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The	
  Central	
  Dogma	
  
DNA	
  	
  	
  

(Easy):	
  Sequencing	
  
	
  
	
  

RNA	
  	
  	
  
(Pre7y	
  Easy):	
  RNAi	
  

	
  
	
  

Protein	
  	
  	
  
(	
  Hard):	
  ?	
  



Why	
  Study	
  Proteins?	
  
Why	
  Engineer	
  Proteins?	
  

•  We	
  work	
  in	
  the	
  genomics	
  era…	
  

•  But	
  we	
  live	
  in	
  a	
  protein	
  world	
  

•  Proteins	
  drive	
  biology	
  and	
  disease	
  

•  It	
  takes	
  proteins	
  to	
  understand	
  proteins	
  



Central	
  Problem:	
  
	
  
Proteins	
  are	
  important…	
  
	
  
But	
  proteins	
  are	
  hard.	
  
	
  
What	
  can	
  I	
  do?	
  
	
  
GO	
  BIG	
  	
  Invent	
  an	
  ‘ome	
  



Genome 
(All genes in an organism) 

Proteome 
(All proteins in an organism) 

Interactome 
(All protein-protein interactions in an organism) 

Antiome 
(Affinity reagents against all interactions in an organism) 



Mission	
  Statement	
  
	
  
	
  
	
  
	
  
	
  

Develop	
  technology	
  that	
  enables	
  	
  
protein-­‐level	
  targeKng	
  of	
  all	
  	
  
protein-­‐protein	
  interacKons	
  

	
  
Problem	
  

	
  
DNA	
  and	
  RNA	
  are	
  easy	
  

Proteins	
  are	
  hard	
  
	
  

Proteins	
  are	
  the	
  drivers	
  of	
  biology	
  



Mission	
  Statement	
  	
  
You	
  got	
  to	
  use	
  what	
  you	
  got	
  to	
  get	
  just	
  

what	
  you	
  want-­‐ah	
  	
  
James	
  Brown	
  (1971)	
  Hot	
  Pants	
  



What	
  we	
  got?	
  
We	
  got	
  mice	
  



What	
  we	
  got?	
  
We	
  got	
  phage	
  display	
  

1011	
  



Natural	
  An'bodies	
  
	
  
	
  
	
  

Synthe'c	
  An'bodies	
  
	
  
	
  
	
  

Synthe'c	
  Proteins	
  
	
  
	
  
	
  

Synthesizable	
  Proteins	
  
	
  

	
  



Why Synthetic Proteins?!
D.I.Y. is FUN!
If I can’t create it, I don’t understand it."
(Richard Feynman)"
"
"
Everything should be made as simple as possible,"
but no simpler."
(Albert Einstein)"
"
Give it away, give it away, give it away now."
(Red Hot Chili Peppers)"



Natural	
  An'bodies	
  
	
  
	
  
	
  

Synthe'c	
  An'bodies	
  
	
  
	
  
	
  
	
  
	
  
	
  



Hybridoma	
  Monoclonal	
  An'bodies	
  
Molecular	
  LoPery	
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Focusing	
  Chemical	
  Diversity	
  

Adapted	
  from	
  Zemlin	
  et	
  al.	
  JMB	
  (2003)	
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%
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~40%	
  tyrosine	
  

~30%	
  small	
  residues	
  

Naïve	
  CDR-­‐H3	
  diversity	
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Binary	
  Binders	
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Design	
  

Selec'on	
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Beyond	
  Natural	
  An'bodies	
  

ConformaKon-­‐specific	
  anKbodies	
  
AnKbodies	
  against	
  structured	
  RNA	
  

DetecKng	
  post-­‐translaKonal	
  modificaKons	
  
TargeKng	
  integral	
  membrane	
  proteins	
  



On form Off form 

On selective 12 nM > uM 

Off selective 150 nM 3 nM 
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Beyond	
  Natural	
  An'bodies	
  

ConformaKon-­‐specific	
  anKbodies	
  
AnKbodies	
  against	
  structured	
  RNA	
  

DetecKng	
  post-­‐translaKonal	
  modificaKons	
  
TargeKng	
  integral	
  membrane	
  proteins	
  



 

