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Organophosphates	  (OPs)	  are	  Highly	  Toxic	  	  
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Molecular	  Target	  of	  OP	  Toxicity	  –	  
Acetylcholine	  Esterase	  (AChE)	  



AChE	  -‐-‐	  an	  Essen(al	  Serine	  Hydrolase	  (SH)	  with	  
a	  Conserved	  Cataly(c	  Triad-‐based	  Ac(ve	  Site	  
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>	  200	  enzymes,	  ~	  1%	  of	  proteome	  
Proteases,	  esterase,	  lipase	  etc	  



Electrophilic	  OPs	  are	  Potent	  Inhibitors	  of	  SHs	  by	  
Covalently	  Modifying	  the	  Serine	  Nucleophile	  



Bioscavengers	  to	  Prevent	  OP	  Poisoning	  

•  Recombinant	  human	  butyrylcholinesterase	  (BChE)	  to	  sequester	  
highly	  toxic	  OPs	  
•  65kDa,	  large	  amounts	  required	  for	  stoichiometric	  inhibi:on.	  
•  350	  mg	  of	  human	  BCHE	  per	  1	  mg	  of	  cyclosarin.	  	  
•  Unwanted	  hydrolysis	  of	  endogenous	  esters,	  leading	  to	  
imbalance	  of	  these	  metabolites	  in	  blood.	  

•  De	  Novo	  Designs	  of	  proteins	  with	  ac:vated	  serine	  nucleophiles	  as	  
a	  new	  panel	  of	  OP	  scavenger	  agents	  
•  Smaller	  and	  diverse	  scaffolds	  
•  Specific	  for	  individual	  OP	  scavenging	  and	  detec:on	  
•  Controllable	  ac:vity	  against	  endogenous	  substrates	  

•  Towards	  design	  of	  de	  novo	  serine	  hydrolases.	  



Ac(ve-‐Site	  Nucleophiles	  in	  Na(ve	  Enzymes	  
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Ac(ve-‐Site	  Nucleophiles	  in	  Previous	  	  
	  De	  Novo	  Designed	  Enzymes	  

Lys	  

RA	  series	  	  
by	  Jiang	  et	  al.	  
Science,	  2008	  	   Buried	  Lysine	  

Cys	  

ECH	  series	  
by	  Richter	  et	  al.	  
JACS,	  2012	  

Natural hydrolytic enzymes often utilize a serine or cysteine
as a nucleophile, which is deprotonated by a hydrogen-bonded
histidine.18 Precisely positioned hydrogen bond donors, so-
called “oxyanion holes”,19 stabilize the oxyanion intermediate.
The importance of these elements has been demonstrated by
mutagenesis experiments in which the removal of any of these
functional groups leads to drastic losses in activity. However, to
our knowledge there have to date been no complementary
efforts to build esterase catalysts in a bottom-up approach based
on this catalytic machinery. With the approaches enumerated in
the previous paragraph it is challenging to program an
appropriately positioned nucleophile and oxyanion stabilization
in the same catalyst, and hence difficult to systematically assess
the extent to which functional esterase active sites can be
constructed using combinations of these catalytic elements.
Here, we explore the fundamentals of esterase catalytic

machinery using computational enzyme design.20−22 The
Rosetta323 de novo enzyme design protocol24 is used to
embed catalytic dyads and appropriately positioned oxyanion
holes into catalytically inert protein scaffolds. We find that a
minimalist catalytic schema consisting of a cysteine nucleophile,
a nearby histidine together with a backbone NH group to
stabilize the oxyanion intermediate is sufficient to generate
primitive esterases. The relatively high success rate in
generating esterases with this strategy suggests that a similar
mechanism could have been employed by the nascent ancestors
of modern enzymes.

■ RESULTS
Computational Design. We set out to explore the extent

to which active esterases could be generated using the catalytic
elements found in natural hydrolytic enzymes. Esterases often
employ serines25 and cysteines26 as nucleophiles. We focused
on cysteine as the reactive group as it is more nucleophilic than

serine, has a lower pKa, and is hence a better leaving group. In
natural cysteine hydrolases, a histidine residue, usually oriented
and activated by another hydrogen bond acceptor such as Asn/
Gln or backbone oxygen, acts as a general acid/base to
deprotonate the nucleophilic cysteine in the first step and the
water in the second, and to protonate the leaving group of the
tetrahedral intermediates.27 Two or three hydrogen bond
donors stabilize the oxyanion reaction intermediate. A back-
bone amide group often forms at least one of these oxyanion
contacts. The general hydrolysis mechanism catalyzed by this
active site arrangement is depicted in Figure 1A.
Three esters (1, 2, and 3 in Figure 1) were chosen as model

