaohua	  Liu	  &	  Guy	  Montelione	  (Rutgers	  Univ.)	  



Summary of experimental results �

Success	  criteria:	  	  	  
	  	  	  Expressed	  &	  Soluble	  
	  	  	  Expected	  CD	  spectrum	  
	  	  	  Stable	  (Tm	  >=95C°)	  
	  	  	  Monomeric	  
	  	  	  Well	  resolved	  NMR	  
	  	  	  	  	  



Top7 is also ideal protein	  
Brian	  Kuhlman	  et	  al.,	  Science	  (2003)	  
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Secondary structure lengths  
               follow the rules	  !	  	  



Conclusion	  

4.	  We	  designed	  ideal	  protein	  structures	  of	  5	  different	  folds	  based	  on	  the	  rules	  

5.	  The	  designed	  protein	  structures	  were	  monomeric,	  very	  stable	  (>95C),	  and	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  adopt	  structure	  nearly	  idenScal	  to	  the	  computaSonal	  models.	  

2.	  The	  rules	  enabled	  us	  to	  design	  ideal	  protein	  structures	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  stabilized	  by	  completely	  consistent	  local	  &	  non-‐local	  interacSons	  	  

1.   We	  found	  Rules	  relaSng	  secondary	  structure	  lengths	  to	  terSary	  moSfs	  
local	   non-‐local	  

3.	  Consistent	  interacSons	  readily	  lead	  to	  funnel-‐shaped	  energy	  landscapes	  
Non-‐naSve	  conformaSons	  are	  disfavored	  by	  local	  backbone	  preferences	  	  

6.	  Natural	  proteins	  might	  use	  the	  rules	  for	  making	  funnel-‐shaped	  energy	  landscape	  	  
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