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Na4ve protein interfaces come in all shapes and 
sizes: how do we design new interfaces? 

Problem statement: given a patch on a target protein surface, can 
one design a protein that interacts with high affinity and specificity 
to the targeted patch?  



Influenza 
• Pandemic strains capable of 
millions of deaths per year 

• Vaccines are strain‐specific –
surface proteins mutate too 
rapidly to develop panflu 
vaccine 

• Most recent H1N1 (Swine 
flu) isolates are resistant to 
Tamiflu (98% in US)* 

• One of two major surface 
proteins is hemagglu(nin 
(HA) (e.g. H1N1, H5N1) 

 Nature Structural & Molecular Biology 17,530–538 (2010) 

*WHO Influenza A(H1N1) virus resistance to oseltamivir –  
 2008/2009 influenza season, northern hemisphere   
 18 March 2009 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Human an4bodies typically bind to the head of influenza 
hemagglu4nin (HA) which mutates every year. Only CR6261 

binds to the conserved stem region, inhibi(ng virus infec4vity. 

Ekiert, Wilson et al. Science (2009) 324:246 

CR6261 will not be used as a 
frontline therapeu:c 
•  Extremely high costs for 

an4body produc4on  

 (~$100/g) 

•  Extremely high dosing required 
(5‐10 mg/kg) 

Head 

Stem 
Our goal is to design small 

proteins targe4ng the stem 
region, inhibi4ng the virus 

Virus surface  5 



With Sarel Fleishman 

Two de novo proteins were designed that target an epitope 
conserved among group I influenza A virus 

Courtesy hnp://cbm.msoe.edu/ 

Great! But…….. 



…both ini4al hit rate (2‐3%) and star4ng 
affini4es (>>1 uM in vitro) are discouraging  

How do we fix this? 

If we bener understood the physics underlying 
molecular recogni4on, our success rate and star4ng 

affini4es would be much higher 

We can begin to understand the modeling deficiencies 
in the energy func4on by affinity matura4on 

Other factors can undoubtedly be underlying causes for 
failure (i.e. protein doesn’t fold correctly, binding 

concep4on is wrong, assay is crap) 



Repulsive 
Interac4ons  Electrosta4cs  Solva4on 

Ala60Val 

Met26Thr 

Tyr40 

Asn64Lys 

Asn36Lys 

Asp47Ser 

Ile18 H2 

Asp13Gly 

Affinity matura4on iden4fies deficiencies in modeling yet the data is 
sparse 

HB36 

HB80 

Design 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Can we develop an experimental method that determines the 
fitness of every single point mutant in a gene? 



..MRIMW..

..MXIMW..

..MRXMW..

..MRIXW..

..MRIMX..

......... 

A.) Star4ng 
      design 

B.) Library 
     of single  
site mutants        

C.) Yeast 
transforma4on 
and expression 

D.) Diverse 
selec4on  
condi4ons 

Selec:on  
Stringency 

HA  
subtype 

Weak  H1 

Stringent  H5 

Construct  Reference 
 Counts 

H1 Bind 
Counts 

Fitness 

Mutant 1  100  300  ++ 

Mutant 2  100  100  Neutral 

Mutant 3  100  0  ‐‐ 

E.) DNA prep 
and nextgen 
sequencing 

F.) Fitness 
mapping 
and analysis 

Library DNA 

5’ Adaptor‐  ‐BC‐3’ Adaptor 
PCR 

5’ Adaptor‐  ‐BC‐3’ Adaptor 

Fragment 1 
Fragment 2 

Design  HA 

We extended deep muta4onal scanning procedure for use in 
yeast display and to cover en4re genes 

Fowler et al, Nat Meth 2010 

2 designs 
30 selected popula4ons 
1.5 million reads median 

Almost complete coverage (1052/1060 for HB36.4) 



Deep muta4onal scanning gives a fitness map for 
every single point muta4on in a protein sequence 

With Aaron Chevalier 

Enriched 

Depleted 

Neutral 



Fitness landscape for HB36.4 design 
α2   α3 interface  α4 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HB36.4 colored by Shannon entropy 

Input 
 sequences 

Fitness (log2 ra4o) 

wt fitness 



Fitness landscape for HB80.3 design 

Mutation

α1 interface  α3 α2 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ng
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HB80.3 colored by Shannon entropy 

Input 
 sequences 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(log2 ra4o) 

wt fitness 



Rosena cannot iden4fy beneficial subs4tu4ons 
in HB36 

α2   α3 interface  α4 

Rosena 
sc12 

Expl 
Fitness 



Lesson #1: don’t mutate the core 
indiscriminately! 

Deep sequencing found a 
A72C core muta4on as 
beneficial which Rosena 

hates.  
What was going on here? 

Design moves with 
backrub and relax, 
filling void lev by cys 

from scaffold 

Design 
Scaffold 



Lesson #2: electrosta4cs plays a much larger role 
in binding apolar complexes than we 

appreciated 

P65K 

A37K 

P69K 

Q40K 

Exptl 
Fitness 

Energy 
Function            

Energy 
Function 
+PB 

25  30  55  60  65  70  75 50 45 40 35 

HB36  HA 

All lysines subs4tu4ons in HB36 

Yifan Song 



What can we do with these fitness landscapes 
besides learn how to bener design? 

•  Diagnos4cs: engineering specificity 

•  Therapeu4cs: engineering affinity 



Engineering Specificity: Deep sequencing data shows 
us how to make H1‐specific binders 

HB36.4 
HB36.4 I58E 

Difference in 
HA epitope 
region 
between H1 
and H5‐
specific 
subtypes 

With Aaron Chevalier 

H1 HA 

H5 HA 

HA  HB36.4 



Engineering affinity: beneficial subs4tu4ons are to a first 
approxima4on pairwise addi4ve 

Posi4on 
1  10  20  30  40  50 

1.  Create library where boxed posi4ons 
can be either wt or enriched 
subs4tu4ons  

2.  Average 6 muta4ons per gene (range 
0‐9) 

3.  Theore4cal library size < 1x106 
4.  Stringent selec4on for 5 sorts using 

yeast display 

With Aaron Chevalier 



F‐HB80.4 has 25‐fold improved affinity and broadened 
specificity compared to its parent 

F-
HB80.
4 

p
H Sc1918/H1 

HA 

F-HB80.4 CR6261 

Variant  Kd [nM]  t1/2 [s] 

F‐HB80.3  18  36 

F‐HB80.4  0.6  550 

Response 

Time (s) 



F‐HB80.4 neutralizes Influenza virus at doses 10‐fold 
less than the best‐in‐class an4body! 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Cecilia de Manos, NHRC 



Outlook 

From concep4on of a small protein that binds a 
specific conserved epitope on Influenza and 
neutralizes the virus to a lead molecule took: 

2 years, 2 postdocs, 2 grad students, 2 PI’s 

In 20 years, can we do the same in 2 weeks? 



Surprise/Problem #1 

•  “yeast polypep4de fusion 
surface display predicts 
thermal stability”1 

•  “proteins are subject to 
quality control in the ER, 
wherein chaperones and 
foldases ensure the fidelity 
of the secreted protein 
species”2 

1. J Mol Biol 292, 949 (1999); 2. Handbook of therapeu4c monoclonal an4bodies” (2009)    

Premature stop codons 

All other point muta4ons 