substrates. These three compounds have identical acyl groups,
but differ in the degree of activation of their aromatic leaving
groups. Tyrosyl ester 1 was used for the computational design
process. Although it is the least activated substrate, cleavage of
this compound would lead to the production of tyrosine, and
thus allow for the development of a high-throughput growth
selection assay based on complementation of an auxotrophic
bacterial strain unable to biosynthesize this essential amino
acid.28 Hydrolysis of umbelliferyl ester 2, which exhibits
intermediate reactivity, can be monitored by a sensitive
fluorescence assay. The p-nitrophenyl leaving group of ester
3, the most activated substrate, is identical to that of p-
nitrophenyl acetate, a model substrate often used in other
studies of ester hydrolysis.
In a set of 214 scaffold proteins,21 we used RosettaMatch29 to

search for constellations of protein backbones that could
accommodate these functional groups (Cys, His, Asn/Gln, and
two backbone NH oxyanion hole contacts) in cysteine
hydrolase-like geometries. Initial calculations showed that no
placements could be found for this five-residue arrangement
(data not shown).

Figure 1. Programmed mechanism and model substrates of the de novo designed esterases. (A) A Cys-His dyad, in combination with an oxyanion
binder, were used to hydrolyze activated esters via covalent catalysis. (B) The tyrosyl ester 1 served as the target substrate for computational design;
the fluorogenic coumarin ester 2 and the chromogenic p-nitrophenyl ester 3 were used for screening purposes.
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attack. In natural hydrolases, the full oxyanion hole is often
formed by two backbone NH groups or a backbone NH plus a
sidechain amide, and the removal of only one of these
interactions can reduce catalytic efficiency 102−103-fold.42
Adding a second interaction to the partial oxyanion hole of
the computational designs might therefore improve catalytic
efficacy. This suggestion is supported by comparison with the
antibody esterases, which have more completely formed
oxyanion holes and significant activity even without a catalytic
dyad or triad.14

The second insight concerns the relationship between the
reactivity of the catalytic cysteine and the effectiveness of the
active site for catalysis. The active site cysteines in ECH13 and

ECH19 react as strongly with cysteine protease-specific probes
as the nucleophiles in natural cysteine proteases.41 Never-
theless, the acylation efficiency of the designed esterases is
more than 3 orders of magnitude lower than that observed for
the natural hydrolase papain.43 Thus, activating the cysteine is
not difficult even for primitive designs. The contrast between
high nucleophilicity of the active site cysteine yet low catalytic
activity may be due to relatively poor oxyanion stabilization, or
as suggested in studies with thiosubtilisin,44 a failure to
protonate the substrate leaving group. Nevertheless, simply
placing a cysteine in a protein binding pocket is not sufficient to
generate an active hydrolase, as evidenced by the lack of activity
observed for the other soluble designs.

Figure 6. Crystal structures of the four active designs. In each case, the design model is shown in purple with the ligand in cyan, and the crystal
structure in green. The theozyme residues and the ligand are shown in stick representation, and selected other active site residues in line
representation. (A) ECH13: The Cα rmsd between design model and crystal structure is 0.97 Å over the 15 active site residues. The catalytic
histidine, His100, is in a rotameric conformation different from the design model, and instead of pointing toward the ligand and Cys45, it makes a
hydrogen bond with Asp10. This alternative conformation is facilitated by a small backbone shift between residues Pro99 and Phe103, and the
observed close interaction between His100 and Asp10 would not be possible with the scaffold backbone conformation that served as the template for
the design. (B) ECH19 P364W: The design was based on the closed conformation of a periplasmic binding protein, but the apo protein crystallized
in the open form, with an rmsd of 4.1 Å to the design model and 1.6 Å to the open form of the scaffold protein (PDB 2uvg). The designed active site
is mostly located in one of the scaffold’s two domains, close to the interdomain cleft. When superimposing design model and crystal structure based
solely on the active-site containing domain, the resulting rmsd is 1.5 Å. However, the catalytic His226 does not interact with Cys161 as designed, but
adopts a different rotameric conformation to interact with the side chain-hydroxyl of Tyr250 and the backbone oxygen of Phe221. The segment from
Tyr218 to Lys230 that contains His226 has high relative B-factors, suggesting that it is fairly flexible. (C) ECH14: the crystal structure has an rmsd of
1.4 Å to the design. The catalytic dyad is not formed, as the Cys132 containing loop-helix stretch between residues 127 and 140 moves upward away
from the active site and His104 reorients around χ2. This unexpected movement may result from the W130S mutation, since W130 stacks against the
PLP cofactor of the wild-type scaffold and thus locks this backbone segment into the conformation used as the design template. (D) FR29 A44S/
T112L/V151L: The apo-structure of FR29 is more similar to the unliganded, more open conformation of the scaffold (PDB 1D2R, 0.86 Å rmsd)
than to the ligand-bound structure (PDB 1mau, 2.7 Å rmsd) which was used as the template for the design. The catalytic dyad is not formed, since in
the apo form of the scaffold the helix-turn-helix motif between residues 106 and 132 that contains the catalytic His125 moves outward relative to the
catalytic Cys9, leading to shift in His125 Cα−Cys9 Cα distance from 10.9 to 12.4 Å. As the backbone of most of the designed active site residues
shifts between the liganded and the apo structure, the active site is generally more open than in the design model.
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Cys-‐His	  Dyad	  