University	
  of	
  Chicago	
  
Tony	
  Kossiakoff	
  
Joe	
  Piccirilli	
  
Shohei	
  Koide	
  
Jin	
  Dong	
  Li	
  

Proc.	
  Natl.	
  Acad.	
  Sci.	
  USA	
  (2009)	
  106:6644	
  

Func'onal	
  RNAs	
  

ΔC209	
  P4P6	
  domain	
  of	
  	
  
Tetrahymena	
  	
  Group	
  I	
  intron	
  

Fab	
  



Beyond	
  Natural	
  An'bodies	
  

ConformaKon-­‐specific	
  anKbodies	
  
AnKbodies	
  against	
  structured	
  RNA	
  

DetecKng	
  post-­‐translaKonal	
  modificaKons	
  
TargeKng	
  integral	
  membrane	
  proteins	
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Beyond	
  Natural	
  An'bodies	
  

ConformaKon-­‐specific	
  anKbodies	
  
AnKbodies	
  against	
  structured	
  RNA	
  

DetecKng	
  post-­‐translaKonal	
  modificaKons	
  
TargeKng	
  integral	
  membrane	
  proteins	
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Three integrated automation centers creating renewable, 
open-source, high quality binding reagents to the proteome.  
 



Natural	
  An'bodies	
  
	
  
	
  
	
  

Synthe'c	
  An'bodies	
  
	
  
	
  
	
  

Synthe'c	
  Proteins	
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27	
  contact	
  residues	
   • 	
  MutaKon	
  rate	
  adjusted	
  to	
  5	
  –	
  8	
  mutaKons	
  
	
  per	
  variant,	
  	
  on	
  average	
  

	
  
• 	
  PracKcal	
  library	
  size:	
  >1010	
  ubiquiKn	
  variants	
  

A	
  phage	
  displayed	
  library	
  of	
  Ubiqui'n	
  variants	
  

40	
  



Ubiqui'n	
  variants	
  are	
  potent	
  inhibitors	
  of	
  their	
  cognate	
  USPs	
  

41	
  

IC50	
  =	
  4.8	
  nM	
   IC50	
  =	
  2.4	
  nM	
   IC50	
  =	
  38	
  nM	
  

USP8	
   USP21	
   USP2	
  

Ernst	
  et	
  al.	
  (2013)	
  Science	
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RIP1	
  

TNFR1	
  

TNFα	



TRAF2	
   USP21	
  

TNFR1	
  

TNFα	



TRAF2	
   USP21	
  
RIP1	
  

nf-­‐κB	
  
acKve	
  

K63	
  
Inhibitor	
  

InhibiKon	
  of	
  USP21	
  by	
  Ubv.21.4	
  restores	
  nf-­‐kB	
  signaling	
  

Jianhua	
  Yang,	
  BCM,	
  Houston	
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An'gen	
   Protein	
  family	
   Unique	
  specific	
  
inhibitors	
  

Best	
  affinity	
  /	
  inhibi'on	
  
(nM)	
  

Ube2G2	
   E2	
   29	
   <	
  150	
  
Ube2B1	
   E2	
   4	
   <	
  150	
  
UbcH5	
   E2	
   26	
   <	
  150	
  
UbcH7	
   E2	
   6	
   <	
  150	
  
NEDD4	
   HECT-­‐E3	
  ligase	
   33	
   3.4	
  
ITCH	
   HECT-­‐E3	
  ligase	
   8	
   n/a	
  

β-­‐TrCP-­‐SKP1	
   F-­‐Box	
  /	
  WD	
  repeat	
   1	
   n/a	
  
USP2a	
   DUB	
  /	
  USP	
   61	
   16	
  	
  
USP5	
   DUB	
  /	
  USP	
   39	
   n/a	
  

USP21	
   DUB	
  /	
  USP	
   32	
   2.4	
  

USP48	
   DUB	
  /	
  USP	
   9	
   25	
  

USP8	
   DUB	
  /	
  USP	
   11	
   4.8	
  

USP10	
   DUB	
  /	
  USP	
   1	
   63	
  

USP9x	
   DUB	
  /	
  USP	
   1	
   17	
  
OTUB1	
   DUB	
  /	
  OTU-­‐family	
   37	
   5	
  
DubA	
   DUB	
  /	
  OTU-­‐family	
   6	
   3	
  
BRISC	
   DUB	
  /	
  Metallo	
  protease	
   1	
   n/a	
  

NEMOCoZi	
   Linear	
  Ub-­‐binding	
  domain	
   22	
   <	
  10	
  

AIBN-­‐1	
   Linear	
  Ub-­‐binding	
  domain	
   8	
   <	
  25	
  

USP37-­‐UIM	
  1-­‐3	
   Ub	
  interac'on	
  mo'f	
   26	
   <	
  10	
  

VPS27p-­‐UIM1	
   Ub	
  interac'on	
  mo'f	
   34	
   113	
  

Ubiqui'n	
  variant	
  binders	
  generated	
  against	
  21	
  Ub-­‐binding	
  proteins	
  

