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Background: Human immunodeficiency virus type-1 (HIV-1) protease is responsible for the processing of Gag and Gag-Pol viral polyproteins to release viral enzymes. As this 
process is essential for the maturation of HIV viral particles, the protease is an important target for anti-HIV therapy. Within major primary drug resistance mutations, 
mutation of residue 50 from Ile to Val is commonly observed in patients failing therapy with APV and DRV (two FDA approved protease inhibitors). Residue 50 is located at 
the flap tip of the flexible loop that controls the access of inhibitors and substrates to the protease active site. Substrate mutations Gag L449F, R452S and P453L within 
the p1-p6 cleavage site are associated with I50V protease mutation in patient sequences. Gag L449F mutation rescues the protease activity by 10 fold, while P453L, although 
located distal from the catalytic site, causes a 23-fold enhancement. However, the molecular basis for the selection advantage of these co-evolution mutations and how they 
enhance substrate recognition to confer drug resistance is not clear.
Method: By applying crystallography method and molecular dynamics simulation, we investigate the structural basis of I50V/A71V protease and p1-p6 substrate co-evolution. 
Results: Based on crystal structures, substrates with mutated residues P1’ phenylalanine or P5’ leucine rescue protease activity by increased vdW contacts with co-evolved 
protease. I50V/A71VRP4’S complex structure has more hydrogen bond compared to I50V/A71VWT, and more vdW contacts compared to WTRP4’S. From the result of MD simulations, with 
mutations in either protease or substrate, the actives site are expanded (80-80 loop). Strikingly, co-evolution brings this distance back to the scale similar to WTWT. The 
expanded protease active site may correlate with the decreased protease processing, while coevolution of both restores the active site dynamics and possibly the protease 
activity.

The fluctuations of 80 loops (MD simulations)
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The	
  overall	
  backbone	
  conforma9on	
  of	
  substrate–protease	
  complexes	
  is	
  conserved	
  in	
  all	
  
mutant	
  structures	
  (RMSD	
  of	
  Ca	
  atoms	
  are	
  within	
  0.48	
  Å	
  ).	
  All	
  the	
  substrate	
  residues	
  from	
  
P3	
   to	
   P3’	
   overlap	
   well	
   as	
   well,	
   and	
   the	
   substrate	
   mutants	
   maintain	
   a	
   comparable	
   fit	
  
within	
   the	
   substrate	
   envelope	
   regardless	
  whether	
   the	
   protease	
   carries	
   the	
   I50V/A71V	
  
muta9ons	
  or	
  not	
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Pep9de	
  bond	
  flip	
  in	
  the	
  50	
  loop	
  of	
  I50VPP5’L	
  	
  

•  The	
  LP1’F	
  substrate	
  has	
  more	
  vdW	
  contacts	
  with	
  I50V/A71V	
  protease	
  compared	
  to	
  either	
  I50V/A71VWT	
  or	
  WTLP1’F	
  	
  
	
  	
  	
  	
  	
  	
  -­‐	
  LP1’F	
  muta9on	
  causes	
  a	
  distal	
  change	
  at	
  the	
  substrate	
  P5’	
  proline,	
  which	
  occupies	
  a	
  different	
  posi9on	
  rela9ve	
  to	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  WT	
  	
  
	
  
•  The	
  RP4’S	
  substrate	
  has	
  more	
  overall	
  vdW	
  contacts	
  in	
  the	
  coevolved	
  I50V/A71VRP4’S	
  complex	
  rela9ve	
  to	
  WTRP4’S	
  

but	
  less	
  than	
  the	
  WT	
  substrate	
  in	
  I50V/A71VWT	
  
	
  	
  	
  	
  	
  	
  -­‐	
  muta9on	
  at	
  P4’	
  residue	
  actually	
  affects	
  the	
  interac9ons	
  at	
  other	
  posi9ons,	
  P3’	
  Ser	
  and	
  P2’	
  Gln	
  has	
  enhanced	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  vdW	
  contacts	
  in	
  I50V/A71VRP4’S	
  compared	
  to	
  either	
  I50V/A71VWT	
  or	
  WTRP4’S	
  
	
  
•  PP5’L	
  muta9on	
  increases	
  the	
  P5’	
  residue’s	
  interac9ons	
  with	
  I50V/A71V	
  protease	
  as	
  the	
  leucine	
  packs	
  closer	
  to	
  the	
  

50s	
  loop	
  of	
  chain	
  B	
  	
  
	
  	
  	
  	
  	
  	
  -­‐	
  The	
  pep9de	
  bond	
  between	
  Gly51	
  and	
  Gly52	
  in	
  the	
  I50V/A71VPP5’L	
  structure	
  is	
  flipped	
  compared	
  to	
  the	
  other	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  structures,	
  and	
  this	
  flipped	
  pep9de	
  bond	
  pushes	
  the	
  50s	
  loop	
  toward	
  the	
  substrate	
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In	
  the	
  WTWT	
  structure,	
  the	
  distance	
  between	
  these	
  two	
  loops	
  is	
  around	
  17.5	
  Å,	
  and	
  with	
  muta9ons	
  in	
  either	
  
protease	
  or	
  substrate,	
  it	
  expands	
  to	
  19–19.5	
  Å.	
  Strikingly,	
  co-­‐evolu9on	
  brings	
  this	
  distance	
  back	
  to	
  17.5–18	
  
Å,	
  which	
  is	
  similar	
  to	
  the	
  distance	
  in	
  WTWT.	
  The	
  expanded	
  protease	
  ac9ve	
  site	
  may	
  correlate	
  with	
  the	
  
decreased	
  protease	
  processing	
  ac9vity	
  	
  

Conclusions
§  Coevolved	
  complex	
  structures	
  display	
  enhanced	
  overall	
  substrate	
  interac9ons,	
  due	
  to	
  either	
  more	
  vdW	
  

contacts	
  or	
  hydrogen	
  bonds,	
  compared	
  to	
  structures	
  with	
  muta9on	
  in	
  either	
  protease	
  or	
  substrate	
  alone.	
  	
  	
  	
  
§  The	
  effects	
  of	
  protease-­‐substrate	
  co-­‐varita9on	
  is	
  not	
  restricted	
  to	
  the	
  muta9on	
  sites,	
  it	
  can	
  cause	
  the	
  

structural	
  change	
  of	
  protease	
  and	
  substrate	
  at	
  non-­‐mutated	
  posi9ons	
  and	
  increase	
  the	
  overall	
  fi_ng	
  of	
  
substrate	
  in	
  the	
  protease	
  ac9ve	
  site.	
  	
  

§  Through	
  MD	
  simula9ons,	
  we	
  show	
  that	
  the	
  co-­‐varia9on	
  groups	
  tend	
  to	
  maintain	
  the	
  WTWT	
  scale	
  of	
  ac9ve	
  site	
  
volume	
  while	
  single	
  muta9on	
  groups	
  have	
  expand	
  ac9ve	
  site.	
  	
  