Challenges	  in	  Designing	  a	  Serine	  Nucleophile	  
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•  Serine	  hydroxyl	  has	  a	  pKa	  of	  	  ~13	  (vs.	  8.00	  for	  Cys	  and	  10.5	  for	  Lys)	  

•  Requires	  precise	  designed	  interac:ons	  within	  the	  cataly:c	  triad	  to	  ac:vate	  

•  How	  to	  screen	  and	  pick	  designs	  with	  ac:vated	  serine	  nucleophile???	  



Liu	  Y	  et	  al.	  Proc.	  Natl.	  Acad.	  Sci.	  USA.	  2000;	  Jessani	  et	  al,	  Nature	  Method,	  2005.	  	  
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OP-based Activity-based Probes for SHs 
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Activity-Based Protein Profiling (ABPP)  
of Serine Proteases 
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Profiling Proteome-wide SH Activities  
in Cancer 

Secreted Proteomes of Cancer Cells 



Secreted Proteomes of Cancer Cells 

Profiling SH Activities in Cancer 
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Theozyme & RosettaMatch & Design 
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•  Transi:on	  state	  of	  syn-‐	  or	  an:-‐	  a-ack	  of	  serine	  nucleophile	  in	  R	  or	  S	  isomers	  of	  OP	  
•  Ensemble	  of	  Ligand	  conformers	  constructed	  by	  OpenEye’s	  Omega	  sojware.	  
•  Rose-aMatch	  includes	  the	  Ser-‐His-‐Asp/Glu	  triad	  and	  an	  backbone	  NH	  as	  oxyanion	  hole	  



Screen By ABPP using OP-probes 
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•  2mL	  of	  E.coli	  culture	  
•  Lyse	  the	  pallet	  
•  Prepare	  soluble	  lysate	  
•  Label	  with	  FP-‐Rh	  for	  1	  hour	  
•  Run	  SDS	  gel	  
•  Scan	  fluorescence	  
•  Stain	  with	  Coomassie	  blue	  
•  Normalize	  fluorescence/abundance	  
•  Fast	  screening	  (50	  designs	  per	  day)	  



OSH55 Identified as a Potential Hit 
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Optimizing OSH55 Triad by RosettaDesign 
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Design variants from in-silico optimization of OSH55 

 

 Designs  Mutations on wild-type 

OSH55  No mutations (wild-type) 

OSH55.4 E6H 

OSH55.5 E6D 

OSH55.6 E6A/L130K/G144E 

OSH55.7 E6D/L159T 

OSH55.8 E6A/A155H 

OSH55.9 E6A/L130D/A155H 

OSH55.10 E6A/A112S/G144D 

OSH55.11 E6A / L126N/A155D 

OSH55.12 E6A/ I133K/G144D  

OSH55.13 T148R 

OSH55.14 E6D/L159R 

OSH55.15 E6D/L159T 

OSH55.16 E6D/L126K 

OSH55.17 E6D/I4R 

OSH55.18 T149G 

OSH55.19 I4N/L159S 

OSH55.20 I4S/L130M/I133M 
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Three OSH55 Variants with Increased  
OP Reactivity and Accurate Triad Design 
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Improve OP Reactivity of OSH55.4 by 
Yeast Surface Display 
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Charge 5+, m/z = 735.79010 
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Measurement of Rate of OP Labeling by 
Fluorescence Polarization 

FP-‐Rh	  

Fluorescence	  
Polariza(on	  

High	  

Low	  

Enzyme-‐bound	  probe	  

Free	  probe	  
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Structural Characterization of OSH55.4_1 
Complexed with OPs 
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Conclusion and Future Directions 
•  De	  Novo	  Design	  of	  proteins	  with	  authen:c	  cataly:c	  triads	  

•  Xtal	  structures	  confirm	  very	  accurately	  designed	  interac:ons	  	  

•  Serine	  nucleophile	  in	  the	  cataly:c	  triad	  is	  ac:vated	  	  

•  The	  designed	  serine	  reacts	  with	  OP	  as	  fast	  as	  those	  in	  na:ve	  SHs	  

•  The	  designed	  protein	  binds	  to	  a	  toxic	  OP	  agent	  -‐-‐	  DFP	  

•  ABPP	  can	  aid	  screening	  and	  tes:ng	  func:onal	  protein	  designs	  

•  Towards	  designs	  of	  enzymes	  with	  hydroly:c	  ac:vity	  

•  Towards	  designs	  of	  protein	  scavengers	  of	  toxic	  OP	  agents	  
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