E2/E3	
  

DUBs	
  

UBDs	
  

46	
  



OTU-­‐B1	
  Inhibitor	
  Targets	
  an	
  Exosite	
  

Frank	
  Sicheri	
  
Dan	
  Durocher	
  



TargeKng	
  Ligases	
  

Sjoerd	
  et	
  al.,	
  FASEB,	
  2010	
  	
  

TargeKng	
  E3s	
  
Fiore	
  et	
  al.,	
  Nature	
  Reviews,	
  2003	
  	
  

48	
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NEDD4	
  binders	
  are	
  ac'vators	
  

Philipp	
  Alberts	
  and	
  Daniela	
  Ro'n,	
  Sick	
  Kids,	
  Toronto	
  
51	
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Targe'ng	
  the	
  NEMO	
  Ubiqui'n	
  Interac'ng	
  Domain	
  

53	
  

Ivan	
  Dikic,	
  Frankfurt	
  



Ubiqui'n	
  Variants	
  Are	
  Specific	
  for	
  NEMO-­‐250-­‐339	
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HOIL	
  L17	
   HOIP	
  P26	
   OPTN-­‐454-­‐514	
  
OPTN-­‐454-­‐577	
   NEMO	
  250-­‐339	
   ABIN1	
  465-­‐525	
  wt	
  
OPTN-­‐D474N	
   NEMO	
  250-­‐339	
  V293A	
  Y301A	
  K302A	
   ABIN1	
  D485A	
  Mut	
  
ABIN1	
  465-­‐525	
  DF/NA	
  mut	
   USP21	
   USP7	
  

Importantly,	
  the	
  variants	
  do	
  not	
  bind	
  to	
  the	
  point	
  mutant	
  variant	
  of	
  NEMO	
  indicaKng	
  they	
  bind	
  a	
  similar	
  
area	
  as	
  distal	
  Ub	
  in	
  a	
  NEMO	
  linear	
  di-­‐Ub	
  complex	
  .	
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Natural	
  An'bodies	
  
	
  
	
  
	
  

Synthe'c	
  An'bodies	
  
	
  
	
  
	
  

Synthe'c	
  Proteins	
  
	
  
	
  
	
  
	
  
	
  

	
  



Natural	
  An'bodies	
  
	
  
	
  
	
  

Synthe'c	
  An'bodies	
  
	
  
	
  
	
  

Synthe'c	
  Proteins	
  
	
  
	
  
	
  

Synthesizable	
  Proteins	
  
	
  

	
  



Therapeutic Mirror Image Proteins 
 

Steve Kent 
Dana Ault-Riche 

Maruti Uppalapati 
Kalyan Mandal 

 
 
 
 
 
 
 
  
 

Reflexion Pharmaceuticals!



D-Protein therapeutics !

Small proteins made entirely of D-amino acids 

 
Designed protein binding surface of 500 to 1,000 Å2 

Advantages: 
 

Small, but with very strong affinity and specificity 
 Improved safety and effectiveness 
 Access to hidden targets 

 
Metabolically stable and non-immunogenic 

  
Chemically manufactured 

 Faster regulatory path to approval 
 More consistent and homogeneous manufacturing 
 Expanded chemistry options 

 
The power of synthetic chemistry applied to proteins  



Discovery of VEGF-A antagonist!

VEGF-A 

Drug protein made of  
D-amino acids 

Mirror VEGF-A* 

Binding proteins made of  
L-amino acids 

60 billion variants 

Mirror image phage display:  
Schumacher et al, Science, 271, 1854-1857 (1996) *Mandal, Angew Chem Int Ed 50, 8029-8033 (2011)   



Racemate of a  heterochiral protein complex!

6 synthetic proteins: 632 amino acids, 
Structure weight: 73,201.8 Da 
1.6 Å resolution 

D-VEGF-A 

L-VEGF-A 

RFX001.D 

RFX001.D 

RFX001.L 
RFX001.L 

4GLS/4GLN Mandal, Uppalapati, et al, Proc Natl Acad Sci USA 109, 14779-14784 (2012)   

RFX001.D VEGF-A 

VEGF-A:Avastin VEGF-A:VEGFR1 VEGF-A:VEGFR2 

RFX001.D VEGF-A 



Summary!
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